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Abstract

The successful control of vortex structures is critical in the field of modern
aerodynamics, with automotive and aerospace applications becoming
increasingly reliant on vortices to improve aerodynamic efficiency. Knowledge of
how streamwise vortex interactions behave as they propagate downstream is

essential to designing systems to control these flow structures.

The flow around two NACAQ012 vanes at various lateral offsets was
investigated by a combination of experimental and numerical means to observe
the interactions between two streamwise vortices. The vanes were separated in
the streamwise direction, allowing the upstream vortex to impact on the
downstream geometry. Initial investigations were performed using water tunnel
dye visualisation and Reynolds-Averaged Navier-Stokes analysis, with more
detailed Large Eddy Simulations and Particle Image Velocimetry used for

quantitative assessment of vortex energies and paths.

Circulation enhancement of the upstream vortex occurred at all offsets for the
co-rotating case.  The counter-rotating condition was considerably more
sensitive to offset, with far offsets causing vortex enhancement and near offsets
causing vortex destruction. The presence of the upstream vortex was found to
increase the production strength of the downstream vortex in the
counter-rotating condition, and decrease it in the co-rotating condition.
However, the counter rotating condition was found to have more rapid energy
loss than the co-rotating condition, which did not significantly lose circulation

across the domain.

In all co-rotating conditions the vortices were seen to tend to an asymmetric
merger, however the merging distance was found to be chaotic rather than
static. Meandering was found to occur in both vortices of the co-rotating pair,

with the downstream vortex experiencing a faster growth rate and the
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oscillations equalising between the vortices. The oscillation was determined to
be responsible for the variation in merging location, with variation in vortex
separation causing the state at a single plane to merge and unmerge. In the
counter-rotating condition oscillations were found to be larger, with higher

growth, but less uniform periodicity.

Ultimately it was found that, under certain circumstances, interaction with a
counter-rotating downstream vortex could successfully destroy an existing
upstream vortex, while a co-rotating downstream vortex would re-energise the

existing vortex in all conditions.
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Chapter 1

Introduction

Turbomachinery blade interactions, aircraft taking off in succession, wind
turbines and vortex generators can all produce vortex interactions with multiple
streamwise vortices in close proximity to each other |1-5]. These vortices may
be desirable (flow control, heat transfer) or undesirable (aircraft wake vortices).
Streamwise vortex/structure interactions have been studied considerably less
than either parallel or normal vortex/structure interactions [6], particularly
relating to the effects of the upstream vortex migration. In previous work both
vortices of a vortex pair have been typically two dimensional or deployed from
the same streamwise location |7, 8|, limiting the study of their interactions at
extremely close core spacings. The studies that have deployed vortices from an
upstream location have either focussed on the flow characteristics on the
downstream wing itself, and/or have been limited in the number of vortex
positions run, making trend analysis difficult. These close interactions are
important conditions to understand in order to provide a knowledge base for
practical vortex applications, where upstream vortices may move in locations on

either side of a vortex producing obstacle, such as a wing or vane.

The successful control of vortex structures is critical for success in the field of
modern aerodynamics, with automotive and aerospace applications becoming
increasingly reliant on vortices to improve aerodynamic efficiency [9]. Of great
importance to these fields is an understanding of how to maximise vortex length
on desirable vortices, and rapidly destroy undesirable vortices. This inherently
requires knowledge of what vortex interactions conditions produce what strength

vortices at a given distance downstream, and what geometries can provide these
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initial conditions.

This research aims to better understand the properties of interacting vortices,
and how the manipulation of parameters such as vortex rotation direction and
proximity affects the downstream vortical structures. More specifically, this
research looks at seeing if downstream vortices can be used to re-energise or
prematurely destroy existing vortices, and what conditions are desirable to
achieve either of these scenarios. By inspecting the circulation and position of
the vortices, then studying the links to transient characteristics and pressure
fields, this thesis aims to facilitate a better understanding of not just the
properties of these vortex systems, but the fundamental mechanisms causing
them. This is being investigated through the analysis of two vanes in a
streamwise line, with the forward vane producing the initial vortex and the
rearward vane producing the vortex which interacts with the primary. The rear
vane position is evaluated in multiple lateral positions to vary vortex proximity.
This arrangement is evaluated using both computational and experimental
methods.

Chapter 2 of this thesis will discuss the existing literature surrounding the
fundamentals of vortex flows and vortex interactions. The experimental
facilities and setup used for both the low and high Reynolds number testing will
be discussed in Chapter 3, along with an explanation of the computational
methods used to analyse these results. This will also include the design logic
behind components and the specifics of the wind and water tunnels used.
Chapter 4 will look at the numerical methods used for the computational
analysis of the vanes, with a discussion of vortex metrics used for the
computational analysis. The subsequent chapters will discuss the results and
conclusions of these experiments, with Chapter 5 detailing the initial flow
characteristics used for the construction of further studies, Chapter 6 exploring
the more detailed wind tunnel work and Chapter 7 looking at the transient LES
numerical studies. Chapter 8 will then compare the co-rotating and
counter-rotating vortex scenarios. Appendix A provides a more comprehensive
description of the experimental facilities, with additional photographs and

drawings.



Chapter 2

Literature Review

2.1 Vortex Modelling

One of the most significant issues regarding current vortex study is the lack of
an agreed definition of what constitutes a vortex. Authors such as Lught [10],
Haller [11]|, Roth [12] and Jeong and Hussain [13| all identified the limitations
in the various methods of defining and locating vortices and vortex cores. Early
definitions of vortices located the core at a region of high vorticity, however as
Haller |[11] identified; “there is no universal threshold over which vorticity is to
be considered high”. Vorticity may also be present in flow fields in which no
vortices occur, such as shear flows, as well as being absent in some vortical
structures such as irrotational vortices. Globus et. al. [14]| proposed streamline
and pathline methods which track the flow structure, however as Lught [10]
pointed out, the circulation of a streamline in an instantaneous frame of
reference is no guarantee of the rotation of a group of particles around a
singular axis, and thus the method is largely invalid. In addition to this,
streamlines structures change during velocity based transformations, making

them not useful for accelerating or rotating bodies.

To provide a basis for computational and theoretical investigations, a number of
analytical vortex profiles have been proposed. Of these, the most popular are the
Rankine, exponential, Hall and Lamb Oseen Vortex [15-20|. The formulations
for these vortices are given below in egs. (2.1) to (2.4). Often the Rankine vortex

is used for convenience, as its simplicity facilitates more rapid analysis whilst still
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capturing many features of a realistic vortex.

_ I'/(ra?), r<a I'r/(2ra®), r<a
Rankine: w = Vg = (2.1)
0, r>a r'/(2nr), r>a

Hall: v = Av(G —1/2Inz),v = —1/2A0(2) %, w = Av(G +1/2 — 1/21n 2)'/?

(2.2)
Exponential: u = constant,w =Ty /27r(1 — %) (2.3)
r 2,2 r 2 /4,2
Lamb-Oseen: w = —e " /% vy = —(L—e /" 2.4
amb-Oseen: w = —e , Vg 27rr( e ) (2.4)
. I —T2/4vt
Time Dependent Lamb-Oseen: vy = 2—(1 —e ) (2.5)
r

A more practical vortex field is provided in the form of the Lamb-Oseen vortex,
which is a line vortex model derived directly from the Navier-Stokes equations
[21]. It takes into account viscosity, however its specified pressure field is
provided purely to ensure an even circumferential manner by effectively

providing a centripetal force.

Another practical vortex profile exists in the form of the Batchelor vortex,
presented by George Batchelor in 1964 [22]. This model has been applied in
determining aircraft wake vortex breakdown lengths, and considers axial and
azimuthal velocities. =~ The model is also derived from the Navier-Stokes
equations using a boundary layer approximation, and if the axial velocity
component is reduced to zero it simplifies to the formulation for the
Lamb-Oseen Vortex.  These formulations are often used in more recent
analytical work due to their improved accuracy and realism over a Rankine
vortex and the increased computational power available for analysis.
Lamb-Oseen Vortices with Gaussian axial velocity profiles typically have good
correlation with experiment [23]. These profiles can be seen graphically in

Figure 2.1.
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Figure 2.1: Vorticity and velocity profiles for Rankine (blue) and Lamb-Oseen
(red) vortices, with axial velocity profile for a Batchelor vortex indicated in a.
Reproduced with permission from Leweke et.al. [23]

In addition to the more complicated vortex models used for singular vortices,
occasionally it is simpler to approximate vortex pairs as two point vortices with
a characteristic radius of vorticity, as defined by Ting & Tung [24]. This facilitates

more rapid analytical analysis of vortex pairs.

The total circulation of a vortex can be calculated as either the line integral of
vorticity along a closed path, or as the integral of its vorticity across a plane
[23, 25|, while the Reynolds number is the circulation divided by the kinematic
viscosity of the fluid. While it has previously been found that the line integral
is more accurate than a vorticity integration [26], for experimental results and
coarse grids it is more practical and effective to use the vorticity integration
[1]. The vortex centre within a plane is defined as the integral of the vorticity
multiplied by the displacement, divided by the circulation [23]. These can be
seen in eqs. (2.6) to (2.8).

I'= /wdS (2.6)
X, = %/des (2.7)

Y, = %/YwdS (2.8)
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2.2 Singular Vortices

In order to understand the fundamentals of vortex structure and breakdown, it
is easiest to isolate the flowfield to a singular vortex. Numerous studies have
been performed on isolated vortices acting without the influence of other bodies
or vortices to determine what fundamentally causes their breakdown, as well as
the vortex structure post-breakdown. Of these, the majority are experimental,

however a number of computational studies have also been performed.

2.2.1 Experimental Studies

One of the biggest issues in studying experimentally produced vortices is the
need to form a singular, pure vortex structure with no secondary vortices. This
is a considerably difficult problem, as geometries such as vanes and ramps
produce significant flow deflections, as well as producing a velocity deficit [27].
Other geometries, such as cubes and cylinders, as identified by Jacobi [28| , do
not produce flow deflection, however they produce highly turbulent and noisy
flowfields that do not serve useful purposes for singular vortex investigations.
Two types of generator have been designed to form pure vortices; the tangential
slot-entry swirl generator and the swirl vane vortex generator, with schematics

for each type shown inFigure 2.2.

Another design, used by Leweke and Williamson 30| and Harris and Williamson
[31] is of two flat plates which close together with a jet. This forms a vortex
pair with no axial flow, and can be used to study the dynamics of a Lamb Oseen
vortex pair experimentally. Such a configuration is shown in Figure 2.3. For
many studies attempting to emulate realistic vortex flows with axial pressure
gradients and velocity deficits, vanes are used to create wingtip vortices |8, 32—
34|. These may be in the form of aerofoils or flat plates, and are most typically

of square planform, however elliptical profiles have been used by some [32].

Due to the swirling nature of vortices, they act as pressure gradient amplifiers
in the sense that an induced gradient in the freestream will be substantially
increased at the vortex core [15]. As such the use of measurement probes which
intrude into the flow is not an option for singular pure vortices, as it will

significantly affect the result [35]. Cassidy and Falvey [35] found that a probe
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Figure 2.2: Vortex generator types from Leibovich, with tangential slot type top,
and swirl vane bottom, reproduced with permission from Leibovich [29]

placed near a pure vortex caused a substantial upstream migration of the
breakdown location. Consequently, the primary measurement techniques used
for vortex studies are dye and particle filtration, as well as Laser Doppler
Anemometry (LDA). The primary downside to this is pressure measurements of
the vortex cannot be taken directly experimentally. Another issue with respect
to experimental vortex analyses as identified by Lucca-Negro and O’Doherty
[19] is the ambiguity of Reynolds numbers used in studies. Some studies define
the Reynolds number from core diameter, while others use a geometrical value
such as pipe diameter, making comparison difficult. To further complicate
matters, of those using core diameter, some use the diameter as a location at a
threshold value of vorticity, while others use the point of peak azimuthal

velocity.

Seven types of vortex breakdown falling under 3 primary categories have been
identified, as classified by Lucca-Negro and O’Doherty [19]. The primary causes
of these breakdowns, such as adverse pressure gradients and vortex instabilities,

will be discussed later in this chapter, as well as methods of modelling and
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Figure 2.3: Vortex generator used by Leweke and Williamson [30], reproduced
with permission.

calculating breakdown location. The three primary modes are bubble type,
spiral type and helical breakdown, with the other modes typically being
combinations of these (for example a bubble breakdown with a spiral tail as
seen in Figure 2.4). Of the primary modes, helical is the most uncommon as it
manifests under low Reynolds number conditions [36]. Bubble and spiral modes
are common and the flow may switch between the two under the same
conditions, as can be seen by the presence of both modes occurring on a single

wing in Figure 2.5.

The bubble breakdown consists of a large, externally axisymmetric expansion
of the core that leaves a wake similar to a bluff body behind it [29, 37]. It
can be classified into two rings as identified by Escudier |17|, an approximately
symmetric outer ring and an asymmetric inner ring, as can be seen in Figure 2.6.
The spiral breakdown does not result in immediate core expansion as seen in the
bubble breakdown, but instead a severe kink occurs with the flow turning through
90 degrees at a stagnation point [19]. This forms the core into a corkscrew shape,

which continues for 1-2 turns before dissipating.

There are a number of parameters used to characterise vortices, with the most

prominently investigated one being the Swirl number, which is the ratio of
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Figure 2.4: Vortex breakdowns, from top to bottom; bubble, spiral, double helix
and bubble with a spiral tail, reproduced with permission from Lucca-Negro and
O’Doherty [19]

maximum azimuthal velocity to axial velocity within the core [36]. Swirl
number has also been used to describe the ratio of circulation to axial velocity
[38].  Leibovich [36] found that increasing this swirl number in a spiral
breakdown case would cause the breakdown to transition to bubble type. It was
also found that bubble type breakdown will always occur upstream of a spiral
breakdown for a given vortex. Further increasing the swirl number as tested by
Escudier and Zehnder [38| stabilised the shape of the breakdown bubble and
moved it upstream until it was out of range of the test equipment. As such,

higher swirl numbers of vortices increase their sensitivity to breakdown.

Reynolds number sensitivities of pure vortices have been analysed by various
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Figure 2.5: Breakdown over a delta wing, showing two different breakdown modes
occurring on the same geometry, reproduced with permission from Leibovich [29]

Figure 2.6: Cross section of a breakdown bubble, showing asymmetric centre
section, reproduced with permission from Escudier [17]

studies. Chanaud [39, 40| noted that at low Reynolds numbers (less than 300
based off test tube diameter) the vortex motion was steady, however as the
Reynolds number increased the flow began a periodic oscillation. As Re was
further increased this periodic motion increased in amplitude until a structure
representing a spiral was formed. The findings of Cassidy and Falvey [35] were
consistent with this observation, with the wake structure behind the vortex
breakdown being steady at lower Reynolds numbers, however becoming
progressively more unsteady as Re increased. Sarpkaya [41] tested vortices at
varying Re and circulation numbers, finding that decreasing both the
circulation and Re resulted in a longer distance before vortex breakdown, as
can be seen in Figure 2.7. This is an interesting result as increasing the axial

velocity increases the breakdown length as noted below, however it also
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increases the Reynolds number, which decreases the breakdown length. As
such, it can be seen that vortices are more sensitive to total velocity effects

than Reynolds number sensitivities.

12—

T

10

Reynolds number x 107

2.5 0 2.5 5 7.5 10 12.5

Figure 2.7: Relationship between Reynolds number, circulation and breakdown
position, adapted from Sarpkaya et.al [41]|. € is swirl number, x is taken from a
point of expansion in the test section.

The response of singular vortices to adverse axial pressure gradients has also
been tested by Sarpkaya [42], who found that by applying blockages at the end
of his testing volume he could move the vortex breakdown location upstream.
This is consistent with work performed by Lowson [43], who found that the
breakdown location of a delta wing vortex was directly related to the degree of
pressure recovery along the trailing edge. Approaching the same issue of
adverse pressure gradient from a theoretical view, Krause [44] found that for
any vortex with core growth, breakdown must eventually occur. By rearranging
the momentum equations for a vortex and substituting analytical vortex
models, he determined that increasing the freestream velocity and decreasing
the radial velocity would delay vortex breakdown. This is consistent with the
above mentioned experimental work which found the vortex breakdown was

highly dependent on swirl number.
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2.2.2 Computational and Numerical Studies

While the bulk of singular vortex studies have been experimental, there are still
a considerable number of computational studies focussing on mechanisms that
are difficult to simulate experimentally. Initial numerical studies on vortex
breakdown used the quasi-cylindrical approximation (QCA), a solution of
linearized Navier-Stokes equations in a polar co-ordinate system with the flow
outside the vortex modelled as uniform [45].  This approach utilises a
downstream step by step approach in conjunction with the initial velocity
conditions to determine where breakdown will occur [46]. The method functions
in a similar way to the analytical calculation of two-dimensional boundary
layers in that the failure of the approximation corresponds to the transition of
the flow. In this case, if the flow reaches a step whereby the values violate the
QCA, vortex breakdown will occur. QCA tests conducted by Hall [15] and
Krause [44| concurred with experimental data on the importance of the external
pressure field on vortex breakdown. However, Krause found that for inviscid
cases breakdown could not be initiated without some sort of adverse pressure
gradient, while for viscous cases the core naturally increased in size, forcing a

breakdown to eventually occur.

While the QCA proved very accurate at determining breakdown locations in
good correlation with the experimental data, it is limited in its ability to deal
with practical engineering flows due to its requirement for slender vortices and
inability to predict the resultant flowfield. As such, Navier-Stokes based
solutions were required. Moet et al. [47| investigated the wave nature of
vortices and their subsequent breakdown. They found that a merging of two
induced pressure waves within a vortex core resulted in a decrease in local core
velocity, with a helical instability forming. Using large eddy simulation (LES)
and direct numerical simulation (DNS), they enforced an abrupt increase of the
vortex core size for a length half that of the vortex radius at the computational
inlet. It was found that the increase in vortex size was associated with a change
in pressure drop within the core, with a larger radius increase further dropping
the pressure. The variation in radius also changed the propagation speed, with
larger radius differences resulting in faster moving pressure waves. These
pressure waves manifested themselves in the form of a toroidal region of
increased vorticity, with a minimum increase in core radius at peak tangential

velocity of 30% and a reduction of peak tangential velocity of approximately
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20%. This structure can be seen in Figure 2.8.
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Figure 2.8: Progression of toroidal vortex bubble as found by Moet [47],
reproduced with permission.

A second round of simulations were performed by Moet with random white noise
in the initialisation to provoke helical instability modes. It was found that the
toroidal region formed by the pressure wave was very similar to the axisymmetric
vortex expansion found in bubble type breakdown when viewed in a moving
reference frame, and as such was likely the mechanism responsible for this type

of vortex breakdown.

Singular vortex breakdown has also been used to improve efficiency in
combustion chambers, with the breakdown being used to stabilise the flame and
improve emissions [48]. Chukwueloka [49] used transient RANS modelling and

experimental data to determine the validity of existing theoretical predictions in
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vortices produced by a stepped tube structure. They compared their results to
the theoretical swirl model developed by Wang and Rusak [50] and found good
correlation for breakdown locations on pure pipe flows. However, this model is
only well suited to pipe flows where breakdown can be characterised by a

critical level of swirl in a columnar vortex.

Iudiciani and Duwig [51] investigated a similar scenario, however used LES
methods instead of RANS. While their study largely focused on the flame and
combustion effects, some notable findings regarding the vortex structure at the
combustor exit were found. By forcing the axial flow at different frequencies,
they were able to alter the shape and location of the vortex breakdown. It was
observed that at frequencies lower than the vortex core’s precession, the vortex
breakdown remained constant and axisymmetric as if no disturbance had been
applied. As the frequency was increased to significantly higher levels, the vortex
breakdown was significantly altered, developing into multiple, smaller
counter-rotating vortex cores. This demonstrated a link between the oscillation
of the input flow and the breakdown mode of the vortex, which may still be

applicable to non-combustor based studies.

2.3 Counter-rotating Vortex Interactions

Vortices in realistic flows will inevitably end up interacting with other vortices
and structures present in the flow. These interactions can occur in several ways,
however the interactions of streamwise vortices will be the focus of this thesis.
This can occur in two manners; if two vortices interacting are of the same sign
then the interaction is a co-rotating interaction, and if they are of different sign
it is counter-rotating. Multiple combinations of co-rotating and
counter-rotating pairs may interact in more complex interactions, however this
review will largely focus on the two main types, with the counter-rotating

configuration being considered in this section.

2.3.1 Structure

In the case of a two dimensional counter-rotating vortex pair the flow structure

produced is symmetrical while the vortices are of equal strength. As identified
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by Leweke et. al. [23], when inspected in the co-moving reference frame the
structure forms an inner region of flow recirculation around the vortex cores, and
an outer region of low migration along the direction of the axis of symmetry, as

can be seen in Figure 2.9.

region

ol

Figure 2.9: Structure of a counter-rotating vortex pair, reproduced with
permission from Leweke et.al. |23]

These structures will shift from symmetrical structures into an asymmetric mode
as a result of the strain field imposed upon them through interaction with the
other vortex [52-54]. As a result the vortices will stretch such that they are longer
along the axis of symmetry and shorter on the other axis. The deformation of
the vortex cores and the action of the vorticity field increases the strain further

within the vortex core [23].

2.3.2 Migration Trends

2.3.2.1 Free Flow Regions

For free flow (unbounded) inviscid cases any vortex pair will maintain a constant
core separation distance due to the conservation of angular momentum. For
a symmetric (equal circulation), counter-rotating case, this will mean that the
pair will translate along the axis of symmetry, while for a case with unequal
circulations there will be an orbital motion [55, 56]. This can be interpreted as
the outer region streamlines from Figure 2.9 being near stationary and the inner

region translating. These migrations can be seen in Figure 2.10.
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Figure 2.10: Migration trends of a counter-rotating vortex pair, reproduced with
permission from Leweke et.al. |23]

These migrations can be seen in the water tunnel testing of Rokhsaz and Rebours
[57], where dye marker injected into the cores of a pair of counter-rotating vortices
showed a near linear trend in downwards motion of an equal strength pair. This
motion increased in magnitude as vortex swirl was increased through varying the
angle of attack of the vortex generation blades, while the horizontal displacement
of the vortices did not vary significantly. This study also showed an increased
magnitude of vortex wandering further downstream in a manner similar to the
Crow instability [58], which shall be discussed later.

2.3.2.2 Wall Bounded Regions

When a wall is introduced in proximity to a vortex pair, the direction of migration
will notably change. Early inviscid analyses [59] found that a counter-rotating
pair will simply move apart as it approaches a wall, however later experimental
studies |60| found that the vortex pair rebounded from the surface. Further
studies of this phenomenon [61, 62] found that the vortex swirl induced a lateral
boundary layer at the wall below the vortices, causing localised separation. This
results in the formation of a secondary vortex of opposite sign located above
the primary vortex, forcing the original vortex upwards and thus causing the
rebound. Such a trajectory can be seen in Figure 2.11, with the separation

profile and secondary vortex seen in Figure 2.12.
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Figure 2.11: Migration trends of a counter-rotating vortex pair, reproduced with
permission from Leweke et.al. [23]

Figure 2.12: Dye visualisation of primary vortices (red) and secondary
vortices (green) associated with the boundary layer separation, reproduced with
permission from Harris et.al. [31]

In addition to the vertical motion induced by vortex rebound, a pair of counter-
rotating vortices will also spread or contract as a result of the rotational shear
against the wall face itself. Kliment and Rokhsaz [63] tested vortices produced
by flat plates placed in close proximity to a ground plane. They observed a
significant lateral deviation in vortex core location resulting from the interaction
with the ground plane. In addition to this they found that the migration patterns
were relatively insensitive to roughness of the ground, as well as their amplitudes
of motion. The presence of the wall also significantly increases the decay rate of
the vortices, with a higher level of diffusion and vorticity cancellation resulting

from shear against the wall |64, 65].



Chapter 2. Literature Review 18

2.3.3 Instabilities

2.3.3.1 Long Wave

Instabilities of vortices occur in two primary forms, the first is instabilities of
the vortex as a whole, with large wavelengths compared to core radius, known
as long-wave instabilities. The second is the short wave instabilities, resulting
from changes in the core structure from external straining. Within
counter-rotating pairs the most common long wave instability is the Crow
instability. This is a manifestation of the vortex pressure amplification in which
small wave disturbances occurring in one vortex are amplified by the other,
causing significant wave displacements to form in the vortex pair. Crow [58]
studied the wakes of a variety of aircraft and used a solution to a linear wave
system to create formulas capable of describing the deviations. It was found
that once the vortex cores reached a certain proximity or cut-off distance the
two wakes would unify into vortex rings and rapidly breakdown. Crow’s theory
was found to be successful in predicting vortex breakdown in counter-rotating
cases that are not dominated by singular vortex breakdown. Vortices that
rapidly break down or dissipate do not have a long enough duration for waves
to form, and as such are not subject to the Crow instability. The sinusoidal
deviations of the Crow instability are symmetrically displaced between the two
vortices, approximately inclined at 45 degrees to the plane of symmetry. This

configuration can be seen in Figure 2.13.

Crow’s theory was further expanded by Widnall et. al [66, 67|, who considered
the addition of axial velocity components, similar to realistic wingtip vortices.
Widnall also introduced the concept of an equivalent Rankine Vortex size for non
Rankine vortices, allowing the analysis of more realistic velocity distributions
such as Batchelor vortices. This was a considerable advancement over Crow,
who only considered Rankine vortices. Using these models, Klein et al [68] and
Fabre [69] found that all counter-rotating pairs are inherently unstable regarding
the long wave Crow instability. The most sensitive wavelengths to the instability
are those that are between 6-10 times the separation distance between the two
vortices. Rossow [70] found through inviscid vortex filament calculations that
inducing out of phase sinusoidal perturbations in the vortices resulted in longer
distances before breakdown, with the filaments having less instability growth

at closer proximities. However, inducing in-phase instabilities accelerated the
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Figure 2.13: Graphical representation of the Crow instability, reproduced with
permission from Leweke et.al. [23]

growth of the Crow instability, ultimately shortening vortex wake length by a

factor of 4 or more.

Moet et al. [47| continued their study on wave based vortex breakdown on to
the effects of breakdown once the Crow instability had manifested. By placing a
counter-rotating pair in a stationary frame of reference it was found that the
sinusoidal deviations of the vortex cores fed each other, eventually resulting in
the connection of the vortex pairs. This produced multiple pressure waves from
different ends of the linked pairs, resulting in vortex breakdown at the
intersections of these waves as per previous findings on single vortex cores [47].
This is consistent with the findings of Kida & Takaoka [71| and Dhanak & De
Bernardinis [72] who found that the connection of the vortex pairs once the
oscillations  became sufficiently large resulted in the creation of
three-dimensional vortex rings. Leweke and Williamson [30] further studied this
through water tunnel testing and found that at low Reynolds numbers the
vortex rings reformed through the connection of sections into larger vortex
loops. They theorised that given an instability of perfect periodicity, this should
eventually lead to the reformation of two counter-rotating vortex pairs, however
did not observe this due to inherent imperfections in their experimental setup.

The evolution of the crow instability can be seen in Figure 2.14.

For unequal strength vortices, the Crow instability can manifest itself at much

shorter wavelengths than for an equal strength case. Chatelain et al. [73]
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Figure 2.14: Evolution of the Crow instability, reproduced with permission from
Leweke et.al. [30]

simulated such a scenario numerically and found a medium length instability
present where the weaker vortex was drawn around the primary vortex. The
simulations used a vortex particle method with one billion particles, allowing
for very high fidelity observations of the vortex interactions through DNS at an
Re of 6000. The flow structure can be seen in Figure 2.15. Ortega et al |74]
experimentally investigated the same scenario in a tow tank, finding that the
weaker vortex formed loops around the stronger vortex, before the loop
detached and formed vortex rings. This made quasi steady vortex wakes in the

equal strength case unstable within 300 to 600 chord lengths downstream.

Detailed studies of the Crow Instability in ground effect have been more limited,
however it has been found that the presence of a ground plane restricts the
amplitude of the Crow instability, preventing connection occurring between the

two vortices |75].
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Figure 2.15: Evolution of unequal vortex Crow instability, reproduced with
permission from Chatelain et.al. [73]

2.3.3.2 Short Wave

The short wave (elliptic) instability is identified in counter and co-rotating pairs
by a streamtube in the core of the vortex with a diameter approximately half
that of the instabilities wavelength. Such a configuration can be graphically seen
in Figure 2.16. The instability is fundamentally caused by a resonance of two
Kelvin waves (a sinusoidal deformation) within the vortex core as driven by the
strain field induced by the other vortex [76, 77|.

When axial flow is present within a vortex, as is indicative of a wingtip vortex
[22], the elliptic instability is modified. By performing an analytic small strain
analysis a Gaussian axial velocity profile imposed over a Rankine Vortex, Lacaze
et. al. [80] found that the typical modes of the Kelvin waves within the core
were disrupted. This method was then applied to a Lamb-Oseen vortex [81], thus

evaluating a more realistic scenario. From this, it was found that the presence of
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Figure 2.16: Elliptic instability in counter-rotating vortex pair (top, from Leweke
et.al. [78]) and co-rotating vortex pair (bottom, from Meunier et. al. |79])

an axial flow in a Batchelor vortex was responsible for damping the Kelvin modes
m-—-1 and m—1, where m is the azimuthal wavenumber [25], as in the Rankine
case. This was due to the axial flow breaking the symmetry of the vortex, causing
resonances between modes m=0 and m=-2 to become stronger, and transitioning
to modes m-—-1 and m—-3 and so on as the axial component increased. These
findings have been further confirmed by the numerical investigations of Ryan and
Sheard [82] and the water tunnel testing of Roy et. al. [83], who observed the (-2,
0, 1) mode. As such, the dominant mode‘s identified for the elliptic instability are
the bending mode (-1, 1, 1) for no axial core velocity, and the double-helix mode
(-2, 0, 1) for vortices with axial flow. These modes can be seen in Figure 2.17.
It should be noted that as the swirl decreases, the instabilities will shift from a
vortex instability to a swirling jet instability, as this has a much faster growth
than elliptic instabilities [84].

2.3.3.3 Combined

Counter-rotating pairs may exhibit combinations of both the Crow instability

and elliptic instability. Due to the elliptic instability being driven by the strain
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Figure 2.17: Elliptic instability modes for axial and non axial flows. Reproduced
with permission from Leweke et.al. [23]

field of the vortex, the mutual induction between the two vortices will cause
the elliptic instability to be stronger where the vortex cores are brought closer
together by the Crow instability. The elliptic instability then produces secondary
structures, which are drawn across between the two vortices, facilitating vortex

connection [78].

2.3.3.4 Secondary

In addition to instabilities in the primary vortex pair, instabilities can occur in
the previously mentioned secondary vortices which result from ground plane
interaction. As this induced vortex now acts as a new counter-rotating pair of
unequal strength, very short scale Crow instability can occur. This manifests
itself in the form of a short wavelength waviness, as identified by Harris &
Williamson’s [31] water tunnel experiments. By testing at a Reynolds number
of 1260, they found that the secondary instabilities were antisymmetric, as
opposed to the primary crow instability, as can be seen in Figure 2.18. It was
observed that this mode behaved more as a long wave displacement mode than
an elliptic mode within the core. This has be further verified through inviscid

analyses and direct numerical simulation |31, 85].
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Figure 2.18: Top view of counter rotating pair, showing antisymmetric secondary
instability (vortex ring structure) and symmetric Crow instability. Reproduced
with permission from Harris et. al. [31]

2.4 Co-Rotating

2.4.1 Structure

In the co-rotating case the base structure formed by the interactions of the two
vortices is far more complex than in the counter-rotating condition. It is
separated into several regions as identified by Leweke et. al. [23| and seen in
Figure 2.19. The inner core regions essentially behave like singular vortices
within this structure, while the inner recirculation region contains fluid that
travels around both vortices. Outside of these areas there exists the outer
recirculation region, which behaves as a secondary pair of vortices as a result of
the viscosity of the fluid, and the outer region, which rotates in a singular

azimuthal direction.

The induced strain field for a co-rotating pair is the opposite to that of a
counter-rotating pair, and consequently the vortex cores will deform in the
opposite manner, stretching along a line drawn through the two vortex centres

and becoming shorter on the opposite axis.
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Figure 2.19: Structure of a co-rotating vortex pair, reproduced with permission
from Leweke et.al. [23]

2.4.2 Migration Trends

Free Flow Regions If the total circulation of any vortex pair is # 0, there will
be a net rotation of the vortex system [23]. In the case of a co-rotating vortex
pair, both circulations are of the same sign, hence they must add to a non-zero
amount, causing an orbital motion of the vortex system. If the circulations are
equal, this will cause the two cores to orbit at an equal radius around a central
point, while if they are unequal the vortices will orbit on different radii. The
vortex with more circulation will be closer to the centre point, while the vortex

with less circulation will be further out, as can be seen in Figure 2.20.

These migrations can be seen in the water tunnel testing of Rokhsaz and Rebours
|8], where dye marker injected into the cores of a pair of co-rotating vortices
showed a negligible movement in the centre of orbiting for a pair of co-rotating
vortices. As they progressed through the observation domain, they slowly orbited
each other in a spiral motion. These vortices were observed to merge within
typically one full orbital motion for most cases tested, however as the spacing
between vortices, merging distance was shifted further downstream. Increasing

vortex swirl decreased merging distance, and also increased the amplitudes of the
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Figure 2.20: Migration trends of a co-rotating vortex pair, reproduced with
permission from Leweke et.al. |23]

vortex motion (meandering).

Wall Bounded Regions Interactions between co-rotating pairs and walls are
classified into 3 main zones, outside ground effect, near ground effect and inside
ground effect [86]. Above 1.5 times the span between the vortices from the
ground the vortices are outside ground effect, and between 1.5 times and 0.5
times the vortex span they are in near ground effect. At heights below 0.5 times
the vortex span it is considered that a co-rotating vortex pair is in ground effect.
Similarly to counter-rotating vortices, in ground effect the induced boundary layer
separation from the shear layer on the wall causes vortex rebound, as described
by Harvey and Perry [61] and Orlandi [87]. While there has been considerable
investigation into the behaviour of counter-rotating vortices in ground effect due
to the similarity to the aircraft wake problem, far fewer studies exist for co-

rotating vortices.

Kliment and Rokhsaz [86] performed water tunnel testing on a co-rotating pair
in close proximity to a wall. They found that the pair underwent a vortex
rebound near the surface, as well as a lateral translation resulting from the
shear against the wall, similar to a singular vortex. The ground plane also
altered the orbital trajectories, with more of a leapfrogging motion occurring
than a consistent helical spiral. However, the presence of a ground plane did

not significantly change the spiralling rate of the pair.
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2.4.3 Instabilities and Merging

As identified previously [88-91]|, a pair of co-rotating vortices will merge in any
viscous flow. The equilibrium states of interacting and merging vortices were
first studied by Saffman and Szeto [89] using energy based equations numerically
approximated with Newton’s method, finding that the vortices will merge in an
equilibrium state at a vortex separation to radius ratio of 3.16. This was found
to be different from that of an unsteady state, which was predicted at 3.4 by
Zabusky et al |92| using contour dynamics, and 3.4-3.8 by Rossow [93] using
point vortex methods. All of these evaluations used equal strength and size
vortex cores, with two dimensional flow fields and no velocity deficit through the
core, limiting their accuracy and resulting in discrepancies between the methods.
It is currently accepted that the merging is due to the viscous diffusion causing
vorticity to expand from the inner recirculation region to the outer recirculation
region |23]. The “ghost vortex” of the outer recirculation region then stretches the
vorticity between the two cores, resulting in the production of a singular vortex

core.

Merging of equal strength co-rotating vortices can be broken up into four distinct
stages, the first diffusive stage, the convective stage, the second diffusive stage
and the merged diffusive stage [94-96]. The first diffusive stage consists of the
two vortex cores increasing in size through viscous diffusion, and has no change
in core separation distance. The convective stage occurs once the two vortices
reach a critical size, and the vortices begin to move towards each other at a rapid
rate. During this stage, the advection of vorticity away from the cores forces
the cores together due to the conservation of angular momentum, causing their
merging. The second diffusive stage then involves the diffusion of the two vortex
azimuthal velocity peaks to form a singular vortex. In the merged diffusive stage
the combined vortices become more axisymmetric, however now have the same
core location. The separation distances with respect to time for each stage can

be seen in Figure 2.21.

Vortex merging is fundamentally caused by the migration of vorticity from the
core to the inner recirculation region, and then into the outer recirculation
region. This vorticity is then dispersed in such a way that the vorticity in the
outer recirculation region causes the migration of the two vortices towards each
other. By dividing the skewed vorticity field into a symmetric vortex field and

an antisymmetric field (the total vorticity field minus the symmetric vorticity
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Figure 2.21: Radial velocities of cores (top) and core separation distance (bottom)
for different merging phases. Reproduced with permission from Cerretelli &
Williamson [96]

field), it can be seen that the asymmetry drives the merger. These distributions

can be seen in Figure 2.22.

In the case of vortices of unequal strength the mechanism of merging is notably
different if the circulation differential is large. In these cases, the weaker vortex
has insufficient circulation to support the strain field induced by the stronger
vortex, and as such is strained into a spiral tail structure [23]. This can occur in
3 main ways, partial merger, partial straining and complete straining, with
various levels of elongation of the weaker vortex. These structures can be seen
in Figure 2.23. The visual difference in these types is subtle and can be

characterised by the proximity of the vorticity cores to one another. As can be
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Figure 2.22: Breakdown of co-rotating pair vorticity into symmetric and
antisymmetric components. Reproduced with permission from Leweke et.al. [23]

seen in Figure 2.23, the secondary vortex core is kept separate from the primary
vortex, causing this vortex to be only affected by the strain field of the primary
vortex, but not actually merging with the core. This can cause full vortex
dissipation as seen in the complete straining case. In the merger cases however,
the vorticity field behaves more like the previously described merging

process.
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Figure 2.23: Vorticity contours for different types of unequal merger. Reproduced
with permission from Brandt and Nomura [97].

Using inviscid contour method calculations, Dritschel and Waugh [98] found that
the interaction between two vortices with a large difference in size results in the
smaller vortex being torn away, with little increase in size of the larger vortex.
This was identified as a regime of either partial or complete straining out. This
is in contrast with more closely sized vortices, which often result in total core
growth, under a regime they identified as complete merger or partial merger.

The merging regimes were defined with respect to the normalised circulation
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Table 2.1: Vortex merging regimes for unequal strength vortices

Regime I'n | 12
Elastic Interaction 1 1
Partial Straining 1 | <1
Complete Straining | 1 0
Partial Merger >1 | <1
Complete Merger >11 0

of the two vortices, as can be seen in Table 2.1. In addition to this, equal
or similar strength vortex interactions typically produce single vortices, while

unequal strength interactions may produce two vortex systems.

A critical ratio of core radius and vorticity was also used by Yasuda and Flierl
[99] in their transient contour dynamics calculations to characterise empirically
the likely merging state. Numerical studies of such scenarios have also been
performed [97], finding similar structures and regimes. The mechanism behind
these straining actions is a combination of two causes. Firstly, the weaker vortex
is stretched and drawn into the stronger vortex by a process of elongation [100].
Secondly, a continuous erosion of vorticity into the primary vortex is caused by
the strong strain field and high shear, in a mechanism analytically observed by
Legras and Dritschel [101].

The mechanism behind these straining actions is a combination of two causes.
Firstly, the weaker vortex is stretched and drawn into the stronger vortex by
a process of elongation, as seen by the water tank experiments of Trieling et
al. [100]. Secondly, a continuous erosion of vorticity into the primary vortex
is caused by the strong strain field and high shear, in a mechanism analytically
observed by Legras and Dritschel [101].

Unlike counter-rotating pairs, co-rotating pairs do not exhibit long wave
instabilities and are inherently stable with respect to the Crow instability.
However, they still exhibit short wave (elliptic) instabilities. While the elliptic
modes behave in the same sense as previously discussed in the counter-rotating
section, in co-rotating pairs the growth rate of the instabilities is increased due
to the rotation of the entire system [102|. As the Reynolds number is increased,
the magnitude of the elliptic perturbations is increased within the vortices,
becoming more unstable. When combined with an increased duration of the
first diffusive stage at higher Reynolds numbers, this results in an increased

contribution of the elliptic instability to the merging of the vortices. As found
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through numerical studies by Laporte [103] and Deniau & Nybelen [104], this
results in a more rapid merging than would be expected from laminar flow

dynamics.

Devenport [7] found by wind tunnel testing of co-rotating vortices deployed from
the same upstream location that the unmerged cores of a co-rotating pair were far
more turbulent before merging than a single vortex core by itself. It was found
that at a Reynolds number of 260000 based off chord length that the two cores
continued to spiral around each other for 20 chord lengths after the vanes before
merging into a single vortex core. This effect can clearly be seen in Figure 2.24.
Once the two cores have merged the final structure was found to be larger and
more axisymmetric than a single vane vortex. It is key to note that this study
was performed using hot wire anemometry so disturbances in the vortex structure
were likely caused. The hot wire measurements showed that post merging, the
turbulence of the core was found to decrease, however the induction of a probe
into the core would have increased the sensitivity of the vortices to instabilities.
As the spacing between vortices increases, the merging distance is shifted further
downstream |7, 8]. Increasing vortex swirl decreases merging distance, and also

increases the amplitudes of vortex motion (meandering).
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Figure 2.24: Progression of co-rotating vortex interaction, reproduced with
permission from Devenport |7]

2.5 Vortex/Structure Interactions

In addition to the interactions between a pair of vortices, vortices may also be
exposed to interactions with physical objects. Of particular interest to this
study are objects that are producing additional streamwise vortices. As
identified by Garmann and Visbal [6], there are considerably fewer studies
available on streamwise vortex/structure interactions than either parallel or
normal vortex/structure interactions, however a small number of these still
exist. Garmann and Visbal [6] computationally investigated the interactions of
a streamwise vortex with a wingtip at close range. A plate geometry at a—4
was used to model the wing, with a Reynolds number of 20000 based off chord
length. The upstream vortex was imposed on the domain inlet and then shifted
to observe the effects of different impingement positions along the wing. The
vortices produced were of opposite sign. They found that aligning the incident

vortex with the tip increased the energy of the vortex system in the near range,
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however causes far more rapid energy attenuation downstream. When the
vortex was positioned inboard of the tip, it split into two components above
and below the wing, causing small separation bubbles and unloading the
outboard section of the wing, reducing the tip vortex. When the vortex was
placed outboard of the wingtip its flow enhanced the wingtip vortex strength

within their domain. These flow regimes can be seen in Figure 2.25.
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Figure 2.25: Flow structures for different positions of incident tip vortex.
Reproduced with permission from Garmann and Visbal [6]
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Inasawa et.al. [33]| investigated the flowfield around two wings spaced 2.5C
apart in the streamwise direction with 5% of the wingspan overlapping. It was
found that such positioning notably improved the efficiency of the rearward
wing, however it migrated the rear vortex towards the root of the rear wing. It
was found that with maximum wing overlap the leading vortex impinged on the
trailing wing and split into two smaller vortices, one on the top and one on the
bottom. In this case, the leading vortices caused destructive interference with
the vortex produced by the trailing wing, reducing total circulation. By raising
the height of the leading wing with respect to the trailing wing, they were able
direct the lead vortex onto the top near-root surface, where it interacted and
produced a separate counter rotating vortex pair as can be seen in Figure 2.26.
If this vortex was then directed at the outside edge, smoke visualisation showed
that the breakdown point of the leading wing vortex was actually found to be

behind that of the trailing wing vortex, as can be seen in Figure 2.26.

Pasche et. al. [32] investigated the effects of a sphere placed in the trajectory of



Chapter 2. Literature Review 34

-2 0 0.2 0.4 0.6
we

Figure 2.26: Smoke testing of wingtip vortex interactions and LDA of vorticity
over rear wing when the vortex was targeted at half span (wing root to the right).
Reproduced with permission from Inasawa et. al. [33]

a vortex generated by an elliptical vane in a water tunnel. Microscopic hydrogen
bubbles were released from the vane tip to visualise the vortex core and determine
the location and type of breakdown mode as illustrated in Figure 2.27. Similarly
to other studies, it was found that the vortex breakdown location was dependent
on the swirl number (controlled by the angle of incidence of the vane) and the
adverse pressure gradient (controlled by the location and size of the obstruction).
With no obstacle placed behind the vortex no breakdown was observed, with
only slow diffusion of the core observed. It was observed that the short duration
adverse pressure gradient generated by the sphere was directly linked to the
breakdown location, with larger spheres and moving the sphere upstream causing
the breakdown location to move upstream. The authors hypothesised that this
may be due to the balance between the centrifugal force generated by the core
pressure gradient and the dissipation of pressure through the region of adverse
pressure gradient. However, they emphasised that further work needed to be

performed on this.
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Figure 2.27: Interaction of elliptical wingtip vortex with sphere in the wake,
reproduced with permission from Pasche et. al. [32]

2.6 Summary

This thesis will address two primary gaps in literature. While the mechanism of
vortex merging in the co-rotating case has been substantially investigated, there
is a distinct gap regarding the behaviour of vortex merging when a vortex is
induced into a flow downstream of a pre-existing vortex. While it is expected
that these vortices will behave like an unequal strength vortex pair and merge, it
is not known what the effects will be of the structure which generates the second
vortex, such as wing wakes and how this affects the merging process. Also, this
scenario has only been significantly investigated with ideal vorticity distributions,
instead of vortex shapes indicative of real-world wing-tip vortices, as used in flow
control vanes. Axial velocity components have not previously been modelled in
analytical evaluations of partially strained and uneven vortex merger. As such,
it is important to experimentally and computationally observe the energy and
merging properties of realistic vortices under varying conditions. Such a condition
that has not been investigated is that of offset, which is equivalent to a yaw or
a crosswind in a real world case. This is a scenario that may prove beneficial in
the re-energisation of vortices as they travel downstream, as in some flow control
applications the vortex breakdown distance is desired to be lengthened and its
position better controlled, as well as circulation increased downstream of initial

vortex generation.

The final identified gap in the literature is that investigating the premature
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breakdown of a pre-existing vortex. Again, the various instabilities in vortex
pairs have been thoroughly investigated, as well as instabilities in unequal
counter-rotating vortex pairs. However, whether or not the vorticity of a
pre-existing vortex can be significantly reduced by a downstream vane through
either direct action with the vane or interactions between the subsequent pair
has not been studied. An indication of the transition offset at which the vortex
interaction changes would be of use to the design of flow control devices, as well
as the advancement of aircraft wake vortex breakdown. Additionally,
characterisation of the circulation properties of the subsequent vortex pairs at
different proximities is distinctly missing from the literature, and would be of

use to the aforementioned fields.



Chapter 3

Experimental Facilities

Experimental testing allows a large number of cases to be tested quickly, and
facilitates the capture of precise vortex positions, paths and energy transfer.
Experimental measurements of flow characteristics can be performed by either
intrusive methods such as pitot rakes, hot wire anemometry and cobra probes
or non-intrusive methods such as Laser Doppler Anemometry (LDA) or Particle
Image Velocimetry (PIV). While intrusive methods allow direct measurement of
flow parameters such as pressure and velocity fields, the presence of the probe
causes the flowfield to be affected. While often acceptable for wake
measurements, in the case of vortices, an induced gradient in the freestream will
be substantially increased at the vortex core [35]. This can cause issues such as
increased vortex meandering or reduced breakdown distance, and as such
non-intrusive measurements must be used to ensure accurate results in flow
fields dominated by vortex interactions and instabilities. Of these non intrusive
methods, LDA is only a point measurement, whilst PIV is a field measurement.
Consequently, PIV can measure instantaneous flow fields while LDA is only
capable of resolving the instantaneous flow at a point or a time averaged field.
As it was desired to measure the quantitative paths, circulation transfer and
magnitude of vortex meandering, PIV was selected as the measurement
method. The primary component of vortex motion is across the streamwise
direction, and consequently two component PIV was used with planes across
the primary direction of motion. This produced a unique set of challenges due
to the large out of plane component of motion, and these will be discussed in

this chapter.

37
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3.1 Wind Tunnel

Experiments were performed in the Macquarie University open return, closed
section wind tunnel. This tunnel has a 610 x 610 mm (24 x 24 inch) octagonal
test section with a 1900 mm (6’ 3") length. Optical access is through a glass
window on the top of the test section and removable windows on the side. The
contraction ratio is 5:1 over an inlet length of 1524mm. The tunnel is capable
of speeds between 10m/s and 40m/s, however vibrations become significant at
speeds exceeding 17 m/s, as will be discussed in later in this chapter. Images of

the tunnel can be seen in Figure 3.1.

Figure 3.1: Images of wind tunnel exterior.

One of the key features of this tunnel is it’s long diffuser section with a total length
of 2.5 times the test section length. This allows a camera to be placed in the
diffuser section well downstream of the test section, minimising flow disturbances.
The fan housing is connected to the diffuser via means of a flexible coupling,
reducing the vibrations passed directly through to the tunnel by the fan. The

expansion ratio of the diffuser is 4:1.

3.1.1 Flow Characterisation

The test section was characterised using a Turbulent Flow Instrumentation 100
Series Cobra probe, giving a peak turbulence intensity of 0.35% outside the
boundary layer and average of 0.25%. Velocity uniformity was measured as
better than 1% variance outside of the boundary layer. Flow angularity was
found to vary by a total of less than 1 degree across the test section inlet. The

results of this characterisation can be seen in figs. 3.2 to 3.5.
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Figure 3.2: Normalised velocity across the test section inlet, right view zoomed.
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Figure 3.3: Turbulence intensity across the test section inlet, right view zoomed.
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Figure 3.4: Pitch (left) and yaw (right) flow angle across the test section inlet.
3.1.2 Tunnel Control Accuracy

The wind tunnel speed was electronically controlled through a National
Instruments MyRIO, with the pressure sensors calibrated against a temperature

controlled Baratron 120AD Differential Capacitance Manometer. Streamwise
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Figure 3.5: Pressure across the test section inlet, right view zoomed.

velocity variance was held to within 0.38% during tunnel operation by a PID
control system. The air humidity, barometric pressure and temperature were all
monitored continuously to ensure Reynolds number consistency. While the
large variance in atmospheric conditions during the period the experiments
were conducted over caused a significant variance in Reynolds numbers of
6 x 103, the Reynolds number never fell below 6.5 x 10%, hence the shedding

regime was consistent as discussed below.

3.1.3 Reynolds Number and Dimensions

The experiment was performed at a Reynolds number of approximately 7 x 10*
based on chord length. Huang et. al. [105] found that above 6 x 10* the vortex
shedding from a NACAO0012 airfoil at 8 degrees angle of attack is within the
supercritical region, and therefore any Reynolds number lower than at this angle
of attack will result in a shedding regime that is not indicative of higher Reynolds
number scenarios, and may result in undesirable transitional effects. Running
the tunnel as slow as possible within the acceptable Reynolds number range
minimised vibration of the diffuser expansion, camera mounting and test section
caused by the operation of the fan, thus minimising imaging error. This Reynolds
number also correlated with that of the LES, which will be discussed further in

the next chapter.
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3.2 Experimental Rig

3.2.1 Overview

In order to investigate the upstream/downstream interactions of two vortices,
an experimental rig capable of mounting two vanes in adjustable positions and
measuring the resultant flowfields needed to be produced. In order to resolve the
domain in three dimensions to track vortex energy levels and paths, a system
utilising a traversing laser sheet was devised, as seen in figs. 3.6 and 3.7. A
laser arm carried the beam from the stationary laser to the movable sheet optics,
allowing rapid repositioning of the laser sheet. The camera was mounted in the
expansion section of the tunnel, far from the model, to minimise projection error

and aerodynamic disturbance.

Flow Direction
Tunnel Expansion

l

Laser Arm x T
& Sheet Optics ; Fan

Camera

Figure 3.6: Overall experiment layout.

The vane rig itself had to cover a number of design constraints:
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Flow

Filler plates
Mounting rails

Figure 3.7: Cutaway of test section. Origin is on quarter chord tip of the leading
vane, as shown.

Fit through the tunnel side window

Allow quick and accurate adjustment of vane position

Allow rear vane displacement whilst maintaining a continuous floor profile

Allow reconfiguration to different offset spacings and vane configurations if

required in the future

Minimise boundary layer thickness at the vanes

To fulfil these goals, a system of matte black acrylic plates mounted on steel rails
with aluminium filler plates was devised, and can be seen in Figure 3.8. The
rails are suspended above the tunnel floor by support posts, with the primary
splitter plates being bolted to the rails. A splitter with a rounded leading edge
is at the front, as will be discussed in the following section, with a slotted rear
edge to allow the vane plate to be fitted flush. The rear vane location is adjusted
by sliding the rear vane plate from side to side, with measurement performed
via a laser etched ruler embedded in the acrylic plate. This gave an error in
lateral vane offset adjustment of £+ 0.005C (10% of the smallest offset change).
The gaps at the side of the rear vane plate were then filled with aluminium filler
plates of various sizes, and all bolt holes were covered in tape to minimise flow

interference. The rear acrylic plates were slotted and mated together such that
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they created a continuous surface whilst still being able to be inserted through
the constraints of the 610mm x 165mm side window size. Further details of the

experimental rig can be seen in Appendix A.

Figure 3.8: Rig plates disassembled

The strength of a vortex produced by a wing for a given planform area is
related to the aspect ratio and angle of incidence of the wing, as per Prandtl’s
Lifting Line Theory [106]. However, for the purposes of these experiments it
was desired that the vortices would be sufficiently clear of any boundary layer
formed, thus necessitating a higher aspect ratio than commonly used vortex
generators. These boundary layer interactions can produce secondary structures
from both the stripping of the boundary layer by the primary vortex and the
horseshoe vortices produced by the front of the vane [107]. An aspect ratio of

1.5 was selected to allow a strong vortex for the total area to be produced,
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whilst still keeping the vortex clear of the boundary layer. The same aspect
ratio has been previously used by Igarashi [108|, with similar ratios used by
others [109 111|. Preliminary CFD and Lifting-line calculations showed that
the maximum force predicted on the vanes was in the range of 0.457N for the
front vane and 0.635N for the rear vane. These low forces meant no structural
issues were expected for 3D printed vanes, and vane deflection would not be a

concern.

A NACAO0012 profile was chosen due to the abundance of data on it and it’s
vortices for non interacting cases [108, 109, 112, 113], as well as it’s symmetry
which allowed quick changes of co and counter-rotating configurations. The vanes
were originally produced from extrusion formed 3D printed PLA, with a tolerance
of £0.05 mm, with profile accuracy verified by a shadowgraph. These were
painted with a matte black paint to reduce reflections. An aluminium vane was
CNC machined at a later date for comparison, with no observable difference
seen between the two in wind tunnel measurements of single vane characteristics.
Both sets of vanes were threaded with a single M6 hole underneath at the quarter
chord to allow fitment to the experimental rig, as can be seen in Figure 3.9. Vane
angle was adjusted using a digital protractor, before the bolt was tightened and

the angle was verified.

v

4

Figure 3.9: Vane profile and mounting detail.

Angles of attack of 2-14 degrees at 2 degree increments for the single upstream
vane were investigated to see where the location of breakdown would occur. At
14 degree incidence, breakdown was severe, with 50% lower initial peak
velocities than the 12 degree case, and a drop in peak velocity of 17% across the
measurement domain. Inspecting the circulation values in Figure 3.10 showed
that there was an approximately linear rise in circulation as angle of attack

increased, with negligible circulation loss through the domain. However, at the
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Figure 3.10: Circulation values for different single vane angles of attack.

14 degree angle of attack there was a significant reduction in initial circulation
of 10% compared to the 12 degree case, followed by a significant dissipation
rate. When the RMS values were inspected, it was found that both the 14
degree and 12 degree cases were substantially higher than the other cases at
RMS peaks of 1.8m/s and 1.7m/s respectively, consistent with the high levels of
meandering observable in the image capture. Both the 8 degree and 10 degree
cases had RMS peaks below 0.6m/s, indicating significantly smaller meandering
and transient breakdown. As such, either of these angles would be suitable for
testing, however as discussed before 8 degrees is a conservative angle for stall

and places the vanes in a suitable vortex shedding regime.

The entire rig mounted in the tunnel can be seen in Figure 3.11.

3.2.2 Splitter Design

The wind tunnel inlet and test section produces a boundary layer, which reduces
the average velocity the vane sees, thus lowering the strength of the vortices and
potentially introducing secondary effects that are outside of the primary vortex
cores we wish to observe. As such, it is desirable to have the boundary layer
thickness at a minimum at the location of the vanes. In order to achieve this, a
raised splitter plane was used in the tunnel. Multiple splitter designs were tested
using 3D CFD of the tunnel section, to ensure minimal interference of the splitter

with the net tunnel flow, and the thinnest boundary layer possible. These CFD
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Figure 3.11: Rig assembled in tunnel.

results can be seen in figure Figure 3.12. It was found that the rounded splitter
profile provided the best performance, with an equally rounded splitter profile

being the easiest to manufacture.

The boundary layer above the experimental rig was characterised using the
previously discussed 5 hole cobra probe. The results of the characterisation can
be seen in figs. 3.13 to 3.15. This gave a boundary layer height at the location
of the rear vane of 5mm thick at 80% of the freestream velocity and 20mm
thick at 95% of the freestream velocity. The variations in the plots with the
front vane present near the vane tip height are the result of the probe

measuring the vortex form the upstream vane.
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Figure 3.12: Splitter leading edges and resultant velocity profiles in CFD. Note
the thickened boundary layer and increased upper flow velocities in the sharp
case.
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Figure 3.13: Velocity profiles at rear vane location with splitter in tunnel.
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Figure 3.14: Turbulence (left) and pressure (right) profiles at rear vane location
with splitter in tunnel.
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Figure 3.15: Pitch and yaw profiles at rear vane location with splitter in tunnel.



Chapter 3. Fzxperimental Facilities 49

3.3 PIV Setup

3.3.1 Camera Setup

Scattered laser light was captured by a monochrome cooled CCD pco.1600
camera with 1GB of RAM. Images were digitised at 14 bits, with a resolution of
1600x1200 pixels. The camera was fitted with a 120mm lens. The CCD size on
the camera was 12.5mm wide x 9.38mm high, giving a field of view at the most
downstream plane of approximately 100x133mm. While the tunnel was in
operation the camera was not accessible, so in order to focus the camera a
remote focussing system was devised. This consisted of a servo actuating a
pushrod connected to the focus ring on the lens, and can be seen in Figure 3.16.
The camera mount was adjustable to allow for camera positioning up and down

to keep it in line with the rear vane tip.

Figure 3.16: Camera mounting detail.

3.3.2 Particle Seeding

Seeding was performed with a PIVtech generator using Di-Ethyl-Hexyl-Sebacat
(DEHS) air soluble particles of 0.2-0.3 um typical diameter. The seeder was aimed
at the outlet of the tunnel to promote maximum mixing throughout the room,
as can be seen in Figure 3.17. This minimised erroneous peaks caused by regions
of uneven seeding that were identified through initial testing. The ability of a
particle to follow a flow is defined by its Stokes Number, with details of this

calculation seen in eqs. (3.1) and (3.2).

To * Ug

Stk = I

(3.1)
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Figure 3.17: Particle seeder and location.

Where ug is the flow velocity of 12m/s, [y is the length of the object (0.08m),
and t( is represented by eq. (3.2).

pp*d?)

T0 (32)

- 18 * 14

where p, is the particle density of 912kg/m? for DEHS, d, is the particle diameter
of 0.25 % 1076m, and p, is the dynamic gas viscosity of air, 1.983 x 1075. This
gives a 79 of 1.597 % 10~7. Substituting these values in gives a Stokes number
of 2.396 %= 1075 for the DEHS particles used. If the Stokes number is greater
than 1, particles will detach from a flow especially where it decelerates abruptly,
if it is below 1 particles will follow fluid streamlines closely [114]. If the Stokes
number is less than 0.1 the particle tracing errors are below 1%, as such the

DEHS particles will track the flow very effectively.

Due to the rotating nature of vortex particles are displaced from the core due to
centripetal effects. In order to maximise the number of particles inside the
vortex core, significant premixing of the particles with the mean flow was
desired. This was performed by aiming the seeder at the outlet of the tunnel,
allowing the seeding to fill the entire room. Seeding levels were monitored on

the live images and compared to the existing reference images to ensure they
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were above the critical level. By varying the dynamic range selected from the
image, a minimum of 5 particles per 32x32px interrogation window was
maintained, keeping the probability of a valid vector detection above 90% as

can be seen in Figure 3.18.
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Figure 3.18: Vector detection probability as a function of the product of image
density, in-plane loss of pairs and out of plane loss-of-pairs on the x-axis. The
solid line represents the probability of having at least a given number of particle
images in the interrogation spot. Figure originally from Raffel et.al. [115]

The seeding levels of the room were also evaluated to ensure convergence of values,
with the results in Figure 3.19. From these results it was clear that the minimum
seeding resulted in a bias towards less circulation, caused by the reduction in
magnitude of the velocity vectors. The seeding was maintained above 5 particles
per interrogation window within the vortex core for the experiments to ensure

minimal seeding errors.

3.3.3 Traverse

The laser beam periscope was connected to a Dantec 3-axis computer controlled
traverse. This traverse was restricted to only allow laser sheet movement along
the axis of the tunnel. The traverse and laser setup can be seen in Figure 3.20.
To minimise the impact of vibrations on imaging plane location the traverse was
allowed to come to rest for 10 seconds before imaging was commenced after a
planar location change. The imaging planes used for the experiment can be seen

in Figure 3.21.
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Figure 3.19: Positive (left) and negative (right) circulation decay plots for various
seeding levels.

A

Figure 3.20: Laser (left) and traverse (right) setup.

3.3.4 Laser

Laser access to the tunnel was through a glass window in the top of the test
section. The laser beam was sent to this location via a periscope. The laser
used was a dual-cavity Nd:YAG laser (Quantel EverGreen) with an output of
200mJ per pulse at 532nm wavelength and a repetition rate of 15hz.
Synchronisation between laser and camera was performed with an ILA

synchroniser. Laser pulses were delivered at 55us apart as any higher resulted
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Figure 3.21: Schematic of vane and laser sheet locations.

in significant out of plane migration of particles. The laser sheet thickness
varies throughout the observation window as a result of the focus, with an

average thickness of approximately 4mm through the region of interest.

3.3.5 Calibration

Calibration of the camera was performed using a grid that was photographed at
all analysis plane locations, compensating for the increase in plane size due to
perspective. The plane was located using the laser sheet, and then photographed

to give an accurate scale.

Figure 3.22: Calibration plate and stand.
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3.3.6 Analysis Configuration

Image analysis was performed with PIVView software. Multi grid interpolation
was used, starting at a coarse grid size of 128px x 128px windows and finishing
with refinement to 32px x 32px over 3 passes. Standard FFT correlation was used,
with two repeated correlations on 16px offset grids being performed. Subpixel
shifting was enabled on all passes with b-spline interpolation and peak detection
by a Gaussian least squares fit from 3 points. The final grid size was 99 x 74
nodes. The vectors were validated over 5 passes, with a maximum displacement

threshold of 10px and a maximum displacement gradient of 3.0px.

3.4 Experimental Uncertainty

Due to the nature of the manual focussing system there were induced errors,
with differences in focus able to produce up to 0.04C error in core location. By
implementing a particle pixel size threshold of no more than 2px at a brightness
level of 4.5% of the total dynamic range, this error was reduced to 0.0015C in
core location. Total error due to the calibration plane procedure was found to be
a maximum of 0.18% in location and 0.22% in scale, due to minute differences in
lateral calibration plane location. The particle size was measured at an average
of 1.5px, giving an uncertainty in position of 0.03px [115]. Quantization errors
were negligible due to 14 bit quantization. Any biases inherent in each run were
minimised by having the each set of 400 images taken with one forward run of 200
images (plane moving from X17 to X11.5) and one backward run in the opposite
direction; this way any errors in seeding or focus would be minimised. The total
error in core location was found to be £ 0.006C. The error in lateral vane offset
adjustment is £ 0.005C (10% of the smallest offset change).

Table 3.1: Experimental error sources

Error Source Circulation  Position
Calibration 0.22% 0.0025C
Focus 3.1% 0.0015C
Particle Tracking ~ 0 ~ 0
Projection ~0 ~ 0
Temporal 3. 7% < 0.001C

Vibration ~0 < 0.001C
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3.4.1 Temporal Convergence and Repeatability

In order to determine the temporal convergence of the image pairs in the time
averaged case, a sample of 1000 image pairs was captured in the Counter 0C case,
and then analysed in batches of 50, 100, 200, 350, 500, 750 and 1000. The results
of this testing can be seen in Figure 3.23. Below 200 image pairs the variation
in circulation is significant, while the core location remains relatively constant
for all cases. Final sampling error for averaged results was determined to be a
maximum of 3.7% in circulation for the 400 total shots taken against a multiple

representative sample of 2000 image pairs.
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Figure 3.23: Core location (left) and circulation (right) vs. number of image
pairs taken.

3.4.2 Projection

The camera was positioned 2100mm downstream of the test section and 2380mm
to the nearest image plane, giving a maximum perspective bias of 1.6 degrees
per side on a 133mm wide observation plane with a 120mm lens. Planar PIV
can produce projection errors when the out of plane motion is dominant |116|
However, this can be substantially reduced by lowering the perspective error from
the camera, reducing the motion to as close to the in-plane component as possible.
For the comparison setup 2D and stereoscopic PIV of Yoon and Lee [116], it was
found that a camera with an effective perspective angle of 5.71 degrees per side
could produce an absolute maximum error of 20.8% in instantaneous in-plane
velocity where the out-of-plane component was proportionally large in a vortex
driven flow. By reducing this angle to 1.6 degrees through placing the camera

much further away and using a zoom lens, the maximum projection error is
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reduced to 5.8% under the same conditions. It should be noted that this error is
at the edges of the observation window, and is not indicative of the errors near the

centre, which will approach zero projection error as the centre is reached.

While the maximum error in the velocity field is 5.8%. the substantially higher
velocity gradient in the vortex core compared to the projection error reduces
the vorticity errors to near zero. To demonstrate this phenomenon a sample
perspective bias representative of a streamwise aligned freestream flow was
imposed on one of the PIV captured flowfields. The original velocity field can
be seen in Figure 3.24A, with the velocity field resulting form the projection
error seen in Figure 3.24B. Performing the vector sum of these two fields

produces the velocity field in Figure 3.24C, as per Equation 3.3.

C=A+B (3.3)

Performing a scalar subtraction of the velocity magnitudes from these two fields
(A - C) produces the velocity differential contour in Figure 3.24D. Note that
the velocity magnitude differential (D) does not directly correlate with the
projected velocity field (B), as the projected field is radially expanding in a
uniform direction, while the velocity field direction is more randomised. When
a vector addition and scalar subtraction is performed this leads to the

differential result.

The resultant differences in the horizontal and vertical velocities can be seen
in Figure 3.24E and F, with the initial velocity indicated by the contour bands
and the velocity with the influence of projection error shown by the contour
lines. Clear magnitude differences can be seen between the two, with the bands
shifting. However, as the velocity gradients have not significantly changed the
vorticity field shown in Figure 3.24G and H shows negligible variance between
the original field (colours) and field with projected error (lines). The calculated
total circulation of the original case was 0.3324786m?s~ !, with the circulation
of the projected case being 0.3324786m?s~!, resulting in a maximum projection

1

error in circulation of 1% 107"m2s™!. As such, the projection error influence on

vortex core location and circulation is negligible.
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Figure 3.24: Projection error calculation plots. A) Initial velocity field b)Imposed
projected velocity C) Velocity field after projection error applied D) Differential
between original velocity field and velocity field after projected error applied E)
and F) Vertical and horizontal velocity before error applied (lines) and after error
applied (bands). G) and H) Vorticity before error applied (lines) and after error
applied (bands). Arrows indicate the calculation process of each field.
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3.4.3 Vibration

Tracking of camera vibrations between images of an image pair was performed
through a Gaussian fit tracking of the illuminated wingtip while the tunnel was
running. This was achieved using the PIV analysis technique with the all of the
observation window blanked off and no seeding in the tunnel, thus tracking the
tip as a single particle as can be seen in Figure 3.25. This yielded a vibrational
displacement maximum of 0.0471px between the two images of a pair, which is
within the margin of error of Gaussian subpixel tracking of just below 0.1px at
low signal to noise ratio as identified by Saunter [117]. Over a test of 200 image
pairs, the tip of the rear vane was found to have a maximum displacement change
of less than 1 pixel during the entire sampling time. At 17m/s the maximum
displacement of the vane tip was found to be 3 pixels over the course of an
imaging run, with 0.0497px between pairs. While the in pair variance would not
affect the velocity field magnitudes, the variance of 3px over the course of the run
would lead to the velocity fields varying in location by up to 3px, giving artificial

meandering. As such, it was required to run the tunnel below 17m/s.

Figure 3.25: Vane tip illumination (left) and mask (right) for camera vibration
tracking.

3.4.4 Focus

As previously discussed, in order to track the particle locations a three point

Gaussian peak approximator was used. This relies on the particle image diameter
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being of the appropriate size to minimise error. As identified by Raffel et al. [115]
the ideal particles size for cross correlation PIV is 2 pixels, with a corresponding
RMS uncertainty of 0.02px for a 32x32px interrogation window. However, due
to the long focal length and subsequently low aperture, at coarser focus settings
the light sheet intensity became low to the point where background noise could
be observed in the imaging. As such the focus of the camera was convergence
tested, with the results shown in Figure 3.26. For the focus test presented in this
plot, a full sweep from focussed nearer than the sheet to focused further than
the sheet was performed, thus resulting in multiple values for the same particle
size. As can be seen, the smaller particle sizes and resultant sheet intensities were
maintained within 3.1% total circulation error as long as the maximum particle
threshold was kept below 3px diameter. To allow for consistent and repeatable
focus results a particle pixel size threshold of no more than 2px at a brightness
level of 4.5% of the total dynamic range was implemented. As the mean particle
size was maintained above 1 pixel, bias error due to peak locking was maintained
below 0.01px.

014 Circulation with Varying Focus

012}

0.1r

Circulation (1/s)

3-4px 2-3px 1-2px 2-3px 3-4px 4-5px
Average Particle Size

Figure 3.26: Circulation for various particle sizes resulting from focus changes.

3.5 Vortex Calculation Methodology

Vortex radii can vary by up to 35% if time averaged results are used due to
vortex meandering and local fluctuations in velocity [118]. In addition to this,
the velocity field will be smoothed, resulting in significant deviations in
circulation and core size if time averaged results are used. However, it is still

desired to have average values for core location, size and strength, and as such
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the results were analysed by a script based evaluation of each individual pair of
images. These images were sequentially analysed in Matlab, with peak noise
filtered by vorticity gradient as previously mentioned. To eliminate the
influence of weak secondary vortex structures, vortex shedding and low level
noise on the calculation of tip vortex properties, all vorticity constructs except
the tip vortex were filtered out. This was performed by computing contours at
10% of the peak vorticity and calculating the area enclosed by each individual
structure. These data points were then exported to Matlab, where they were
then combined and analysed for average values and variances. This allowed for
an accurate calculation of real world core size, as well as time-averaged values
that could be used to represent the core characteristics and allow comparison
between cases. A graphical representation of the extraction and averaging

process can be seen in Figure 3.27.

Flow

‘-.--'"'--,_| -~
Instantaneous Flow Core Locations with Average Line

Figure 3.27: Stages of automated PIV data interpretation.

The vortex centre within a plane is defined as the integral of the vorticity (w)
multiplied by the displacement (X or Y value, depending on the axis being
calculated), divided by the circulation (I') [23]. This can be seen in eqs. (3.4)
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and (3.5).
X, = %/deS (3.4)
Y, = % / Ywds (3.5)

While this does not always align with the location of zero in-plane velocity, it
allows for consistent prediction of the centre of circulation intensity even when
the vortex pair is migrating with an in plane motion, which would otherwise skew
the core location significantly. 1t is also more robust than simply using the value
of peak vorticity, as it is not significantly skewed by asymmetrical vortices or

vorticity peaks in the result.

For the co-rotating vortices, they both have the same signed vorticity. This means
that identifying the centre of vorticity within a plane will be ineffective as it will
only find the centre point between the two vortices. An automated script was
used to identify the two separated vorticity peaks and construct a contour line
at 0.1 of the peak vorticity and 0.3 of the peak vorticity on a given plane, giving
enclosed areas of Ag; and Ags respectively. In the case that the smaller Ags
was less than a quarter of the larger Ay 3, the vortices were considered merged.
This 1:4 ratio was selected based on the graphical results, which correlated with
the observable vortex cores while minimising the influence of signal noise on the
results. The area represented by Ags3 can be used to track the vortices though
the initial stages of the merging process, as it allows for better detection of
the secondary peak in a merging and partially strained vortex structure. The
single Ay, and two Ag3 areas are considered as the vortex core regions for the
merging vortex system and individual vortices respectively. Consequently, for

path tracking the weighted centroid of egs. (3.6) and (3.7) was used.

1
X, = X d .
= / 24w dS (3.6)
1
Y. = Y, d 3.7
FAO.g / A0.3w S ( )

While the vortices remain near a uniform Lamb-Oseen distribution at the far

offsets, at nearer offsets significant partial straining occurs from the influence of
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the vortex interaction. This causes a skew in the shape of the vortex core that
changes its primary axis as the vortex pair rotates downstream. This prevents the
fitting of a Lamb-Oseen distribution of vorticity to the results. Consequently, the
radius of the vortices was calculated using the vortex areas and assuming vortex
circularity to give an effective radius. These were Rg; and Rg3 for Ag1 and Ag 3

respectively.

The vortex circulation was calculated by the integral of the vorticity within the
identified core region. For when there are individual vortices identified, this is
taken at an Ag 3 cutoff, as this allows the continued identification of vortex peaks
through the merging case. When the vortex is merged, this is evaluated at Ay
to capture the entire vortex. If Ags is used to characterise the merged vortex
it excludes the merging tail region of the vortex, causing a significant drop in
effective vortex circulation. This is not an issue for the unmerged vortex cases,
as the vortices are still approximately circular in shape so there is no vorticity
lost to the tail region. This will however cause an effective circulation reduction
for the unmerged cases, so should be noted for the results of this section. This

reduction was found to be 10.5% as calculated from the single vortex case.

By comparing this method to a Lamb-Oseen approximation on a uniform, circular
vortex, it was found that the sampling resolution could result in a 15% maximum
error in peak vorticity. This translated to a 1.5% maximum error in the 10% peak
vorticity, giving a maximum core radius error of 5% per image pair, which was

considered acceptable for this analysis.

The stages of this data interpretation process can be seen graphically in
Figure 3.28.

Given the large and effectively random sample of image pairs taken, the statistics
of the variance of both circulation and core location can be used for analysis of the
meandering magnitudes. While the period, frequencies and amplitudes of small
oscillations cannot be evaluated with non-temporally resolved data, the total
magnitudes of displacements and the location distribution of the meandering can
be determined with non temporally resolved data and a sufficiently large sample
size. Such methodology has been used by Miller et al [119] and Rokhsaz [8| at
30Hz, as well as Heyes et. al [120] at 5Hz. The core variance was calculated
as the standard deviation of the radial distance from the average core location,
while the circulation variance was calculated from the standard deviation of the

difference from instantaneous circulation to average circulation, divided by the
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Figure 3.28: Stages of automated PIV data interpretation.

average circulation on the plane. The division by the average circulation was
used to remove bias caused by low circulation cases and planes, as this would

lead to low circulation cases seemingly having less fluctuation magnitude.

3.6 Water Tunnel

To allow for initial qualitative visualisation and characterisation of the vortex
properties a Rolling Hills Research Corporation 0710 water tunnel was used,
with a schematic in Figure 3.29. This tunnel allows test sections from 1 to 5.8
inches per second to be tested, which correlated to Reynolds numbers of 1000 to
5800 based off vane chord. The vanes used for this configuration were sized at
half the size of the wind tunnel vanes, with a 40mm chord. The tunnel utilised
a honeycomb and flow screen for turbulence control and flow uniformity, with
a 6:1 contraction ratio. Manufacturer prescribed turbulence intensity was rated
at 0.5% RMS. Due to the constraints of the test section length the vanes were
spaced closer together than in the wind tunnel testing, with a distance between
vanes of 3C (distance between quarter chords of 4C). Dye was injected into the
hollow cavities of the vanes, with a hole drilled in the vane tips to enable the dye
to escape into the freestream flow. Three camera positions were used to capture
the dye motions, with the side and top being used for conventional capture of

the dye paths while the rear was used to capture plane by plane images. This
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Figure 3.29: Schematic of water tunnel setup

was performed by forming a light sheet with a slit configuration which could
illuminate a mixture of coloured dye and milk. By moving the light sheet in the
streamwise direction different planar locations could be captured. Ten second
videos were taken from each camera location at an imaging rate of 30Hz, allowing
for transient capture of the flow effects, as well as time averaged post processing
from averaging the video frames. Different coloured dyes were used for the front

and rear vanes to identify the path of each vortex.
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Numerical Modelling

While the experimental testing regime allows a large number of offsets to be
tested quickly, the planar PIV presented is unable to provide the level of detail
that CFD investigations can. Characteristics such as transient vortex
behaviour, frequencies, pressure fields and far field effects can be better
characterised and visualised using computational methods and post processing.
As discussed in the previous chapter, introducing a probe into a vortex driven
flow can substantially modify the vortex characteristics such as breakdown
length and meandering. Laser Doppler Anemometry (LDA) or Particle Image
Velocimetry (PIV) solve this problem, however they cannot measure pressure
fields directly. LDA also cannot time resolve meandering vortices.
Consequently, Computational Fluid Dynamics (CFD) is a very useful tool for in
depth vortex analysis. Both Large Eddy Simulations (LES) and Reynolds
Averaged Navier Stokes (RANS) simulations were used for this study, with the
RANS simulations being used to investigate the initial flowfield properties and
LES being used for subsequent, in depth analysis of the effects seen in the

experimental work.

The vane configuration tested is identical to that of the experimental setup, with
8 degrees angle of attack on both vanes. As discussed in the experimental section,
eight degrees angle of attack was selected as it gives a high swirl number while
being below the stall point of the vanes, reducing any risk of further complicating
the flow by introducing flow separation. Six configurations were tested, with
counter-rotating and co-rotating vanes at a lateral offset of 0C, 0.2C and -0.2C.

These offsets were chosen to observe the effects of the front vortex impacting and

65
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Figure 4.1: Computational vane setup and origin.

passing to either side of the rear vane, thus allowing the interaction effects in the
near field on both sides of the vane to be observed. The square tip geometry of
the vanes facilitates a high quality mesh in that region while still producing a
well-defined vortex. Runs were conducted at a Reynolds number of 7 x 10* as

per the previous chapter.

Due to the low wvelocities of the cases considered the flow was assumed
incompressible and isothermal, reducing the equations for conservation of mass

and momentum to:

V.o (2)=0 (4.1)

O(pl)

o +[V-U)pd =-Vp+V -7 (4.2)

Where p is the pressure, o is the velocity vector, and 7 is the shear stress
tensor. The equations were solved using the finite volume code ANSYS FLUENT
14.5.

The primary techniques used to numerically evaluate three dimensional
flowfields are RANS, LES and DNS. RANS modelling separates the time
dependent turbulent velocity fluctuations from the mean flow, solving these
components through the application of a turbulence model. LES resolves these

fluctuations, however has the provision of a subgrid scale model to approximate
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the eddies that are not resolved by the grid. All scales larger than the subgrid
filter are solved as per the Navier Stokes equations, whereas all below the filter
must be modelled. DNS involves directly solving the Navier-Stokes equations,

with no turbulence modelling.

The majority of vortex driven industrial flowfields are currently modelled using
RANS, often applied to unstructured grids [121]. This is primarily due to the
immense computational expense of high Reynolds number simulations
performed in either LES or Direct Numerical Simulations (DNS), stemming
from the need to resolve the geometry dominant turbulence structures (LES)
down to the Kolmogorov length scale (DNS) [122|. However, numerical
dissipation is significantly higher for RANS solutions than LES solutions,
resulting in reduced vortex lengths and energies and significant impacts on the
interactions of the vortices. Despite this, many recent research studies have still
been performed using k& — w Shear Stress Transport (SST) and Reynolds Stress
Models (RSM) [123-126].

Initial studies of the flowfield to determine baseline flow properties were
performed with SST RANS simulations, consistent with the methodology used
by Wik and Shaw [123] and Dudek [125]. SST was selected over Linear
Pressure/Strain RSM due to its stability and superior prediction of lift around
the airfoil, which results in more accurate initial vortex strength, however the
dissipation rates are significantly higher. While these results were useful for
initial determination of key flowfield properties and cases of interest, as
discussed in chapter five, their high dissipation rates resulted in unrealistic
vortex fields that did not correlate well with the experimental validation work.
This was improved upon by the use of a LES solution, resolving the larger
turbulent structures and the vortices more effectively. The significantly lower
dissipation rates of the LES solutions achieved results far more consistent with
the experimental work, predicting longer and consistently stronger vortices. In
extreme cases, this resulted in a reversal of interactions from the upstream
vortex being weaker and absorbed by the downstream vortex to the upstream
vortex being stronger and absorbing the downstream vortex. It was found that
the strength of the upstream vortex significantly affects the production of the
downstream vortex, and as such modelling the dissipation of this vortex

effectively was critical to the final result accuracy.

From initial experimental studies, the circulation based Reynolds numbers of the
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vortices was in the vicinity of 8 * 10*, with variances occurring depending on the
state of vortex interaction. This indicated that a portion of the vortex would be
laminar, however instabilities in the vortices can be triggered by such events as
shear layer fluctuations resulting in turbulence. As such, a laminar model would
not be appropriate to model the problem, despite laminar flows present in both
the boundary layer prior to transition and within the vortex core post-rollup.
While using LES modelling will dissipate the vortex more rapidly than a laminar
model, it is essential that these turbulent flow features are modelled in order to

correctly characterise the instabilities present in the flow.

4.1 Subgrid Scale Modelling

In LES a subgrid scale model is applied to approximate the energy dissipation
from turbulent viscosity due to isotropic subgrid eddies, and the energy transfer
between the resolved and unresolved scales. In the original Smagorinsky-Lilly
model the eddy viscosity is modelled as proportional to the subgrid
characteristic length scale and a characteristic turbulent velocity. However a
consequence of its modelling strategy is that the local strain rate defines the
velocity scale [127|. This relates the subgrid dissipation to the rates of strain at
the smallest resolved scale, ineffectively resolving regions where the vorticity
field is more significant than the strain field. The assumption of fully isotropic
turbulence in the inertial subrange also creates issues with wall bounded flows,
where the Smagorinsky constant must be reduced and additional damping at
the wall must be applied to ensure the eddy viscosity approaches zero at the
wall [128]. This causes difficulties with complex geometries, which can be solved
by the application of the Wall Adapting Local Eddy Viscosity (WALE) model.
This model relates the modelling of the eddy viscosity to the square of the
velocity gradient tensor, ensuring the correct asymptotic wall bounded
behaviour of y? instead of y? in the Van Driest modified Smagorinsky-Lilly
model. This model has been shown to have effective modelling of boundary
layer transition and free vortex problems [129], with superior performance to
the standard and dynamic Smagorinsky-Lilly models for free vortex

performance [130]. The formulation for the eddy viscosity in the WALE model
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is shown below in Equation 4.3.

_ (Szgljsflj)3/2
(S53555)%/% + (S S5 )>/4

LA

v, = (CpA)? (4.3)

Where C, is the WALE constant, S;; is the symmetric component of the
velocity gradient tensor (also the strain, or deformation tensor of the resolved
velocity field), A is the characteristic subgrid length scale and Sflj is the

traceless symmetric part of the square of the velocity gradient tensor.

Both the Smagorinsky-Lilly and WALE models were tested against a reference
experimental case for co-rotating at 0.2C offset to further confirm the most
appropriate model for this study. It was found that the increased dissipation of
the Smagorinsky-Lilly model compared to WALE on the grid tested resulted in
the upstream vortex having 8.3% lower peak azimuthal velocity at the point of
the rear vane, consequently shifting the merging mechanism from the upstream
being the stronger vortex into the downstream being significantly stronger.
This produced poor validation results in comparison to the WALE modelling,

and as such WALE was selected for further evaluations.

The most commonly used WALE constant of 0.325 [131-133] and the value
originally recommended by by Nicoud and Ducros of 0.5 [127| were tested to
observe the effects of varying the constant on the vortex dissipation and
merging length. It was found that the change in vortex merging distance and
vortex paths was negligible between these tests. However, the dissipation rate
did change with the varying values, with higher vortex dissipation observed at
higher C,,. Experimental validation as discussed later in this chapter confirmed
that lower numerical dissipation was required. As such, C,, = 0.325 was used

for the remainder of testing.

4.2 Discretisation Schemes

The equations were solved with an implicit pressure-based solver. A segregated
solver was used for pressure/velocity coupling, with the Semi Implicit Method
for Pressure Linked Equations - Consistent (SIMPLEC) algorithm [134]. As

the vortex flow is dominantly swirling and involves steep pressure gradients, a
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second order PRESTO algorithm was selected for pressure discretization. This
second order scheme creates a staggered control volume around the cell faces to

calculate the face pressure, and is recommended for flows with high swirl number
[135, 136].

When first-order methods are used for solving the momentum equations they
typically damp out resolved eddies and turbulence in LES solutions due to
increased numerical diffusion. Central differencing provides a far more accurate
approach, however induces additional instabilities into the solution which may
cause convergence issues or non-physical oscillations in the flowfield. By
applying a first order scheme when the convection boundness criterion is
violated, the stability of the solution can be maintained without significantly
adversely affecting results, and its numerical diffusion will remain second order
as long as the solution is sufficiently stable.  As such, bounded central

differencing was utilised for all LES runs.

An iterative time advancement scheme was used, solving for convergence within
the SIMPLEC algorithm on each time step using backwards time differencing
before advancing. Bounded second order implicit methods were used for time
stepping, with an implicit time integration algorithm. To ensure stability for the
relatively undamped LES solution, two bounding factors are calculated from the

previous solution which limit current timestep parameters.

For RANS solutions Third-Order MUSCL was used to discretize the equations
for turbulent kinetic energy and dissipation rate. This scheme blends central
differencing and second order upwinding, reducing numerical diffusion for three
dimensional flows thus improving the dissipation rates of the RANS

solutions.

Least Squares Cell Based methods were used for the gradient evaluation,
however due to the structured nature of the mesh it was unlikely that the
accuracy differential would be significant from Green-Gauss Node or Cell based
evaluations. The increased instability of the Least Squares Cell Based method

was not found to be an issue in computational runs.
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4.3 Computational Domain and Boundaries

While there is an inherent dependence between the boundary distances and the
grid resolution, evaluating all grid resolutions at all possible boundary
conditions is extremely computationally expensive and inefficient. By
evaluating the conditions sequentially and ensuring conservative conditions are
chosen, confidence in the results can be established without the need for
excessive computations. The distances were evaluated at each boundary
individually to ensure boundary independence, with the finest grid density used
to ensure maximum propagation of any boundary related effects. The final
boundary distances will be shown at the end of this section. With the boundary
distances determined, the mesh convergence and spatial requirements study
could then be performed. Grid topology choices and structure will be discussed

later in this chapter.

A constant velocity inlet with no boundary layer was specified as the inflow for the
CFD modelling. For the RANS cases, a low turbulence value of 0.1% was used,
comparable to the wind tunnel testing, with a length scale of 0.03C. To eliminate
floor boundary layer influence on the vortices, symmetry (free-slip) conditions
were used for all domain walls, with a no slip wall being employed on the vanes
themselves. This meant secondary structures and horseshoe vortices that alter
the primary vortex interactions, as identified by Velte [107|, could not form. This
also removed the presence of boundary layer Von-Karmann sheets along the base
of the model, and the subsequent need for increased grid resolution away from
the vortex. For the outlet a zero normal diffusion flux condition was used, as it
was found to provide minimal disturbance to the vortices. Testing of alternative
configurations had shown that pressure outlets had caused non-physical necking
and upstream disturbances along the vortex core, while the outflow condition

replicated vortex behaviour present in a longer domain.

To ensure the boundary conditions were sufficiently spaced to have negligible
impact on the vanes and vortices, three configurations each of inlet, outlet and
side lengths were tested. The counter-rotating 0.2C offset was selected for
boundary testing, as it provided a complex, interacting vortex flowfield with
persistent vortices present to the end of the domain. RANS solutions were used
to reduce computational expense, thus allowing the testing of more boundary

distances. It was found that all the outlets tested were sufficiently far
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Figure 4.2: Vortex core streamline Y-value with varying outlet lengths. x/C = 0
is at the quarter chord of the front vane.

downstream to not cause variation in the paths of the vortices, and as such
boundary selection became an issue of desired observation window and mesh
size constraints. The results of the outlet testing for position can be seen in
Figure 4.2, with the pressure and velocity in figs. 4.3 and 4.4. There was no
position differential in the 30C to 56C cases as any discrepancy was below the
mesh resolution. In order to determine the window for observing the vortex
path, the gradients and variances in the paths were investigated. Beyond 30C
after the vortex generator, it was found that the gradient of the vortex path,
pressure and velocity was largely linear, and in the vertical axis the deviation in

vortex path was only 0.02C.

Reducing the inlet length to 3C was found to influence the velocity field, with the
inlet being within the deceleration region of the upstream vane flowfield, as can
be seen in Figure 4.5. This imposed a higher initial velocity on the frontal vane,
resulting in a higher vortex velocity which propagated downstream, resulting in
0.3% higher velocity for the length of the centreline at the end of the domain,
despite only a 0.1% change in velocity at the start. While these changes are
small, the computational expense to expand the inlet to 6C was minimal, and

resulted in negligible value deviation from a 10C length.

Modification of the side boundary distance produced the most significant effects
on vortex trajectory and flow properties. The velocities in the region of the

second vane became significantly reduced by decreasing the side spacing to 2C,
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Figure 4.3: Pressure coefficient along line aligned with front vane tip with varying
outlet lengths. x/C = 0 is at the quarter chord of the front vane.
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Figure 4.4: Normalised velocity along line aligned with front vane tip with varying
outlet lengths. x/C = 0 is at the quarter chord of the front vane.



Chapter 4. Numerical Modelling

74

0.2 T T T T T

0
" 9 -, |
l .
—— 2C sides
—4C sides
6C sides
_0‘ 4 1 1 T
-5 15 20 25 30

Figure 4.5: Pressure coefficient along line aligned with front vane tip with varying
side distances. x/C = 0 is at the quarter chord of the front vane.

with peak reductions of 1%, seen in Figure 4.6. More significant was the increase

in y/C for the entire post vane trajectory, seen in Figure 4.7. This is clearly due

to the sides restricting vortex motion and tending to restore the vortex towards

y/C = 0, as there is convergence from a peak differential of 0.05719 at x/C = 15

down to 0.018 by the end of the domain. Increasing this spacing to 4C showed

much closer correlation with the results obtained at a 6C spacing.

The final boundary conditions can be seen in Figure 4.8. The final blockage ratio

was 0.6%.
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Figure 4.6: Normalised velocity along line aligned with front vane tip with varying
side distances. x/C = 0 is at the quarter chord of the front vane.
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Figure 4.7: Vortex core streamline Y-value with varying varying side distances.
x/C = 0 is at the quarter chord of the front vane.
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Figure 4.8: Final boundary conditions and spacing.

4.4 Spatial requirements

LES grid generation is significantly more difficult than RANS as cells must
maintain low growth rates and anisotropy. Pope [137| recommended that 80%
of the turbulent kinetic energy within the domain be resolved by the grid, with
the remaining 20% computed by the subgrid model.

In order to accurately represent the structures in the near wall region, y™ must
be less than 2, with Az™ between 50 and 150 and Az" between 15 and 40 [138].
This y* value choice is to place the first cell within the viscous sublayer (up to
y™ = 5) of the boundary layer, allowing resolution of this region. The stretching
ratio of the elements moving away from the wall must also be considered, with
a ratio of approximately 1.25 to ensure accurate resolution of the log layer [139].
Fulfilling these mesh requirements leads to a mesh of 2.5%107 elements simply for
the first vane of the configuration at the desired Reynolds number, rendering a
full domain computation with two vanes and a lengthy vortex interaction region
impractical given computational resources. The high y™ requirements also give
rise to considerable mesh anisotropy in the far wake regions, with high aspect
ratio elements that would compromise the fidelity of the vortex interaction mesh
region. However, if wall modelling is used, these values can be relaxed to y™
between 30 and 150, with Az™ between 100 and 600 and Az between 100 and
300. The enhanced wall function of FLUENT uses a blending function between
the laminar and turbulent laws of the wall, as suggested by Kader [140]. Tt is
capable of a reasonable representation of the wall velocity profile where y™ falls
between 3 and 10, as well as deactivating for resolved sublayers where y* < 3.

Most importantly, it generates the correct asymptotic behaviour for y+ > 30,
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thus allowing the first cell to be placed in the logarithmic region of the boundary
layer, significantly reducing near wall mesh requirements. As the primary field of
interest was the resolution of the vortex interactions rather than fine flow features
on the vanes, the first cell height was set at 0.6mm, giving a y* range of 20-30.
However, the strength of the vortex produced is dependent on such phenomena
as boundary layer development and total lift on the vane, which are dependent
on the wall modelling. Consequently it is necessary to ensure that total vortex

circulation is not modified by the altering of the wall modelling.

To perform this the y™ = 20 — 30 mesh was compared to a y* = 1 mesh on the
single frontal vane to ensure the vortex strength and location were consistent,
with the results visible in Figure 4.9. While the vortex shedding off the main span
of the vane is under-resolved in the coarser y*, the net effect on the vane force,
vortex strength and far wake eddy dissipation are negligible. Comparing the
circulation values in Figure 4.9 it can be seen that the time averaged circulation
varies by less than 1.9% after x/C = 6, less than 3% after x/C = 4 and less
than 6.6% after x/C = 1. The fluctuation magnitudes and frequencies in the
instantaneous cases are also similar. The primary difference between the cases is
an increase in circulation on the vane (up to 39.8% at x/C = 0), however this is
due to the increased production of vorticity in the three dimensional boundary
layer shedding. This vorticity dissipates downstream and does not significantly
affect vortex production, rollup or dissipation rates, as evidenced through the
circulation values discussed earlier. The mechanism of vortex formation also
remained unchanged between the two cases. As the y™ = 1 case required a grid
of 2.0x107 cells for the front vane, and the y* = 30 case only needed 8.5x10° cells,
the high y*, wall modelled strategy was employed for the present work.

Grid generation was performed in ANSYS ICEM, using a fully structured multi-
block meshing strategy. All elements were generated as hexahedral, with a Y-grid
strategy employed at the trailing edge of each vane and a double Y-grid at the
leading edge. Mesh density was progressively increased at the leading edge of
the rear vane to resolve the near-field vortex interaction, particularly in the case
of impact. The elements were stretched in the far regions of the domain where
predominantly freestream flow was expected. The final mesh consisted of 58
elements along the length of each vane, with 400 elements along the length of the
wake behind the rear vane, and 200 between the vanes. 50 cells were used along
the height of the vane, with the majority concentrated at the tip as the base area

was of little interest. The significant bias of the mesh to the wake regions resulted
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Figure 4.9: Isosurfaces of vorticity (left), vane lift coefficient (top right)
and vortex circulation through domain (bottom right, dotted lines indicate
instantaneous values, with solid for time averaged values) for y© = 1 and
yT =20 — 30 cases

in a comparatively coarse mesh on the vanes, reflective of the key focus of the
study on the vortices, vortex formation and vortex interaction rather than the
vane surface characteristics. For validation runs mesh density was increased at
the vane root to model the boundary layer and horseshoe vortices associated with

the ground plane more effectively. This grid can be seen in Figure 4.10.

The final mesh maintained between 25-30 elements across the viscous vortex core
behind the vane, notably above the 15-20 elements for correct core capturing
recommended by Dacles-Mariani et. al. [141]|. However, as a consequence of the
need to balance elements between the freestream vortices and the on-tip vortices,
this results in the on vane tip vortices having 6-10 elements across the vortex,
and as such the specific numbers within these local vortices should be inspected

with care.
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Figure 4.10: Meshing strategy with final cell counts.

4.5 Convergence Evaluation

For the initial RANS evaluation cases, three mesh densities were evaluated at
4x10%, 3x10° and 2.6x107 cells respectively, with the dominant increase bheing in
the wake and vortex paths of the two generators. It was found that for RANS
solutions, the vortex paths were very similar, with total deviation at the end
of the domain being only 0.23C across all cases. Pressure and velocity plots
along the centreline showed similar trends, as can be seen in Figure 4.11. The
primary difference was noted in the pressure values for the far field conditions
on the coarser mesh, with a 0.03 drop in pressure coefficient along a line through
the vortex core by the end of the domain. There was a marked increase in the
diffusion rates of vorticity in the lower meshes, with vortex length to a peak Q-

2 varying by 4.8C between the cases. Consequently the

criterion value of 9000s~
2.6x107 cell mesh was used for RANS evaluations as the solution time for a steady

state run was inconsequential and minimal vortex diffusion was desired.

Due to the inherent numerical dissipation in the RANS simulations and the
time averaged nature of the solution, it was expected to achieve mesh
convergence easier than the LES runs. Consequently, the LES was evaluated at

mesh resolutions of 1.2 x 107, 1.6 * 107 and 2.6 * 10”. These runs were performed
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Figure 4.11: RANS pressure coefficient along line aligned with front vane tip with
varying mesh densities.

on the co-rotating 0.2C offset case, as mesh density variance within the wake
region was expected to modify the elliptic instability within the vortices, with
subsequent effects on merging length and energy. The mesh density
modification for these runs was entirely in the wake region, increasing the mesh
density in the streamwise direction and thus improving cell aspect ratio. All
meshes were run at a constant timestep of 3 * 107°s as per the following

section.

Initial inspection of the forces on the front vane showed a very close correlation
for all cases with the forces expected from theory. From Prandtls lifting line

theory, the 3D lift coefficient on a wing can be approximated by:

AR
AR+ 2

Crsp = Crap * (4.4)
Where Cr3p and Cryp are the three dimensional and two dimensional lift and
drag coefficients, and AR is the aspect ratio (adapted from Anderson [142]). A
Crap of 0.9 was calculated using Javafoil [143], giving a Crsp of 0.54. Tt was
found that the LES solutions predicted averages of 0.5508, 0.556 and 0.546 on
the front vane for the increasing mesh densities respectively. All of these forces
were within 3% of the theoretical force calculation, with the finest mesh within
1%. Tracing the forces on the rear vane as seen in Figure 4.12 and Figure 4.13

found again that all three mesh configurations showed similar trends for force
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Figure 4.12: Force coefficients

of rear vane with varying LES mesh densities.
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Figure 4.13: FFT of rear vane

lift coefficient for varying LES mesh densities.
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Instanteneous x-vorticity

Figure 4.14: X-vorticity isosurfaces for various LES mesh densities.

values and frequencies, and as such any of them would be suitable for resolving
the region in between the vortex generators. However, forces can only determine
convergence of the flowfield properties on the vane, and may mask flow field
issues further downstream. As such, further inspection of the far field vortex

flow properties was desired.

As can be seen in Figure 4.14, while the structures near the vane remained
similar irrespective of mesh density, the higher energy vortex structures in the far
field dissipated faster under the lower resolution meshes. This was particularly
evident in the manifestation of the elliptic instability in the vortex core, with
more significant fluctuations visible in the densest mesh. The net result of these
mesh changes was a faster dissipation in the high energy vortical structures,
with an associated loss in high frequency flow features further in the wake. The

lower energy, larger radius vorticity levels remained far less affected by the mesh
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Figure 4.15: Isosurfaces of x-vorticity coloured by x-velocity for multiple LES
mesh densities at T x U, /C' = 60.39 (top) and T x Uy, /C = 67.77 (bottom)

density, with similar diameters and vortex lengths seen for the majority of the

domain in all cases.

Whilst the flow structures were conceptually similar between the meshes, with a
helical pattern and the downstream vortex merging into the upstream vortex,
the transient fluctuation rates varied, as can be seen in Figure 4.15. In the first
state the vortex crossover points are near identical between the cases, with
0.06C variance in the rear of the upstream crossover and 0.12C in the front
upstream crossover. In the second state the front upstream crossover point
varies by 1.28C between the three conditions, with the downstream crossover
remaining near constant. This is due to the increasing instabilities with the
higher mesh resolutions forcing a higher meandering magnitude on the
upstream vortex, resulting in a larger shift in the instantaneous crossover point.
The differential in far field dissipation rates can also be observed here, with the
2.6x107 cell mesh showing a far longer continuation of the vorticity isosurface
than the 1.2x107 cell mesh. However, the long range dissipation difference is far
less significant between the 1.7x107 and 2.6x107 cell grid. All three meshes
produced an uneven vortex merger, with the downstream vortex merging into
the upstream vortex, which was identical to that achieved with experimental

results as will be discussed later in this chapter.

Between these meshes the global trends for vortex circulation and in plane
kinetic energy remained very similar, with the results shown in Figure 4.16. As
the results presented are instantaneous, there will inherently be transient
variance due to effective time differences, however the trends can be effectively
compared, especially when the time averaged result of the finest mesh is

considered. Consistent with the previous observations of instabilities in the
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Figure 4.16: In-plane kinetic energy of vortices throughout domain for various
LES mesh densities. Both the time averaged and instantaneous values are shown
for the finest mesh.

visualisations of Figure 4.14, the magnitude of energy fluctuated at a maximum
far wake peak-peak variance of 20.1% for the 2.6x107 case, with fluctuation of
9.53% in the 1.7x107 case and 12.3% in the 1.2x107 case. The RMS values of
the fluctuations were 5.351 x 1073J/m? ~ 2.560 = 1073J/m? and
2.233 x 1073.J/m?, for the fine, medium and coarse meshes respectively. Despite
this, the trendline, particularly in the time averaged case, matched closely with
the coarser meshes. It should be noted from the time averaged results of the
2.6x107 cell case that the more significant instabilities and oscillations present
in the finer mesh have caused the particular instantaneous case considered to
have a higher than average kinetic energy. However the visualisations of the
cases from Figure 4.14 previously showed that the higher mesh resolutions
resulted in reduced dissipation, and as such a higher kinetic energy would be
expected. This is offset in the time averaged condition by the effects of velocity
smearing as the vortex meanders, which dissipates velocity peaks and

consequently lowers kinetic energy, as it is a function of velocity squared.

While further mesh resolution may be able to reveal more information about
the elliptic instabilities present and reduce dissipation rates further, all three
meshes were able to produce similar trends for circulation and kinetic energy, as
well as predict very similar merging distances and forces as discussed in the
previous paragraphs. Consequently, all the LES meshes tested would have been

useful for analysing general trends of the flowfield. As LES tends to DNS as the
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mesh size is reduced and the Kolmogorov scale approaches resolution, LES
cannot truly achieve grid independence [122, 144, 145|. The 2.6x107 cell mesh
successfully converged on the vane force and frequency characteristics, and
downstream kinetic energy properties, demonstrating its suitability for the
analysis of this flowfield. While all meshes successfully resolved the global flow
structure and large scale instabilities, the 2.6x107 cell mesh showed the best
resolution of transient elliptic instabilities and the least dissipation at high

vorticity levels, and therefore was used for the LES analysis.

4.6 Temporal Requirements

Following from the Courant-Friedrichs-Lewy condition, in order to compute a
field moving across a discrete spatial grid, the time stepping of a solution must
be sufficiently small that the flow features do not fully travel to the next grid
point within a single time step, resulting in a CFL number below 1 [146].
Consequently, as mesh density is increased the time must be reduced in order to
capture high frequency flow features as they move through. While the timestep
must be sufficiently small to resolve the motion of all flow structures, due to the
relative sizing of the vanes and the wake region and the resulting mesh densities
the overall time step was critical on the vane regions. A timestep of 3 * 107°s
was used, resulting in the maximum CFL number being maintained at below 1
for all simulations. This is equivalent to a non-dimensionalised timestep
At* = 0.003, which is well below the recommended estimate of Cummings et.
al. [147] of At* = 0.01, and below the At* = 0.006 vortex breakdown cutoff of
Gortz [148].

For each LES case the solution was initialised with a k-w SST model, followed
by two complete flowthroughs of the domain with the WALE LES model. This
initialisation period was utilised to ensure that a fully developed transient flow
on both vanes had developed and the resulting disturbances from the upstream
vane had propagated to, and interacted with, the downstream flow structures.
Initial monitoring of forces on the vanes proved ineffective due to the
fluctuations in forces being largely caused by the localised vortex shedding,
which gives a poor indication of the initialisation and effects on the vortex
interaction. Point monitors also shed minimal information on the initialisation

due to the meandering nature of the vortices causing the values to artificially
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fluctuate by large values, even when sufficient initialisation had been completed.

L were used to determine when

As such, isosurfaces of x-vorticity at 400s~
interaction initialisation had occurred, as they could be simply monitored with
graphical output. Once these isosurfaces had stabilisied their lateral oscillations
to within 0.25C at x/C = 13 and 0.33C at x/C = 17, and had demonstrated
consistent periodicity the solution was deemed to have reached a developed
state. This, combined with a factor of safety of a full domain cycle after
observing graphical convergence and periodicity, ensured that the correct flow

state had been obtained prior to time averaging.

To determine the averaging period the forces on the vanes and vortex
characteristics were monitored. Investigation of the lift and drag forces on the
vanes found that force convergence could be achieved to within 1% in as little
as T'x Uy /C = 2, as can be seen in Figure 4.17, with <0.5% convergence within
T % Uy/C = 5. However, the meandering motions and fluctuations of the
vortices occur at a considerably lower frequency than the vortex shedding of the
vanes, indicating the need for a larger averaging period. To determine this
period the vorticity field at X15 was output for each timestep, and analysed as
per the automated methodology previously discussed in the previous chapter.
This gave a transient history of vortex cores that could be averaged over time
to determine the accuracy of the averaging process, as can be seen in
Figure 4.18.

For the stronger vortex, circulation convergence was achieved to within 0.5%
within T Uy, /C' = 1.2, consistent with the rapid convergence of the rear vane
forces that would be reflected in the circulation production. The weaker vortex
is only marginally slower to converge at 0.8% at T x Uy /C = 1. Maximum Z
position displacement of 0.0126C was present at T x U,,/C' = 4.5 in comparison
to a maximum instantaneous value fluctuation of 0.0726C, indicating a slower
fluctuation in vortex location requiring a longer time averaging interval. This
was significantly worse for the positive vortex than the negative vortex, which
had a maximum fluctuation of 0.072C for an averaging displacement of 0.0056C
from T+ Uy /C = 4.5. As such, time averaging error is acceptable from periods
exceeding T x U,,/C = 4.5. However as multiple cycles of key frequencies were
desired for the purposes of the transient analysis discussed later in this chapter,
the minimum available number of timesteps to average over was 4000. This was
equivalent to T % U, /C = 12, indicating the time averaging period is sufficient

to ensure temporal convergence of values, and ensuring at least 3 low frequency
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Figure 4.17: Force convergence on rear vane with time for 0C and -0.2C offset
counter-rotating conditions.

Circulation Convergence with Time Position Convergence with Time

0.21 1.2
1t et - ! — e o i
» i o oL
2 02 G 08f=== =
< =t
2 So6t 0 |T" Positive Vortex Y | |
2 019 | -2 R B Positive Vortex Z
L o 04l ~ =~ Negative Vortex Y| |
[$) % A e e ~---- Negative Vortex Z
8 5
S o018 ] S 02 ,
0,\‘\_\\>’, e e o N — ]
0.17 - - - -0.2 - - - -
0 2 4 6 8 10 0 2 4 6 8 10
T*Uoo/C T"Ueo/C

Figure 4.18: Positive and negative vortex time averaging convergence for
circulation (left) and position (right). Instantaneous values are given by the
dotted lines, with moving averages on solid lines.

cycles were captured.

4.7 Vortex Parameters and Metrics

As discussed in the literature review, there are various methodologies to define
and characterise a vortex. In the present work, to ascertain the strength of the
vortex and monitor the different ways in which the energy dissipates, a number
of parameters will be used. The primary method of determining vortex strength
will be through vorticity and circulation, as used by Lewecke et al [23] and others
[1, 91, 107]. This can be expressed below as:
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For an X plane

dv  dw
Q= — — — 4.5
dz dy (45)

m:/mm (4.6)

where (2, is the x-vorticity, and I', is the circulation.

The vortices are in a flow free of the complex geometry and the motion in the
axial direction is significantly higher than the motion of the vortices in either
the horizontal or vertical directions. As such x-vorticity is more useful than
other parameters such as Q-criterion as it eliminates influences from outside the
plane of interest. This is in contrast to other situations with complex geometry
where the complexity of flow may limit meaningful results to Q-criterion or
Lambda-2 due to the mis-identification of shear layers as vortices [124|. The
low dissipation experienced in the LES results also reduces the need for more

unorthodox criterion’s such as trimmed tangential velocity.

For many high lift applications a useful metric is the pressure and total pressure
in the flowfield. As the flow is dominated by the vortices in the CFD and there
are minimal external artefacts, these pressure coefficients can be computed by

integrating across a planar slice through the whole domain, as per below:

c%:/qm (4.7)

Opt,z :/CptdA (48)

Where C), is the pressure coefficient, given by the instantaneous pressure
differential from static pressure at the inlet, divided by 1/2 % p * u? = 61.25.
Cpt is the total pressure coefficient, given by the pressure coefficient plus the

local velocity squared divided by

Again in high lift scenarios it is common to require the total kinetic energy and
momentum of the flow to determine its suitability for overcoming regions of
adverse pressure gradient. As before, these parameters can be integrated across

planar slices to track the variance in these quantities as the vortices move
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downstream. By separating these out into planar (subscript p) and total
(subscript ¢) components, the proportion of the flow energy contained in the
vortex and the transfer of flow energy to vortex energy can be better

monitored, as per below for kinetic energy:
K, = /u2 +v? +w? dA (4.9)

K, = /112 +w?dA (4.10)

For momentum:

Pt:/\/u2+1)2+w2dA (4.11)

P, = /\/ v? 4+ w? dA (4.12)

4.8 'Transient Vortex Analysis

While point monitors can be used to monitor frequencies and amplitudes in
transient flows, their usefulness in unsteady vortex fields is limited. This is
primarily due to the meandering motions of vortices, as any point monitor placed
within the core of the vortex shifts from monitoring the core to the periphery as
a result of the vortex motion, an effect seen in Figure 4.19. The result of this is
erratic tangential velocities and pressure readings that are not indicative of the
vortex core instantaneous properties. As such, planar data is needed for each

timestep to calculate the characteristics of the vortex.

The computational storage expense of such data is very significant, with each
plane captured being just under 3MB in size. To capture planes from directly
behind the vane down to x/C = 26 at 0.5C spacing for 4000 timesteps produces
just under 1 Terrabyte of processed data. As such, this transient behaviour
was only recorded for three cases of interest, the 0.2C co-rotating case, the -
0.2C counter-rotating case, and the 0.2C counter-rotating case. The singular
co-rotating case was selected as it was representative of the merging condition

for all cases, while the counter rotating case was selected to investigate the effect



Chapter 4. Numerical Modelling 90

—
—

Figure 4.19: Diagram of vortex meandering around a point monitor.

of direct impact on the front of the vane and the near field interaction instabilities,

as will be discussed in chapter seven.

Once these planes were extracted, it was desired to track the properties of the
vortex cores present for each timestep. A modified version of the vortex extraction
code used for the experimental results as discussed in the previous chapter was
employed, with additional tracking of pressure peaks and streamwise velocity. As
these results were calculated for each timestep, the output could be evaluated in a
transient manner, allowing for investigation of the frequencies of each parameter.
If later desired, point monitors could be placed on the planes to track point

properties.

4.9 Validation of Numerical Model

As previously discussed, good correlation between the model and lifting line
theory on the single frontal vane was observed, however the successful prediction
of a multiple vortex interaction is far more complex than predicting lift on a
common wing profile. As such, the entire double vane system was evaluated
against experimental results from the wind tunnel. For these purposes the LES
modelling previously described was applied to a representation of the test section
used for wind tunnel testing. This representation included the splitter geometry

within the test section, and resolved the full domain of the tunnel. No-slip smooth
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walls were used on all faces, with a specified inlet velocity profile as measured
from the previous experimental characterisation of conditions at the tunnel inlet.
All mesh densities around and in between the vanes were maintained as per the
previous meshing strategy, with additional elements used to resolve the walls of
the wind tunnel and splitter. Results were initialised and time averaged using
the previously discussed strategy. As there are two fundamental conditions being
evaluated, with two unique vortex interactions, it was necessary to validate the
modelling against both the co-rotating and counter-rotating experimental results.
For the counter rotating condition the 0.5C offset was used as it maintained the
highest vortex energy throughout the domain. In the co-rotating condition, the
0.2C offset was evaluated as it demonstrated multiple stages of merger and had

a long merging distance that was still within the tunnel test section.

4.9.1 Counter-Rotating

Inspection of the velocity fields in Figure 4.20 showed good qualitative agreement
between the experimental and numerical flowfields. As indicated by the purple
arrows, all dominant flow structures maintained the same paths between the two,
with a continuous downwards movement of the vortex pair. The lower energy
structures showed migration in the same direction. However due to the error
limitations of the PIV system at lower velocity magnitudes the velocity field is
more poorly resolved and becomes dominated by noise. This can be seen in the
top left kink in the velocity field, which has a very clear migration in the CFD
case. This is seen as more of an increasing dent in the flowfield in the PIV.
Between x/C=13 and x/C=17 the expansion of the low swirl velocity region at

the bottom left is also clearly matched in both conditions.

The higher strength downstream vortices both follow the same pattern of rotation
counter-clockwise from the point of formation, however the LES predicts the
initial velocity horseshoe at x/C—12 to be located higher than the horizontally
centred location in the experiment. This is reflected in the final location of the
horseshoe, with LES being slightly below horizontal and the experiment being
significantly lower at x/C — 17. The subsequent rotational rate for the two cases
for the single vortex formation was near identical, with 0.744°/C for the LES
and 0.268°/C for the experimental. Total movement of the vortices in the CFD
was -0.293C and -0.332C for the upstream and downstream vortices respectively,

with -0.260C and -0.293C for the experimental condition. Vortex separation was
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Figure 4.20: Velocity field for counter-rotating validation LES (left) and -0.5C
offset PIV (right) at multiple downstream positions. Both data sets are time
averaged.
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0.612C in the CFD and 0.666C in the experiment, leading to a difference of
0.054C.

The initial peak velocity at the point of vortex generation is higher in the
computational model, with a 87.5% larger area at 0.4 U,;,/Usx at x/C = 12.
However, the computational model displays a higher level of dissipation than
the experiments, with the stronger downstream vortex core dissipating to a
peak velocity 10% lower than the experimental by x/C=17. The upstream
vortex maintains a lower peak velocity in the CFD for the entire length of the
observation window, with it showing a lower peak and average velocity at the
start of the domain. This is consistent with the higher dissipation rates
observed in the downstream vortex, as these are likely also increasing the

dissipation of the upstream vortex prior to interaction.

The most significant difference between the two models is the location of the
upstream vortex, with the Z value at x/C — 12 being 0.065C lower in the CFD
modelling, inverting the slope of the line between the two vortex cores. This
is accompanied by a 0.05C lateral shift in the y direction, indicating that the
model has over-predicted the migration of the upstream vortex both laterally
and vertically. This is further evidenced by the higher vertical rate of migration
of the vortices observed when compared to the experiment. While these changes
are small, they have a more significant effect in the closer interaction cases, where
the effective offset is altered. This will be discussed in more detail in the following
subsection. However, the over-prediction of this migration is unlikely to affect

the key mechanisms behind the vortex interaction.

4.9.2 Co-Rotating

The primary intent of the co-rotating validation was to determine the accuracy
of the modelling of the vortex attraction and merger. Testing with RANS SST
and RSM modelling, as well as to a lesser extent Smagorinsky-Lilly LES, had
identified issues with high vortex dissipation causing incorrect measurement of
the vortex interaction. Specifically, these earlier simulations had found that the
upstream vortex had dissipated sufficiently by the point of the rear vane to
become the weaker of the two, and the resultant interaction caused the
downstream vortex to absorb the upstream vortex. The WALE modelling

disagreed with this, showing less dissipation and the downstream vortex being
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weakened by the upstream, resulting in it merging into the stronger upstream
vortex. As such it was deemed critical to validate the accuracy of the modelling

strategy in this condition.

Initial validation of the co-rotating condition proved difficult, as correlation
with the 0.2C offset case remained purely qualitative. After finding the
upstream vortex had migrated towards a more negative y value, the 0.3C offset
experimental case was also investigated to determine the correlation properties,
as can be seen in Figure 4.21. Very close correlation was observed to the 0.3C
offset case on rotation, separation and vorticity levels, with the same increased
CFD dissipation observed as the counter-rotating condition. The average
rotational rate in the CFD was 27.088°/C, compared to 26.464°/C in the 0.3C
offset experimental condition. This indicated that the model was
over-predicting the total downwash from the vanes, which explains how the
initial vortex ended up being -0.05C to the left in the counter-rotating
condition and -0.1C in the co-rotating condition. The presence of the rear vane
produces a downwash in the +y direction for the counter rotating case, shifting
the vortex 0.025C from an unobstructed -0.075C location to -0.05C from the
expected location. In the co rotating condition the downwash from the rear
vane is in the same direction as the initial vane downwash, causing the vortex
to shift -0.025C to -0.1C from the expected position, resulting in the correlation
with the greater offset case observed. This is consistent with the observation of
both vortices being skewed to the -y in the CFD when compared to either

experimental case.

More important than the specifics of the vortex positions was the accurate
prediction of the merging mechanism. While the increased effective spacing of
the validation case meant that it could not be directly compared to the
experimental data, by inspecting the vortex characteristics further downstream
the merging mechanisms could be validated, as per Figure 4.22. Three distinct
stages of merger are visible in both cases, with initially reaching a critical
proximity at approximately B,/r, = 2, followed by an asymmetry developing in
the vortex shape and a rapid transfer of vorticity. This is followed by the
formation of a spiral tail from the remnants of the second vortex. Most
importantly is that the downstream vortex is absorbed into the upstream
vortex, as this validates the selection of the WALE model over the other RANS
models tested and the Smagorinsky-Lilly LES model.
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Figure 4.21: Vorticity fields for validation CFD (left), 0.2C offset experimental
(centre) and 0.3C offset experimental (right) at multiple downstream positions.
All data sets are time averaged.
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Figure 4.22: Vorticity fields for validation CFD (left) and 0.2C offset experimental
(right) with vortex centroids indicated, at multiple downstream positions. Both
data sets are time averaged.



Chapter 5

Identification of Key Flowfield

Properties

In order to focus the design of the experimental and CFD regime it was desired to
understand the qualitative characteristics of the flowfield. By performing initial
analysis with techniques such as RANS and flow visualisation the two vane setup
was evaluated with minimal resources. The findings of this testing, such as
migration patterns and transient behaviour were then used to define the scope

and parameters tested in the deeper PIV and LES studies.

5.1 Water Tunnel

Flow visualisation is useful for identifying the paths of the vortices, how steady
these paths are, and how Reynolds number can affect the problem. While dye
traces are incapable of measuring vorticity values, vortex strength or velocities,
the ability to quickly capture position states in both a transient and time
averaged manner make the technique invaluable for initial flowfield
characterisation. For this visualisation the water tunnel described in chapter
three was used. Evaluations were performed at -0.2C, 0C, 0.2C and 0.4C offsets

for both the co-rotating and counter-rotating condition.

97
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5.1.1 Co-Rotating

Initial tracing of the vortices showed the two paths forming a helical shape
downstream of the rear vane, seen in Figure 5.1. At lower Re the tracer was
still clearly visible in the time averaged condition, however instabilities within
the vortex core, combined with vortex merging resulted in the upstream vortex
being difficult to track for Re >3000. Of note is the fact that the overall path of
the downstream vortex straightens more as Reynolds number increases,
indicating the point of merger has shifted upstream. The total path in all
scenarios also has minimal vertical deviation, remaining relatively flat until the

end of the domain.
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Figure 5.1: Side view of vortex paths of co-rotating vortices at 0.2C vane offset
for varying Reynolds numbers.

Some Reynolds number-dependent effects were noticeable with visual inspection
of the dye paths, for example in the 0C offset case the vortex was consistently

on the pressure side of the rear vane up to Re=3000. However for the higher Re
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cases it switched to bi-modal meandering between the two sides of the vane and
eventually settling on the suction side of the vane as Re was further increased
to 5800. At very low Re (<—1500) the vortex meandering amplitude increased
significantly, with long wavelengths and slow motions. At these numbers the
small scale instabilities within the vortex core were also reduced, likely due to
decreased turbulence, and this made the tracer dye much easier to track as it was
not unevenly displaced around the core. The Reynolds number also had an effect
on merging distance, with lower Reynolds numbers delaying the point of vortex
merger, as seen in Figure 5.1. With Re>—3000, stable merger was observed
in all cases by the end of the domain, except for the 0.4C offset which only
demonstrated an unstable merger, biased towards unmerged. Such an unsteady
merger can be seen in figs. 5.2 and 5.3. Merging in the 0C offset condition was

near immediate.

Merging Separate
UG

T*U .
&

= 0.74 = 4.27

Figure 5.2: Rear view of vortices at Re5800, Co0.2, 5C downstream of rear vane
quarter chord. Average recorded vortex separation at this position was (0.22C

Figure 5.2 shows the time history of a transient vortex unmerging. Both the
0.2C and 0.4C offsets experienced this phenomena, with the location downstream
varying based off Re as discussed previously. The initial vortex swirls together
as one mass at T'x U, /C = 0, before rapidly separating into two defined vortices
within 0.2s. While these vortices are separate, the vortex merging into the other
(white dye) oscillates with a substantial magnitude, while the red vortex remains
comparatively stable. This can be seen by the difference in position between
T % Usx/C = 0.74 and T % U, /C = 04.27. This oscillation occurs at an angle
approximately between 30 and 45 degrees from the line between the vortices,
and significantly modifies the separation distance by 40%. When separated,
the two vortices stay at the large separation for approximately 2s, with minimal
oscillation, however once they meander closer together the oscillation magnitudes

become substantial, ending in merger. For this offset and distance downstream,
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the interaction was biased towards separation rather than merger, with 35% of

time spent merged.

Unmerged

Figure 5.3: Rear view of vortices at Re3000, Co0.2, 7C downstream of rear vane
quarter chord

The transient merging/unmerging process can also be seen at lower Re, as
evidenced in Figure 5.3. As the Re is lower, the merging distance has been
pushed downstream, however again the red vortex remains stable and the white
vortex is seen to merge/unmerge with it. At this lower Re, the transition
between the two states becomes very clearly visualised, with this position
biased more to merger than separation (73% spent merged). When in the
merged state, it can be seen that the fluid from the weaker vortex becomes
entrained around the outside of the stronger, red vortex, however this transition
happens near instantaneously, with the shift of the tracer visible at
T+ Uy /C = 9.45. Detailed numerics of this merger will be discussed in Chapter

6, with the fundamental mechanism discussed further in Chapter 7.

5.1.2 Counter-Rotating

The vortex paths of the counter-rotating cases displayed far more vertical
movement, with a significant kink in the path of the upstream vortex seen in
Figure 5.4. While there was a slight rotation, evidenced in the increase of

horizontal path line separation towards the end of the domain, it was far less
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significant that the helical pattern observed in the co-rotating condition. While
the counter-rotating condition suffered the same dissipative issues observed in
the co-rotating condition related to instabilities in the vortex core, the lack of
vortex merging meant the cores could be tracked for further downstream
through the domain. Ignoring minor changes in vortex separation and path, all
of the counter-rotating cases maintained a similar flowfield independent of Re.
Passing the vortex on the suction side of the vane resulted in the vortex pair

migrating towards the root of the vanes.
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Figure 5.4: Side view of vortex paths of counter-rotating vortices at 0.2C vane
offset for varying Reynolds numbers.

The transient oscillations in the counter-rotating cases were very substantial, as
can be seen in Figure 5.5. The 0.4C case was selected to demonstrate these
oscillations as the nearer offset cases exhibited significant instabilities within
the vortex cores, resulting in the transfer of dye marker between vortices that
rendered them difficult to distinguish in still images. As with the co-rotating

cases, increasing Re typically stabilised the large scale oscillations, however it
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also increased the magnitude of fluctuations and marker dispersion within the
core. Both vortices were seen to oscillate, with the upstream vortex (white)
having significantly larger oscillations as seen in Figure 5.5. These oscillations
caused substantial variance in the angle of the line between the vortices and the
vortex separation, with the difference in separation between T x U, /C' = 22.10
and T'x Uy /C = 26.66 visually apparent. The separation changes were primarily
driven by a relatively high frequency, small amplitude fluctuation that would
occur over the course of a second, while the angle change was much slower,
showing only one cycle between T x Uy, /C = 3.09 and T * U,,/C = 64.67.

Figure 5.5: Images of counter-rotating vortices at 0.4C vane offset, taken at 5C
downstream of rear vane quarter chord

5.2 RANS CFD

The primary objectives of the RANS analyses were to understand some of the
velocity and vorticity based properties of passing the vortex to the pressure and
suction sides of the vanes at near and far ranges. This would better direct the
experimental and LES studies on what areas to look at and what effects to expect.
It was also desired to have a baseline with which to observe the limitations of

RANS in computing vortex interactions.
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5.2.1 Co-Rotating

Results from the analysis of the co-rotating vanes indicated that regardless of
the offset of the rear vane, a similar flow structure was formed in all cases. This
consisted of the vortex produced from the upstream vane being drawn into a
spiral like structure around the vortex produced by the downstream vane. The
offset of the downstream vane varied the rate at which this structure formed
into a single coherent vortex, as can be seen in Figure 5.6; however it appeared
to have a relatively minor effect of the vortex dissipation rate with final energy
differences of less than 3.6% observed between cases. This spiral tail appears to
be constructed of the initial vortex being stretched into an ellipsoid shape by the
downstream vortex at early stages. As it progresses downstream, the upstream
vortex transfers its vorticity to the downstream vortex, reducing the vorticity
magnitude of the tail. Eventually this results in the dissipation of the tail and
the formation of a coherent vortex with a circular structure. It should be noted
that after the detailed experimental analysis and LES was performed that it was
found for this Reynolds number the dissipation of the first vortex is lowered.
This effect, combined with increased reduction of the magnitude of the second
vortex resulted in the merging changing to the downstream vortex merging into
the upstream one. However, the spiral tail structure was still present in time

averaged CFD and experimental results.

The magnitude of in-plane velocity in a plane across direction of flow produces an
isosurface that, when trimmed by the Q-criterion [13|, is very effective in tracking
vortex cores [124]. Inspecting this isosurface at 1m/s swirl velocity provided an
effective visualization of the vortex merging (Figure 5.7). Inspecting the vortex
paths near the downstream vane showed that the close proximity of the vortex
to the vane in the -0.2C offset condition resulted in the vortex impacting the
vane just below the tip on the suction side. From here it almost immediately
merged with the second vortex, with negligible presence of the core continuing.
The increased vortex/vane spacing of the 0.2C offset condition resulted in the
upstream vortex passing on the pressure side of the vane without approaching
the surface. The initial vortex then appeared to be entrained and pulled around

by the downstream vortex, forming the spiral tail seen earlier.

The normalised in-plane momentum was plotted in Figure 5.8 to ascertain the
characteristics of the velocity dissipation. From these values it can be seen that

the energy state of the vortex structure between offsets is very similar directly
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Figure 5.6: Contours of streamwise vorticity for co-rotating cases

behind the vane (x/C = 11), with only 1.5% variance between the 3 co-rotating
cases. The total momentum in the co-rotating condition is substantially higher
than in a single vane case; with a 29% increase in momentum at the 12C location,
and 26% more momentum at 35C. However, the momentum decrease of the co-
rotating cases is noticeably higher than the single vane case, at 24-27% for co-
rotating compared to 21% for the single vane case. This suggests the momentum
dissipation rate of the uneven vortex formed at the second vane is higher than
a more coherent singular vane vortex structure, and that there may be a loss of

energy in the merging process. The variance of momentum decrease between the
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Figure 5.7: Isosurface of trimmed tangential velocity for co-rotating cases, with
contours of in-plane velocity.

different offsets is also small but notable, with 1.5% variance in momentum at
12C, but 3.2% variance by the 35C mark. The 0C offset shows the most rapid
decrease, with the vortex impacting on the pressure side of the vane. 0.2C offset,
with the vortex passing by the pressure side, shows the slowest total momentum
dissipation at 24%; however the initial momentum is lower, resulting in a lower

final momentum than the -0.2C offset case.

The varying of the vane offset also altered the path of the final vortex slightly,
with a vortex path offset equal to 28.4% of the vane offset. This deviation means
that the offset of the vanes can modify the location of the final vortex while not
significantly altering the re-energization level. As a result, it would be expected
that over a wide sweep of offsets the energy levels of the co-rotating vane flowfield

would remain relatively unchanged.
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Figure 5.8: Normalised in-plane momentum for co-rotating cases and reference
single vane.

5.2.2 Counter-Rotating

Contrary to the co-rotating cases, the counter-rotating scenarios showed
significant differences in vortex structure and dissipation rates. Moving the
downstream vane immediately in the path of the vortex (-0.2C offset) caused a
rapid destruction of the initial vortex, as well as significantly reducing the
strength of the secondary vortex, as can be seen in the vorticity contours of
Figure 5.9. The remnants of the upstream vortex were forced downwards by the
downstream vortex, remaining located directly below the downstream vortex for
the remainder of the domain. Moving the vane such that the vortex passed
alongside it at a distance instead of near impact (0.2C offset) caused the vortex
produced by the downstream vane to equal the strength of the merged vortex of
the co-rotating case (-0.2C offset co-rotating). This is related to energy transfer
between the vortices, as the downstream vortex could be seen to form with
higher vorticity from the contour plots, however dissipated at a more significant

rate than the single vane case.

The total momentum for the counter rotating cases in Figure 5.10 confirms this
energy dissipation. Ahead of the second vane (x/C = 9) the variation between
cases is only 1%, however behind the vane there is a substantial difference in

momentum of 47%. -0.2C offset shows the most substantial drop, with a 52%
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Figure 5.9: Contours of streamwise vorticity for counter-rotating cases

decrease in momentum by x/C = 12. This is due to the very direct leading edge
impact of the primary vortex on the rear vane, as was seen in Figure 8. Moving
the vane further away from the path of the vortex increased the total momentum;
however these values were still substantially lower than the co-rotating cases, with
an average 82% lower momentum at the x/C = 35 mark. Some of this is due to
the vane downwash, as in the counter-rotating condition the opposed vanes will

cancel their downwashes, reducing total in-plane momentum.

The dissipation rates of the counter-rotating configurations were also more

significant than that of the co-rotating. 0.2C offset exhibited a dissipation of
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Figure 5.10: Normalized total in-plane momentum for counter-rotating cases

69% from 10C to 35C, while the 0C and -0.2C offset achieved 72% and 77%
respectively.  The largest discrepancy between offsets is the location of
maximum dissipation rate, with the close impact -0.2C offset experiencing very
significant drops in momentum immediately after the vane (x/C = 9C to x/C =
12). This decrease was 52%, compared to the other cases 8.5% and 32% in the
same region. Consequently it can be seen that the counter-rotating case is

highly sensitive to vane offset.

5.3 Cases and Points of Interest

The initial water tunnel and RANS studies identified several key features for
later investigation in the experimental and LES testing. The most significant
finding from the water tunnel testing was the transience of the vortex flowfield.
The oscillations in vortex position and separation, as well as the presence of
the merging transience indicated that the subsequent work would need to have
the capability of resolving these features. Of particular interest was that the
merging was biased to either the merged or unmerged state depending on location
downstream and offset. This led to the coding of instantaneous vortex tracking
discussed in both the experimental and numerical methods. By tracking the

vortices in each image pair for the PIV case a statistical spread of these locations
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could be obtained, as well as the resulting variance in core circulation and radius.
In the case of LES the position, circulation and pressure could be time resolved
through the evaluation of the vortices at each timestep, allowing for a great
depth of measurement into these transient characteristics for both the vortex
merger and counter-rotating oscillations. The limited variance in the fundamental
mechanisms over the sweep of Re presented indicated that sweeping over multiple
Re may not yield significant information, and as such one Re as selected for the

correct vane shedding regime would be appropriate.

The RANS studies demonstrated very significant offset related variance in the
flow structures and energy variance for the counter-rotating cases. As such it
could be seen that a wide variety of offsets would need to be evaluated for both
vortex paths and circulation, with the experimental investigation tracking from
the extremes of offsets with near zero vortex rotation. From the results of this
offset testing the LES cases of key interest could then be decided. For the co-
rotating condition the RANS showed that similar flow structures were to be
expected, however slight differences in near-vane vortex interaction and resultant
minor changes in circulation were deemed worth investigation. The combination
of the circulation values and need to investigate the transient merging meant
that again a wide experimental sweep would be needed for the co-rotating case,
however the similarity of the merging mechanism resulted in only one LES case
being selected for LES transient vortex analysis. This was the co-rotating 0.2C
offset case, as this condition exhibited both the helical spiral and transient merger
within the CFD domain, covering the key flowfield features identified in this
chapter. Consequently the initial analysis of key flowfield properties was very
useful for focussing the scope and intent of the wind tunnel and LES testing

programs.



Chapter 6

Experimental Analysis of Vortex

Interactions

As discussed in the previous chapters, the primary intent of the experimental
work was to ascertain the circulation, radius and position of the vortices as they
travelled downstream. The ability to measure the velocity field in the experiment
allows the derivation of the vorticity field, thus allowing for determinate vortex
centres and circulation to be calculated. The wind tunnel testing allowed for
results to be produced for both the co and counter-rotating cases for circulation,

core paths and instantaneous core locations.

6.1 Counter-Rotating Condition

6.1.1 Core Paths

The core locations at each plane were calculated using the methodology
previously discussed in Chapter 3, with the location on each PIV plane
constructed into a core path for both upstream and downstream vortices.
Inspecting a selection of paths from across the cases investigated, as seen in
Figure 6.1, a basic migration trend emerges. At the far ends of the range (-0.6C
and 0.5C) the migration is near linear, and predominantly vertical. At the
negative end of the spectrum, the paths move upwards, while at the positive

end they move downwards, similar to the theoretical predictions of Lewecke et

110
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al [23]. As discussed in the literature review, this vortex self-advection is due to
the shear between the pair being minimal due to complimentary rotation, while
at the periphery of the pairs there is no such rotation. This causes a shear
between the vortex pair and the freestream flow, resulting in the migration of
the vortex pair in the opposite direction to the outer velocity of the vortices, as
can be seen in Figure 6.2. At closer offsets, the motion is less vertically
dominated, and takes on a more significant lateral component, as well as a
significant rotational motion between the vortex pairs. As the configuration
transitions between predominantly vertical motion to predominantly lateral
motion, the magnitude of the migration increases significantly, as can be seen
by the 80.5% difference between the 0.5 and 0.2 case. This is followed by a
significant drop of 27.2% in the total migration between the 0.2 and -0.05 cases
as the vortices interact more closely. The same effects can be seen on the

negative side as it approaches the point of interaction, from -0.5 to -0.25.
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Figure 6.1: Paths of upstream (dotted) and downstream (solid) vortices. Error
in core location is £ 0.008C.

The positive offset case vortex paths are shown in Figure 6.3. At the maximum

offset (0.5C), the vortex pairs have little interaction, with minimal deviation in
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Figure 6.2: Schematic of vortex core migrations for equal circulation counter-
rotating cases.

their paths. The separation between the vortex pair alters approximately linearly
in the same amount as the variation in offset between the vanes. For this range
of offsets the vortex pair separation does not significantly vary from the start
to end of the domain, with the spacing increasing by an average of 0.024C. The
progressive increase in vortex pair migration as the vortices are brought together
can also be seen in this figure, with a progressive increase in vertical migration
from the 0.5C to 0.1C cases of 0.19C (101%).

At the 0.1C case, a rotation of the vortex pair has become evident, with
significant curvature apparent to both the upstream and downstream vortex
paths. This curvature occurs as a result of a differential in vortex strengths in
the pair. As the circulation is higher on the downstream vortex, the weaker
vortex is drawn into a rotational path around it. This results in a direction of
rotation in the direction of the stronger vortex, despite the fact that its
downwards shear is higher than that of the weaker vortex due to its increased
circulation.  Consequently, the path of the weaker (upstream vortex) is
significantly longer than the stronger vortex, with a total migration of 0.660C
as opposed to 0.522C for the downstream vortex. This can only occur when a
combination of conditions are met, both the vortex proximity being sufficiently
close to produce significant interactions of the high vorticity core regions, and
the differential in strengths between the vortices being sufficient to promote
rotation. With both cores having an average Ry; of 0.146C and the vortex
separation distance between the cores being 0.274C, this would indicate that
significant vortex interactions which affect the strength of the upstream vortex

begin to occur at a vortex spacing approximately equivalent to 2x Ry ;. This is
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Figure 6.3: Paths of upstream (dotted) and downstream (solid) vortices. Note
the scale difference between the top and side views. Error in core location is =4

0.008C.

the spacing where the two vortex radii would just be intersecting.

As the upstream vortex passes closer to the rear vane, the rotational and
horizontal migration of the vortex pair significantly increases. This can be seen
in Figure 6.4. With no rear vane the upstream vane’s vortex core was located at
approximately -0.1C. This means the upstream vortex would pass by the
downstream vane without direct impingement in the -0.3C and -0.25C cases.
However, as the offset is further reduced (-0.15C and -0.1C) the upstream
vortex will impinge on the downstream vane. This causes a reduction in the
path lengths of both vortices, and increases the separations. At the -0.2C offset
the Ry of the upstream vortex marginally impinges on the suction surface of
the downstream vane. This has caused a reduction in downstream path length
from 0.216C to 0.128C. As such, the interaction between the downstream and
upstream vortices post vane must be strongest at -0.25C, while the point of

impingement is located at -0.1C.
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Figure 6.4: Paths of upstream (dotted) and downstream (solid) vortices. Note
the scale difference between the top and side views. Error in core location is =4

0.008C.

The rate of rotation by which the two vortices orbit each other was calculated
through a linear approximation of the change in angle of the line drawn between
the two vortex cores. This can be seen diagrammatically in Figure 6.5. By looking
at these rotational rates in Figure 6.6, it can be seen that the lowest angular core
velocities are achieved at -0.1C, the point where the upstream core would impact
the quarter chord of the downstream vane if no deviations occurred as a result
of the presence of the second vane. Rotational rate peaks occur at -0.2C and
0C, at peaks of 19.57 and 17.74 degrees/C respectively. The peaks are caused
by a combination of high strength interaction and close vortex proximity. Of
interest is the increased rotational rate of the -0.2C case compared to the stronger
interacting -0.25C case. Closer inspection revealed that the -0.2C rotation was
high at the start of the domain, however rapidly reduced after x/C = 14, while the
-0.25C case remained near constant. As such, the partially impinged interaction
of the -0.2C offset causes a strong initial interaction as it affects the vortex

formation. However, the -0.2C interaction causes a more rapid reduction of the



Chapter 6. Ezrperimental Analysis of Vortex Interactions 115

Direction of
vortex migration
Upstream Plane

OR

Downstream Plane

Figure 6.5: Schematic of rotation angle calculation for vortex pairs. In-plane
vortex trajectory is shown via the red (upstream vortex) and green (downstream
vortex) arrows. The viewing plane is normal to the freestream velocity, with the
view seen from downstream of the vanes.

vortex strengths as they progress downstream, with a subsequent reduction in
rotational rate, while the -0.25C interaction shows far less reduction. Between
-0.35C and 0C there are the most significant gradients of rotational rate due to
the transition of the upstream vortex location around the vane. On the negative
side of this rotational peak the rotation rates trend towards the values seen on
the far positive regions, as would be expected as the vortex separations become

significant again.

The initial vortex separations between the vortex pairs remain relatively
consistent through the range of near field interactions from -0.35C to -0.2C,
however dip slowly, and then drop to their lowest separation at -0.25C. While
the initial separations decrease towards the -0.25C offset, the final separations
remain far more constant until -0.15C offset. This indicates that for
interactions with vortex spacings initially less than 1.8 Ry; apart the vortices
will rapidly separate towards a minimum separation distance, in this case
approximately 1.6 Ry ;. Further separation of the cores may occur from there, as
seen in the far separation cases. The initial core spacing in the -0.25C case is

the smallest, at approximately one core radius. Bringing the vortices closer
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Figure 6.6: Rotational rates of the vortex pairs (top) and average vortex
separations (bottom). Error in vortex separation is + 0.005C. Initial separation
is at x/C — 11.5 with final separation at x/C — 16.5.

than this will begin to dissipate the upstream vortex significantly. As the
upstream vortex impinges on the vane it causes the vortices to increase both
their initial and final separation distances, as can be seen in the points from
-0.2C to -0.1C. At the point of complete impingement the separation has
become largest, and the rotation smallest, indicating that this is no longer a
point of significant interaction, but rather the downstream vane has

significantly reduced the strength of the upstream vortex during the direct
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vane/vortex interaction. This configuration also displays a smaller difference
between the initial and final separations than the surrounding points on the
negative side as the vortices have reached a steady equilibrium state in the flow

and the subsequent interactions are weak.

6.1.2 Core Sizes

While the vortices remain near a uniform Lamb-Oseen distribution at the far
offsets, at nearer offsets significant partial straining occurs from the influence of
the vortex interaction. This causes a skew in the shape of the vortex core that
changes its primary axis as the vortex pair rotates downstream, preventing the
fitting of a Lamb-Oseen distribution of vorticity to the results. Consequently, to
calculate the core radius, the area bounded by the isoline of 10% of the peak
vorticity within the plane has been used in both the positive and negative
circulations, as used by Manolesos [1|. While this area can vary significantly
from a circle, an effective radius can be calculated from Equation 6.1 by
assuming approximate circularity, thus facilitating quick comparison of the

relative vortex sizes.

Roq = % (6.1)
The removal of noise from the data via the filtering previously discussed in
Chapter 3 ensures that only the area of the core itself is processed, and not the
surrounding flow features or noise outside the core. By comparing this method
to a Lamb-Oseen approximation, it was found that the spatial sampling
resolution could result in a 15% maximum error in peak vorticity. This
translated to a 1.5% maximum error in the 10% peak vorticity, giving a
maximum core radius error of 5% per image pair, which was considered
acceptable for this analysis. This was confirmed by evaluating the -0.2C offset
case at double the spatial resolution as previously mentioned, yielding errors of

+2.7% in core radius across the averaged sample size.

Initial and final values for core radius were calculated by linearly approximating
the gradients of core radius across the domain, reducing the effect of statistical
variance on the measured sizes. These core radii can be seen below in
Figure 6.7.
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Figure 6.7: Core radii for all cases at x/C = 11.5 (Initial, top) and x/C = 16.5
(Final, bottom).

At the -0.3C offset a significant reduction in initial core radius can be seen for
the downstream vortex. However, as these progress through the domain the
downstream vortex grows in size by 0.024C, while the upstream vortex radius
decreases by 0.025C. This is the only near-field interaction case observed to
have a significant trend of growth in the downstream vortex, and is also a local

minima before the increase in initial downstream vortex size to the peak at
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-0.2C offset. Between -0.25C to -0.2C, the previously identified peak of vortex
interaction, there is a transition from a larger initial upstream radius to a larger
initial downstream radius. While this change is small in magnitude, the final
downstream vortex size peak at the -0.25C case has a more significant change,
indicating that the strong interaction has resulted in the transfer of energy from
the upstream vortex to the downstream vortex throughout the domain, causing

an increase in the size of the downstream vorticity field.

As the interaction approaches the point of impingement, the final size of the
upstream vortex decreases to a minima at -0.15C. As the upstream vortex
moves closer to the tip, its strength is significantly reduced by the
counter-acting vorticity, resulting in these decreases in core size. At the point of
impingement (-0.1C) there is a marked decrease in downstream vortex cores
size. However, the upstream vortex size has increased by 17% at this point from
the -0.15C case. The reason for this was not apparent from the results, however
it is likely related to the downstream vortex stripping vorticity from the
upstream vortex when slightly offset, while in the direct impingement case the
downstream vortex itself is significantly weakened, and as such cannot draw
energy from the upstream vortex as successfully. As the offset increases towards
the positive side, there is a steady increase in the final core radii for both the

upstream and negative vortices, with less clear trends in the initial size.

6.1.3 Vortex Meandering

In addition to the circulation and core location changing as the vortices pass
through the domain, they also vary with respect to time. Vortex meandering is
the phenomenon of random vortex motions and oscillations that can result from
turbulent flow, vortex shedding or other flow disturbances. While the origins of
meandering are disagreed upon |6, 149-151|, it is still important to characterise,
as it changes the predictability of the flowfield, particularly in real world

scenarios.

Inspecting the core variances in Figure 6.8, it can be seen that the natural
tendency of the cores in the far interacting cases is to maintain a near constant
meandering magnitude throughout the domain investigated. From the 0.2C to
0.4C cases it can be seen that the end variance is less than the start variance

for the downstream vortices, and very similar for the upstream vortices,
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Figure 6.8: Core location standard deviation of upstream vortex (top) and
downstream vortex (bottom). Note the scale difference between the two plots.

Initial separation is at x/C = 11.5 with final separation at x/C = 16.5.

showing that the initial meandering motion is caused by the formation of the

vortices.

The shear layers shed off the vanes may provide the initial

perturbations, resulting in the fluctuating deviation of the core location. As the

flow travels further downstream, these spanwise vortices will be dampened out

by viscous effects, as well as flow entrainment into the streamwise vortices.

These vortices are too far apart for the Crow instability to have a significant
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effect within this domain. This explains the reduction of the meandering

magnitudes as the vortices progress.

As the interactions of the vortices become stronger, their meandering
magnitudes significantly increase. Between -0.2C and -0.05C the start variance
of the upstream vortex significantly increases. This is in the region of the
upstream vortex Ry intersecting the suction side of the downstream vane. At
-0.1C offset there is a peak variance of 0.17C, which is greater than Ry;. This
indicates that in near field interactions the upstream vortex is fluctuating from
one side of the vane to the other, creating a large spread of core locations. This
increase is co-incident with the reduction in vortex pair rotation angle between
-0.2C and 0C. The downstream vortex is far less affected by these variations,
with a maximum increase in start variance of 0.0196C over the case with the

least variance.

While the start variance is proportional to the proximity of the incident vortex
to the downstream vane, the end variance is more dependent on the magnitude
of the interaction. This is particularly true for the downstream vortex, which
achieves a variance peak of 0.155C at -0.3C offset and a significant increase
in meandering from -0.35C to -0.15C. This is accompanied by a wider spread
of meandering in the upstream case, with significant increases in meandering
once the vortex separation drops below 0.275C (-0.4C and 0.1C offsets). These
downstream vortex proximities are sufficiently close to allow for instabilities to
be formed between the vortices, creating the meandering observed. In both
vortices, the peak in variance at the downstream end of the domain occurs at
a more negative offset than either vortices start peak. This indicates that the
low pressure region on the suction side of the downstream vane and resultant
adverse pressure gradient is enhancing the instabilities of the vortex pair further

downstream.

Further investigation of the nature of the meandering shows a clear instability
in the upstream vortex, as can be seen in Figure 6.9. At larger offsets (0.3C in
figure) the presence of any sinusoidal deviation is minimal, with only a slight skew
observed in the upstream vortex. As the offset is brought closer (0.1C) a clear
deviation of points at approximately 45 degrees to the line between the vortex
centres can be seen. This is indicative of the sinusoidal deviation of an uneven
Crow instability. The deviation is far more prominent for the upstream vortex

than the downstream vortex, which has an approximately circular distribution of



Chapter 6. Ezperimental Analysis of Vortex Interactions 122

locations. The reason for this inconsistency was not apparent from the results,
however it is likely due to the longer path of the upstream vortex, in addition to
reduced vortex strength from the initial vane/vortex interaction. As the offset
is further reduced, the upstream vortex is drawn into the velocity field of the
downstream vortex, resulting in a curvature of its sinusoidal deviations. This
can be seen in the 0C offset of Figure 6.9. The same trends were seen when

approaching the vortex impingement from negative offsets.
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Figure 6.9: Core locations of upstream (red) and downstream (green) vortices
for 0C, 0.1C and 0.3C offset cases at X/C = 16.5.

The variances in circulation followed similar trends to that of the core location,
so are not presented here. The consistency in these trends indicates that the
damping mechanisms which smoothen out the location meandering in the far
offset cases also calm the fluctuations of the vortex strength. As the increased
swirl velocities of high circulation will be reduced more rapidly by shear than
the lower velocities associated with low circulation, it is expected that these
fluctuations would be reduced as the vortices pass through the flowfield, as long
as there is not a significant instability present. Of more interest is the increase

in circulation variance near the points of higher interaction.

In the near field, the normalised circulation variances were increased by 0.078
(75%) and 0.428 (471%) for the downstream and upstream cases respectively. In
the far field, these variances were increased by 0.20 (171%) and 0.4551 (932%) for
the downstream and upstream cases respectively. This indicates that the close
interactions are influential in the magnitude of the circulation fluctuations well
downstream from the initial interaction of the vortex with the vane. As such, the
interactions of the vortices with one another can be observed to destabilise the

cores and enhance the energy transfer between the vortices.
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6.2 Co-Rotating Condition

6.2.1 Vortex Migration

In all un-merged cases the vortices followed a helical path as can be seen in
Figure 6.10, similar to the water tunnel visualisation results. Downstream vortex
positioning at the start of the domain varied linearly with offset, however between
0.2C and -0.25C the vortices were merged. This merging can be seen in the 0.1C
offset case, where the downstream vortex disappears after x/C = 12.5 due to it
merging into the upstream vortex. As the offset approached the point of vortex
merging the path length of both the upstream and downstream vortices increased,
with the downstream vortex experiencing the most migration. Total path length
at 0.6C offset was 0.308C and 0.186C for the upstream and downstream vortices
respectively. At 0.2C offset this increased to 0.511C (66% increase) and 0.330C
(77%).

While the paths retained their helical migration pattern with a linear orbital
rate independently of which side of the vane the vortex passed on, the total
circularity of the path varied. When comparing the -0.3C case to the positive
0.3C case, the non-circularities of the -0.3C case can clearly be seen, with a near
horizontal movement of the downstream vortex for the first four data points.
There is a translation of 0.1926C in the lateral direction for a total movement of
only 0.0542C in the vertical direction for the upstream vortex across these data
points. This is due to the non-linearities associated with the vortices being drawn
closer in from the initial stages of the merging process, as well as the influence
from the wake of the rear vane. The -0.3C offset case is the only case presented in
this figure where the vortex paths pass both above and below where the merged
vortex is located in the -0.1C offset case. This means that until Z/C drops below
-0.025 the vortex is not being affected by the rear vane downwash, and once it
is below this value it will be, thus causing the path non-linearity. This can only
occur when the upstream vortex passes on the suction side of the vane, as this
will cause orbiting motion induced by the downstream vane to draw it through
this region. This effect will dissipate as the downstream vane wake dissipates

further downstream.

As opposed to the laterally spaced test configuration of Rokhsaz [57| where

negligible centre of rotation migration was observed, the migration of the centre
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of rotation of the vortices was found to be significant. Total vertical migrations
of up to 0.06C and lateral migrations of 0.07C were observed in the centre of
rotation. This was as high as 35% of the total vortex migration at an offset of
-0.3.  The absolute magnitude of the centroid migration remained roughly
constant across the offset range measured, however it was a significantly higher
percentage of the total migration at the nearer offsets of the vortices. The
analytical, inviscid results presented by Lewecke [23]| also show a static core
rotation centre, demonstrating the differences induced by the realistic vane
vortices. The differences observed can be attributed to the downwash produced
by the vane in the creation of the second vortex. This downwash causes a
change in the migration of the pair, something not previously observed due to
the vortices being created at the same upstream location (in the case of

Rokhsaz) or not having any vane influence (Leweke).
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Figure 6.10: Paths of upstream (solid) and downstream (dotted) vortices for
various lateral vane offsets. Error in core location is 4= 0.006C.

The spiralling rate of the vortices was calculated through the same method as
the counter-rotating condition. Decreasing the offset increased the spiralling rate
until the point of merging, as can be seen in the rotational rate in Figure 6.11.
This rotation had a non-linear trend as the point of merging was reached, peaking
at approximately 44 degrees per chord length. This is distinctly less than the
1200 degrees per chord length effective rotational rate of the peak azimuthal

velocity region of a single vortex, attained at a radius of .075C and velocity of



Chapter 6. Ezperimental Analysis of Vortex Interactions 125

37.5C/s (3m/s). While an inverse relationship cannot be explicitly confirmed
from the offset range investigated, the rotational rate will tend to zero as the
vane separation goes to infinity, indicating the continuance of non-linearity with
increasing offset in the rotation trends. The rotation rate remained constant
throughout the domain. The separation linearly varied at the same rate as the
offset change until the point of vortex merging.
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Figure 6.11: Vortex pair rotational rate (top) and vortex pair separation
(bottom). Initial separation is at x/C = 11.5 with final separation at x/C =
16.5.

By combining the separation distance curves from each unmerged case, the trends
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of separation distance for the vortex pair can be extrapolated to cover a much
longer effective distance. This allows us to simulate how a vortex pair deployed
at an initial separation width of B,/Ry3 ~ 7 would behave further downstream,
as can be seen in Figure 6.12. The separation data shows that there are two
different separation rate trends depending on which side of the vane the vortex is
passed on. If the vortex passes on the pressure side of the vane, for every chord
length travelled downstream the vortices move together approximately 0.154 of
the core radius. However, if the vortex passes on the suction side of the vane,
this is decreased to 0.110 core radii, giving a 28% differential in separation rate.
This suggests that the wake region of the vane significantly affects the speed of
the merger, causing the vortices to be forced together faster. This happened
independently of the circulation within the vortex core, which showed similar

trends regardless of which side of the vane the vortex approached from.

As the vortices approach merger, the trend deviates from linear. The -0.25C
offset case exhibits all the merging regimes discussed in the merging section up
to single vortex, combining the second diffusive and convective merging states.
However, it does not show the clear levelling off or core separations as observed
by Cerretelli and Williamson [96], instead demonstrating a reduced, but still
significant gradient. As the separation between the cores reaches two core radii
apart, the sepatrices of the two vortices connect and rapid merging occurs,
resulting in the transformation to a singular vortex.  The asymmetric
mechanism behind these separation trends will be discussed further in the

merging section.

In the merged condition the single vortex path only was tracked, as can be seen
in Figure 6.13. The path of the merged vortex was laterally shifted by
approximately half the offset change of the rear vane, demonstrating the
influence of the rear vane on vortex trajectory. This indicated that the
downstream vortex contributes to approximately half of the vortex total
location, despite the fact that the vortices were merged prior to the window of
observation. As the downstream vane is angled to direct the flow towards -Y, it
was anticipated that the merged vortex would be located towards -Y due to the
vane downwash, but as can be seen from the -0.15C offset case the vortex
initially starts at a greater Y/C, peaking at -0.11C. This is of note as the
quarter chord of the vane is located to the negative side of the initial vortex
core. When the downstream vane was located at -0.1C the resultant merged
vortex starts at -0.09C, peaking at -0.08C before dropping to -0.12C by the end
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Figure 6.12: Vortex pair separations for all unmerged cases. Each offset case is
indicated by the annotations on the line segments.

of the domain. This is significantly more positive than the single vortex case for
the entire observation domain. The curvilinear path is due to the tail of the
merged vortex produced by the drawing in of the downstream vortex, as will be
discussed in the vortex merging section. A component of the curvature is also
due to the vortex passing slightly inboard and offset of the wingtip. There is a
considerable downwards shift imposed by the presence of the rear vane, as can
be seen compared to the path of the single vortex. In all cases the downwards

travel was approximately 0.075C, with all paths being within error bars of each
other.
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Figure 6.13: Paths of merged vortex for various lateral vane offsets. Error in core
location is + 0.006C.
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Vortex path meandering was evaluated through the vortex tracking and
analysis of each individual set of image pairs. Uniform meandering on both
axes with a circular core location distribution was observed at the far range of
the offsets investigated. A maximum radius of displacement of 0.020C was
measured at 0.6C offset. As the offset was decreased, there was no observable
shift in meandering until 0.2C offset, where partial merging was present towards
the end of the domain. The secondary vortex was drawn around the primary at
this point, creating a bias in the meandering. This bias predominantly affected
the weaker vortex, with a maximum amplitude of 0.066C measured on the axis
of bias. This instability was at an average angle of 25 degrees to the line
between the two vortex cores. The stronger, upstream vortex was also
marginally affected by this instability, with with a maximum meandering
amplitude along the axis of bias of 0.029C at 0.2C offset. This gives meandering
bias ratios of 3.22 and 1.38 for the downstream and upstream vortices
respectively, indicating an instability with stronger effects on the downstream
vortex. The same meandering trends were seen on the negative offsets. The
magnitude of the instabilities was increased as the vortices travelled
downstream and the vortex proximity was reduced through either offset change

or drawing in of the vortex paths.

6.2.2 Vortex Merging

Time averaged results were inspected to identify the merging pattern. The
stronger and weaker vortices were selected from their circulation, with the
upstream vortex (red) being the stronger and downstream vortex (green) being
the weaker. The evolution of a typical merging pattern can be seen in the
planar slices of the -0.25C offset case in Figure 6.14. Individual vortex
identification was performed using the contour lines at 30% of the peak
vorticity on the plane (Ags) as discussed in Chapter 3. The stronger and
weaker vortices were selected from their circulation, with the upstream vortex
(red) being the stronger and downstream vortex (green) being the weaker. The
yellow band shown in the figure is the Ag; contour line, with the other contours
showing lower levels of vorticity. The scale has been selected to maintain a

proportional X and Y axis for visualisation of circularity.

At the start of the domain the vortices have similar circularity, however as they

travel downstream they are drawn closer together and partial straining of the
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weaker vortex occurs. This process starts at x/C = 14, with the secondary peak
being completely dissipated by x/C = 16.5. Throughout the process the
upstream vortex Ags does not significantly increase in area, however the A
surrounding it does significantly increase. This is from the vorticity of the
weaker vortex being diffused and spread around the stronger vortex. Of note is
the fact that the upstream vortex is the stronger, while the downstream vortex
is weaker. This indicates the presence of the upstream vortex has caused the
strength of the downstream vortex to be weakened. This results in the merger
of the downstream vortex into the upstream vortex as the pair progesses
downstream, as the upstream vortex is the stronger of the two at the location
just behind the rear vane (x/C = 11.5). As a consequence, the downstream
vane is effectively re-energising the existing upstream vortex after the vortex

pair has merged.
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Figure 6.14: Vortex merging pattern for -0.25C offset, with upstream vortex in
red and downstream vortex in green. Note the non-uniform spacing of the planes.

The transition of the vortex from a shape with a spiral tail to a circular structure
can be better investigated at the -0.2C offset in Figure 6.15. Moving the vane
offset -0.05C closer causes a significant upstream shift in the merging location,
with no existence of secondary peaks from the x/C = 11.5 plane onwards. As
the merged vortices travel downstream the vorticity is transferred from the tail
to the circular vortex core. Eventually the tail is completely dissipated, with the
final core achieving circularity and a larger size than one individual vortex, as

can be seen at the x/C = 16.5 plane.

The initial stages of the merging can be visualised through the inspection of

the -0.3C offset as seen in Figure 6.16. While this case did not merge within
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Figure 6.15: Vortex merging pattern for -0.2C offset, with upstream vortex in red
and downstream vortex in green. Note the non-uniform spacing of the planes.

the observation window, the initial drawing in and vorticity transfer was clearly
occurring. The lower rotational rate of the vortex cores observed at this further
offset significantly slows the rate of merging when compared to the -0.25C case.
Initially the two vortices are separate, both at the Ag3 and Ag; levels. As they
travel downstream their separations move closer by approximately 0.007C per
chord length downstream. This equates to approximately 6% of the the Ry 3 per

chord length travelled downstream.

From the x/C = 15 to x/C = 16 planes there is a distinct change in the circularity
of the weaker vortex, with the x/C = 16 plane showing partial straining and an
oval shape occurring at a vortex separation of 0.021C. Between x/C — 16 and
x/C = 16.5 there is also an observable reduction in the size of the weaker Ay s,
however the Ay has largely remained unchanged. This indicates the vorticity
transfer between the two vortices is caused by the diffusion of high level vorticity
from the second vortex into the lower energy level Ay;. From here it is drawn
around the stronger vortex, as was demonstrated in the previous cases. This case
also demonstrates the need for tracking the vortex core A3, as the A indicates
the vortices are merged from x/C = 12.5, while Ag3 can clearly track distinct

vortices until the final plane.

These observations of asymmetric merger show similarities to the two
dimensional numerical simulations of Brandt and Nomura [97|, with partial
straining of the weaker vortex followed by the diffusion of vorticity and

absorption into the stronger vortex were observed at similar circulation ratios.
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However the very high vortex eccentricities and aspect ratios observed in the
weaker vortex by Brandt and Nomura were not observed before complete
merging.  This is likely reflecting the increased vorticity transfer in the
turbulent, three dimensional experimental flow, resulting in faster

merging.
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Figure 6.16: Vortex merging pattern for -0.3C offset, with upstream vortex in red
and downstream vortex in green. Note the non-uniform spacing of the planes.

Inspecting the pathlines in the co-rotating reference frame as seen in
Figure 6.17 allows for further understanding of the uneven merging mechanism.
To calculate the rate of rotation of the co-rotating reference frame, the average
rotation rate across the entire domain sweep as previously calculated was used.
At large separations the vorticity fields of the two primary vortices are
significantly separated (B,/Rg3 > 2.3), with the streamlines of the two vortices
being clearly separated by an inner recirculation region. This inner
recirculation region appears to be the origin of the two "ghost vortices" of the
outer recirculation region. While not observed in the offset range investigated,
it is anticipated that the two ghost vortices will merge at larger offsets, forming
a singular recirculation region. As the vortices are drawn closer together, they
divide this recirculation region into the two ghost vortices of the outer
recirculation region. At this point (B,/Ro3 ~ 2.3) the two vortices streamlines

connect, as well as their vorticity field.

Unlike the stages of Cerretelli and Williamson [96] the unequal three
dimensional merger does not appear to enter the well defined diffusive and
convective stages, as from this point onwards the vortex separations do not

significantly change, however there is a significant transfer of vorticity from the
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weaker to stronger vortices. Once the streamlines of the two vortices have
joined and the ghost vortices are fully separated (B,/Ry3 < 2.3) the flow begins
to become significantly asymmetric in the horizontal axis, as opposed to the
relative symmetry present in the further separated condition. Once this
asymmetry occurs, the transfer of vorticity and modification of the pathline
patterns occurs rapidly. As the merger progresses the rotating pathlines of the
weaker vortex are strained out, leaving the previously discussed vorticity tail.
After the remnants of the secondary vortex have been strained out, the ghost
vortices rapidly migrate to the other side of the vortex configuration and merge
into a singular recirculation region. This recirculation region expands and

reduces in strength as the vortex slowly normalises itself towards circularity in

the merged diffusive state.

x-vorticity: -1 -0.875 -0.75 -0.625 -0.5 -0.375 -0.25

B,/Ro3=5.5 B,/Ro3=2.3 B,/Ro3=2.2

Figure 6.17: Pathlines in the co-rotating reference frame and vorticity for different
stages of vortex merger.

The merging lengths identified from the analysis of the time averaged cases can
be seen in Figure 6.18. These are only given for cases where merging was observed
within the domain. It can be seen that the offset for merging at the start of the

domain is skewed to the positive side of the vortex (passing inherently at -0.12C).
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This shows that passing the vortex on the pressure side of the downstream vane
facilitates more rapid merging then passing it on the suction side. The vortex
merging length showed a highly non-linear trend with respect to offset, with
the merge length rapidly exceeding the 5C domain length over just 0.15C offset
change. This trend and the observed results of the merging pattern indicate that

there may be a link between merging length and rotational rate.

While the analysis of the merging patterns was taken from time averaged data,
each individual image pair was analysed to detect the vortices. It was found that
the vortex merging location in the transition regions was probabilistic rather
than deterministic, as seen on the right side of Figure 6.18. The probability
of the vortex being merged is simply the percentage of image pairs without a
secondary vortex. These probabilities were also tested with a random sample of
200 image pairs and found to be within 5% of the values from the full 400 image
pairs, indicating an error in probability of less than 4 5%. In the -0.2C case there
was a 66% occurrence of merging in the first plane, with 100% of image pairs
being merged with no secondary peaks by x/C = 15.5. The time averaged point
of merge at x/C — 13 lies approximately halfway between these points. Similarly,
in the -0.25C case, the probability of merging linearly decreases throughout the
domain, with a 44% probability of merging at the time averaged merge location.
This indicates the presence of a side to side fluctuation of the vortices, similar
to that identified in the water tunnel testing of the vortices. This produces
a sinusoidal fluctuation in the merging point. The meandering of the singular
vortices causes them to move towards and away from each other, with a resultant
fluctuation in vortex separation. As previously identified, the merging location is
very sensitive to offset, and consequently any variance in vortex separation will

cause a significant difference in the presence of secondary vortex peaks.

Two interesting findings are apparent from these results. The first is the near
linear rate of the probability decay with distance. This rate appears to have
minimal skew from the samples taken, and minimal non-linearity. However,
when considering the probability distribution for a regular sine wave, there is a
quasi-constant region that shows similarity. From -50% to +50% of a sine wave
amplitude, all sample bins of a frequency histogram are within 2%, and at
+75% of the waves amplitude the samples all fall within a maximum variance
of 10%. This means that a sine wave displacement change will appear linear up
to 75% of its maximum amplitude. Consequently, the merge is following the

sinusoidal oscillation previously discussed in both Chapter 4 and in the previous
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Figure 6.18: Distance to vortex merging for time averaged cases (top), and
probability distribution for instantaneous measurements at various lateral vane
offsets (bottom)

paragraph, likely caused by a sinusodial instability in one or both of the
vortices. This causes a sinusoidal change in vortex spacings, resulting in the
observed merging statistics. The second finding is that the time averaged merge
location does not necessarily coincide with the point of 50% merging
probability. This is clear in the -0.2 case, where the time averaged case merges

at x/C — 13, while the probability of merging at this point is 89%. However, in
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the -0.15 case the time averaged merge at x/C = 12 is reflected in the 100%
merging probability from x/C = 12 onwards. This indicates the the variances in
vortex meandering, as well as the change in energy distributions and vortex
shapes accounts for significant changes in the transient fluctations of the vortex

merger.

6.2.3 Circulations and Core Radii

The radius results of Figure 6.19 show the initial Ry3 as remaining relatively
constant for the unmerged cases, with the downstream vortex radius
approximately 9% smaller than the upstream at the start of the domain. The
radius of the upstream vortex does not significantly drop throughout the
domain, with drops in radius of approximately 3%. The downstream vortex has
a similar trend for its size in far offset cases, however as the offset is reduced its
interaction with the upstream vortex causes a reduction in size of up to 13%
over the domain. For the merged case it can be seen that the initial Rg3 is
significantly higher than the single vortex case, however by the end of the
domain it has reduced to within the error of the single vortex case. This is due
to the dispersion of vorticity from the weaker vortex core to the Agq, as

identified in the merging section of this paper.

When inspecting the Ry, this can be seen through the significantly higher radii
for both the initial and final cores. The core radius in this merged region is also
affected by how merged the vortices are. The Ry 3 in the -0.2C offset case is the
largest of the merged cases at the start of the domain, coinciding with the
irregular, non-circular shape seen in Figure 6.15. As the vortex travels
downstream, it forms a circular and uniform Ags, and this coincides with the
final radius observed in the single vane condition. The nearer offset cases have
more significant vortex core relaxation by the initial plane, resulting in their
comparatively smaller radii. Applying the same principles to the Ry it would
be expected that over the course of a longer domain the merged Ry; would

trend towards the single vortex as the vorticity is drawn in from Ag .

The circulation figures seen in Figure 6.20 show similar trends to the radius,
however there is a greater discrepancy between the upstream and downstream
vortices. The loss in circulation from the downstream vortex is very apparent,

with drops of 28% along the length of the domain observed for the cases nearest
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Figure 6.19: Initial vortex radii (top, x/C = 11.5) and final vortex radii (bottom,

x/C = 16.5).

to merging. This was a non-linear trend, showing far more significant decreases

than core radius changes. This is indicative of the dissipation of the secondary

vorticity peak into the A, as part of the energy transfer mechanism. Of note

is that the energy transfer out from the secondary vortex is occurring at a far

greater offset than the merged cases, with it being clearly observable at the -

0.4C and 0.4C offsets. The drop in downstream vortex circulation is 4.7% at
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the 0.4C offset and 7.3% at the -0.4C offset. This drop is also skewed to the
positive offset, similarly to the merging distance. It is hypothesised that this
is due to the low pressure core of the upstream vortex passing on the pressure
side of the downstream vane, reducing the magnitude of the high pressure here.
This reduces the pressure differential across the downstream vane’s tip, thus
reducing the strength of the resultant tip vortex. It is also a cause of the skew
in vortex merging to positive offset, as the lower strength downstream vortex is

more rapidly merged.

While the radius of the upstream vortex remained constant as the vanes
approached merging offset, the upstream vortex circulation can be seen to
reduce at mnearer offsets. At the 0.2C offset for example, the upstream
circulation drops by 9%, as opposed to the 0.5C offset where it drops by only
3.7%. As such, the diffusion of vorticity from both vortex peaks becomes more
significant as their proximities are reduced. This circulation has diffused into

the Ag; region as part of the secondary diffusive stage of vortex merging.

Inspecting the initial circulation for the merged case, it can be seen that the outer
regions of the merged offsets trend towards the sum of the two individual vortex
circulations. At -0.3C offset the initial sum of the upstream and downstream
vortex circulations is 0.222 m?/s, and at 0.2C offset it is 0.227 m?/s, which
compares similarly to the 0.220 m?/s and 0.236 m?/s measured at -0.2C and
0.1C offset respectively. However, at the end of the domain the merging process
has levelled the circulation to closer to that of the 0C and -0.1C offsets. This
indicates the shift towards circularity involves a penalty in circulation, although
the final circulation of the merged vortex is still significantly higher than a single
vortex case. It is important that this is not necessarily considered as a loss of
flow energy, as the circulation is proportional to vorticity, which is not a direct

measure of flow energy.
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6.3 Experimental Conclusions

6.3.1 Counter-rotating

The wind tunnel testing provided significant quantitative insight into the precise
vortex paths and energy trends of the vortex interactions over a wide range of
offsets. For the counter-rotating case no vortex rebound was observed within the
domain, indicating the vanes were sufficiently high above the floor to be free of

ground effect.

At close offset cases, the motions of the vortex pairs shifted from predominantly
vertical to predominantly lateral, with increased rotation of the pairs. The
rotational rate of the vortex pair had two peaks at -0.20C offset and 0C, with a
minima at -0.1C, the point of core impingement. This is consistent with the
location of the core with no downstream vane present. At this point the size
and strength of both vortices has been significantly reduced as a result of the
destructive interference in the formation stage of the downstream vortex.
-0.25C produced the strongest interactions, with the second highest rotational
rate and highest vortex size changes, combined with closest vortex pair
proximity. The separation between the vortices in this condition was
approximately Ryi. This indicated that placing a vortex one core radius from
the suction side of a vane is preferable for maximum interaction strength, while
impacting the vortex on the quarter chord causes the most significant vortex

destruction.

The vortex meandering was found to be dependent on the proximity of the
interaction, with closer proximities producing higher meandering levels. The
strength of the shear layer shedding and instabilities introduced by the unequal
strength interaction were found to be significant factors. The meandering
magnitudes were found to be more closely related to the strength of the
interaction than the destruction of the vortices, with the -0.25C case having the
largest meandering magnitude and steady decreases on either side of this.
Downstream vortex meandering was found to be more sensitive to the strength
of interaction than the upstream vortex, with a typically lower meandering
growth at further offset cases. Near offset cases produced a clearly observable
instability in the upstream vortex only, with the 45 degree deviations being

drawn around the stronger vortex in a curved manner as the separation
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distance was reduced. Circulation fluctuations followed similar trends,

demonstrating a link between circulation and core location in meandering.

The rich dynamics observed and large changes in vortex state resulting from
small offset changes near the point of impingement indicate that the traditional
method of exploring only 3 or 4 offsets may not be sufficient when predicting
the paths of a counter rotating pair produced in this manner. The presence of
vortex meandering over longer distances would further amplify this problem, as
the transient changes in location of the initial vortex prior to interaction with the
downstream structure will result in large changes of the resultant pair’s location
and size. As such, in systems where consistent vortex behaviour is required, the

counter-rotating pair should be spaced at as high an offset as feasible.

6.3.2 Co-rotating

For all unmerged co-rotating cases the two vortices migrated in a helical pattern.
Vortex merging was observed from -0.25C to 0.2C offset, equivalent to -0.15C
to +0.3C offset from the unobstructed path of the downstream vortex. This
demonstrated a bias to faster vortex merging when the upstream vortex passed on
the pressure surface of the downstream vane. As the offset was decreased towards
the point of merging, the orbital rate of the vortices increased non-linearly to a
maximum of 44 degrees/chord length travelled downstream. Vortex separation
varied linearly with offset, with the vortices consistently moving closer together
throughout the domain for all offsets investigated. As the vortices moved closer
together and further downstream, an instability was identified in the meandering
of the vortices. For the merged cases, it was found that the merging process
imparted a downwards motion and shifted the vortex path to the positive side.
Passing the vortex on the pressure side of the vane resulted in the vortices moving
towards each other approximately 28% slower than if it was to be passed on the

suction side of the vane.

The vortex merging distance was found to be highly sensitive to offset, with a non-
linear trend. An unequal merging process was observed, with the downstream
vortex diffusing its vorticity to a lower energy level. This diffuse vorticity was
then drawn around the stronger upstream vortex, eventually forming a circular
structure. Similar patterns were observed for all offsets where merging occurred.

The symmetry of the vortex structure was found to change rapidly once the
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vortices came with a core separation 2.3 times the core radius, resulting in rapid
merging by the time the vortices where 2 core radii apart. The location of
merging could not be determined deterministically, but was instead a statistical
phenomena. This was due to the meandering of the vortex location and energy
levels shifting the merging location upstream and downstream in a sinusoidal

oscillation.

From the circulations, it was found that the presence of the upstream vortex
weakened the downstream vortex. As the vortices approached merging, their
vorticity peaks were diffused into a larger, lower energy vorticity level. For the
fully merged cases, a circulation loss was found to result from transitioning from
an irregular shape to a circular one. Despite this penalty, the merged circulation

remained higher than that of a single vortex.

While the merging distance is sensitive to offset, these results indicate the
fundamental effects and mechanisms of the merging process remain the same
regardless of vortex separation. As such, the re-energisation of an upstream

vortex can be performed with a relative insensitivity to offset.



Chapter 7

LES Analysis of Vortex

Interactions

The ability of LES simulations to accurately model dissipation rates and
transient effects encountered by the vortices makes it a far more useful tool
than RANS for vortex analysis. This time-resolved nature allows the causes
behind the migration, energy and circulation trends discovered in the
experimental work to be investigated in more detail. In addition to this, the
LES analysis can resolve and visualise volume fields and pressure successfully.
Careful selection of these LES cases was of critical importance to investigating

the mechanisms behind the results seen in the prior experimental work.

In the far offset counter-rotating cases studied in the experiments, few notable
features were present. Circulation rates remained near constant through the
domain, with minimal migration and rotation, and vortex meandering was
found to be minimal. As such, they were not considered as cases of interest for
the LES investigations. In the nearer field the interactions were far more
significant, with large changes in rotation rates, meandering and circulation
transfer. Three conditions of the near field interactions were considered for
further investigation, the first being vortex impact on the front of the vane.
This was expected to be at -0.2C offset as identified by the experiments and
RANS modelling, with a correction added for the previously described vortex
drift over-prediction The second case was a near pass of the upstream vortex,
with the complete vortex radius being outside of contact with the downstream

vane, this occurred at 0.2C offset. The final case chosen was an intermediate

142
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between these two, with partial impingement of the vortex on the downstream
vane, at 0C offset. It was known from the experimental work that the transient
migrations of both vortices in the near pass condition was significant, so
transient vortex tracking was applied to the 0.2C offset case. It was also
expected that the impingement and resultant destruction of the upstream
vortex on the rear vane would have significant consequences on the meandering
and circulation of the downstream vortex, as such transient vortex tracking was

also applied to the -0.2C offset condition.

For the co-rotating cases, three more conditions of interest were identified. The
experimental work had shown a difference in vortex merging rates depending on
which side of the vane the vortex was passed on. As such, two near field passes of
the vortex on the vane were desired, one on each side of the vane. This occurred
at -0.2C and 0C offset. It was also desired to investigate the mechanisms present
in a longer merging distance case, and for this purpose the 0.2C offset case offered
the longest merging length still within the CFD domain. It was not anticipated
for the nearer offset, short merging length cases to yield interesting transient
meandering data, so only the 0.2C offset was monitored with transient vortex
tracking. The locations of these key cases meant the same geometries as the
RANS could be used, with the LES modelling applied and the implementation
of the transient vortex tracking on the counter-rotating -0.2C and 0.2C offsets,
and the co-rotating 0.2C offset.

7.1 Co-Rotating Condition

7.1.1 Mechanism Visualisation

The presence of the upstream vortex caused significant changes in the formation
mechanism of the downstream vortex. In the case of the single upstream vane,
two separate vortices are initially formed, as can be seen in Figure 7.1. These
two vortices both have their own distinct regions of concentrated vorticity, as
well as a low pressure core. The merger of these vortices occurs just prior to the
trailing edge of the vane, forming a slightly non-uniform vortex core shape that
rapidly relaxes into a circular profile by a chord length downstream.
Introducing a vortex near to the suction side of the vane significantly modifies

this formation process, as seen in the -0.2C offset condition presented in



Chapter 7. LES Analysis of Vortex Interactions 144

Mean X-Vorticity (1/s) Mean Pressure Coefficient

-1000 -810 -620 -430 -240 -50 0.33 0.28  0.23 0.18 0.13 0.08

Front Vane Pressure/Tip Vortex— =

o

Tip/Suction
Vortex

Upstream
Vortex

Figure 7.1: Contours of x-vorticity, with isosurfaces of pressure at C},, = —0.4 and
C, = —0.16 for front vane (top) and rear vane at -0.2C offset (bottom).
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Figure 7.2: Pressure coefficient on vane surfaces (top) with wall shear (bottom)
for various offsets

Figure 7.1. The upstream vortex is seen to merge with the suction side vortex,
producing a distinct vortex that is separate from the vortex produced from the
pressure surface/tip surface bleed. The initially merged vortex has a larger core
of both vorticity and pressure deficit than the tip surface/suction surface bleed
vortex in the front vane only case, however the pressure reaches a lower peak,
with no -0.4 C,, isosurface seen. When the vorticity downstream of the vane is
inspected, only two vortices are distinguishable, the partially merged upstream
vortex and the pressure/tip vortex. This would appear as a weaker vortex
produced by the downstream vane if only the off vane vortices were observed,
due to the re-energisation of the upstream vortex by the tip/suction side vortex.
As the flow moves further downstream these two vortices merge, eventually
forming one coherent structure which relaxes into a uniform vortex. The
relaxation to circular takes considerably longer than the single vane case, with
significant non-uniformities present at 1.5C downstream. The resultant low
pressure core of the merged vortices is larger at -0.16 C,, however the low
pressure peaks have been reduced, with the -0.4 (), isosurface being
considerably smaller in diameter. More interesting is the disappearance of the
-0.4 C, isosurface while the two vortices are in the merging process, however
after merging and during the relaxation stage it returns. This indicates that the
relaxation back to vortex circularity also coincides with an increase in peak

pressure drop within the vortex.

Inspecting the on-surface pressures and wall shears presented in Figure 7.2 can
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Figure 7.3: Contours of x-vorticity, with isosurfaces of pressure at C},, = —0.4 and
Cp, = —0.16 at 0.2C offset.

further highlight the differences in vortex suppression and enhancement
between the offsets. As previously discussed, passing the vortex on the suction
side of the vane suppressed the tip/suction vortex, pulling the vortex off the
surface. This caused the pressure of the core to be indistinguishable on the
surface in the -0.2C offset condition, whilst the upstream vortex showed a clear
enhancement of the suction peak at the tip. The pressure/tip vortex also
produced a more significant low pressure region than in the front vane, with a
clear enhancement despite the downstream vane producing less lift than the
upstream due to downwash and unfavourable vortex interactions. This was also
reflected in the wall shear, with the pressure/tip vortex having 275% higher
peak cross plane shear, indicating the vortex generated on the tip surface of the
vane was both stronger and forced closer to the surface than in the single vane
condition. With the offset modified to positive 0.2C and the upstream vortex
passing on the pressure side, the enhancement and suppression of the two tip
vortices was effectively reversed. Through the presence of the low pressure core
on the suction side of the vane reducing the magnitude of the local pressure
differential, in addition to the downwards flow induced by the swirling vortex
core, the pressure/tip vortex is suppressed. This can be seen in the nearly
non-existent tip pressure reduction and low wall shear. Passing the vortex on
the pressure side also enhanced the tip/suction surface vortex, with an increase

in peak suction of 0.16 against the single vane case clearly visible.

The results of the vortex suppression on the positive offset case can be seen in
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Figure 7.4: Time averaged (left) and instantaneous (right) contours of x-vorticity,
with isosurfaces of pressure at C,, = —0.4 and C,, = —0.16 at 0C offset.

Figure 7.3. Suppression of the pressure/tip vortex results in only a small tail
of vorticity forming on the end of the dominant tip/suction vortex, resulting
in rapid vortex relaxation. This causes the low pressure -0.4 C, isosurface to
extend for a longer distance and at a larger diameter than in the -0.2C offset.
Despite the lower pressure core than the upstream vortex, the dissipation rate
of the vorticity and the pressure is larger for the downstream vortex, resulting
in its eventual merger into the upstream vortex. The suppressing effect of the
upstream vortex on the pressure/tip vortex weakens the strength and radius
of vorticity of the final downstream vortex, making it the weaker vortex, thus
resulting in its merger with the upstream vortex through the asymmetric merger

process previously identified in the experimental work.

When the upstream vortex was kept on the pressure side of the vane, but the
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offset reduced, the same pressure/tip vortex suppression was observed, seen in
Figure 7.4. However, the contact between the upstream vortex and the surface
resulted in the flattening of the vorticity profile on the vane. This caused a loss
in total vortex circulation, making the upstream vortex the weaker of the two.
Consequently, it was found to merge into the downstream vortex, an effect not
seen in the experimental results as the near offset cases were all merged through
the observation domain. This merger did however produce the asymmetric
merger and vorticity tail observed in the experimental merging mechanism.
When the instantaneous results were analysed it was found the merger was a
highly unsteady process, with significant fluctuations of 14.2% in core radius at
C, = -0.16, and peak vorticity reaching 61% more than time averaged at x/C =
13. In the instantaneous condition the upstream vortex became more strained
by the downstream vortex, forming an elongated structure that split into two
separate structures further downstream. Due to the presence of both bifurcated
and singular upstream vortices it could be seen that this was a transient

fluctuation between the bifurcated and singular state.

7.1.2 Transient Trend Analysis

As discussed previously, only the far offset 0.2C co-rotating condition was
evaluated with the transient vortex tracking methodology, over a time period of
T % Us/C = 12. The key properties tracked by this process were vortex position
and circulation, with vortex separation and circulation differential calculated
from these parameters. The positions of the upstream and downstream vortices
in the horizontal (y) and vertical (z) directions can be seen in Figure 7.5. To
interpret these plots, one can think of a horizontal line drawn through the
domain indicating the state of the vortices at any given time, while a vertical
line gives a time history of the vortices on a given plane. As the vortices travel
through the domain they rotate in a helical manner, resulting in a long
duration spatial fluctuation. An example of this can be seen in the transition of
the upstream Z position from an average value around -0.05C at x/C = 15 to
-0.45C at x/C = 23. What is more interesting from these graphs is the nature
of the fluctuations in position and their propagation downstream. A clear
periodicity can be seen in all of the position traces, visible from the start of the
domain in the upstream vortex and developing more towards the end of the

downstream vortex domain. Approximately two and a half primary fluctuation
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Figure 7.5: Y and Z positions of upstream (top) and downstream (bottom)
vortices with respect to time (vertical axis) and distance travelled downstream
(horizontal axis) for the 0.2C offset condition. Rapid changes in position from
x/C = 20 onwards caused by detection of a merged state. Diagonal variations in
the contour plot are indicative of path disturbances travelling downstream.
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Figure 7.6: Deviation from average position of upstream (left) and downstream
(right) vortices with respect to time (vertical axis) and distance travelled
downstream (horizontal axis) for the 0.2C offset condition. Diagonal variations
in the contour plot are indicative of path disturbances travelling downstream:.

periods can be seen within the domain, indicating a dominant fluctuation
frequency approaching Str — 25. This fluctuation frequency is similar between
the two vortices, and will be discussed in more detail later in this section. It is
also evident from the plots of the downstream vortex that the magnitude of the

fluctuation increases significantly with motion downstream.

By inspecting the deviation from the averaged vortex location on a given plane
the magnitude of the fluctuations could be more clearly analysed (Figure 7.6).
The near zero deviation in the downstream vortex just behind the rear vane is
expected due to it’s proximity to its formation location, however as the vortex
progresses downstream its amplitude of deviation grows to match that of the
upstream vortex at 0.17C. The deviation of the upstream vortex is also seen to
grow with distance downstream, peaking at x/C = 22. The peaks in deviation
occur over a relatively short downstream, and propagate downstream, however
there is clear interaction between he peaks of the upstream and downstream
vortex. along the diagonal peaks line starting at x/C = 16, it can be seen that
initially this manifests as a peak in the downstream vortex before switching to
the largest peak of the upstream vortex and then returning to the downstream
vortex peaking. Whilst one vortex is at peak deviation, the other is closest to its

average values, showing a clear in phase motion.

However, the separation changes are not directly reflective of these deviation
changes, with results seen in Figure 7.7.  Following the same diagonal
fluctuation as previously discussed from x/C = 16 it can be seen that the
vortex separation remains within 0.02C consistency until x/C = 22, at which
point it starts to rapidly increase by 0.06C to 0.4C by x/C = 24. This pattern
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Figure 7.7: Separation between vortices with respect to time (vertical axis) and
distance travelled downstream (horizontal axis) for the 0.2C offset condition.
Diagonal variations in the contour plot are indicative of separation disturbances
travelling downstream.

is similarly reflected in the cycle starting at x/C = 12, which encounters a
similar step at x/C — 20, indicating that despite significant cycle to cycle
variance there is still a fundamental pattern in the vortex meandering which is
followed. Another significant observation is that when the instantaneous results
are considered the fluctuations can result in the downstream vortex separation
being larger than the upstream separation, despite the tendencies of the
vortices to migrate towards each other. From the fluctuations observed, it
appears that a degree of separation trend reversal also occurs, causing the
vortices to meander back together after an extended separation. In the bottom
right corner (as well as further up the right side) a number of blanked out
values can be seen, these correlate with locations of vortex merger. This merger
in the instantaneous sense clearly happens when the separation distances
fluctuate to a minima at the critical merging distance, as identified in the
experimental work. These fluctuations happens just before a point of local
maxima, and produces a merger which propagates downstream. The presence of
this merger which can form well upstream of the time averaged point of merger
before propagating downstream explains the statistical merging properties

observed in the experiments.
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Figure 7.8: Nondimensionalised circulation variation with respect to time
(vertical axis) and distance travelled downstream (horizontal axis) for the 0.2C
offset condition. Upstream vortex left, downstream vortex centre, differential
between vortices on right. Diagonal variations in the plot are indicative of
circulation disturbances travelling downstream.

7.1.3 Frequency Analysis

While contour plots can be used effectively for the separations and vortex core
locations, this is primarily due to the dominant forcing of the low frequency
fluctuations overwhelming the higher frequency, smaller amplitude oscillations
in core location. In the case of circulation however, the fluctuations occur at a
far higher frequency, and often with a less consistent direction than location,
and as such contour plots, while clear for location, become very unclear for
circulation. ~ As such the circulation of the two vortices, as well as the
circulation difference between the two, is represented in the contoured lines of
Figure 7.8. At the start of vortex interaction the fluctuations are small, random
and high frequency, however as the vortices progress through the domain they
become more coherent and traceable changes. In the bottom right corner the
high upstream circulation, low downstream circulation and large circulation
difference can be seen at the point of vortex merger. In both the upstream
vortex and the first 10C downstream of the downstream vortex there is very
little variation in the average value of circulation. However after x/C = 20 in
the downstream vortex there is a significant drop-off in the circulation from 0.3
m?s~! to 0.25 m2s~! as the asymmetric merging mechanism initiates. This is
accompanied by a significant differential in circulation, as the variation in the
upstream vortex circulation is comparatively small. Inspecting the deviation
starting at x/C = 14 The lowest circulation values in the upstream vortex
correlate with the smallest separation values experienced by the vortex pairs,
with larger circulation typically associated with larger separations. The

smallest differential between circulations is also located along the lines of closest
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Figure 7.9: Z position (C) evolution with time for the downstream vortex at
multiple locations (black), with frequency spectra (C) in red. Position signals
are all plotted on axes with the same range magnitude.

separations.

To gain a better understanding of the rate and growth of the transience of the
vortex positions, the frequency spectra of the position signals at various
locations downstream were analysed, with the downstream 7 variance presented
The
previously discussed growth in the downstream vortex signal can be clearly
seen, with 22.9% less fluctuation magnitude at x/C — 14 than x/C — 19. For
14,

fluctuations are still significant with respect to the larger fluctuations, as

in Figure 7.9 and the upstream variance presented in Figure 7.10.

the downstream vortex at x/C the small scale, high frequency

evidenced by the lack of a consistent low frequency response above 2 % 10™* at
frequencies below Str — 50. As the vortex progresses downstream the amplitude
of oscillations increases by a factor of four, with a significant bias to increasing
the lower frequency magnitudes. The range of frequencies above 107*C
magnitude increases from Str = 0-10 to Str = 0-100 by x/C = 18, with little
consistent variation in the higher frequency magnitudes from x/C 15

onwards. As such the bias of the downstream vortex strongly shifts from high

frequency, lower amplitude oscillations to a longer wavelength instability as the

flow moves downstream.
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Figure 7.10: Z position (C) evolution with time for the upstream vortex at
multiple locations (black), with frequency spectra (C) in red. Position signals
are all plotted on axes with the same range magnitude.

Inspecting the upstream vortex, it could be seen that the initial fluctuations were
significantly higher, in the order of 2.5 times that of the downstream vortex at
x/C = 14. Growth is also seen in the upstream vortex, although to a lesser
extent, with the x/C = 19 fluctuation magnitude being 217% larger than the
fluctuation at x/C — 14. The fluctuation magnitudes trend towards convergence
between the upstream and downstream vortices, with a difference in magnitude
by the x/C = 19 of 23.7% as opposed to 148% at x/C = 14. Observing the
frequency trends reveals that the upstream vortex behaves slightly differently to
the downstream vortex with respect to the magnitude of its lower frequencies,
with the 107*C intensity band stretching from Str = 0-50 at x/C = 14, five
times wider than the downstream vortex. However this band does not exhibit
the same level of growth, with lesser intensities observed downstream at Str —
100, as well as a slightly faster frequency drop-off. However, it appears that the
interaction of these vortices causes them to both equalise their instabilities to the

same magnitudes and frequencies of oscillation.
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Figure 7.11: Contours of x-vorticity, with isosurfaces of pressure at C,, = —0.4,
Cp, = —0.16 and C, = —0.08 for rear vane at 0.2C offset in time averaged (top)
and instantaneous (bottom) conditions.

7.2 Counter-Rotating Condition

7.2.1 Suction Side Pass-by

The counter-rotating conditions had the highest dissipation rates and
instabilities observed in the experimental results, and as such it was expected
that the LES analysis would show very significant transience. This was
particularly true for the 0.2C offset condition presented in Figure 7.11, which
showed a large difference between the time averaged and instantaneous results.
In addition to the small deviation waviness in both vortex cores there was a
periodic shedding of a large deviation instability resembling a vortex ring. This

was not the dominant flow feature, hence was not observed in the time averaged
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Figure 7.12: Nondimensionalised circulation evolution with time for downstream
vortex (left) over an extended downstream range, with vortex separation (C)
right. Diagonal variations in the plot are indicative of circulation and separation
disturbances travelling downstream.

results, however animations of the solution output during the simulation were
inspected and these confirmed this as a periodic feature with a shedding
frequency of Str — 7. This frequency is near the Str — 8 for trailing edge vortex
shedding and Str = 8-10 for shear layer instabilities identified by Schiavetta et.
al. [152], indicating that this phenomenon may be triggered by these vortex
shedding phenomena. While the vorticity strength and pressure deficit within
the core was reduced by this deviation, it still maintained a circular vortex
profile. ~ Within this kinked vortex segment the -0.4 C), isosurface ended,
indicating less pressure deficit, however this same isosurface also extended
0.75C longer in the upstream vortex in the instantaneous condition than the
time averaged case. The large vortex deviation produced a region of pressure
higher than -0.4 C,, that when averaged would have the effect of a lower average
pressure deficit, highlighting the modification of the time-averaged results from

the meandering-based vortex smearing.

Closer inspection of the transience of the interaction showed a strong link
between the magnitude of the vortex separation and circulation, seen in
Figure 7.12. A clear diagonal line of exceptionally high separation (greater than
0.5C) can be seen starting from x/C = 13.5, propagating through the domain.
This is indicative of the wave instability seen in Figure 7.11. It can be seen that
this instability grows through the domain, reaching a peak value around 0.55C
before tracking of the secondary vortex is lost (indicated by the yellowed-out
areas after x/C = 18). This correlates directly with the circulation trends, with
the circulation of the downstream vortex being up to 0.03 m?2s~! higher than
average at peak separation, and dropping considerably once the separation is

reduced. This correlated with the inverse of the upstream vortex circulation,
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Figure 7.13: Z position (C) evolution with time for the upstream vortex at
multiple locations (black), with frequency spectra (C) in red. Position signals
are all plotted on axes with the same range magnitude.

with the upstream vortex having reduced circulation at higher offsets. As such,
the coupling between the vortices resulted in the upstream vortex imparting its
circulation to the downstream one whilst moving apart, while when the
instability brought the vortices close together the energy was more evenly

spread between the two.

The position signals and frequency spectra of the upstream vortex are presented
in Figure 7.13 and Figure 7.14. Unlike the co-rotating case there is a monotonic
increasing of the entire frequency range across the domain, with the entire
frequency spectra translating upwards from x/C = 11 to x/C = 16. This is due
to the counter-rotating case being able to manifest both the elliptic and long
wave instabilities, with a bias to the larger long wave/Crow instabilities. The
fluctuation magnitudes of both the y and 2z position values increase
substantially through the domain presented, with a starting magnitude of
1.75 % 1073 and 2.60 * 1072 at x/C = 11 and finishing magnitude of 2.61 * 1072
and 14.7 % 1072 at x/C = 16. The respective gains in fluctuation magnitude are
14.9 and 5.65 times respectively, showing a far more significant fluctuation gain
in y than z. These oscillation magnitudes at x/C = 16 are over 77.5% greater
than for the co-rotating case at x/C = 19, showing a considerably higher

magnitude of deviation. This is consistent with the presence of the wave
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Figure 7.14: 'Y position (C) evolution with time for the upstream vortex at
multiple locations (black), with frequency spectra (C) in red. Position signals
are all plotted on axes with the same range magnitude.

instability noted in the visualisation, which contributes to the much faster
dissipation of energy in the counter-rotating case than the co-rotating case
noted in the experimental section and discussed further in the next

chapter.

Similar trends are seen in the oscillation of the downstream vortex, presented in
Figure 7.15 and Figure 7.16. For this condition the fluctuation magnitudes of the
y and z position values are 5.5 * 107* and 9.0 * 10~* at x/C — 11 and finishing
magnitude of 2.61%1072 and 4.96% 1072 at x/C = 16. Again this vortex exhibited
a far higher growth in instability on the y axis than the z axis, showing that this
was not just a simple consequence of vortex pair rotation of a 45 degree crow
instability, as this would cause one vortex to grow in Y instability and the other
to reduce. Peak y value correlated approximately with minimum z value by x/C
— 16, however the correlation was far less defined prior to x/C — 14. As such, the
instabilities could be seen to develop more clearly downstream into long wave,
while closer to the vane they were being driven more by on-vane characteristics

such as vortex shedding at the tip.
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Figure 7.15: Z position (C) evolution with time for the downstream vortex at
multiple locations (black), with frequency spectra (C) in red. Position signals
are all plotted on axes with the same range magnitude.
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Figure 7.16: Y position (C) evolution with time for the downstream vortex at
multiple locations (black), with frequency spectra (C) in red. Position signals
are all plotted on axes with the same range magnitude.
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Figure 7.17: Contours of x-vorticity, with isosurfaces of pressure at C, = —0.4
and C, = —0.16 for rear vane at -0.2C offset (right).

7.2.2 Direct Impingement

In the direct impingement condition (-0.2C offset) far less unsteadiness and
instability was seen, with a stable downstream vortex and largely destroyed
upstream vortex. The impingement of the upstream vortex on the downstream
vane did not cause breakdown of the upstream vortex, instead forcing the
vortex to bifurcate. This is due to the pressure gradient on the front of the vane
being of insufficient magnitude and distance to force a full vortex breakdown.
The vortex segment on the pressure side of the downstream vane is drawn
towards the tip by the spanwise movement of the flow. This process forces the
direct interaction with the tip vortex and rapid dissipation of the vorticity from
the upstream core, completely eliminating the vortex by the trailing edge of the
vane. On the suction side of the vane the bifurcated vortex is forced downwards
along the vane surface by the spanwise flow. This causes a significant increase
in vortex spacing, similar to what was seen in the initial RANS study and the

experimental work.

The reduced strength of the upstream vortex in conjunction with the high
separation results in the significantly reduced rotational rate of the vortex pair
at this offset as observed in the experimental work. By forcing the rotating
vortex into such close proximity with the vane, the shear within the boundary
layer is increased. This creates an enhanced region of positive vorticity on the

surface of the vane, inboard of the tip. This region is of similar circulation
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Figure 7.18: Y position (left) and Z position (right) for downstream vortex.
Diagonal variations in the contour plot are indicative of path disturbances
travelling downstream.

magnitude to the remaining upstream vortex, however is highly strained, with
little circularity. This causes it to break down into two separate vortices once
off the vane body, with one interacting with the upstream vortex remnant
forming a rotating vortex pair.  The other vortex moves towards the
downstream tip vortex, however dissipates rapidly. The drawn out tail
structure of this upper vortex pair shows behaviour similar to that of the
asymmetric co-rotating merging process, with a rapid transfer of vorticity into
the primary vortex. At the same time, the lower counter-rotating pair then
behaves like the counter-rotating 0.2C offset case, with a high rate of circulation
dissipation and a high local rotation rate. The final outcome of these
interactions in the far field is a singular downstream vortex, with minimal

remnants of the upstream vortex.

The evolution of the downstream vortex position with respect to time can be
seen in Figure 7.18. Similar to the downstream vortex in the co-rotating case,
immediately behind the downstream vane the oscillations in position are small,
with increased growth throughout the domain. However the fluctuation rates
are far less significant than the other transient cases. The peak y position
amplitude of 0.06C at x/C — 16 is less than half of the equivalent amplitude in
the co-rotating 0.2C offset case, and 40% of the counter-rotating 0.2C offset
case. This is due to the lack of a strong secondary vortex structure, which
cannot introduce elliptic or long-wavelength instabilities into the downstream
vortex.  As such the primary mechanism for fluctuation growth is the
downstream amplification of instabilities caused by the initial vortex interaction
and vortex shedding previously discussed. The progressive migration of the

vortex towards +y and -z can also be seen, driven by the downwash of the
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Figure 7.19: Z position (C) evolution with time for the downstream vortex at
multiple locations (black), with frequency spectra (C) in red. Position signals
are all plotted on axes with the same range magnitude.

vane.

A more complete picture of the instability growth can be seen when the
individual position signals and frequency spectra in Figure 7.19 and
Figure 7.20. The comparative lack of meandering growth to the other transient
cases can be seen by the high starting and low finishing oscillation magnitudes,
with 3.5 % 1073 at x/C = 12 being higher than either of the starting magnitudes
for the counter-rotating 0.2C offset case. At x/C — 16 the magnitude is
8.5 x 1073, which is significantly lower than the 1.18 % 1072 seen in the
counter-rotating 0.2C offset case, demonstrating this low instability growth
rate. However, inspecting the frequency spectra shows that the majority of the
oscillations in the -0.2C offset case are higher frequency than the other cases,
with significant fluctuations in the Str = 300-400 frequency band above 107 up
to x/C — 16. This is a direct result of the increased interactions on the vane
body causing high frequency changes in on-vane characteristics, and
subsequently minimal downstream vortex interaction due to the largely

destroyed upstream vortex core.

These fluctuations in position showed a far less clear correlation with

circulation than in the other transient cases presented. The circulation values
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Figure 7.20: Y position (C) evolution with time for the downstream vortex at
multiple locations (black), with frequency spectra (C) in red. Position signals
are all plotted on axes with the same range magnitude.

Circulation

Figure 7.21: Nondimensionalised circulation evolution with time for downstream
vortex. Diagonal variations in the plot are indicative of circulation disturbances
travelling downstream.
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presented in Figure 7.21 showed an average reduction in circulation throughout
the domain, with an uneven periodicity with time. The fluctuations in
circulation closer to the rear vane occurred with a significantly higher primary
frequency, and less of a smooth periodicity. This was a result of the transience
of the suction side bifurcated upstream vortex modifying the shear layer and
consequently altering whether or not the secondary positive vortex had merged
with the primary, as discussed earlier and seen in Figure 7.17. As the flow
progresses downstream these fluctuations diffuse and spread out in space,
leading them to bleed into the surrounding time regions. These results in the
smoother fluctuations in circulation seen by the end of the domain. While the
correlation with position was generally weak as previously mentioned, trends
could be seen when compared to y position, with peaks in y position fluctuation
associated with higher circulation values. It is likely that this has resulted from
the interactions on the vane producing varying levels of vane downwash, the
higher this downwash the more kinetic energy available to be rolled into the
vortex. Higher y values result from a more significant downwash, hence the

correlation between y value and circulation is understandable.

7.3 Conclusions

The LES analysis allowed considerably more information to be identified
regarding the mechanisms behind the quantitative values observed in the wind
tunnel testing. Key cases in both the co-rotating and counter-rotating regimes
were identified from the experimental work, and were analysed with both
instantaneous and time averaged methods to ascertain the key flow mechanisms

behind the effects observed in the experiments.

It was found that the tendency of the downstream vortex to merge with the
upstream in the co-rotating condition was driven by the suppression of one of
the two tip vortices created at the downstream vane, resulting in a much weaker
vane vortex. This, in conjunction with a lift reduction from the presence of the
upstream vortex, resulted in the merger trend observed. However, at extremely
close proximities on the pressure side, the vane elongated the shape of the
upstream vortex, ultimately resulting in it being the weaker of the two and
merging into the downstream vortex. This produced a highly strained vortex,

with transient production of bifurcated vortices in the wake region. The
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instabilities produced by the vortices interacting at far ranges were found to
tend towards equalisation between the two vortices rather than one dominating
over the other, despite the difference in vortex formation length.  The
instabilities and meandering between the two vortices was found to be
responsible for the statistical merging phenomenon seen in the experimental
work, with the vortices merging once the meander caused the separation

between the vortices to reach the critical spacing.

The counter-rotating far offset condition was found to produce instabilities of a
greater magnitude than the co-rotating condition, with a periodic large sinusoidal
deviation forming. However this deviation was very unsteady in its shedding, and
did not form continuously. It was found that the circulation transfer between the
vortices was linked to the magnitude of their separation, with high separation
fluctuations weakening the upstream vortex and strengthening the downstream
vortex. The magnitude of both the small scale, high frequency and large scale,
low frequency oscillations was found to increase with distance downstream. In the
case of upstream vortex impingement, the upstream vortex was found to bifurcate
instead of break down, with the pressure side bifurcation rapidly dissipating. The
suction side vortex was forced downwards, creating the vortex remnant identified
in the experimental work. A four vortex system was created in the process by
the interactions with the shear layer, exhibiting all the interaction mechanisms
previously investigated. The result of these interactions was a single dominant
vortex, which did not magnify its amplitudes of oscillation significantly as it

travelled downstream due to the destruction of all interacting vortices.



Chapter 8

Comparison of Vortex Systems

Despite the fundamental similarity of the flowfield in terms of the presence and
proximity of two vortices, significant differences were observed in both the
vortex paths and the energy transfer between the two vortices. However, many
of these characteristics are comparable, and as such differences between the
vortex configurations can be evaluated. As scenarios in both aircraft flight and
flow control where these interactions may be present in either configuration, it
is important to know the differential effects between the two, and as such target
the desired interaction for a given scenario. This chapter takes the previous
results of the experimental and numerical work and compares the trends and

flow features of the co-rotating and counter-rotating vortices.

8.1 Comparison

The separation between the two vortices at the start and end of the
measurement domain can be seen as the initial and final separations
respectively in Figure 8.1. In the far offset ranges the vortex separations varied
linearly for both the co and counter-rotating conditions. However, in the
counter-rotating condition the vortex proximities shifted further apart by
approximately 0.026C as the vortex pair travelled downstream, while in the
co-rotating cases they were drawn together by between 0.077C in the negative
offsets and 0.043C in the positive offsets. This consequently led to the merging
of the vortices as the vane offset decreased due to their same sign vorticity. In
this same near field offset range, the counter-rotating vortex proximities were
166



Chapter 8. Comparison of Vortex Systems 167

actually separated further up to 0.41C due to the destruction of the initial
vortex, leaving only the remnants of this vortex to propagate downstream at a

location towards the root of the vane.
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Figure 8.1: Vortex pair separations plotted against offset for all unmerged cases
for co-rotating (top) and counter-rotating (bottom) experimental configurations.

While there is symmetry in the far offset separations, the centre of vortex
interactions is offset depending on whether the scenario is co-rotating or
counter-rotating. The merging range for the co-rotating case is -0.25C to 0.15C,
while the points of closest separation for the counter-rotating case are at -0.25C
and 0C. There is also a visibly clear skew of the separations to being reduced at
the negative offsets in the counter-rotating condition, as evidenced by 0.25C

separation at -0.4C offset as opposed to 0.37C separation at 0.2C offset.

In both cases, a critical point was present where the nature of the interaction
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significantly changed. Once the vortex separation in the co-rotating case reached
double the vortex radius, the vortices rapidly merged. For the counter-rotating
case it was found that the vortices could be brought much closer to approximately
one core radius separation before the initial separations started to diverge. The
counter-rotating condition also contains 3 distinct separation regimes instead of
the co-rotating’s merged and unmerged state. In the far field (B, < —0.4C,
B, > 0.1C) counter-rotating condition, the separations are near constant, in the
near field (—0.4C < B, < —0.25C, 0C' < B, < 0.1C') they continue to decrease
in initial separation while remaining constant in final separation, and in the very
near field (—0.25C < B, < 0C') they markedly increase in both initial and final
separation.
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Figure 8.2: Vortex pair rotations plotted against offset for all unmerged cases for
co-rotating (top) and counter-rotating (bottom) experimental configurations.
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The rotation rates presented in Figure 8.2 showed similar trends in the offset
skew and the strength of interaction as the proximities were reduced. For the
counter-rotating case, peaks can be seen at -0.2C and 0C, while for the co-rotating
cases the rotational rate increased until the point of vortex merging. Both cases
showed a non-linear trend in rotational rate as separations were reduced. The
co-rotating condition had a substantially higher rotational rate than the counter-
rotating case, with peaks over twice as high. This is due to the co-rotating
condition’s vortices orbiting around a central point between the vortices whereas
the counter-rotating condition’s orbital centre was located to the outside of the

two vortices.

Inspecting the circulation trends of the two conditions shows significant
differences in the total energy available and the rates of energy dissipation. The
counter-rotating circulations seen in Figure 8.3 show that as the offset increases
between the vanes at the far edges of the range investigated the circulation
between the two vortices becomes more equal. As they are drawn closer from
-0.6C to -0.4C, the circulation of the upstream vortex is decreased by 4.7% with
a corresponding increase in the circulation of the downstream vortex of 8.6%.
This shows an energy transfer from the upstream vortex to the downstream
vortex. The transfer of energy in these far offset cases happens during the
initial stages of vortex formation, as negligible circulation decrease is noted
after this point. As the offsets are brought within the previously identified
near-field range, there is a transition from relatively little circulation loss
through the domain to a downwards trends in the circulation, with the -0.4C
offset having a loss of 5.6% in the downstream vortex and the -0.35C having a
17.9% equivalent loss. As the offset is further decreased, the initial circulation
destruction in the upstream vortex increases, with the strength being reduced
from 0.147m?s™! at x/C = 11.5 in the -0.6C case to 0.0439m?s™! in the -0.15C
case. As such, the counter-rotating condition decreases in the duration of its
strength as the offset decreases and the vortices interact. It should be noted
that using the time averaged results smears the vorticity field resulting from the
highly meandering upstream vortex in these low energy scenarios. This shows
the vortex as completely disappearing in the time averaged case, whereas weak
coherent vortex structures were observed in the instantaneous results. This is
represented by the circulation from x/C = 15 to x/C = 16.5 in the very near

field circulation results.

The co-rotating results showed that there was less total circulation present in
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Figure 8.3: Experimental circulation values for various counter-rotating vortex
cases.

all far offset cases than the counter-rotating condition, with approximately 26%
less total circulation from -0.6C offset to -0.4C offset, as can be seen in
Figure 8.4. In contrast to the counter-rotating case where the downstream
vortex is dominant, the upstream vortex is the dominant vortex. This is due to
the presence of the upstream vortex reducing the strength of the downstream
vortex in its production, instead of enhancing it with a counter-rotating field.
Some of this strength reduction is due to the local change in angle of attack of
the vane due to the presence of the upstream vortex. This was found to change

the local angle of attack by up to 3 degrees, modifying the total circulation
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Figure 8.4: Experimental circulation values for various co-rotating vortex cases.

produced by the rear vane. However this does not affect the resultant energy

dissipation and transfer rates further downstream, only the starting

energies.

As the total offset decreases from -0.6C to -0.4C the strength of the
downstream vortex decreases from an average of 0.108m?s~! to 0.093m?s 1,
with negligible strength observed in the upstream vortex. The strength of the
upstream vortex in the far offset cases is very similar between both the
co-rotating and counter-rotating cases, with an average value of approximately
0.14m?s~ L.

production strength of the downstream vortex from the rearward vane, with

This demonstrates how significant the vortex direction is on the

substantial enhancement seen in the counter-rotating case and a loss of
circulation in the co-rotating condition. From this it can be seen that the
counter-rotating condition will produce a higher circulation initial vortex
system than the co-rotating condition. As the offset is further reduced and the
merged state is approached there is circulation transfer from the downstream
vortex to the upstream vortex. This results in the circulation of the upstream
vortex rising to a level up to 16% above that attained by the counter-rotating
upstream vortex, at the cost of the strength of the downstream vortex. As the
offsets are moved closer together the vortices became merged from the start of
the domain, resulting in the highest upstream vortex circulation in the -0.1C

offset case.
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Figure 8.5: Pathlines in the co-rotating reference frame and vorticity for different
stages of vortex merger, taken from experimental results.

The differences between the mechanisms of the vortex interactions can be seen
clearly by plotting the two dimensional pathlines over contours of vorticity. As
identified earlier in this chapter, in the co-rotating condition the vortices rotate
at a far more rapid rate, with the slowest rotating case being faster than all
but five of the counter-rotating cases, and peak rotational rate differences of
2.31 times. In order to observe the merging mechanisms responsible for the
merger, it was necessary to translate the velocity into the co-rotating reference
frame. As the mechanism was noted as being the same regardless of offset, the
data from multiple offsets could be combined to show the different stages of
vortex merger, as can be seen in Figure 8.5. This showed that as the vortices
approached a separation of two core radii, a significant asymmetry in the flow
fields formed, followed by a rapid transmission of vorticity from the weaker vortex
to the stronger vortex without a large change in vortex separation. This was
accompanied by a movement of the ghost vortex regions (the outer recirculation
regions with little vorticity) from one side of the primary vortex to the other,

before they merged together and normalised.
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Figure 8.6: Pathlines in the stationary reference frame and vorticity for different
stages of vortex merger in counter-rotating -0.3C offset condition, taken from
experimental results. Vortex locations are reframed to be consistent in alignment.

While the co-rotating condition could be extrapolated across the cases into a
consistent merging process, the mechanism behind the counter rotating
interaction was far more variable, resulting in substantial differences depending
on offset. At very near field offsets the mechanism for destruction appeared to
be from direct impact on the front of the vane causing and vorticity interaction
and vortex breakdown, leaving only remnants of the initial vortex and a weak
downstream vortex. For larger offsets in the near field and far field, this shifted
to the vortices inducing instabilities in each other, causing the long term loss in
circulation. As can be seen in Figure 8.6 the -0.3C case started with the vortices
spaced at a very close proximity before drifting apart by x/C = 12.5. The
upstream vortex then undergoes a rapid reduction in vorticity, with its limit
streamline completely destroyed by x/C = 14.5. Following this the downstream
vortex proceeded to dissipate. The process can be broken up into four main
pathline states. Initially, the limit cycle of the pathlines for both vortices is at a
similar radius. This then separates as the vorticity of the upstream vortex
reduces in magnitude, with the stronger vortex retaining similar streamlines but
the weaker moving away and decreasing in size. The limit cycle is then broken

down into kinked pathlines, as observed at x/C = 14.5. These pathlines are
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straightened out, leaving just the remains of the stronger vortex. In other near
field offset cases the process remained similar, however the rate of the process
increased, with the -0.25C offset case having moved to the 4th stage by x/C —
14.5, leaving a reduction in stage length of 2.5C for an offset change of only
0.5C. In the very near field the second vortex was nearly indistinguishable in

the time averaged results, with the 4th stage present from x/C — 11.5.

x-vorticity: -1.1-08-05-02 01 04 07 1
X15

Figure 8.7: Pathlines in the stationary reference frame and vorticity for different
stages of vortex merger in counter-rotating -0.4C offset condition, taken from
experimental results. The base of the limit cycle of the weaker vortex highlighted
by the orange ovals. Vortex locations are reframed to be consistent in alignment.

At far offsets the destruction of the vorticity and reduction of circulation was
far less pronounced, however the shifting of the streamlines was still significant,
as seen in Figure 8.7. This shifting of streamlines from a downwards position to
a more uniform vortex shape indicates that this structure may be a
consequence of the formation of the downstream vortex by the vane, even
though the structure is observed in the upstream vortex. From the figure, the
movement of the streamlines both around and towards the vortex can clearly be
seen, as highlighted by the orange ovals in the figure. It is anticipated that if
the vortex spacing is sufficiently large that the strength of the vortices does not
dissipate, with a long enough distance downstream this will normalise to form a

more uniform and symmetric vortex structure.

Both the co-rotating and counter-rotating scenarios produced instabilities in
the vortices, traceable by analysing the instantaneous positions of the vortex
cores from the image pairs as previously discussed in Chapter 6. The instability
observed in the counter-rotating case was typically dominant in the weaker
vortex at nearer offsets, with a 45 degree angle observed between the weaker

vortex instability and the vortex centreline. This indicated the presence of an



Chapter 8. Comparison of Vortex Systems 175

uneven crow instability. In the co-rotating condition the instabilities were of
lower magnitude and shallower angle closer to 30 degrees in the weaker vortex.
The magnitude of oscillation of the weaker vortex did not substantially increase
as vortex proximity reduced until the point of merging, unlike the
counter-rotating condition. This instability shared some similarities such as
deviation angle with that of equal co-rotating vortices identified by Miller et al.
[119].
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Figure 8.8: Core locations of upstream (red) and downstream (green) counter-
rotating vortices for 0C, 0.1C and 0.3C offset cases at x/C = 16.5.
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Figure 8.9: Core locations of upstream (red) and downstream (green) co-rotating
vortices for -0.25C and 0.2C offset cases at x/C = 14 and 0.3C offset at x/C =
16.5.

The increased meandering of the counter rotating cases was quantitatively
assessed against the co-rotating case in the previous chapter, however by
inspecting instantaneous isosurfaces of pressure the magnitude difference
becomes visually clear, seen in Figure 8.10. The instabilities in the
counter-rotating case are far more pronounced than that of the co-rotating case,

with both a clear gentle sinusoidal oscillation and occasional large deviations



Chapter 8. Comparison of Vortex Systems 176

Mean X-Vorticity (1/s) Mean Pressure Coefficient

Figure 8.10: Contours of x-vorticity, with isosurfaces of pressure at C, = —0.4,
C, = —0.16 and C, = —0.08 for counter-rotating (left) and co-rotating (right) at
0.2C offset.

present. In the co-rotating case a more subtle deviation in core location and
size can be seen, with larger waviness observed in the far wake. The subtlety of
these deviations demonstrates why the quantitative analysis of the previously
chapter was essential for monitoring and comparing the vortex fluctuations.
The difference in vortex shedding magnitude off the rear vane driven by the
presence of the upstream vortex can also be clearly seen in the wake region of
the downstream vane, with significantly more shedding in the counter-rotating
condition. This is from a combination of the additional low pressure induced by
the upstream vortex on the suction side of the wing, as well as the effective

upwash from the vortex over the central portion of the span.

The planar integrals of pressure, vorticity and in-plane kinetic energy can be seen
in Figure 8.11. Two pressure traces are presented, one with the integral restricted
to a vortex core of at least H5pa drop from the static pressure, and the other with
the integral restricted to 2pa static pressure drop. By using these static pressure
thresholds it can be ensured that only the core is captured and not any slight wake
effects propagating downstream. While these wake regions may only have small
pressure drops, they can occur over larger areas, and hence significantly skew the
integrals. At the higher intensity 5pa cut-off it can be seen that the counter-
rotating 0.2C offset produces the most significant initial pressure field, however
suffers the highest dissipation rate of any case. A substantial portion of this

dissipation is the increasing scale of the downstream instabilities causing smearing
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Figure 8.11: LES traces of pressure drop at 5pa core cut-off (top left), 2pa core
cut-off (top right), total circulation (bottom left) and in-plane kinetic energy
(bottom right).

of the high intensity pressure field when time averaged. The direct impingement
counter-rotating -0.2C offset produces the least intense pressure drop behind the
rear vane of all the cases, however it also has the lowest pressure dissipation due to
the lack of a secondary interacting vortex and consequently reduced instabilities.
The dissipation rate at the lower 2pa pressure cut-off is very similar to that of the
co-rotating cases in total magnitude. In comparison to the counter-rotating cases
the co-rotating condition has very limited dissipation of pressure, kinetic energy
and circulation, with only 10.8% the pressure dissipation for the equivalent 0C
offset condition. All co rotating cases follow much closer dissipation rates for
pressure, however at the higher level cut-off a waviness in pressure is observed
due to the fluctuation of pressure intensities during the merging and relaxation

process of the vortices, as discussed in the previous chapter.

The trend of higher initial energies with faster dissipation rates for the counter-
rotating condition is again displayed in the circulation values. Both the 0C and
0.2C counter-rotating cases display circulation values above any of the co-rotating
cases, however these rapidly dissipate, with the 0C offset falling below the 0.2C
co-rotating case at x/C = 14 and below the 0C co-rotating case at X/C = 24.
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The initial destruction present in the direct impingement counter-rotating case
results in it having the lowest circulation and kinetic energy values of any of the
vortex arrangements. The kinetic energy values for the counter-rotating cases
are all considerably lower than the co-rotating cases due to the cancellation of
downwash by the opposite angled downstream vane. However dissipation rates
further downstream can be related to the results of the vortex interactions, with
the counter-rotating cases again showing the highest dissipation rates. Again, the
increased instabilities in the 0.2C offset condition cause the highest dissipation
rates of any case. In both conditions, having the vanes spaced at impact or
near-impact offsets causes a reduction in all measurable vortex parameters in

comparison to allowing the vortices to interact off-body.

8.2 Conclusion

While the flow fields are very similar conceptually, many pronounced differences
were observed in both the formation of the downstream vortex and the
mechanisms observed in the evolution of the system. While both systems
underwent rotation, the counter-rotating system was driven by a differential in
strength between the vortices, and the co-rotating system rotated due to shear
at the periphery of the same signed vorticity. This resulted in the co-rotating
pair having a much higher rotational rate due to the centre of rotation being

inside the vortex pair, as opposed to being outside in the counter case.

The separations between the co-rotating pair followed a consistent trend of
moving together regardless of offset, while the counter-rotating pair moved
further apart, with a substantial increase in motion in the near field range to an
equilibrium distance of approximately 0.23C. The direction of the vortex
interaction considerably affected the strength of downstream vortex production,
with counter-rotating configurations enhancing downstream vortex strength by
30% and co-rotating conditions reducing it by 28%. The co-rotating vortex
merger showed similar levels of energy transfer in all cases, while the
counter-rotating condition saw vortex dissipation rates substantially increase as
the offset was reduced. It was found that the mechanism responsible for energy
transfer remained the same, regardless of vortex offset in the co-rotating
condition, with only the distance to merger changing. In the counter-rotating

condition the mechanism was found to vary significantly between the far, near
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and very near field, with the resulting instabilities increasing as the vortices

were shifted closer together.

As such, these results indicate that where a short duration, high circulation vortex
system is required a counter-rotating upstream/downstream configuration would
be best, while a co-rotating configuration will be superior for cases requiring a

vortex system that is more stable in the long term.



Chapter 9

Conclusions and Future Work

9.1 Conclusions

An investigation of the interactions of a pair of streamwise vortices at various
offsets was performed, inspecting both time averaged and instantaneous
conditions. Two NACA 0012 vanes were used for the purposes of vortex
generation, separated in the streamwise direction, with lateral offset of the rear
vane used to vary the relative vortex positioning. Initial testing was performed
using water tunnel dye visualisation and RANS modelling to determine the
baseline flow characteristics, with wind tunnel experimentation used to cover a

wide sweep of cases and LES for a select number of cases.

Initial flowfield visualisations showed substantial oscillations in vortex position
and separation, as well as a transience in vortex merger for co-rotating cases.
This indicated an instantaneous and transient analysis would be required for
later studies. It was also found that over a sweep of Reynolds number that
the variance in the fundamental characteristics of the interactions was minimal.
The RANS studies found very significant variances in the flow structures, energy
levels and dissipation rates for the counter-rotating cases. However, in the co-
rotating cases similar flow structures and energy trends were found between the

offsets.

Further evaluation of the quantative values of the vortices at multiple offsets
was performed through the use of a cross-flow, two dimensional planar PIV

setup employed within a wind tunnel. Reducing the offset of the
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counter-rotating vortices increased the rotation of the resultant pair until the
vortex separation was reduced below 0.1C, at which point rapid vortex
destruction and a reduction of orbital rate ensued, with the upstream vortex
remnants being forced towards the root of the downstream vane. Passing the
upstream vortex just over one core radius offset from the downstream vane
caused the strongest vortex interactions, with the highest rotational rates.
Closer vortex proximities were found to increase the magnitudes of the vortex
meandering, with the meandering being proportional to the strength of the
interaction and subsequently dissipating with upstream vortex destruction. A
45 degree, unequal instability was noted in the vortex cores, with the weaker
upstream vortex showing a higher deviation. Circulation levels were also found
to fluctuate proportionally with position fluctuations. These evaluations showed
that the counter-rotating cases had a high sensitivity to offset, demonstrating
that real world scenarios such as yaw and crosswind may cause issues for vortex

systems reliant on counter-rotating vortex pairs.

All co-rotating cases were observed to follow a pattern of steady helical motion,
ultimately resulting in merger at near offsets. This merger was found to be
biased to the vortex passing on the pressure side of the vane. When the vortex
separation dropped below 2.3 core radii, significant asymmetry formed in the
vortex structure, followed by rapid merger once the vortices were two core radii
apart. The length travelled downstream prior to vortex merger was highly
sensitive to offset, with a strongly nonlinear trend. At a given location, the
merger was found to be transient, resulting in a statistical merging location
resulting from vortex meandering. The vortices were found to move towards
each other at all offsets, with a faster motion when the upstream vortex was
passed on the suction side of the downstream vane. The direction of movement
of the vortices towards each other was found to be opposite from the
counter-rotating cases, which drifted apart.  The rotational rate of the
co-rotating cases was found to be considerably higher than that of the
equivalent counter-rotating condition, resulting from enhanced periphery shear.
The presence of the upstream vortex weakened the downstream vortex in all
cases, resulting in the downstream vortex merging with the upstream vortex.
The merging process resulted in a total circulation loss, however the two
merged vortices maintained higher circulation than a single vortex from one
vane, hence re-energisation of the initial vortex was successfully achieved. Due
to the insensitivity of the final result of the merging process to offset, a

vortex-energisation system could be successfully implemented in real world
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scenarios with minimal regard for conditions such as yaw and crosswind.

Large Eddy Simulations with a Wall Adapting Local Eddy Viscosity subgrid
model were then performed on a select number of cases from the experimental
testing, allowing deeper analysis of the transient flow features and better
visualisation. This modelling strategy was evaluated against the experimental
results, showing good correlation on both qualitative and quantitative

properties.

The LES found that the tendency of the downstream vortex to merge into the
upstream vortex at near offsets in the co-rotating condition was due to the
suppression of one of the two downstream vane tip vortices, resulting in a
weaker total downstream vortex. If the upstream vortex impinged on the
downstream vane it weakened the strength of the vortex, resulting in a reversal
of this merging order. This was not observed in the experiment as it occurred
more rapidly than the experimental measurement domain could capture. An
unstable free wake vortex bifurcation was observed in the remnants of the
upstream vortex, resulting from significant straining and elongation from
impact on the vane body. The LES confirmed the meandering of the vortices
was responsible for the statistical merging phenomenon, with merging occurring
once the vortex meander caused the separation between the vortices to reach

the critical spacing for asymmetric merger.

The instabilities in the near offset counter-rotating condition were found to be
higher in magnitude, with less even periodicity. The circulation transfer between
the vortices was linked to the magnitude of their separation, with fluctuations
in position and circulation seen to increase with distance travelled downstream.
When the upstream vortex impinged upon the downstream vane it was found
to bifurcate instead of break down. The result of this bifurcation was a four
vortex system off the rear of the vane, with rapid dissipation of all upstream
vortex remnants resulting. Consequently, interaction between the remnants of
the upstream vortex and the newly formed downstream vortex were minimal, and
the growth of instabilities in the downstream vortex was consequently limited.
In all cases it was found the dissipation rates of circulation, kinetic energy and
pressure drop were higher for counter-rotating cases than co-rotating, with the
non-impingement counter-rotating condition demonstrating the strongest initial

metrics of all cases.

It was found that a counter-rotating vane could be used to successfully destroy
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an upstream vortex rapidly, however such a configuration is highly sensitive to
offset. If a short duration, high circulation vortex system with rapid vortex
breakdown is required, a near impingement counter rotating case would be ideal,
with high instabilities and interactions rapidly weakening the vortex pair with
distance travelled downstream. If consistent vortex system behaviour is required
in varying conditions and a counter-rotating vortex system is necessary, it is
recommended that the vortex offset be kept as high as feasible. In a situation
where a stable, long duration vortex system is required, a co-rotating multiple
vane setup can be utilised. This would be superior for cases requiring a vortex
system to be insensitive to yaw, displacement variance and crosswind, as the
similarity in outcomes of the merging mechanism mean a similar vortex for these
conditions. The results presented indicate that there is no limit to the number of
times such a vortex could be re-energised within a flow with no adverse pressure

gradient.

9.2 Future Work

A number of areas have been identified for further investigation regarding these

interacting vortex systems.

The effects of the vortex interactions at a number of angles of attack on the vanes
would be of interest for future study. For example, increasing the angle of attack
on the front vane to the point where vortex breakdown would occur naturally
at the location of the rear vane would allow the effects of the rear vane on the
breakdown location to be observed. Specifically, this would answer the question
of if a series of co-rotating vanes could suppress vortex breakdown, rather than

just adding energy and circulation to the vortex.

Testing of different angles on the front and rear vanes would allow a more
comprehensive evaluation of different interaction types. This could be used to
evaluate what minimum angle, and consequently minimum drag penalty, on the
rear vane is required to ensure fastest vortex dissipation in the counter-rotating

case, and how the mechanism varies with said angle change.

Modification of the tip geometry would allow the investigation of the dependency
of the near field merging mechanism on relative tip vortex strength, and if the

single vortex suppression effect observed in the present work for the co-rotating
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condition would extend to various tip geometries.

A more practical implementation of this vortex interaction knowledge would
also be of great interest. Creating an adverse pressure scenario such as that
experienced on an aircraft wing or automotive diffuser would allow the effects of
these vortex systems on aerodynamic performance. By using multiple, smaller
generators in a streamwise line and comparing to a singular, larger generator,
the relative performance trade-offs of each could be ascertained, and

recommendations made for real world scenarios.



Appendix A

Additional Experimental Rig
Material

This appendix presents additional images of the experimental rig

components.

Figure A.1: Detail of mounting rail, with plate mounting holes shown.
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-

Figure A.3: Mounting rail, with camera mounting in background.
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Figure A.4: Detail of rear vane filler plates.

Figure A.5: Laser etched ruler inscription on plates.
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Figure A.6: Plate slot system.

Figure A.7: Plates in tunnel.

Figure A.8: Splitter leading edge.
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Figure A.9: Overall rig layout.

Figure A.10: Rapid prototyped Cobra probe holder (left) fitted to streamline
tube in tunnel (right).



Appendix 190

Figure A.11: Pitot tube arrangement for characterisation of tunnel flow, with
traverse up (left) and midway through tunnel (right).
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Interactions of a co-rotating vortex pair at multiple offsets
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Two NACAOQO012 vanes at various lateral offsets were investigated by wind tunnel testing to observe
the interactions between the streamwise vortices. The vanes were separated by nine chord lengths in
the streamwise direction to allow the upstream vortex to impact on the downstream geometry. These
vanes were evaluated at an angle of incidence of 8° and a Reynolds number of 7 x 10* using particle
image velocimetry. A helical motion of the vortices was observed, with rotational rate increasing as the
offset was reduced to the point of vortex merging. Downstream meandering of the weaker vortex was
found to increase in magnitude near the point of vortex merging. The merging process occurred more
rapidly when the upstream vortex was passed on the pressure side of the vane, with the downstream
vortex being produced with less circulation and consequently merging into the upstream vortex.
The merging distance was found to be statistical rather than deterministic quantity, indicating that
the meandering of the vortices affected their separations and energies. This resulted in a fluctuation
of the merging location. A loss of circulation associated with the merging process was identified,
with the process of achieving vortex circularity causing vorticity diffusion, however all merged cases
maintained higher circulation than a single vortex condition. The presence of the upstream vortex
was found to reduce the strength of the downstream vortex in all offsets evaluated. Published by AIP

@ CrossMark

Publishing. [http://dx.doi.org/10.1063/1.4982217]

NOMENCLATURE

Rp.1 Average radius of vortex at 0.1 vorticity threshold
Rp3 Average radius of vortex at 0.3 vorticity threshold
Ap.1  Area of vortex at 0.1 vorticity threshold

Aps Area of vortex at 0.3 vorticity threshold

r Circulation

X. X core location

Y. Y core location

C  Chord length

R,  Reynolds number, based off chord length

B,  Vortex separation.

. INTRODUCTION

Turbomachinery blade interactions, aircraft taking off in
succession, wind turbines, and vortex generators can all pro-
duce vortex interactions with multiple streamwise vortices in
close proximity to each other.”!%1620:26 These vortices may be
desirable (flow control, heat transfer) or undesirable (aircraft
wake vortices). In previous work, both vortices of a vortex pair
have been typically deployed from the same streamwise loca-
tion,>”? limiting the study of their interactions at extremely
close core spacings. These close interactions are important
conditions to understand in order to provide a knowledge base
for practical vortex applications, where upstream vortices may
move in locations on either side of a vortex producing obstacle,
such as a wing or vane.

As identified previously, a pair of co-rotating vor-
tices will merge in any viscous flow. The equilibrium states of
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interacting and merging vortices were first studied by Saffman
and Szeto” using energy based equations numerically approx-
imated with Newton’s method, finding that the vortices will
merge in an equilibrium state at a vortex separation to a radius
ratio of 3.16. This was found to be different from that of
an unsteady state, which was predicted at a ratio of 3.4 by
Zabusky et al.*® using contour dynamics, and a ratio of 3.4-3.8
by Rossow?* using point vortex methods. All of these eval-
uations used equal strength and size vortex cores, with two
dimensional flow fields and no velocity deficit through the
core, limiting their accuracy and resulting in the discrepancies
between the methods. It is currently accepted that merging
is due to the viscous diffusion causing vorticity to expand
from the inner recirculation region to the outer recirculation
region.'* The ghost vortex of the outer recirculation region
then stretches the vorticity between the two cores, resulting in
the production of a singular vortex core.

Merging of equal strength co-rotating vortices can be bro-
ken up into four distinct stages, the first diffusive stage, the
convective stage, the second diffusive stage, and the merged
diffusive stage.!”-'® The first diffusive stage consists of the
two vortex cores increasing in size through viscous diffusion
and has no change in core separation distance. The convective
stage occurs once the two vortices reach a critical size, and the
vortices begin to move towards each other at a rapid rate. Dur-
ing this stage, the advection of vorticity away from the cores
forces the cores together due to the conservation of angular
momentum, causing their merging. The second diffusive stage
then involves the diffusion of the two vortex azimuthal velocity

Published by AIP Publishing.
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peaks to form a singular vortex. In the merged diffusive stage,
the combined vortices become more axisymmetric; however,
now they have the same core location.

Devenport® found by wind tunnel testing of co-rotating
vortices deployed from the same upstream location that the
unmerged cores of a co-rotating pair were far more turbu-
lent before merging than a single vortex core by itself. Once
the two cores have merged, the final structure was found to
be larger and more axisymmetric than a single vane vor-
tex. The hot wire measurements showed that post merging,
the turbulence of the core was found to decrease; however,
the induction of a probe into the core would have increased
the sensitivity of the vortices to instabilities. As the spacing
between vortices increases, the merging distance is shifted fur-
ther downstream.>> Increasing vortex swirl decreases merg-
ing distance and also increases the amplitudes of vortex motion
(meandering).

In the case of vortices of unequal strength, the mechanism
of merging is notably different if the circulation differential is
large. In these cases, the weaker vortex has insufficient circu-
lation to support the strain field induced by the stronger vortex,
and as such is strained into a spiral tail structure.'* Using invis-
cid contour method calculations, Dritschel and Waugh7 found
that the interaction between two vortices with a large differ-
ence in size results in the smaller vortex being torn away, with
little increase in the size of the larger vortex. This was iden-
tified as a regime of either partial or complete straining out.
This is in contrast with more closely sized vortices, which often
result in total core growth, under a regime they identified as
complete merger or partial merger. In addition to this, equal
or similar strength vortex interactions typically produce sin-
gle vortices, while unequal strength interactions may produce
two vortex systems. A critical ratio of core radius and vor-
ticity was also used by Yasuda and Flierl”® in their transient
contour dynamics calculations to characterise empirically the
likely merging state. Numerical studies of such scenarios have
also been performed,' finding similar structures and regimes.
The mechanism behind these straining actions is a combina-
tion of two causes. First, the weaker vortex is stretched and
drawn into the stronger vortex by a process of elongation.”’
Second, a continuous erosion of vorticity into the primary vor-
tex is caused by the strong strain field and high shear, in a
mechanism analytically observed by Legras and Dritschel.'?

If the total circulation of any vortex pair is non-zero, there
will be a net rotation of the vortex system.'* In the case of a
co-rotating vortex pair, both circulations are of the same sign,
hence they must add to a non-zero amount, causing an orbital
motion of the vortex system. If the circulations are equal, this
will cause the two cores to orbit at an equal radius around a
central point, while if they are unequal, the vortices will orbit
on different radii. These migrations have been seen in the water
tunnel testing of Rokhsaz,””> where dye marker injected into
the cores of a pair of co-rotating vortices showed negligible
change in the location of the orbital centre. While the dye
marker can show the location of the core streamline, it cannot
predict vorticity strength or the centre of vorticity, making it
difficult to ascertain the mechanisms behind merging.

Vortices act as pressure gradient amplifiers, increasing
an induced pressure gradient in the freestream at the vortex
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core.'” As such, a probe placed near a vortex causes substan-
tial upstream migration of the breakdown location.> Conse-
quently either Laser Doppler Anemometry (LDA) or Particle
Image Velocimetry (PIV) must be used for accurate exper-
imental results. Due to vortex meandering, averaging point
measurements can result in errors of up to 35% in tangential
velocity, emphasising the importance of a global measurement
technique for vortex analysis.”

The work described in this paper investigates the near field
interactions of a vortex produced by an upstream vortex with
a downstream vane. PIV analyses have been performed for
a wide variety of vane offsets at multiple downstream loca-
tions, allowing inspection of both the paths of the vortices
and the meandering of the vortex pairs. Vortex interactions
at very close core spacings have not been previously experi-
mentally observed, as the vortices have been typically 2D or
deployed at the same streamwise location. The studies that
have deployed vortices from an upstream location have either
focussed on the flow characteristics on the downstream wing
itself, and/or have been limited in the number of vortex posi-
tions run, making trend analysis difficult. The aim of this work
is to achieve a better characterisation of near-field co-rotating
vortex interactions than has been previously available and to
determine the effects of generating a vortex in a flow field
with a pre-existing vortex structure. This will facilitate a bet-
ter understanding of the vortex fields produced by multiple
arrays of vortex generators or aircraft in following flight.

Il. EXPERIMENTAL SETUP

The present study considers the interaction of two stream-
wise vortices produced by two NACA 0012 vanes. One vane
was located 10 chord lengths (C) downstream of the other, as
can be seen in Figure 1. This configuration was chosen as it
allows interactions between vortices to occur at close proxim-
ities that cannot be observed if the vortices are deployed at the
same location. This is also the representative of the effects of
a pre-existing vortex in a flow interacting with a vortex pro-
ducing device. An angle of attack of 8° on each vane has been
used for all cases, with a square-edged tip. Higher angles of
attack decreased the vortex stability, with unsteady breakdown
becoming observable for a single vortex case at 12°. Multiple
offsets were tested from —0.7C to 0.6C in an increments of
0.1C, with a finer spacing of 0.05C between —0.3C and 0.05C.

The X axis is in the direction of the flow, with positive
downstream, the Y axis is across the tunnel, and the Z axis is
in the vertical direction. As such, the rear vane quarter chord
was located at X = 10C, with the vane root at Z = —1.5C.

Top View Flow @ Origin
"""""""""""""""""" i e
Vane Offset + 1 i

PIV Planes !

Vane Offset - +— L. !
U, Y 31 o !
""""""""""""""""" R SR
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9c %/C x/c!
Floor 11.5 171

FIG. 1. Vane layout diagram, origin is at the quarter chord tip of front vane.
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Planar slices of the flowfield were captured using PIV
at 0.5C intervals from 1.5C back from the quarter chord of
the trailing vane to 7C back. These correspond to 11.5C and
17C from the leading vane, respectively. The laser sheet was
not moved closer than 11.5C as the reflections from the vanes
began to distort the results. The experiment was performed
at a Reynolds number of approximately 7 x 10* based on the
chord length. At 7x10* the vortex shedding from a NACA0012
airfoil at 8° angle of attack is within the supercritical region '’
and therefore any Reynolds number lower than 6 x 10* at
this angle of attack will result in a shedding regime that is
not indicative of higher Reynolds number scenarios. Running
the tunnel as slow as possible within the acceptable Reynolds
number range minimised vibration of the diffuser expansion,
camera mounting, and test section caused by the operation of
the fan, thus minimising imaging errors. It is expected that at
higher Reynolds numbers, the merging distance and number
of rotations to merger will increase, as identified by Cerretelli
and Williamson,> however the mechanism studied here will be
representative of a broader range of flow conditions.

A. Wind tunnel

Experiments were performed in the Macquarie Univer-
sity open return, closed section wind tunnel. This tunnel has
a 610 x 610 mm (24 X 24 in.) octagonal test section with
a 1900 mm (6’3”") length. Optical access is through a glass
window on the top of the test section and removable win-
dows on the side. The test section was characterised using
a Turbulent Flow Instrumentation 100 Series Cobra probe,
giving a peak turbulence intensity of 0.35% and an average
of 0.25%. Velocity uniformity was measured as better than
1% variance, and flow angularity was found to vary by 1°
across the test section inlet. The wind tunnel speed was elec-
tronically controlled through a National Instruments MyRIO,
with the pressure sensors calibrated against a temperature con-
trolled Baratron 120AD Differential Capacitance Manometer.
Streamwise velocity variance was held to within 0.38%.

A separate elevated ground is mounted to the floor of the
tunnel with a rounded front splitter to minimise the effects of
the pre-existing boundary layer in the test section. This ground
is mounted 100 mm above the tunnel floor on two steel rails.
The vanes have a chord of 80 mm and a span of 120 mm and
are painted matte black to minimise reflections. A schematic
of this setup can be seen in Figure 2. The boundary layer at
the location of the rear vane was experimentally measured to
be 5 mm thick at 80% of the freestream velocity and 20 mm
thick at 95% of the freestream velocity.

End of
test section

s IIEr plates [4,] Orlgln

Mounting rails
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B. PIV setup

A planar two component PIV system was used to cap-
ture the vortex dynamics. Due to the large expansion length of
the Macquarie University wind tunnel, the camera was placed
inside the expansion itself rather than using a mirror system.
This allowed the camera to be positioned 2.1 m downstream of
the test section, giving a maximum perspective bias of 6.25°
(0.21 mm at furthest edge or 0.0027C) with a 120 mm lens.
Focus was controlled remotely. By placing the camera this far
downstream of the test section, there was no observable dif-
ference to the flow in characterisation measurements obtained
through the tunnel section. The expansion section of the tun-
nel was on isolated mounts from the tunnel fan, minimising
vibration. Over 200 image pairs, the tip of the rear vane was
found to have a maximum displacement change of 1 pixel dur-
ing operation, with no observable change between images of
an image pair.

Laser access to the tunnel was through a glass window
in the top of the test section. The laser beam was sent to this
location via a periscope connected to a Dantec 3-axis computer
controlled traverse. This traverse was restricted to only allow
laser sheet movement along the axis of the tunnel. The laser
used was a dual-cavity Nd:YAG laser (Quantel EverGreen)
with an output of 200 mJ per pulse at 532 nm wavelength and
a repetition rate of 15 Hz. Synchronisation between the laser
and camera was performed with an ILA synchroniser. Laser
pulses were delivered at 55 us apart as any higher resulted in
significant out of plane migration of particles. The laser sheet
thickness varies throughout the observation window as a result
of the focus, with an average thickness of approximately 4 mm
through the region of interest. Seeding was performed with a
PIVtech generator using Di-Ethyl-Hexyl-Sebacat (DEHS) air
soluble particles of 0.2-0.3 um typical diameter. This gives a
Stokes number of approximately 2 x 107, indicating that the
particle size is sufficiently low to follow all flow streamlines
accurately.*

Scattered laser light was captured by a monochrome
cooled CCD pco.1600 camera with 1 GB of RAM. Images
were digitised at 14 bits, with a resolution of 1600 x 1200 pix-
els. The camera was fitted with a 120 mm lens. The CCD size
on the camera was 12.5 mm wide X 9.38 mm high, giving
a field of view at the most downstream plane of approxi-
mately 100 x 133 mm. Image analysis was performed with
PIVView software. Multi grid interpolation was used, start-
ing at a coarse grid size of 128 pixels x 128 pixels windows
and finishing with refinement to 32 pixels x 32 pixels over 3
passes. Standard FFT correlation was used, with two repeated

FIG. 2. Cutaway diagram of tunnel test
section (left) and image of in-tunnel
setup (right).



057102-4 Forster et al.

correlations on 16 pixels offset grids being performed. Sub-
pixel shifting was enabled on all passes with b-spline interpo-
lation and peak detection by a Gaussian least squares fit from
3 points. The final grid size was 99 X 74 nodes.

Calibration of the camera was performed using a grid that
was photographed at all analysis plane locations, compensat-
ing for the increase in the plane size due to perspective. The
plane was located using the laser sheet and then photographed
to give an accurate scale.

C. Sources of error

The sampling error for averaged results was determined to
be 3.7% in circulation and 0.0035C in location for the 400 total
shots taken against a multiple representative sample of 2000
image pairs. Due to the nature of the manual focussing sys-
tem, there were induced errors, with differences in focus able to
produce up to 0.04C error in core location. By implementing a
particle pixel size threshold of no more than 2 pixels at a bright-
ness level of 4.5% of the total dynamic range, this error was
reduced to 0.0015C in core location. Total error due to the cali-
bration plane procedure was found to be a maximum of 0.18%
in location and 0.22% in scale, due to minute differences in lat-
eral calibration plane location. Seeding levels in the room were
convergence tested such that the error from the seeding was not
discernible from the randomness induced by the other errors.
Camera vibration was not observed at an appreciable level,
with a maximum image migration of 0.06% measured over
the course of an imaging run. The particle size was measured
at an average of 1.5 pixels, giving an uncertainty in position
of 0.03 pixels.' Quantization errors were negligible due to 14
bit quantization. Any biases inherent in each run were min-
imised by having the each set of 400 images taken with one
forward run of 200 images (plane moving from X17 to X11.5)
and one backward run in the opposite direction; this way any
errors in seeding or focus would be minimised. The total error
in core location was found to be +0.006C. The error in lateral
vane offset adjustment is £0.005C (10% of the smallest offset
change).

D. Vortex analysis methodology

Vortex radii can vary by up to 35% if time averaged
results are used due to vortex meandering and local fluctu-
ations in velocity.”” In addition to this, the velocity field will
be smoothed, resulting in significant deviations in circulation
and core size if time averaged results are used. However,
it is still desired to have average values for core location,
size, and strength, and as such the results were analysed by
a script based evaluation of each individual pair of images.
These images were sequentially analysed in Matlab, with peak
noise filtered by vorticity gradient as previously mentioned.
To eliminate the influence of weak secondary vortex struc-
tures, vortex shedding, and low level noise on the calculation
of tip vortex properties, all vorticity constructs except the
tip vortex were filtered out. This was performed by comput-
ing contours at 10% of the peak vorticity and calculating the
area enclosed by each individual structure. These data points
were then exported to Matlab, where they were then com-
bined and analysed for average values and variances. This
allowed for an accurate calculation of real world core size,

Phys. Fluids 29, 057102 (2017)

as well as time-averaged values that could be used to repre-
sent the core characteristics and allow comparison between
cases.

The vortex centre within a plane is defined as the integral
of the vorticity (w) multiplied by the displacement (X or Y
value, depending on the axis being calculated) divided by the
circulation (I").'* This can be seen in Egs. (1) and (2),

X, = % / XewdS, )
Y, = I/YwdS )
c — F *

While this does not always align with the location of
zero in-plane velocity, it allows for consistent prediction of
the centre of circulation intensity even when the vortex pair
is migrating with an in-plane motion, which would otherwise
skew the core location significantly. It is also more robust than
simply using the value of peak vorticity, as it is not signifi-
cantly skewed by asymmetrical vortices or vorticity peaks in
the result.

As the vortices are co-rotating, they both have the same
signed vorticity. This means that identifying the centre of vor-
ticity within a plane will be ineffective as it will only find the
centre point between the two vortices. An automated script
was used to identify the two separated vorticity peaks and
construct a contour line at 0.1 of the peak vorticity and 0.3
of the peak vorticity on a given plane, giving enclosed areas
of Ag.1 and Ag 3, respectively. In the case that the smaller A 3
was less than a quarter of the larger A3, the vortices were
considered merged. This 1:4 ratio was selected based on the
graphical results, which correlated with the observable vor-
tex cores while minimising the influence of signal noise on
the results. The area represented by Ag 3 can be used to track
the vortices though the initial stages of the merging process,
as it allows for better detection of the secondary peak in a
merging and partially strained vortex structure. The single A |
and two A3 areas are considered as the vortex core regions
for the merging vortex system and individual vortices, respec-
tively. Consequently, for path tracking the weighted centroid of
Egs. (3) and (4) was used,

1

X, = T /XAO_SwdS, 3)
Ao

Yo= o / Y, ,wdS. )
Ao

While the vortices remain near a uniform Lamb-Oseen
distribution at the far offsets, at nearer offsets significant partial
straining occurs from the influence of the vortex interaction.
This causes a skew in the shape of the vortex core that changes
its primary axis as the vortex pair rotates downstream. This
prevents the fitting of a Lamb-Oseen distribution of vorticity
to the results. Consequently, the radius of the vortices was cal-
culated using the vortex areas and assuming vortex circularity
to give an effective radius. These were R | and Ry 3 for Ag; and
Ay 3, respectively. The vortex circulation was calculated by the
integral of the vorticity within the identified core region. For
when there are individual vortices identified, this is taken at an
Ao 3 cutoff, as this allows the continued identification of vortex
peaks through the merging case. When the vortex is merged,
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this is evaluated at Ap; to capture the entire vortex. If A3 is
used to characterise the merged vortex, it excludes the merging
tail region of the vortex, causing a significant drop in effective
vortex circulation. This is not an issue for the unmerged vortex
cases, as the vortices are still approximately circular in shape
so there is no vorticity lost to the tail region. This will how-
ever cause an effective circulation reduction for the unmerged
cases, so should be noted for the results of this section. This
reduction was found to be 10.5% as calculated from the single
vortex case.

By comparing this method to a Lamb-Oseen approxi-
mation on a uniform, circular vortex, it was found that the
sampling resolution could result in a 15% maximum error in
peak vorticity. This translated to a 1.5% maximum error in the
10% peak vorticity, giving a maximum core radius error of
5% per image pair, which was considered acceptable for this
analysis.

lll. RESULTS AND DISCUSSION
A. Vortex migration

In all un-merged cases, the vortices followed a helical
path as can be seen in Figure 3. Downstream vortex posi-
tioning at the start of the domain varied linearly with offset;
however, between 0.2C and —0.25C the vortices were merged.
This merging can be seen in the 0.1C offset case, where the
downstream vortex disappears after X12.5 due to it merg-
ing into the upstream vortex. As the offset approached the
point of vortex merging, the path length of both the upstream
and downstream vortices increased, with the downstream vor-
tex experiencing the most migration. Total path length at
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0.6C offset was 0.308C and 0.186C for the upstream and
downstream vortices, respectively. At 0.2C offset, this
increased to 0.511C (66% increase) and 0.330C (77%).

While the paths retained their helical migration pattern
with a linear orbital rate independently of which side of the
vane the vortex passed on, the total circularity of the path
varied. When comparing the —0.3C case to the positive 0.3C
case, the non-circularities of the —0.3C case can clearly be seen,
with a near horizontal movement of the downstream vortex
for the first 4 data points. There is a translation of 0.1926C
in the lateral direction for a total movement of only 0.0542C
in the vertical direction for the upstream vortex across these
data points. This is due to the non-linearities associated with
the vortices being drawn closer from the initial stages of the
merging process, as well as the influence from the wake of the
rear vane. The —0.3C offset case is the only case presented in
this figure where the vortex paths pass both above and below
where the merged vortex is located in the —0.1C offset case.
This means that until Z/C drops below —0.025, the vortex is not
being affected by the rear vane downwash, and once it is below
this value it will be, thus causing the path non-linearity. This
can only occur when the upstream vortex passes on the suction
side of the vane, as this will cause orbiting motion induced by
the downstream vane to draw it through this region. This effect
will dissipate as the downstream vane wake dissipates further
downstream.

As opposed to the laterally spaced test configuration of
Rokhsaz”® where negligible centre of rotation migration was
observed, the migration of the centre of rotation of the vortices
was found to be significant. Total vertical migrations of up to
0.06C and lateral migrations of 0.07C were observed in the
centre of rotation. This was as high as 35% of the total vortex
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FIG. 3. Paths of upstream (solid) and downstream (dotted) vortices for various lateral vane offsets. Error in core location is +0.006C.
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s

migration at an offset of —0.3. The absolute magnitude of the
centroid migration remained roughly constant across the offset
range measured; however, it was a significantly higher percent-
age of the total migration at the nearer offsets of the vortices.
The analytical, inviscid results presented by Leweke'* also
show a static core rotation centre. The differences observed
can be attributed to the downwash produced by the vane in the
creation of the second vortex. This downwash causes a change
in the migration of the pair, something not previously observed
due to the vortices being created at the same upstream loca-
tion (in the case of Rokhsaz) or not having any vane influence
(Leweke).

The spiralling rate of the vortices was calculated through
a linear approximation of the change in the angle of the
line drawn between the two vortex cores, as can be seen in
Figure 4. Decreasing the offset increased the spiralling rate
until the point of merging, as can be seen in the rotational rate
in Figure 5. This rotation had a non-linear trend as the point
of merging was reached, peaking at approximately 44° per
chord length. This is distinctly less than the 1200° per chord
length effective rotational rate of the peak azimuthal velocity
region of a single vortex, attained at a radius of 0.075C and
velocity of 37.5 C/s (3 m/s). While an inverse relationship can-
not be explicitly confirmed from the offset range investigated,
the rotational rate will trend to zero as the vane separation
goes to infinity, indicating an extension of the non-linearity
observed in the rotation trends. The rotation rate remained con-
stant throughout the domain. The separation linearly varied at
the same rate as the offset changed until the point of vortex
merging.

Vortex Pair Rotational Rate

Viewing Direction
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FIG. 4. Schematic of rotation angle
calculation for vortex pairs. In-plane
vortex trajectory is shown via the red
| (upstream vortex) and green (down-
| stream vortex) arrows. The viewing
| plane is normal to the freestream veloc-
I ity, with the view seen from downstream
I of the vanes.
|
|
|
|

Viewing Plane

Viewing Plane

By combining the separation distance curves from each
unmerged case, the trends of separation distance for the vortex
pair can be extrapolated to cover a much longer effective dis-
tance. This allows us to simulate how a vortex pair deployed
at an initial separation width of B, /Ry 3 =~ 7 would behave fur-
ther downstream, as can be seen in Figure 6. The separation
data show that there are two different separation rate trends
depending on which side of the vane the vortex is passed on.
If the vortex passes on the pressure side of the vane, for every
chord length travelled downstream, the vortices move together
approximately 0.154 of the core radius. However, if the vor-
tex passes on the suction side of the vane, this is decreased to
0.110 core radii, giving a 28% differential in separation rate.
This suggests that the wake region of the vane significantly
affects the speed of the merger, causing the vortices to be forced
together faster. This happened independently of the circulation
within the vortex core, which showed similar trends regardless
of which side of the vane the vortex approached from.

As the vortices approach merger, the trend deviates from
linear. The —0.25C offset case exhibits all the merging regimes
discussed in the merging section up to single vortex, combining
the second diffusive and convective merging states. However,
it does not show the clear levelling off or core separations as
observed by Cerretelli and Williamson,® instead demonstrat-
ing a reduced but still significant gradient. As the separation
between the cores reaches two core radii apart, the separatrices
of the two vortices connect and rapid merging occurs, result-
ing in the transformation to a singular vortex. The asymmetric
mechanism behind these separation trends will be discussed
further in the merging section.
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Rate of vortex separation change
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FIG. 6. Vortex pair separations for all unmerged cases. Each offset case is
indicated by the annotations on the line segments.

In the merged condition, the single vortex path only was
tracked, as can be seen in Figure 7. The path of the merged
vortex was laterally shifted by approximately half the offset
change of the rear vane, demonstrating the influence of the rear
vane on vortex trajectory. This indicated that the downstream
vortex contributes to approximately half of the vortex total
location, despite the fact that the vortices were merged prior to
the window of observation. As the downstream vane is angled
to direct the flow towards —Y, it was anticipated that the merged
vortex would be located towards —Y due to the vane downwash,
but as can be seen from the —0.15C offset case, the vortex
initially starts at a greater Y/C, peaking at —0.11C. This is of
note as the quarter chord of the vane is located to the negative
side of the initial vortex core. When the downstream vane was
located at —0.1C, the resultant merged vortex starts at —0.09C,
peaking at —0.08C before dropping to —0.12C by the end of
the domain. This is significantly more positive than the single
vortex case for the entire observation domain. The curvilinear
path is due to the tail of the merged vortex produced by the
drawing in of the downstream vortex, as will be discussed
in Sec. III B. A component of the curvature is also due to the
vortex passing slightly inboard and offset of the wingtip. There
is a considerable downwards shift imposed by the presence of
the rear vane, as can be seen compared to the path of the single
vortex. In all cases, the downwards travel was approximately
0.075C, with all paths being within error bars of each other.
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Vortex path meandering was evaluated through the vortex
tracking and analysis of each individual set of image pairs.
Uniform circular meandering was observed at the far range
of the offsets investigated. A maximum radius of displace-
ment of 0.020C was measured at 0.6C offset. As the offset
was decreased, there was no observable shift in meandering
until 0.2C offset, where partial merging was present towards
the end of the domain. The secondary vortex was drawn around
the primary at this point, creating a bias in the meandering. This
bias predominantly affected the weaker vortex, with a maxi-
mum amplitude of 0.066C measured on the axis of bias. This
instability was at an average angle of 25° to the line between
the two vortex cores. The stronger, upstream vortex was also
marginally affected by this instability, with a maximum mean-
dering amplitude along the axis of bias of 0.029C at 0.2C
offset. This gives meandering bias ratios of 3.22 and 1.38 for
the downstream and upstream vortices, respectively, indicating
an instability with stronger effects on the downstream vortex.
The same meandering trends were seen on the negative offsets.
The magnitude of the instabilities was increased as the vortices
travelled downstream and the vortex proximity was reduced
through either offset change or drawing in of the vortex paths.

B. Vortex merging

Time averaged results were inspected to identify the merg-
ing pattern. The stronger and weaker vortices were selected
from their circulation, with the upstream vortex (red) being
the stronger and downstream vortex (green) being the weaker.
The evolution of a typical merging pattern can be seen in the
planar slices of the —0.25C offset case in Figure 8. Individual
vortex identification was performed using the contour lines at
30% of the peak vorticity on the plane (Ag3). The stronger
and weaker vortices were selected from their circulation, with
the upstream vortex (red) being the stronger and downstream
vortex (green) being the weaker. The yellow band shown in
the figure is the Ag; contour line, with the other contours
showing lower levels of vorticity. The scale has been selected
to maintain a proportional X and Y axis for visualisation of
circularity.

At the start of the domain, the vortices have similar cir-
cularity; however, as they travel downstream they are drawn
closer together and partial straining of the weaker vortex
occurs. This process starts at X14, with the secondary peak
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FIG. 7. Paths of merged vortex for various lateral vane offsets. Error in core location is +0.006C.
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FIG. 8. Vortex merging pattern for —0.25C offset, with upstream vortex in red and downstream vortex in green. Note the non-uniform spacing of the planes.

being completely dissipated by X16.5. Throughout the pro-
cess, the upstream vortex Ag 3 does not significantly increase
in area; however, the Ao surrounding it does significantly
increase. This is from the vorticity of the weaker vortex being
diffused and spread around the stronger vortex. Of note is the
fact that the upstream vortex is the stronger, while the down-
stream vortex is weaker. This indicates that the presence of the
upstream vortex has caused the strength of the downstream
vortex to be weakened. This results in the merger of the down-
stream vortex into the upstream vortex as the pair progesses
downstream, as the upstream vortex is the stronger of the two
at the location just behind the rear vane (X11.5). As a conse-
quence, the downstream vane is effectively re-energising the
existing upstream vortex after the vortex pair has merged.
The transition of the vortex from a shape with a spiral tail
to a circular structure can be better investigated at the —0.2C
offsetin Figure 9. Moving the vane offset —0.05C closer causes
a significant upstream shift in the merging location, with no
existence of secondary peaks from the X11.5 plane onwards.
As the merged vortices travel downstream, the vorticity is

Upstream Vortex A0.3 [l Downstream Vortex A0.3 [ A0.1[] A0.05[H
X11.5 X12
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0.4 -0.15 0.1 T4 0.15 0.1
e YiC

transferred from the tail to the circular vortex core. Eventually
the tail is completely dissipated, with the final core achieving
circularity and a larger size than one individual vortex, as can
be seen at the X16.5 plane.

The initial stages of the merging can be visualised through
the inspection of the —0.3C offset as seen in Figure 10. While
this case did not merge within the observation window, the
initial drawing in and vorticity transfer was clearly occur-
ring. The lower rotational rate of the vortex cores observed
at this further offset significantly slows the rate of merging
when compared to the —0.25C case. Initially the two vortices
are separate, both at the Ag3 and A levels. As they travel
downstream, their separations move closer by approximately
0.007C per chord length downstream. This equates to approx-
imately 6% of the R 3 per chord length travelled downstream.
From the X15 to X16 planes, there is a distinct change in the
circularity of the weaker vortex, with the X16 plane showing
partial straining and an oval shape occurring at a vortex sep-
aration of 0.021C. Between X16 and X16.5, there is also an
observable reduction in the size of the weaker A 3; however,
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FIG. 9. Vortex merging pattern for —0.2C offset, with upstream vortex in red and downstream vortex in green. Note the non-uniform spacing of the planes.
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FIG. 10. Vortex merging pattern for —0.3C offset, with upstream vortex in red and downstream vortex in green. Note the non-uniform spacing of the planes.

Aop.1 has largely remained unchanged. This indicates that the
vorticity transfer between the two vortices is caused by the
diffusion of high level vorticity from the second vortex into
the lower energy level A 1. From here it is drawn around the
stronger vortex, as was demonstrated in the previous cases.
This case also demonstrates the need for tracking the vortex
core Ag3, as Ag.; indicates that the vortices are merged from
X12.5, while Ag 3 can clearly track distinct vortices until the
final plane.

These observations of asymmetric merger show similar-
ities to the two dimensional numerical simulations of Brandt
and Nomura.' Partial straining of the weaker vortex followed
by the diffusion of vorticity and absorption into the stronger

x-vorticity: -1

B,/Ry3=5.5 B./Ry3=2.3

vortex were observed at similar circulation ratios. However, the
very high vortex eccentricities and aspect ratios observed in the
weaker vortex by Brandt and Nomura were not observed before
complete merging. This is likely reflecting the increased vor-
ticity transfer in the turbulent, three-dimensional experimental
flow, resulting in faster merging.

Inspecting the pathlines in the co-rotating reference frame
as seen in Figure 11 allows for further understanding of the
uneven merging mechanism. To calculate the rate of rotation
of the co-rotating reference frame, the average rotation rate
across the entire domain sweep as previously calculated was
used. At large separations, the vorticity fields of the two pri-
mary vortices are significantly separated (B, /R 3 > 2.3), with

-0.875 -0.75 -0625 -0.5 -0.375 -0.25

B,/Ros=2.2

FIG. 11. Pathlines in the co-rotating
reference frame and vorticity for differ-
ent stages of vortex merger.
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the streamlines of the two vortices being clearly separated by
an inner recirculation region. This inner recirculation region
appears to be the origin of the two “ghost vortices” of the
outer recirculation region. While not observed in the offset
range investigated, it is anticipated that the two ghost vortices
will merge at larger offsets, forming a singular recirculation
region. As the vortices are drawn closer together, they divide
this recirculation region into the two ghost vortices of the outer
recirculation region. At this point (B, /Ry 3 = 2.3), the two vor-
tex streamlines connect, as well as their vorticity field. Unlike
the stages of Cerretelli and Williamson,® the unequal three
dimensional merger does not appear to enter the well defined
diffusive and convective stages, as from this point onwards the
vortex separations do not significantly change; however, there
is a significant transfer of vorticity from the weaker to stronger
vortices. Once the streamlines of the two vortices have joined
and the ghost vortices are fully separated (B,/Ro3 < 2.3), the
flow begins to become significantly asymmetric in the hor-
izontal axis, as opposed to the relative symmetry present in
the further separated condition. Once this asymmetry occurs,
the transfer of vorticity and modification of the pathline pat-
terns occurs rapidly. As the merger progresses that the rotating
pathlines of the weaker vortex are strained out, leaving the
previously discussed vorticity tail. After the remnants of the
secondary vortex have been strained out, the ghost vortices
rapidly migrate to the other side of the vortex configuration and
merge into a singular recirculation region. This recirculation
region expands and reduces in strength as the vortex slowly
normalises itself towards circularity in the merged diffusive
state.

The merging lengths identified from the analysis of the
time averaged cases can be seen in Figure 12. These are
only given for cases where merging was observed within the
domain. It can be seen that the offset for merging at the start of
the domain is skewed to the positive side of the vortex (passing
inherently at —0.12C). This shows that passing the vortex on
the pressure side of the downstream vane facilitates more rapid
merging then passing it on the suction side. The vortex merging
length showed a highly non-linear trend with respect to offset,
with the merge length rapidly exceeding the 5C domain length
over just 0.15C offset change. This trend and the observed
results of the merging pattern indicate that there may be a link
between the merging length and rotational rate.

While the analysis of the merging patterns was taken from
time averaged data, each individual image pair was analysed
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to detect the vortices. It was found that the vortex merging
location in the transition regions was probabilistic rather than
deterministic, as seen on the right side of Figure 12. The prob-
ability of the vortex being merged is simply the percentage
of image pairs without a secondary vortex. These probabil-
ities were also tested with a random sample of 200 image
pairs and found to be within 5% of the values from the full
400 image pairs, indicating an error in probability of less than
+5%. In the —0.2C case there was a 66% occurrence of merg-
ing in the first plane, with 100% of image pairs being merged
with no secondary peaks by X15.5. The time averaged point
of merge at X13 lies approximately halfway between these
points. Similarly, in the —0.25C case, the probability of merg-
ing linearly decreases throughout the domain, with a 44%
probability of merging at the time averaged merge location.
This indicates the presence of a fluctuation side to side of
the vortices, similar to that identified in a previous computa-
tional study by the authors® producing a sinusoidal fluctuation
in the merging point. This meandering of the singular vor-
tices causes them to move towards and away from each other,
with a resultant fluctuation in vortex separation. As previ-
ously identified, the merging location is very sensitive to offset,
and consequently any variance in vortex separation will cause
a significant difference in the presence of secondary vortex
peaks.

Two interesting findings are apparent from these results.
The first is the near linear rate of the probability decay with dis-
tance. This rate appears to have minimal skew from the samples
taken, and minimal non-linearity. However, when considering
the probability distribution for a regular sine wave, there is
a quasi-constant region that shows similarity. From —50% to
+50% of a sine wave amplitude, all sample bins of a frequency
histogram are within 2%, and at +75% of the waves amplitude,
the samples all fall within a maximum variance of 10%. This
means that a sine wave displacement change will appear lin-
ear up to 75% of its maximum amplitude. Consequently, the
merge is following the sinusoidal oscillation previously dis-
cussed, likely caused by a sinusoidal instability in one or both
of the vortices. This causes a sinusoidal change in vortex spac-
ings, resulting in the observed merging statistics. The second
finding is that the time averaged merge location does not nec-
essarily coincide with the point of 50% merging probability.
This is clear in the —0.2 case, where the time averaged case
merges at X13, while the probability of merging at this point
is 89%. However, in the —0.15 case, the time averaged merge

FIG. 12. Distance to vortex merging
for time averaged cases (left) and prob-
ability distribution for instantaneous
measurements at various lateral vane
offsets (right).
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at X12 is reflected in the 100% merging probability from X12
onwards. This indicates the variances in vortex meandering,
as well as the change in energy distributions and vortex shapes
accounts for significant changes in the transient fluctuations
of the vortex merger.

C. Circulations and core radii

The radius results of Figure 13 show the initial Ryp3 as
remaining relatively constant for the unmerged cases, with the
downstream vortex radius approximately 9% smaller than the
upstream at the start of the domain. The radius of the upstream
vortex does not significantly drop throughout the domain, with
drops in radius of approximately 3%. The downstream vortex
has a similar trend for its size in far offset cases; however, as
the offset is reduced, its interaction with the upstream vortex
causes areduction in size of up to 13% over the domain. For the
merged case it can be seen that the initial Ry 3 is significantly
higher than the single vortex case; however, by the end of the
domain, it has reduced to within the error of the single vortex
case. This is due to the dispersion of vorticity from the weaker
vortex core to the Ag |, as identified in the merging section of
this paper.

When inspecting the R this can be seen through the
significantly higher radii for both the initial and final cores.
The core radius in this merged region is also affected by how
merged the vortices are. Ry 3 in the —0.2C offset case is the
largest of the merged cases at the start of the domain, coin-
ciding with the irregular, non-circular shape seen in Figure 9.
As the vortex travels downstream, it forms circular and uni-
form Ay 3, and this coincides with the final radius observed in
the single vane condition. The nearer offset cases have more

Initial Core Circulation

significant vortex core relaxation by the initial plane, result-
ing in their comparatively smaller radii. Applying the same
principles to Ry 1, it would be expected that over the course of
a longer domain, merged Ry ; would trend towards the single
vortex as the vorticity is drawn in from Ag ;.

The circulation figures seen in Figure 14 show similar
trends to the radius; however, there is a greater discrepancy
between the upstream and downstream vortices. The loss in
circulation from the downstream vortex is very apparent, with
drops of 28% along the length of the domain observed for the
cases nearest to merging. This was a non-linear trend, show-
ing far more significant decreases then core radius changes.
This is indicative of the dissipation of the secondary vorticity
peak into the Ag; as part of the energy transfer mechanism.
Of note is that the energy transfer out from the secondary vor-
tex is occurring at a far greater offset than the merged cases,
with it being clearly observable at the —0.4C and 0.4C off-
sets. The drop in downstream vortex circulation is 4.7% at
the 0.4C offset and 7.3% at the —0.4C offset. This drop is also
skewed to the positive offset, similarly to the merging distance.
It is hypothesised that this is due to the low pressure core of
the upstream vortex passing on the pressure side of the down-
stream vane, reducing the magnitude of the high pressure here.
This reduces the pressure differential across the downstream
vane’s tip, thus reducing the strength of the resultant tip vortex.
It is also a cause of the skew in vortex merging to positive off-
set, as the lower strength downstream vortex is more rapidly
merged.

While the radius of the upstream vortex remained constant
as the vanes approached merging offset, the upstream vortex
circulation can be seen to reduce at nearer offsets. At the 0.2C

Final Core Circulation
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offset, for example, the upstream circulation drops by 9%, as
opposed to the 0.5C offset where it drops by only 3.7%. As
such, the diffusion of vorticity from both vortex peaks becomes
more significant as their proximities are reduced. This circu-
lation has diffused into the A | region as part of the secondary
diffusive stage of vortex merging.

Inspecting the initial circulation for the merged case, it
can be seen that the outer regions of the merged offsets trend
towards the sum of the two individual vortex circulations.
At —0.3C offset, the initial sum of the upstream and down-
stream vortex circulations is 0.222 m?/s, and at 0.2C offset
it is 0.227 m?/s, which compares similarly to 0.220 m?/s
and 0.236 m?/s measured at —0.2C and 0.1C offset, respec-
tively. However, at the end of the domain, the merging process
has levelled the circulation to closer to that of the OC and
—0.1C offsets. This indicates that the shift towards circularity
involves a penalty in circulation, although the final circula-
tion of the merged vortex is still significantly higher than a
single vortex case. It is important that this is not necessarily
considered as a loss of flow energy, as the circulation is pro-
portional to vorticity, which is not a direct measure of flow
energy.

IV. CONCLUSION

Wind tunnel experimentation was performed to investi-
gate the behaviour of the interactions between a co-rotating
vortex pair produced by two offset vanes. NACA0012 wings
of 1.5 aspect ratio, at 8° angle of attack and a Reynolds num-
ber of 70 000 were used for this study, spaced 10C apart in
the streamwise direction. Lateral offsets from —0.7C to 0.6C
were studied to examine the effects of vortex proximity on the
resulting vortex sizes and paths.

For all unmerged cases, the two vortices migrated in a heli-
cal pattern. Vortex merging was observed from —0.25C to 0.2C
offset, equivalent to —0.15C to +0.3C offset from the unob-
structed path of the downstream vortex. This demonstrated a
bias to faster vortex merging when the upstream vortex passed
on the pressure surface of the downstream vane. As the off-
set was decreased towards the point of merging, the orbital
rate of the vortices increased non-linearly to a maximum of
44°/chord length travelled downstream. Vortex separation var-
ied linearly with offset, with the vortices consistently moving
closer together throughout the domain for all offsets inves-
tigated. As the vortices moved closer together and further
downstream, an instability was identified in the meandering
of the vortices. For the merged cases, it was found that the
merging process imparted a downwards motion and shifted
the vortex path to the positive side. Passing the vortex on
the pressure side of the vane resulted in the vortices moving
towards each other approximately 28% slower than if it was
to be passed on the suction side of the vane.

The vortex merging distance was found to be highly sen-
sitive to offset, with a non-linear trend. An unequal merging
process was observed, with the downstream vortex diffusing
its vorticity to a lower energy level. This diffuse vorticity was
then drawn around the stronger upstream vortex, eventually
forming a circular structure. Similar patterns were observed
for all offsets where merging occurred. The symmetry of the

Phys. Fluids 29, 057102 (2017)

vortex structure was found to change rapidly once the vortices
came with a core separation 2.3 times the core radius, result-
ing in rapid merging by the time the vortices were 2 core radii
apart. The location of merging could not be determined deter-
ministically but was instead statistical phenomena. This was
due to the meandering of the vortex location and energy levels
shifting the merging location upstream and downstream in a
sinusoidal oscillation.

From the circulations, it was found that the presence of the
upstream vortex weakened the downstream vortex. As the vor-
tices approached merging, their vorticity peaks were diffused
into a larger, lower energy vorticity level. For the fully merged
cases, a circulation loss was found to result from transitioning
from an irregular shape to a circular one. Despite this penalty,
the merged circulation remained higher than that of a single
vortex.

While the merging distance is sensitive to offset, these
results indicate that the fundamental effects and mechanisms
of the merging process remain the same regardless of vortex
separation. As such, the re-energisation of an upstream vortex
can be performed with a relative insensitivity to offset.
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decreased, peaking where the vortex interaction was strongest.
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1. Introduction

Vortex generators operating in boundary layers, turbomachin-
ery blade interactions, wind turbines and aircraft flying in forma-
tion can all produce vortex interactions with multiple
streamwise vortices in close proximity to each other [1-6]. Stream-
wise vortex/structure interactions have been studied considerably
less than either parallel or normal vortex/structure interactions [7],
particularly relating to the effects of the upstream vortex migra-
tion. Vortices of a vortex pair have been typically deployed from
the same streamwise location, limiting their proximity. However,
close interactions are important conditions to understand in order
to provide a knowledge base for practical vortex applications,
where upstream vortices may move in locations on either side of
a vortex producing obstacle, such as a wing or vane.

Interacting pairs of streamwise vortices can be classified into
either counter-rotating or co-rotating configurations. Counter-
rotating pairs exhibit a number of instabilities when placed in close
proximity to one another, including long wavelength (Crow [8]),
short wavelength (elliptic [9]) and spiral [10,11]. The Crow insta-
bility is described through a solution to a linear wave system,
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E-mail address: kyle@forsters.com.au (K. Forster).
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which describes the deviations of counter-rotating vortex pairs
[8]. Once the vortex cores reach a certain proximity or cutoff dis-
tance the two wakes unify into vortex rings and rapidly break-
down. Vortices that break down or dissipate in short distances
and timeframes do not have a long enough duration for waves to
form, and as such are not subject to the Crow instability. Using
these models, it has been found that all counter-rotating pairs
are inherently unstable regarding the long wave Crow instability
[12-14]. For vortices of unequal strength, the Crow instability
can manifest itself at much shorter wavelengths than for an equal
strength case. This has been simulated numerically using Compu-
tational Fluid Dynamics (CFD), and it has been found that a med-
ium length instability is present where the weaker vortex is
drawn around the primary vortex [15].

The short wave (elliptic) instability is identified in counter and
co-rotating pairs by a streamtube in the core of the vortex with a
diameter approximately half that of the instabilities wavelength.
This instability is caused fundamentally by a resonance of two Kel-
vin waves (a sinusoidal deformation) within the vortex core as dri-
ven by the strain field induced by the other vortex [16]. Like the
Crow instability, it is modified by differing axial velocity compo-
nents and vortex strengths. The effect of these instabilities on
migration and core size in practical upstream/downstream vortex
layouts is currently unknown.



64 KJ. Forster et al./ Experimental Thermal and Fluid Science 86 (2017) 63-74

Nomenclature

Ro 1 average radius of vortex at 0.1 vorticity threshold
Ao 1 total area of vortex at 0.1 vorticity threshold

r circulation

Xc X core location

Y. Y core location

C chord length
Re Reynolds number, based off chord length

For free flow (unbounded) inviscid cases any vortex pair will
maintain a constant core separation distance due to the conserva-
tion of angular momentum [9]. For a symmetric (equal circulation),
counter-rotating case, this will mean that the pair will translate
along the vortex pair centre axis, while for a case with unequal cir-
culations there will be an orbital motion [9]. These migrations have
also been observed in water tunnel testing [17], where dye marker
injected into the cores of a pair of counter-rotating vortices showed
a near linear trend in downwards motion of an equal strength pair.
This motion increases in magnitude as vortex swirl is increased
through varying the angle of attack of the vortex generation blades.

The interactions of a streamwise vortex with a wingtip at close
range have also been computationally investigated [7,11]. By align-
ing an incident vortex with the tip of a downstream vane, the
energy of the vortex system is increased in the near range, however
more rapid energy attenuation occurs downstream. When the vor-
tex is positioned inboard of the tip, it reduces the tip vortex size
and strength, while placing it outboard of the wingtip enhances
the wingtip vortex [7]. Reducing the distance of the incident vortex
to the wingtip has been found to increase the magnitude of the tur-
bulence production from the resultant vortex interaction [11]. It
has experimentally been found that a counter-rotating wing con-
figuration with a 2.5C streamwise wing spacing can substantially
improve rear wing L/D by up to 24% at an overlap of 5% of the wing-
span [18]. Such a configuration causes migration of the rear vortex
towards the root of the rear wing, however the downstream conse-
quences of these interactions have not been characterised for more
than one chord length downstream. These effects have also not
been evaluated at different vortex distances from the suction and
pressure sides of the downstream vane.

Adverse pressure gradients produced by downstream geome-
tries can interact with and disrupt the path of an existing vortex.
A significant obstruction in the path of a vortex will cause the vor-
tex to transition into either a spiral or bubble breakdown mode
[19]. This vortex breakdown location is dependent on the swirl
number (controlled by the angle of incidence of the upstream
vane) and the adverse pressure gradient. If the adverse pressure
gradient is not sufficient to cause breakdown, only slow diffusion
of the core through viscous mechanisms will occur.

Due to the swirling nature of vortices, they act as pressure gra-
dient amplifiers in the sense that an induced pressure gradient in
the freestream will be substantially increased at the vortex core
[20]. A probe placed near a vortex causes substantial upstream
migration of the breakdown location [21]. As such, either Laser
Doppler Anemometry (LDA) or Particle Image Velocimetry (PIV)
must be used for accurate experimental results for steady vortices.
However averaging point measurements can result in errors of up
to 35% in tangential velocity in meandering vortex cases, empha-
sising the importance of a global measurement technique for
meandering or unstable vortex analysis [22,23].

The work described in this paper investigates the near field
interactions of a vortex produced by an upstream vortex with a
downstream vane. PIV analyses have been performed for a wide
variety of vane offsets at multiple downstream locations, allowing
inspection of both the paths of the vortices and the meandering of

the vortex pairs. Characterisation of near-field counter-rotating
vortex interactions has been achieved, and the effects of generating
a vortex in a flow field with a pre-existing vortex structure are
found.

2. Experimental setup

The present study considers the interaction of two streamwise
vortices produced by two NACA 0012 vanes. One vane was located
10 chord lengths (C) downstream of the other, as can be seen in
Fig. 1. This configuration was chosen as it allows interactions
between vortices to occur at extremely close proximities that can-
not be observed if the vortices are deployed at the same locations.
This is also representative of the effects of a pre-existing vortex in a
flow interacting with a vortex producing device. An angle of attack
of 8 degrees on each vane has been used for all cases, with a
square-edged tip. Higher angles of attack decreased the vortex sta-
bility, with unsteady breakdown becoming observable for a single
vortex case at 12 degrees. Multiple offsets were tested from —0.6C
to 0.5C in increments of 0.1C, with a finer spacing of 0.05C between
—0.4C and OC.

The x-axis is in the direction of the flow, with positive down-
stream, the Y axis is across the tunnel and the Z axis is in the ver-
tical direction. As such, the rear vane quarter chord was located at
X =10C, with the vane root at Z= —1.5C.

Planar slices of the flowfield were captured using PIV at 0.5C
intervals from 1.5C back from the quarter chord of the trailing vane
to 7C back. These correspond to 11.5C and 17C from the leading
vane respectively. The laser sheet was not moved closer than
11.5C as the reflections from the vanes began to distort the results.
The experiment was performed at a Reynolds number of approxi-
mately 7 x 10* based on chord length. At 7 x 10* the vortex shed-
ding from a NACAO0012 airfoil at 8 degrees angle of attack is within
the supercritical region [24] and therefore any Reynolds number
lower than 6 x 10* at this angle of attack will result in a shedding
regime that is not indicative of higher Reynolds number scenarios.
Running the tunnel as slow as possible within the acceptable Rey-
nolds number range minimised vibration of the diffuser expansion,
camera mounting and test section caused by the operation of the
fan, thus minimising imaging errors.

2.1. Wind tunnel

Experiments were performed in the Macquarie University open
return, closed section wind tunnel. This tunnel has a 610 x 610
mm (24 x 24 in.) octagonal test section with a 1900 mm (6’ 3”)
length. Optical access is through a glass window on the top of
the test section and removable windows on the side. The test sec-
tion was characterised using a Turbulent Flow Instrumentation
100 Series Cobra probe, giving a peak turbulence intensity of
0.35% and average of 0.25%. Velocity uniformity was measured as
better than 1% variance, and flow angularity was found to vary
by 1 degree across the test section inlet. The wind tunnel speed
was electronically controlled through a National Instruments
MyRIO, with the pressure sensors calibrated against a temperature
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Fig. 1. Vane layout diagram, origin is at quarter chord tip of front vane.

controlled Baratron 120AD Differential Capacitance Manometer.
Streamwise velocity variance was held to within 0.38%.

A separate elevated ground is mounted to the floor of the tunnel
with a rounded front splitter to minimise the effects of the pre-
existing layer in the test section. This ground is mounted
100 mm above the tunnel floor on two steel rails. To reduce the
influence of secondary structures resulting from horseshoe vortices
or boundary layer stripping, the vanes were sized to be signifi-
cantly taller than the boundary layer. This prevents strong interac-
tions with these secondary structures, allowing the study to focus
on the interactions of the two tip vortices. The vanes have a chord
of 80 mm and a span of 120 mm, and are painted matte black to
minimise reflections.The boundary layer at the location of the rear
vane was experimentally measured to be 5 mm thick at 80% of the
freestream velocity and 20 mm thick at 95% of the freestream
velocity. A schematic of this setup can be seen in Fig. 2.

2.2. PIV setup

A planar two component PIV system was used to capture the
vortex dynamics. Due to the large expansion length of the Mac-
quarie University wind tunnel, the camera was placed inside the
expansion itself rather than using a mirror system. This allowed
the camera to be positioned 2100 mm downstream of the test sec-
tion and 2380 mm to the nearest image plane, giving a maximum
perspective bias of 1.6 degrees per side on a 133 mm wide obser-
vation plane with a 120 mm lens. Planar PIV can produce projec-
tion errors when the out of plane motion is dominant [25].
However, this can be substantially reduced by lowering the per-

Mounting rails

Filler plates

spective error from the camera, reducing the motion to as close
to the in-plane component as possible. For the comparison setup
2D and stereoscopic PIV of Yoon and Lee [25], it was found that a
camera with an effective perspective angle of 5.71 degrees per side
could produce an absolute maximum error of 20.8% in instanta-
neous in-plane velocity where the out-of-plane component was
proportionally large in a vortex driven flow. By reducing this angle
to 1.6 degrees through placing the camera much further away and
using a zoom lens, as per the setup described in this paper, the
maximum projection error is reduced to 5.8% under the same con-
ditions. It should be noted that this error is at the edges of the
observation window, and is not indicative of the errors near the
centre, which will approach zero projection error as the centre is
reached. The resultant vorticity field is consequently less affected
due to the steepness of the velocity gradients in the core of the vor-
tex as opposed to the shallow gradient of projection error induced
velocities. By superimposing the calculated projection error of a
uniform streamwise velocity field on the captured time-resolved
PIV data, the error in peak vortex core velocity was found to be
below 4% against the absolute velocity field, with an imperceptible
change in the vorticity field. This resulted in a negligible change in
the calculated core location and circulation. Focus was controlled
remotely. By placing the camera this far downstream of the test
section, there was no observable difference to the flow in charac-
terisation measurements obtained through the tunnel section.
The expansion section of the tunnel was on isolated mounts from
the tunnel fan, minimising vibration. Over a test of 200 image
pairs, the tip of the rear vane was found to have a maximum dis-
placement change of 1 pixel during the entire sampling time.

End of
\ test section

@ Origin

Fig. 2. Cutaway diagram of tunnel test section.
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Tracking of camera vibrations between images of an image pair
was performed through a Gaussian fit tracking of the illuminated
wingtip while the tunnel was running. This yielded a vibrational
displacement maximum of 0.0471px between the two images of
a pair, which is within the margin of error of Gaussian subpixel
tracking of just below 0.1px at low signal to noise ratio as identi-
fied by Saunter [26].

Laser access to the tunnel was through a glass window in the
top of the test section. The laser beam was sent to this location
via a periscope connected to a Dantec 3-axis computer controlled
traverse. This traverse was restricted to only allow laser sheet
movement along the axis of the tunnel. The laser used was a
dual-cavity Nd:YAG laser (Quantel EverGreen) with an output of
200 m] per pulse at 532 nm wavelength and a repetition rate of
15 Hz. Synchronisation between laser and camera was performed
with an ILA synchroniser. Laser pulses were delivered at 55 s
apart as any higher resulted in significant out of plane migration
of particles. This is equivalent to a downstream movement of
0.665 mm per particle at the freestream velocity. The laser sheet
thickness varies throughout the observation window as a result
of the focus, with an average thickness of approximately 4 mm
through the region of interest. This large thickness was selected
to minimise the amount of out-of-plane pair loss [27], with the
laser being run at maximum power to compensate for the reduced
sheet intensity. By combining this thickness with the short pulse
separation of 55 pis and a high particle seeding density the effective
number of particle image pairs in the interrogation window was
kept above 10, giving a greater than 98% valid detection probability
[27], thus being sufficient to compensate for the predominately out
of plane flow component. Validation of post-processed data was
performed by excluding points with vorticity gradients from the
surrounds greater than 500 L.

Seeding was performed with a PIVtech generator using Di-
Ethyl-Hexyl-Sebacat (DEHS) air soluble particles of 0.2-0.3 pm
typical diameter. This gives a Stokes number of approximately

2 x 107°, indicating the particle size is sufficiently low to follow
all flow streamlines accurately [28].

Scattered laser light was captured by a monochrome cooled
CCD pco.1600 camera with 1 GB of RAM. Images were digitised
at 14 bits, with a resolution of 1600x1200 pixels. The camera
was fitted with a 120 mm lens. The CCD size on the camera was
12.5 mm wide x 9.38 mm high, giving a field of view at the most
downstream plane of approximately 100 x 133 mm.

Image analysis was performed with PIVView software. Multi
grid interpolation was used, starting at a coarse grid size of
128px x 128px windows and finishing with refinement to
32px x 32px over 3 passes. Standard FFT correlation was used,
with two repeated correlations on 16px offset grids being per-
formed resulting in minimal in-plane loss of pairs. Subpixel shift-
ing was enabled on all passes with b-spline interpolation and
peak detection by a Gaussian least squares fit from 3 points. The
final grid size was 99 x 74 nodes.

Calibration of the camera was performed using a grid that was
photographed at all analysis plane locations, compensating for the
increase in plane size due to perspective. The plane was located
using the laser sheet, and then photographed to give an accurate
scale.

2.3. Sources of error

Sampling error for averaged results was determined to be 3.7%
in circulation and 0.0035C in location for the 400 total shots taken
against a multiple representative sample of 2000 image pairs. Due
to the nature of the manual focussing system there were induced
errors, with differences in focus able to produce up to 0.04C error

in core location. By implementing a particle pixel size threshold
of no more than 2 px at a brightness level of 4.5% of the total
dynamic range, this error was reduced to 0.0015C in core location.
Total error due to the calibration plane procedure was found to be
a maximum of 0.18% in location and 0.22% in scale, due to minute
differences in lateral calibration plane location. Seeding levels in
the room were convergence tested such that the error from the
seeding were not discernible from the randomness induced by
the other errors. Spatial convergence was ensured by evaluating
the —0.2C offset case at half the interrogation window size, effec-
tively doubling the spatial resolution. This yielded errors of +2.7%
in core radius and +0.0026C in location across the averaged sample
size for the zoomed out condition used. As previously discussed,
camera vibration was not observed at an appreciable level, with
a maximum image migration of 0.06% measured over the course
of an imaging run. The particle size was measured at an average
of 1.5 px, giving an uncertainty in position of 0.03 px [27]. Quanti-
zation errors were negligible due to 14 bit quantization. Any biases
inherent in each run were minimised by having the each set of 400
images taken with one forward run of 200 images (plane moving
from X17 to X11.5) and one backward run in the opposite direc-
tion; this way any errors in seeding or focus would be minimised.
The total error in core location was found to be +0.008C.

3. Results and discussion

Vortex radii can vary by up to 35% from instantaneous results if
time averaged results are used due to vortex meandering and local
fluctuations in velocity [22]. In addition to this, the velocity field
will be smoothed, resulting in significant deviations in circulation
and core size if time averaged results are used. However, it is still
desired to have average values for core location, size and strength,
and as such the results were analysed by a script based evaluation
of each individual pair of images. These images were sequentially
analysed in Matlab, with peak noise filtered by vorticity gradient
as previously mentioned. To eliminate the influence of vortex
shedding and low level noise on the calculation of tip vortex prop-
erties, all vorticity constructs except the tip vortex were filtered
out. This was performed by computing contours at 10% of the peak
vorticity and calculating the area enclosed by each individual
structure. All structures except the largest were then eliminated,
leaving only the tip vortex. The positive and negative vortices were
evaluated separately, giving the positive and negative circulation
magnitudes, location of the positive and negative vortex cores,
and core radii. These data points were then combined and analysed
for average values and variances. This allowed for an accurate cal-
culation of instantaneous core size, as well as time-averaged values
that could be used to represent the core characteristics and allow
comparison between cases.

3.1. Core paths

The vortex centre within a plane is defined as the integral of the
vorticity multiplied by the displacement, divided by the circulation
[9]. This can be seen in Egs. (1) and (2).

1
xC:T/des (1)

1 ¢
Ye=x / YdS (2)

While this does not always align with the location of zero in-
plane velocity, it allows for consistent prediction of the centre of
circulation intensity even when the vortex pair is migrating with
an in plane motion, which would otherwise skew the core location
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significantly. It is also more robust than simply using the value of
peak vorticity, as it is not significantly skewed by asymmetrical
vortices or vorticity peaks in the result. As previously mentioned,
these values were calculated at all image pairs, then averaged in
Matlab. An example of the averaging is given below in Fig. 3. From
this data, the core paths can be compared between cases.

Inspecting a selection of paths from across the cases investi-
gated, as seen in Fig. 4, a basic migration trend emerges. At the
far ends of the range (—0.6C and 0.5C) the migration is near linear,
and predominantly vertical. At the negative end of the spectrum,
the paths move upwards, while at the positive end they move
downwards, similar to the theoretical predictions of Lewecke
et al. [9]. This is due to the shear between the pair being minimal
due to complimentary rotation, while at the periphery of the pairs
there is no such rotation. This causes a shear between the vortex
pair and the freestream flow, resulting in the migration of the vor-
tex pair in the opposite direction to the outer velocity of the vor-
tices, as can be seen in Fig. 5. At closer offsets, the motion is less
vertically dominated, and takes on a more significant lateral com-
ponent, as well as a significant rotational motion between the vor-
tex pairs. As the configuration transitions between predominantly
vertical motion to predominantly lateral motion, the magnitude of
the migration increases significantly, as can be seen by the 80.5%
difference between the 0.5 and 0.2 case. This is followed by a sig-
nificant drop of 27.2% in the total migration between the 0.2 and
—0.05 cases as the vortices interact more closely. The same effects
can be seen on the negative side as it approaches the point of inter-
action, from —0.5 to —0.25.

The positive offset case vortex paths are shown in Fig. 6. At the
maximum offset (0.5C), the vortex pairs have little interaction,
with minimal deviation in their paths. The separation between
the vortex pair alters approximately linearly in the same amount
as the variation in offset between the vanes. For this range of off-
sets the vortex pair separation does not significantly vary from
the start to end of the domain, with the spacing increasing by an

average of 0.024C. The progressive increase in vortex pair migra-
tion as the vortices are brought together can also be seen in this
figure, with a progressive increase in vertical migration from the
0.5C to 0.1C cases of 0.19C (101%).

At the 0.1C case, a rotation of the vortex pair has become evi-
dent, with significant curvature apparent to both the upstream
and downstream vortex paths. This curvature occurs as a result
of a differential in vortex strengths in the pair. As the circulation
is higher on the downstream vortex, the weaker vortex is drawn
into a rotational path around it. This results in a direction of rota-
tion in the direction of the stronger vortex, despite the fact that its
downwards shear is higher than that of the weaker vortex due to
its increased circulation. Consequently, the path of the weaker
(upstream vortex) is significantly longer than the stronger vortex,
with a total migration of 0.660C as opposed to 0.522C for the
downstream vortex. This can only occur when a combination of
conditions are met, both the vortex proximity being sufficiently
close to produce significant interactions of the high vorticity core
regions, and the differential in strengths between the vortices
being sufficient to promote rotation. With both cores having an
average Ry ; of 0.146C and the vortex separation distance between
the cores being 0.274C, this would indicate that significant vortex
interactions which affect the strength of the upstream vortex begin
to occur at a vortex spacing approximately equivalent to 2XRg ;.
This is the spacing where the two vortex radii would just be
intersecting.

As the upstream vortex passes closer to the rear vane, the rota-
tional and horizontal migration of the vortex pair significantly
increases. This can be seen in Fig. 7. With no rear vane the
upstream vane’s vortex core was located at approximately —0.1C.
This means the upstream vortex would pass by the downstream
vane without direct impingement in the —0.3C and —0.25C cases.
However, as the offset is further reduced (—0.15C and —0.1C) the
upstream vortex will impinge on the downstream vane. This
causes a reduction in the path lengths of both vortices, and

Flow

Instantaneous Flow

Core Locations with Average Line

Fig. 3. Velocity vectors coloured by velocity magnitude (left), converted to vortex core locations for all planes and image pairs (right) with black line through core average

locations.
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Fig. 4. Paths of upstream (dotted) and downstream (solid) vortices. Note the scale difference between the top and side views. Error in core location is +0.008C.

Reduced shear between vortices
due to symmetrical flow

™ Shear against freestream flow due to
velocity gradient approaching vortex core

Direction of
vortex migration

Fig. 5. Schematic of vortex core migrations for equal circulation counter-rotating cases.

\J

increases the separations. At the —0.2C offset the Ry; of the path length from 0.216C to 0.128C. As such, the interaction
upstream vortex marginally impinges on the suction surface of between the downstream and upstream vortices post vane must

the downstream vane. This has caused a reduction in downstream
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Fig. 6. Paths of upstream (dotted) and downstream (solid) vortices. Note the scale difference between the top and side views. Error in core location is +0.008C.

be strongest at —0.25C, while the point of impingement is located
at —0.1C.

The rate of rotation by which the two vortices orbit each other
was calculated through a linear approximation of the change in
angle of the line drawn between the two vortex cores. This can
be seen diagrammatically in Fig. 8. By looking at these rotational
rates in Fig. 9, it can be seen that the lowest angular core velocities
are achieved at —0.1C, the point where the upstream core would
impact the quarter chord of the downstream vane if no deviations
occurred as a result of the presence of the second vane. Rotational
rate peaks occur at —0.2C and OC, at peaks of 19.57 and 17.74
degrees/C respectively. The peaks are caused by a combination of
high strength interaction and close vortex proximity. Of interest
is the increased rotational rate of the —0.2C case compared to
the stronger interacting —0.25C case. Closer inspection revealed
that the —0.2C rotation was high at the start of the domain, how-
ever rapidly reduced after X14, while the —0.25C case remained
near constant. As such, the partially impinged interaction of the
—0.2C offset causes a strong initial interaction as it affects the vor-
tex formation. However, the —0.2C interaction causes a more rapid
reduction of the vortex strengths as they progress downstream,
with a subsequent reduction in rotational rate, while the —0.25C
interaction shows far less reduction. Between —0.35C and OC there
are the most significant gradients of rotational rate due to the tran-

sition of the upstream vortex location around the vane. On the neg-
ative side of this rotational peak the rotation rates trend towards
the values seen on the far positive regions, as would be expected
as the vortex separations become significant again.

The initial vortex separations between the vortex pairs remain
relatively consistent through the range of near field interactions
from —0.35C to —0.2C, however dip slowly, and then drop to their
lowest separation at —0.25C. While the initial separations decrease
towards the —0.25C offset, the final separations remain far more
constant until —0.15C offset. This indicates that for a given vortex
core size the vortices will attempt to reach an equilibrium separa-
tion distance, in this case approximately 1.6Ro;. The initial core
spacing in the —0.25C case is the smallest, at approximately 1 core
radius. Bringing the vortices closer than this will begin to destroy
the upstream vortex significantly. As the upstream vortex
impinges on the vane it causes the vortices to increase both their
initial and final separation distances, as can be seen in the points
from —0.2C to —0.1C. At the point of complete impingement the
separation has become largest, and the rotation smallest, indicat-
ing that this is no longer a point of significant interaction, but
rather the downstream vane has significantly reduced the strength
of the upstream vortex during the direct vane/vortex interaction.
This configuration also displays a smaller difference between the
initial and final separations than the surrounding points on the
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Fig. 7. Paths of upstream (dotted) and downstream (solid) vortices. Note the scale difference between the top and side views. Error in core location is +0.008C.
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Fig. 8. Schematic of rotation angle calculation for vortex pairs.

negative side as the vortices have reached a steady equilibrium
state in the flow and the subsequent interactions are weak.

3.2. Core sizes

While the vortices remain near a uniform Lamb-Oseen distribu-
tion at the far offsets, at nearer offsets significant partial straining
occurs from the influence of the vortex interaction. This causes a
skew in the shape of the vortex core that changes its primary axis
as the vortex pair rotates downstream. This prevents the fitting of a
Lamb-Oseen distribution of vorticity to the results. Consequently,
to calculate the core radius, the area bounded by the isoline of
10% of the peak vorticity within the plane has been used in both
the positive and negative circulations, as used by Manolesos [29].
While this area can vary significantly from a circle, an effective
radius can be calculated from Eq. (3) by assuming approximate
circularity.

Ry =
0.1 P

3)

The removal of noise from the data via the previously men-
tioned filtering ensures that only the area of the core itself is pro-
cessed, and not the surrounding flow features or noise outside the
core. By comparing this method to a Lamb-Oseen approximation, it
was found that the spatial sampling resolution could result in a
15% maximum error in peak vorticity. This translated to a 1.5%
maximum error in the 10% peak vorticity, giving a maximum core
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Fig. 9. Rotational rates of the vortex pairs (left) and average vortex separations (right). Error in vortex separation is +0.005C.

radius error of 5% per image pair, which was considered acceptable
for this analysis. This was confirmed by evaluating the —0.2C offset
case at double the spatial resolution as previously mentioned,
yielding errors of +2.7% in core radius across the averaged sample
size.

Initial and final values for core radius were calculated by lin-
early approximating the gradients of core radius across the
domain, reducing the effect of statistical variance on the measured
sizes. These core radii can be seen below in Fig. 10.

At the —0.3C offset a significant reduction in initial core radius
can be seen for the downstream vortex. However, as these progress
through the domain the downstream vortex grows in size by
0.024C, while the upstream vortex radius decreases by 0.025C. This
is the only near-field interaction case observed to have a significant
trend of growth in the downstream vortex, and is also a local min-
ima before the increase in initial downstream vortex size to the
peak at —0.2C offset. Between —0.25C to —0.2C, the previously
identified peak of vortex interaction, there is a transition from a
larger initial upstream radius to a larger initial downstream radius.
While this change is small in magnitude, the final downstream vor-

Initial Core Radii
0.18 T T T T T T T T T

Radius (in C)

—@&— Upstream Vortex
—®— Downstream Vortex
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Offset(in C)

tex size peak at the —0.25C case has a more significant change,
indicating that the strong interaction has resulted in the transfer
of energy from the upstream vortex to the downstream vortex
throughout the domain, causing an increase in the size of the
downstream vorticity field.

As the interaction approaches the point of impingement, the
final size of the upstream vortex decreases to a minima at
—0.15C. As the upstream vortex moves closer to the tip, its strength
is significantly reduced by the counter-acting vorticity, resulting in
these decreases in core size. At the point of impingement (—0.1C)
there is a marked decrease in downstream vortex cores size. How-
ever, the upstream vortex size has increased by 17% at this point
from the —0.15C case. The reason for this was not apparent from
the results, however it is likely related to the downstream vortex
stripping vorticity from the upstream vortex when slightly offset,
while in the direct impingement case the downstream vortex itself
is significantly weakened, and as such cannot draw energy from
the upstream vortex as successfully. As the offset increases
towards the positive side, there is a steady increase in the final core

Final Core Radii

Radius (in C)

—@&— Upstream Vortex
—®— Downstream Vortex
0.09 L L L L L L L L L
-06 -05 -04 -03 -02 -01 0 0.1 0.2 0.3 0.4

Offset(in C)

Fig. 10. Core radii for all cases at X11.5 (Initial, left) and X16.5 (Final, right).
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radii for both the upstream and negative vortices, with less clear
trends in the initial size.

3.3. Vortex meandering

In addition to the circulation and core location changing as the
vortices pass through the domain, they also vary with respect to
time. Vortex meandering is the phenomenon of random vortex
motions and oscillations that result from any turbulent vortex
flow. While the origins of meandering are disagreed upon [7,30-
32], it is still important to characterise, as it changes the pre-
dictability of the flowfield, particularly in real world scenarios.
Given the large and effectively random sample of image pairs
taken, the statistics of the variance of both circulation and core
location can be used for analysis of the meandering magnitudes.
While the period, frequencies and amplitudes of small oscillations
cannot be evaluated with non-temporally resolved data, the total
magnitudes of displacements and the location distribution of the
meandering can be determined with non temporally resolved data
and a sufficiently large sample size. Such methodology has been
used by Miller et al. [33] and Rokhsaz [34] at 30 Hz, as well as
Heyes et al. [35] at 5 Hz. The core variance was calculated as the
standard deviation of the radial distance from the average core
location, while the circulation variance was calculated from the
standard deviation of the difference from instantaneous circulation
to average circulation, divided by the average circulation on the
plane. The division by the average circulation was used to remove
bias caused by low circulation cases and planes, as this would lead
to low circulation cases seemingly having less fluctuation
magnitude.

Inspecting the core variances in Fig. 11, it can be seen that the
natural tendency of the cores in the far interacting cases is to main-
tain a near constant meandering magnitude throughout the
domain investigated. From the 0.2C to 0.4C cases it can be seen
that the end variance is less than the start variance for the down-
stream vortices, and very similar for the upstream vortices, show-
ing that the initial meandering motion is be caused by the
formation of the vortices. The shear layers shed off the vanes
may provide the initial perturbations, resulting in the fluctuating
deviation of the core location. As the flow travels further down-
stream, these spanwise vortices will be dampened out by viscous
effects, as well as flow entrainment into the streamwise vortices.
These vortices are too far apart for the Crow instability to have a
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significant effect within this domain. This explains the reduction
of the meandering magnitudes as the vortices progress.

As the interactions of the vortices become stronger, their mean-
dering magnitudes significantly increase. Between —0.2C and
—0.05C the start variance of the upstream vortex significantly
increases. This is in the region of the upstream vortex Ry; inter-
secting the suction side of the downstream vane. At —0.1C offset
there is a peak variance of 0.17C, which is greater than Ry ;. This
indicates that in near field interactions the upstream vortex is fluc-
tuating from one side of the vane to the other, creating a large
spread of core locations. This increase is co-incident with the
reduction in vortex pair rotation angle between —0.2C and OC.
The downstream vortex is far less affected by these variations, with
a maximum increase in start variance of 0.0196C over the case
with the least variance.

While the start variance is proportional to the proximity of the
incident vortex to the downstream vane, the end variance is more
dependent on the magnitude of the interaction. This is particularly
true for the downstream vortex, which achieves a variance peak of
0.155C at —0.3C offset and a significant increase in meandering
from —0.35C to —0.15C. This is accompanied with a wider spread
of meandering in the upstream case, with significant increases in
meandering once the vortex separation drops below 0.275C (-
0.4C and 0.1C offsets). These downstream vortex proximities are
sufficiently close to allow for instabilities to be formed between
the vortices, creating the meandering observed. In both vortices,
the peak in variance at the downstream end of the domain occurs
at a more negative offset than either vortices start peak. This indi-
cates that the low pressure region on the suction side of the down-
stream vane and resultant adverse pressure gradient is enhancing
the instabilities of the vortex pair further downstream.

Further investigation of the nature of the meandering shows a
clear instability in the upstream vortex, as can be seen in Fig. 12.
At larger offsets (0.3C in figure) the presence of any sinusoidal
deviation is minimal, with only a slight skew observed in the
upstream vortex. As the offset is brought closer (0.1C) a clear devi-
ation of points at approximately 45 degrees to the line between the
vortex centres can be seen. This is indicative of a sinusoidal devia-
tion, similar to the uneven Crow instability previously identified in
computational work by the authors [11]. The deviation is far more
prominent for the upstream vortex than the downstream vortex,
which has an approximately circular distribution of locations.
The reason for this inconsistency was not apparent from the

Downstream Vortex Core Location Variance
0.16 T T T

@ Start Variance
—@— End Variance

Variance (in C)

06 -05 -04 -03 -02 -01 0 01 02 03 04
Offset(in C)

Fig. 11. Core location standard deviation of upstream vortex (left) and downstream vortex (right). Note the scale difference between the two plots.
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Fig. 12. Core locations of upstream (red) and downstream (green) vortices for 0C, 0.1C and 0.3C offset cases at X/C = 16.5. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

results, however it is likely due to the longer path of the upstream
vortex, in addition to reduced vortex strength from the initial vane/
vortex interaction. As the offset is further reduced, the upstream
vortex is drawn into the velocity field of the downstream vortex,
resulting in a curvature of its sinusoidal deviations. This can be
seen in the OC offset of Fig. 12. The same trends were seen when
approaching the vortex impingement from negative offsets.

The variances in circulation followed similar trends to that of
the core location, so are not presented here. The consistency in
these trends indicates that the damping mechanisms which
smoothen out the location meandering in the far offset cases also
calm the fluctuations of the vortex strength. As the increased swirl
velocities of high circulation will be reduced more rapidly by shear
than the lower velocities associated with low circulation, it is
expected that these fluctuations would be reduced as the vortices
pass through the flowfield, as long as there is not a significant
instability present. Of more interest is the increase in circulation
variance near the points of higher interaction. In the near field,
the normalised circulation variances were increased by 0.078
(75%) and 0.428 (471%) for the downstream and upstream cases
respectively. In the far field, these variances were increased by
0.20 (171%) and 0.4551 (932%) for the downstream and upstream
cases respectively. This indicates that the close interactions are
influential in the magnitude of the circulation fluctuations well
downstream from the initial interaction of the vortex with the
vane. As such, the interactions of the vortices with one another
can be observed to destabilise the cores and enhance the energy
transfer between the vortices.

4. Conclusion

Wind tunnel experimentation has been performed to charac-
terise the behaviour of the downstream interactions of the vortex
pair produced by two offset vanes, spaced 10C apart in the stream-
wise direction. 1.5 aspect ratio NACA0012 wings at 8 degrees angle
of attack and a Reynolds number of 70000 were used for this study.
Several lateral offsets were used to examine the effects of vortex
proximity on the resulting vortex sizes and paths.

For far positive offset cases, the vortex pair migrated down-
wards, while for far negative offsets the pair migrated upwards.
No vortex rebound was observed within the domain, indicating
the vanes were sufficiently high above the floor to be free of
ground effect. At close offset cases, the motions of the vortex pairs
shifted from predominantly vertical to predominantly lateral, with
increased rotation of the pairs. The rotational rate of the vortex pair
had two peaks at —0.20C offset and OC, with a minima at —0.1C, the
point of core impingement. This is consistent with the location of
the core with no downstream vane present. At this point the size

and strength of both vortices has been significantly reduced as a
result of the destructive interference in the formation stage of
the downstream vortex. This is responsible for the low rotational
rate. —0.25C produced the strongest interactions, with the second
highest rotational rate and highest vortex size changes, combined
with closest vortex pair proximity. The separation between the
vortices in this condition was approximately Rq;. This indicated
that placing a vortex one core radius from the suction side of a
vane is preferable for maximum interaction strength, while
impacting the vortex on the quarter chord causes the most signif-
icant vortex destruction.

The vortex meandering was found to be dependent on the prox-
imity of the interaction, with closer proximities producing higher
meandering levels. The strength of the shear layer shedding and
instabilities introduced by the unequal strength interaction were
found to be significant factors. The meandering magnitudes were
found to be more closely related to the strength of the interaction
than the destruction of the vortices, with the —0.25C case having
the largest meandering magnitude and steady decreases on either
side of this. Downstream vortex meandering was found to be more
sensitive to the strength of interaction than the upstream vortex,
with a typically lower meandering growth at further offset cases.
Near offset cases produced a clearly observable instability in the
upstream vortex only, with the 45 degree deviations being drawn
around the stronger vortex in a curved manner as the separation
distance was reduced. Circulation fluctuations followed similar
trends, demonstrating a link between circulation and core location
in meandering.

The rich dynamics observed and large changes in vortex state
resulting from small offset changes near the point of impingement
indicate that the traditional method of exploring only 3 or 4 offsets
may not be sufficient when predicting the paths of a counter rotat-
ing pair produced in this manner. The presence of vortex meander-
ing over longer distances would further amplify this problem, as
the transient changes in location of the initial vortex prior to inter-
action with the downstream structure will result in large changes
of the resultant pair’s location and size. As such, in systems where
consistent vortex behaviour is required, the counter-rotating pair
should be spaced at as high an offset as feasible.
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The interactions between two streamwise vortices at various lateral offsets were inves-
tigated by the wind tunnel testing of two NACAO0012 vanes. The vanes were separated by
nine chord lengths in the streamwise direction such that the upstream vortex impacted on
the downstream geometry. These vanes were evaluated at an angle of incidence of 8 degrees
and a Reynolds number of 70,000, with Particle Image Velocimetry (PIV) used for data
collection. To produce a co-rotating pair, both vane angles were orientated in the same
direction, while to produce a counter-rotating pair the angle of the rear vane was reversed.
Despite the fundamental similarity of the flowfield in terms of the presence and proximity
of two vortices, pronounced differences were observed in both the vortex paths and the
energy transfer between the two vortices. Circulation enhancement of the upstream vortex
occurred at all lateral offsets for the co-rotating case. The counter-rotating condition was
far more sensitive to offset, with far offsets causing vortex enhancement and near offsets
causing vortex destruction. The presence of the upstream vortex was found to increase
the production strength of the downstream vortex in the counter-rotating condition, and
decrease it in the co-rotating condition. However, the counter rotating condition was found
to have more rapid energy loss than the co-rotating condition, which did not significantly
lose circulation across the domain observed.
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I. Introduction

Turbomachinery blade interactions, aircraft taking off in succession, wind turbines and vortex generators
can all produce vortex interactions with multiple streamwise vortices in close proximity to each other®%3 .
These vortices may be desirable (flow control, heat transfer) or undesirable (aircraft wake vortices). There
are considerably fewer studies available on streamwise vortex/structure interactions than either parallel or
normal vortex/structure interactions.* Vortex interactions at extremely close core spacings have not been
studied extensively, as in previous work both vortices of a vortex pair have been typically deployed from the
same streamwise location.>6 These close interactions are important conditions to understand in order to
provide a knowledge base for practical vortex applications, where upstream vortices may move in locations
on either side of a vortex producing obstacle, such as a wing or vane. This study considers the interaction
of an initial vortex which travels downstream before interacting with a downstream vane, and the resultant
downstream flowfield.

Two fundamental types of streamwise vortex interactions can occur between vortex pairs; co-rotating
and counter-rotating. Despite the relative conceptual similarity of a flowfield with two interacting vortices,
the change in relative rotational direction alters the instabilities and paths of a vortex pair.” This can have
a significant effect on the strength of the vortices, as well as the rates of energy decay, leading to some
scenarios being well suited to vortex destruction, while others are more effective at the re-energisation of the
initial vortex.

If the total circulation of any vortex pair is non-zero, there will be a net rotation of the vortex system.
In the case of a co-rotating vortex pair, both circulations are of the same sign, hence they must add to a
non-zero amount, causing an orbital motion of the vortex system. If the circulations are equal, this will cause
the two cores to orbit at an equal radius around a central point, while if they are unequal the vortices will
orbit on different radii. For a symmetric (equal circulation), counter-rotating case, the pair will translate
along the vortex pair centre axis with no rotation, while for a case with unequal circulations there will be
an orbital motion. These migrations have been seen in water tunnel testing at a reynolds number of 20000,
where dye marker injected into the cores of a pair of co-rotating vortices showed negligible change in the
location of the orbital centre. While the dye marker can show the location of the core streamline, it cannot
predict vorticity strength, the centre of vorticity or the vorticity and velocity fields, making it difficult to
ascertain the mechanisms behind merging.

A pair of co-rotating vortices will merge in any viscous flow,” 1% 11 however the majority of experimenta-
tion and analysis surrounding this subject has used equal strength and size vortex cores, with two dimensional
flow fields and no velocity deficit through the core, limiting their applicability to real world interaction sce-
narios. The authors®® have previously investigated these interactions in upstream/downstream scenarios
with unequal strength cores, however the differences between the co and counter-rotating cases have not
been directly compared.

Both co-rotating and counter-rotating vortex pairs exhibit instabilities when placed in close proximity.
These include long wavelength (Crow'2) for counter-rotating systems, and short wavelength (elliptic” and
spiral'®14) for counter-rotating and co-rotating pairs. All counter-rotating pairs are inherently unstable
regarding the Crow instability, however may be found to break down in too short a distance for the instability
to manifest significantly™® 6 . The elliptic instability is caused in both types of interactions by a resonance
of two Kelvin waves (a sinusoidal deformation) within the vortex core as driven by the strain field induced
by the other vortex!” . The behaviour of both the short wave and long wave instabilities can be modified
by altering the axial velocity components and vortex strengths.

7

II. Experimental Setup

The present study considers the interaction of two streamwise vortices produced by two NACA 0012
vanes. One vane was located 10 chord lengths (C) downstream of the other, as can be seen in Figure 1. This
configuration was chosen as it allows interactions between vortices to occur at extremely close proximities
that cannot be observed if the vortices are deployed at the same locations. An angle of attack of 8 degrees on
each vane has been used for all cases, with a square-edged tip. Higher angles of attack decreased the vortex
stability, with unsteady breakdown becoming observable for a single vortex case at 12 degrees. Multiple
offsets were tested from -0.6C to 0.5C in increments of 0.1C, with a finer spacing of 0.05C between -0.4C
and 0C.
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Figure 1: Vane layout diagram. Reproduced with permission from “Interactions of a Counter-Rotating
Vortex Pair at Multiple Offsets”.®

The x-axis is in the direction of the flow, with positive downstream, the Y axis is across the tunnel and
the Z axis is in the vertical direction. As such, the rear vane quarter chord was located at X = 10C, with
the vane root at Z = -1.5C.

Planar slices of the flowfield were captured using PIV at 0.5C intervals from 1.5C back from the quarter
chord of the trailing vane to 7C back. These correspond to 11.5C and 17C from the leading vane respectively.
The laser sheet was not moved closer than 11.5C as the reflections from the vanes began to distort the results.
The experiment was performed at a Reynolds number of approximately 7 x 10* based on chord length. At
7 x 10* the vortex shedding from a NACA0012 airfoil at 8 degrees angle of attack is within the supercritical
region'® and therefore any Reynolds number lower than 6 x 10* at this angle of attack will result in a shedding
regime that is not indicative of higher Reynolds number scenarios.

A. Wind Tunnel

Experiments were performed in the Macquarie University open return, closed section wind tunnel. This
tunnel has a 610 x 610 mm (24 x 24 inch) octagonal test section with a 1900 mm (6’ 3”) length. The test
section has a peak turbulence intensity of 0.35% and average turbulence intensity of 0.25%, with velocity
uniformity better than 1% variance, and flow angularity less than 1 degree across the test section inlet.
Streamwise velocity variance was held to within 0.38%.

A separate elevated ground 100mm tall was mounted to the floor of the tunnel with a rounded front
splitter to minimise the effects of the pre-existing boundary layer in the test section. To reduce ground plane
interactions the vanes were sized to be considerably taller than the boundary layer. The vanes have a chord
of 80mm and a span of 120mm, and are painted matte black to minimise reflections.The boundary layer at
the location of the rear vane was experimentally measured to be 5mm thick at 80% of the freestream velocity
and 20mm thick at 95% of the freestream velocity. A schematic of this setup can be seen in Figure 2.

B. PIV Setup

A planar two component PIV system was used to capture the vortex dynamics. Due to the large expansion
length of the Macquarie University wind tunnel, the camera was placed inside the expansion itself rather
than using a mirror system. This allowed the camera to be positioned 2100mm downstream of the test
section and 2380mm to the nearest image plane, giving a maximum perspective bias of 1.6 degrees per side
on a 133mm wide observation plane with a 120mm lens. Focus was controlled remotely. By comparing to
the setup of 2D and stereoscopic PIV of Yoon and Lee,'® the setup described in this paper was found to
have maximum projection error of 5.8% under the same conditions. It should be noted that this error is at
the edges of the observation window, and is not indicative of the errors near the centre, which will approach
zero projection error as the centre is reached. By superimposing the calculated projection error of a uniform
streamwise velocity field on the captured time-resolved PIV data, the error in peak vortex core velocity was
found to be below 4% against the absolute velocity field, with an imperceptible change in the vorticity field

3 of 13

American Institute of Aeronautics and Astronautics



Downloaded by UNIVERSITY OF NEW SOUTH WALES (UNSW) on September 10, 2017 | http:/arc.aiaa.org | DOI: 10.2514/6.2017-3305

% e Filler plates @ Origin

Mounting rails

Figure 2: Cutaway diagram of tunnel test section, reproduced with permission from “Interactions of a
Counter-Rotating Vortex Pair at Multiple Offsets”.”

with a negligible change in the calculated core location and circulation. The expansion section of the tunnel
was on isolated mounts from the tunnel fan, minimising vibration. Over a test of 200 image pairs, the tip
of the rear vane was found to have a maximum displacement change of 1 pixel during the entire sampling
time. Tracking of camera vibrations between images of an image pair was performed through a Gaussian fit
tracking of the illuminated wingtip while the tunnel was running. This yielded a vibrational displacement
maximum of 0.0471px between the two images of a pair, which is within the margin of error of Gaussian
subpixel tracking.

The laser probe was mounted on top of a traverse to allow laser sheet movement along the axis of the
tunnel. The laser used was a dual-cavity Nd:YAG laser (Quantel EverGreen) with an output of 200mJ per
pulse at 532nm wavelength and a repetition rate of 15hz. Laser pulses were delivered 55us apart. The laser
sheet thickness varies throughout the observation window as a result of the focus, with an average thickness
of approximately 4mm through the region of interest. This large thickness was selected to minimise the
amount of out-of-plane pair loss.2 Validation of post-processed data was performed by excluding points
with vorticity gradients from the surrounds greater than 500 Sml]m.

Seeding was performed with a PIVtech generator using Di-Ethyl-Hexyl-Sebacat (DEHS) air soluble par-
ticles of 0.2-0.3um typical diameter. This gives a Stokes number of approximately 2 x 107°, indicating the
particle size is sufficiently low to follow all flow streamlines accurately.?!

Scattered laser light was captured by a monochrome cooled CCD pco.1600 camera with 1GB of RAM.
Images were digitised at 14 bits, with a resolution of 1600x1200 pixels. The camera was fitted with a 120mm
lens. The CCD size on the camera was 12.5mm wide x 9.38mm high, giving a field of view at the most
downstream plane of approximately 100x133mm.

Image analysis was performed with PIVView software. Multi grid interpolation was used, starting at a
coarse grid size of 128px x 128px windows and finishing with refinement to 32px x 32px over 3 passes. Stan-
dard FFT correlation was used, with two repeated correlations on 16px offset grids being performed resulting
in minimal in-plane loss of pairs. Subpixel shifting was enabled on all passes with b-spline interpolation and
peak detection by a Gaussian least squares fit from 3 points. The final grid size was 99 x 74 nodes.

C. Sources of Error

Sampling error for averaged results was determined to be 3.7% in circulation and 0.0035C in location for the
400 total shots taken against a multiple representative sample of 2000 image pairs. Due to the nature of the
manual focussing system there were induced errors, with differences in focus able to produce up to 0.04C
error in core location. By implementing a particle pixel size threshold of no more than 2px at a brightness
level of 4.5% of the total dynamic range, this error was reduced to 0.0015C in core location. Total error
due to the calibration plane procedure was found to be a maximum of 0.18% in location and 0.22% in scale,
due to minute differences in lateral calibration plane location. Seeding levels in the room were convergence
tested such that the error from the seeding were not discernible from the randomness induced by the other
errors. Spatial convergence was ensured by evaluating the -0.2C offset case at half the interrogation window
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size, effectively doubling the spatial resolution. This yielded errors of +2.7% in core radius and +0.0026C in
location across the averaged sample size for the zoomed out condition used. As previously discussed, camera
vibration was not observed at an appreciable level, with a maximum image migration of 0.06% measured over
the course of an imaging run. The particle size was measured at an average of 1.5px, giving an uncertainty
in position of 0.03px.?® Quantization errors were negligible due to 14 bit quantization. Any biases inherent
in each run were minimised by having the each set of 400 images taken with one forward run of 200 images
(plane moving from X17 to X11.5) and one backward run in the opposite direction; this way any errors in
seeding or focus would be minimised. The total error in core location was found to be 4+ 0.008C.

D. Vortex Analysis Methodology

Vortex radii can vary by up to 35% if time averaged results are used due to vortex meandering and local
fluctuations in velocity.?? In addition to this, the velocity field will be smoothed, resulting in deviations in
circulation and core size if time averaged results are used. This particularly affects the tracking of strongly
meandering vortices, such as those present after vortex breakdown. However, it is still desired to have average
values for core location, size and strength. As such the results were analysed by a script based evaluation
of each individual pair of images. To eliminate the influence of vortex shedding and low level noise on the
calculation of tip vortex properties, all vorticity constructs except the tip vortex were filtered out. This was
performed by computing contours at 10% of the peak vorticity and calculating the area enclosed by each
individual structure. These data points were then combined and analysed for average values and variances.

The vortex centre within a plane is defined as the integral of the vorticity (w) multiplied by the displace-
ment (X or Y value, depending on the axis being calculated), divided by the circulation (T'),” as shown in
egs. (1) and (2).

X, = %/des (1)

Y, = % / Ywds 2)

While this does not always align with the location of zero in-plane velocity, it allows for consistent
prediction of the centre of circulation intensity even when the vortex pair is migrating with an in plane
motion, which would otherwise skew the core location. It is also more robust than simply using the value of
peak vorticity, as it is not significantly skewed by asymmetrical vortices or vorticity peaks in the result.

For the co-rotating vortices, vorticity is of the same sign. This means that identifying the centre of
vorticity within a plane will be ineffective as it will only find the centre point between the two vortices. An
automated script was used to identify the two separated vorticity peaks and construct a contour line at 0.1
of the peak vorticity and 0.3 of the peak vorticity on a given plane, giving enclosed areas of Ag1 and Ag 3
respectively. In the case that the smaller Ag 3 was less than a quarter of the larger Ag 3, the vortices were
considered merged. This 1:4 ratio was selected based on the graphical results, which correlated with the
observable vortex cores while minimising the influence of signal noise on the results. The single Ag; and two
Ag.3 areas are considered as the vortex core regions for the merging vortex system and individual vortices
respectively. Consequently, for path tracking the weighted centroid of eqs. (3) and (4) was used.

1
XC = /XA().'JWdS (3)
FAO.S
1
Y, = / Ya, swdS @)
Fags ,

Due to the skew towards non-circularity at near offsets, the radius of the vortices was calculated using
the vortex areas and assuming vortex circularity to give an effective radius. These were Ry and Ry 3 for
Ap.1 and Ag 3 respectively. The vortex circulation was calculated by the integral of the vorticity within the
identified core region. When there are individual vortices identified, this is taken at an Ag 3 cutoff, as this
allows the continued identification of vortex peaks through the merging case. When the vortex is merged,
this is evaluated at Ag1 to capture the entire vortex. If Ag.3 is used to characterise the merged vortex it
excludes the merging tail region of the vortex, causing a significant drop in effective vortex circulation. This
is not an issue for the unmerged vortex cases, as the vortices are still approximately circular in shape so
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there is no vorticity lost to the tail region. This will however cause an effective circulation reduction for the
unmerged cases, so should be noted for the results of this section. This reduction was found to be 10.5% as
calculated from the single vortex case.

ITI. Results

The separation between the two vortices at the start and end of the measurement domain can be seen
as the initial and final separations respectively in Figure 3. In the far offset ranges the vortex separations
varied linearly for both the co and counter-rotating conditions. However, in the counter-rotating condition
the vortex proximities shifted further apart by approximately 0.026C as the vortex pair travelled downstream,
while in the co-rotating cases they were drawn together by between 0.077C in the negative offsets and 0.043C
in the positive offsets. This consequently led to the merging of the vortices as the vane offset decreased due
to their same sign vorticity. In this same near field offset range, the counter-rotating vortex proximities were
actually separated further up to 0.41C due to the destruction of the initial vortex, leaving only the remnants
of this vortex to propagate downstream at a location towards the root of the vane.

Vortex Pair Separation Vortex Pair Separations
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Figure 3: Vortex pair separations plotted against offset for all unmerged cases for co-rotating (a) and counter-
rotating (b) configurations. Reproduced with permission from “Interactions of a Counter-Rotating Vortex
Pair at Multiple Offsets” and “Interactions of a Co-Rotating Vortex Pair at Multiple Offsets”.> 6

While there is symmetry in the far offset separations, the centre of vortex interactions is offset depending
on whether the scenario is co-rotating or counter-rotating. The merging range for the co-rotating case is
-0.25C to 0.15C, while the points of closest separation for the counter-rotating case are at -0.25C and 0C.
There is also a visibly clear skew of the separations to being reduced at the negative offsets in the counter-
rotating condition, as evidenced by 0.25C separation at -0.4C offset as opposed to 0.37C separation at 0.2C
offset. It is hypothesised that this is due to the low pressure field of the upstream vortex affecting the
formation of the downstream vortex via the reduction in pressure on the pressure or suction surface of the
downstream vane.

In both cases, a critical point was present where the nature of the interaction significantly changed.
Once the vortex separation in the co-rotating case reached double the vortex radius, the vortices rapidly
merged through the merging mechanism discussed later in this paper. For the counter-rotating case it was
found that the vortices could be brought much closer to approximately one core radius separation before
the initial separations started to diverge. The counter-rotating condition also contains 3 distinct separation
regimes instead of the co-rotating’s merged and unmerged state. In the far field (B, < —0.4C, B, > 0.1C)
counter-rotating condition, the separations are near constant, in the near field (-0.4C < B, < —0.25C,
0C < B, < 0.1C) they continue to decrease in initial separation while remaining constant in final separation,
and in the very near field (—0.25C' < B, < 0C) they markedly increase in both initial and final separation.

As the co-rotating vortices continually decrease in spacing, their separation behaviours across all the
individual cases can be extrapolated to simulate the behaviour of a single vortex pair deployed at an initial
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Figure 4: Vortex pair separations for all unmerged cases. Each offset case is indicated by the annotations on

the line segments. Reproduced with permission from “Interactions of a Co-Rotating Vortex Pair at Multiple
Offsets” .6

spacing of B, /Rg.3 = 7. These results can be seen in Figure 4, demonstrating that the speed of the drawing
together process of the vortices was dependent on which side of the vane the upstream vortex was passed on.
If the vortex passed on the pressure side of the vane, for every chord length travelled downstream the vortices
move together approximately 0.154 of the core radius. However, if the vortex passes on the suction side of
the vane, this is decreased to 0.110 core radii, giving a 28% differential in separation rate. This suggests that
the wake region of the vane significantly affects the speed of the merger, causing the vortices to be forced
together faster. Despite this differential in the separation changes the merging mechanism observed was the

same for all co-rotating cases, while for the counter rotating cases it was substantially different depending
on offset.

Vortex Pair Rotational Rate Vortex Pair Rotational Rate

S0 T
20t
a5+
5 1 G ﬁ
5 a0k f 5 [\
g % J.-" .“. E 16 /EII I|I | \
g a5r .-"II \-. £ 14 I| | \
=) \ Q /f \ fr
@30} ® \ &4z F | [
] \ o / | \
3250 / 2 S » s i)
g / Merged \ £ \ &\
3 20} / \ £ i | ] \
S g 2ef / 4
g 'S ) 5/./ \/ f\
U
g e /./ ] E ‘s L \
ok <20 (b)
st (a) 3
¥ [ P PR . S —
0.6 0.4 0.2 o 0.2 04 06 06 -0.4 0.2 o 0.2 04 06
Offset(C) Offset(C)

Figure 5: Vortex pair rotations plotted against offset for all unmerged cases for co-rotating (a) and counter-
rotating (b) configurations. Reproduced with permission from “Interactions of a Counter-Rotating Vortex
Pair at Multiple Offsets” and “Interactions of a Co-Rotating Vortex Pair at Multiple Offsets”.%%

The rotation rates presented in Figure 5 showed similar trends in the offset skew and the strength of
interaction as the proximities were reduced. For the counter-rotating case, peaks can be seen at -0.2C and
0C, while for the co-rotating cases the rotational rate increased until the point of vortex merging. Both cases
showed a non-linear trend in rotational rate as separations were reduced. The co-rotating condition had a
substantially higher rotational rate than the counter-rotating case, with peaks over twice as high. This is
due to the co-rotating condition’s vortices orbiting around a central point between the vortices whereas the
counter-rotating condition’s orbital centre was located to the outside of the two vortices.
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Figure 6: Circulation values for various counter-rotating vortex cases.

Inspecting the circulation trends of the two conditions shows significant differences in the total energy
available and the rates of energy dissipation. The counter-rotating circulations seen in Figure 6 show that
as the offset increases between the vanes at the far edges of the range investigated the circulation between
the two vortices becomes more equal. As they are drawn closer from -0.6C to -0.4C, the circulation of the
upstream vortex is decreased by 4.7% with a corresponding increase in the circulation of the downstream
vortex of 8.6%. This shows an energy transfer from the upstream vortex to the downstream vortex. The
transfer of energy in these far offset cases happens during the initial stages of vortex formation, as negligible
circulation decrease is noted after this point. As the offsets are brought within the previously identified near-
field range, there is a transition from relatively little circulation loss through the domain to a downwards
trends in the circulation, with the -0.4C offset having a loss of 5.6% in the downstream vortex and the -
0.35C having a 17.9% equivalent loss. As the offset is further decreased, the initial circulation destruction in
the upstream vortex increases, with the strength being reduced from 0.147s~! at X11.5 in the -0.6C case to
0.0439s~! in the -0.15C case. As such, the counter-rotating condition decreases in the duration of its strength
as the offset decreases and the vortices interact. It should be noted that using the time averaged results
smears the vorticity field resulting from the highly meandering upstream vortex in these low energy scenarios.
This shows the vortex as completely disappearing in the time averaged case, whereas weak coherent vortex
structures were observed in the instantaneous results. This is represented by the circulation from X15 to
X16.5 in the very near field circulation results.
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Figure 7: Circulation values for various co-rotating vortex cases.
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The co-rotating results showed that there was less total circulation present in all far offset cases than the
counter-rotating condition, with approximately 26% less total circulation from -0.6C offset to -0.4C offset, as
can be seen in Figure 7. In contrast to the counter-rotating case where the downstream vortex is dominant,
the upstream vortex is the dominant vortex. This is due to the presence of the upstream vortex reducing the
strength of the downstream vortex in its production, instead of enhancing it with a counter-rotating field.
As the total offset decreases from -0.6C to -0.4C the strength of the downstream vortex decreases from an
average of 0.108s~! to 0.093s~!, with negligible strength observed in the upstream vortex. The strength
of the upstream vortex in the far offset cases is very similar between both the co-rotating and counter-
rotating cases, with an average value of approximately 0.14s~'. This demonstrates how significant the vortex
direction is on the production strength of the downstream vortex from the rearward vane, with substantial
enhancement seen in the counter-rotating case and a loss of circulation in the co-rotating condition.From
this it can be seen that the counter-rotating condition will produce a higher circulation initial vortex system
than the co-rotating condition. As the offset is further reduced and the merged state is approached there
is circulation transfer from the downstream vortex to the upstream vortex. This results in the circulation
of the upstream vortex rising to a level up to 16% above that attained by the counter-rotating upstream
vortex, at the cost of the strength of the downstream vortex. As the offsets are moved closer together the
vortices became merged from the start of the domain, resulting in the highest upstream vortex circulation
in the -0.1C offset case.

x-vorticity: -1 -0.875 -0.75 -0625 -05 -0.375 -0.25
B,/Ro3=5.5 B./Ro3=2.3 B./Ro3=2.2

Figure 8: Pathlines in the co-rotating reference frame and vorticity for different stages of vortex merger.

Reproduced with permission from “Interactions of a Co-Rotating Vortex Pair at Multiple Offsets”.%

The differences between the mechanisms of the vortex interactions can be seen clearly by plotting the
two dimensional pathlines over contours of vorticity. As previously identified, in the co-rotating condition
the vortices rotate at a far more rapid rate, with the slowest rotating case being faster than all but five of
the counter-rotating cases. In order to observe the merging mechanisms responsible forthe merger, it was
necessary to translate the velocity into the co-rotating reference frame. As the mechanism was noted as being
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the same regardless of offset, the data from multiple offsets could be combined to show the different stages of
vortex merger, as can be seen in Figure 8. This showed that as the vortices approached a separation of two
core radii a significant asymmetry in the flow fields formed, followed by a rapid transmission of vorticity from
the weaker vortex to the stronger vortex without a large change in vortex separation. This was accompanied
by a movement of the ghost vortex regions (the outer recirculation regions with little vorticity) from one
side of the primary vortex to the other, before they merged together and normalised.

x-vorticity: -1.1-08-05-02 01 04 0.7 1

Figure 9: Pathlines in the stationary reference frame and vorticity for different stages of vortex merger in
counter-rotating -0.3C offset condition. Vortex locations are reframed to be consistent in alignment.

While the co-rotating condition could be extrapolated across the cases into a consistent merging process,
the mechanism behind the counter rotating interaction was far more variable, resulting in substantial differ-
ences depending on offset. At very near field offsets the the mechanism for destruction appeared to be from
direct impact on the front of the vane causing and vorticity interaction and vortex breakdown, leaving only
remnants of the initial vortex and a weak downstream vortex. For larger offsets in the near field and far
field, this shifted to a mutual instability inductance, which caused the long term loss in circulation. As can
be seen in Figure 9 the -0.3C case started with the vortices spaced at a very close proximity before drifting
apart by X12.5. The upstream vortex then undergoes a rapid reduction in vorticity, with its limit streamline
completely destroyed by X14.5. Following this the downstream vortex proceeded to dissipate. The process
can be broken up into four main pathline states. Initially, the limit cycle of the pathlines for both vortices is
at a similar radius. This then separates as the vorticity of the upstream vortex reduces in magnitude, with
the stronger vortex retaining similar streamlines but the weaker moving away and decreasing in size. The
limit cycle is then broken down into kinked pathlines, as observed at X14.5. These pathlines are straightened
out, leaving just the remains of the stronger vortex. In other near field offset cases the process remained
similar, however the rate of the process increased, with the -0.25C offset case having moved to the 4th stage
by X14.5, leaving a reduction in stage length of 2.5C for an offset change of only 0.5C. In the very near field
the second vortex was nearly indistinguishable in the time averaged results, with the 4th stage present from
X11.5.

At far offsets the destruction of the vorticity and reduction of circulation was far less pronounced, however
the shifting of the streamlines was still significant, as seen in Figure 10. This shifting of streamlines from a
downwards position to a more uniform vortex shape indicates that this structure may be a consequence of
the formation of the downstream vortex by the vane, even though the structure is observed in the upstream
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x-vorticity: -1.1-08-05-02 01 04 07 1

Figure 10: Pathlines in the stationary reference frame and vorticity for different stages of vortex merger in
counter-rotating -0.4C offset condition, with the base of the limit cycle of the weaker vortex highlighted by
the orange ovals. Vortex locations are reframed to be consistent in alignment.

vortex. From the figure, the movement of the streamlines both around and towards the vortex can clearly be
seen, as highlighted by the orange ovals in the figure. It is anticipated that if the vortex spacing is sufficiently
large that the strength of the vortices does not dissipate, with a long enough distance downstream this will
normalise to form a more uniform and symmetric vortex structure.

Both the co-rotating and counter-rotating scenarios produced instabilities in the vortices, traceable by
analysing the instantaneous positions of the vortex cores from the image pairs as previously discussed. The
instability observed in the counter-rotating case was typically dominant in the weaker vortex at nearer
offsets, with a 45 degree angle observed between the weaker vortex instability and the vortex centreline.
This indicated the presence of an uneven crow instability, similar to that identified by the authors.'4 In the
co-rotating condition the instabilities were of lower magnitude and shallower angle closer to 30 degrees in
the weaker vortex. The magnitude of oscillation of the weaker vortex did not substantially increase as vortex
proximity reduced until the point of merging, unlike the counter-rotating condition. This instability shared
some similarities such as deviation angle with that of equal co-rotating vortices identified by Miller et al.?3

0C Offset 0.1C Offset 0.3C Offset
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Figure 11: Core locations of upstream (red) and downstream (green) counter-rotating vortices for 0C, 0.1C
and 0.3C offset cases at X/C = 16.5. Reproduced with permission from “Interactions of a Counter-Rotating
Vortex Pair at Multiple Offsets”.®
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Figure 12: Core locations of upstream (red) and downstream (green) co-rotating vortices for -0.25C and
0.2C offset cases at X/C = 14 and 0.3C offset at X/C = 16.5.

IV. Conclusion

Wind tunnel experimentation was performed to investigate the behaviour of the interactions between
both co-rotating and counter-rotating vortex pairs produced by two offset vanes. NACA0012 wings of 1.5
aspect ratio, at 8 degrees angle of attack and a Reynolds number of 70000 were used for this study, spaced
10C apart in the streamwise direction. Lateral offsets from -0.7C to 0.6C were studied to examine the effects
of vortex proximity on the resulting vortex sizes, paths circulations and instabilities.

While the flow fields are very similar conceptually, many pronounced differences were observed in both the
formation of the downstream vortex and the mechanisms observed in the evolution of the system. While both
systems underwent rotation, the counter-rotating system was driven by a differential in strength between
the vortices, and the co-rotating system rotated due to shear at the periphery of the same signed vorticity.
This resulted in the co-rotating pair having a much higher rotational rate due to the centre of rotation being
inside the vortex pair, as opposed to being outside in the counter case.

The separations between the co-rotating pair followed a consistent trend of moving together regardless
of offset, while the counter-rotating pair moved further apart, with a substantial increase in motion in the
near field range to an equilibrium distance of approximately 0.23C. The direction of the vortex interaction
considerably affected the strength of downstream vortex production, with counter-rotating configurations en-
hancing downstream vortex strength by 30% and co-rotating conditions reducing it by 28%. The co-rotating
vortex merger showed similar levels of energy transfer in all cases, while the counter-rotating condition saw
vortex dissipation rates substantially increase as the offset was reduced. It was found that the mechanism
responsible for energy transfer remained the same, regardless of vortex offset in the co-rotating condition,
with only the distance to merger changing. In the counter-rotating condition the mechanism was found to
vary significantly between the far, near and very near field, with the resulting instabilities increasing as the
vortices were shifted closer together.

As such, these results indicate that where a short duration, high circulation vortex system is required a
counter-rotating upstream/downstream configuration would be best, while a co-rotating configuration will
be superior for cases requiring a vortex system that is more stable in the long term.
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Abstract

Streamwise vortices can be observed to interact in a number of real
world scenarios. Vortex generators operating in boundary layers, as
well as aircraft flying in formation can produce vortex interactions
with multiple streamwise vortices in close proximity to each other.
The tracking of these vortex paths as well as the location and nature
of their breakdown is critical to determining how the structures can
be used to aid flow control, and how large scale turbulence develops
from them.

Six configurations of two NACA(0012 vanes were evaluated
computationally to observe the interactions of a pre-existing vortex
with a vortex generated downstream. Co and counter-rotating
configurations at three different lateral spacings were used to vary
vortex position and impingement on the rear vane. RANS testing of all
configurations revealed that the strength of the downstream vortex in
the co-rotating case was largely unaffected by the presence of the
upstream vortex, while the counter-rotating case saw a reduction in
vortex strength of up to 30%. LES simulations to better understand the
flow mechanisms exhibit the Crow instability in the counter-rotating
case and a helical merging pattern in the co-rotating condition.

These findings show that multiple vortex generators can be used to
re-energize vortices, allowing far longer vortices than commonly
achieved in fields such as flow control. The outcomes indicate that
accurate positioning of counter-rotating vortex pairs to cause the
premature destruction of undesirable vortices is possible.

Introduction

Boundary layer flow control is often enacted through the use of
streamwise vortices, which can delay flow separation by the
re-energization of the near-wall region [1,2,3]. This allows wings to
operate at higher angles of attack without stall occurring [1], and can

keep duct flows from separating around bends [2]. However, the
presence of adverse pressure gradients in these flowfields inherently
causes the vortex to break down beyond a certain point and be
rendered ineffective. To ensure flow remains attached for the desired
surface, a vortex used for flow control must persist the length of the
required geometry without suffering breakdown.

In contrast, the presence of upstream vortices may produce negative
effects on downstream flow devices. An example of this is aircraft
wakes, which prevent the closely spaced landings of subsequent aircraft
due to the dangerous downwash produced by their vortices [4]. The
breakdown of these vortices is a critical factor, allowing safe landings of
subsequent aircraft, and is typically due to the Crow instability [5].
Similar negative effects can be seen in race car aecrodynamics, where
existing vortices may reduce the efficiency of components such as air
intakes, radiators and wings [6]. As such, it is important to know how
upstream vortices interact with geometries, and to determine methods of
producing rapid vortex breakdown where required.

Experimental studies have identified seven types of vortex
breakdown falling under 3 primary categories, as classified by
Lucca-Negro and O'Doherty [7]. The three primary modes are bubble
type, spiral type and helical breakdown, with the other modes
typically being combinations of these. Escudier and Zehnder [8] and
Leibovich [9] found that increasing the swirl number (the ratio of
maximum azimuthal velocity to axial velocity) of a vortex
transitioned the breakdown from spiral to bubble, and subsequently
moved it further upstream as the swirl number became higher. As
such, the swirl number essentially defines the stability of a vortex, as
well as its localized strength due to increased flow entrainment from
vortices with higher swirl. Pasche, Gallaire and Dreyer [10]
demonstrated that the swirl number was linked to the angle of attack
of a given vane, and as such selection of angle of attack on a wing or
vane will determine the vortex effectiveness and duration.
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The simplest method for invoking vortex breakdown is to place a
blockage in the flow path of the vortex, producing a steep adverse
pressure gradient. Pasche, Gallaire and Dreyer [10] investigated the
effects of a sphere placed in the trajectory of a vortex generated by an
elliptical vane in a water tunnel. The short duration adverse pressure
gradient generated by the sphere was directly linked to the breakdown
location, with larger spheres and sphere upstream movement causing
the breakdown location to move upstream. While this method is
effective in causing vortex breakdown, it will cause significant drag
and large flow losses due to the significant blockage and adverse
pressure gradient required. A method to perform this vortex
breakdown with less drag, such as breaking it down with another
vortex, may be greatly beneficial.

Experimental studies have also been performed on co-rotating and
counter-rotating vortices produced by vanes. Inasawa, Mori and Asai
[11] investigated the flowfield around two wings spaced 2.5C apart in
the streamwise direction with 5% of the wingspan overlapping. They
were able direct the lead vortex onto the trailing wingtip surface, where
it interacted and produced a separate counter rotating vortex pair.
Smoke visualization showed that the burst point of the leading wing
vortex was behind that of the trailing wing, with some energy transfer
occurring. Devenport, Vogel and Zsoldos [12] looked at the interactions
of a co-rotating pair, finding at a Reynolds number of 260000 based on
chord length that the two cores continued to spiral around each other
for 20 chord lengths after the vanes before merging into a single vortex
core. This final core structure was found to be larger and more
axisymmetric than a vortex produced from a single vane.

Due to the swirling nature of vortices, they act as pressure gradient
amplifiers in the sense that an induced gradient in the freestream will
be substantially increased at the vortex core [13]. Cassidy and Falvey
[14] found that a probe placed near a pure vortex caused a substantial
upstream migration of the breakdown location. As such, either Laser
Doppler Anemometry (LDA) or Particle Image Velocimetry (PIV)
must be used for accurate experimental results; however these
methods are time consuming and difficult to construct a full transient
picture of all vortex properties. In addition to this, pressure fields
cannot be directly measured by either LDA or PIV, and LDA cannot
time resolve meandering vortices. Consequently, Computational Fluid
Dynamics (CFD) is a very useful tool for in depth vortex analysis.

The work described in this paper investigates the near field
interactions of a vortex produced by an upstream vortex with a
downstream vane. Steady state RANS solutions have been used for
preliminary analysis of a two vane configuration, allowing for
approximate flowfields for comparison and cases of interest to be
decided. Due to the solution time reduction, using RANS solutions
has allowed for more cases to be compared for numerical analysis.
Transient LES simulations of three of the six cases have then been
run to more accurately observe the flowfield and monitor the
dynamics of the vortex motions and interactions. The aim of this
work is to determine if vortex re-energization is possible by the
introduction of a secondary vortex, and if premature vortex
destruction may be promoted through the use of vortices.

This paper details the computational methodology of the analysis, with
detailed results from the RANS and LES runs performed, and a
comparison of the different configurations as well as the results obtained
from the different methods. The suitability of vortex generators for
re-energization and destruction of vortices will then be discussed.

Computational Setup

The present study looks into the interaction of two streamwise
vortices produced by two NACA 0012 vanes. One vane is located 10
chord lengths (C) downstream of the other, as can be seen in Figure
1. Six configurations were initially tested, with counter and co
rotating vanes with a lateral offset of 0C, 0.2C and —0.2C. These were
chosen to observe the effects of the front vortex impacting and
passing to either side of the rear vortex, thus allowing the effects of
the front vortex on the rear vortex's breakdown length to be observed.
An angle of attack of 8 degrees on each vane has been used for all
cases, with a square edged tip. This tip geometry was selected as it is
facilitates a high quality mesh in that region while still producing a
well-defined vortex. Eight degrees was selected as it will give a
sufficiently high swirl number to observe the vortices while being
below the stall point of the vanes, reducing any risk of further
complicating the flow by introducing flow separation. The vanes are
1.5C tall, a compromise between larger clearance from the floor
boundary and the stronger relative vortex produced by shorter aspect
ratios. The configurations for the cases to be evaluated are detailed
below in Table 1 and Figure 1.

Table 1. Case Configurations

Lateral Offset Co-Rotating Counter-Rotating
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Figure 1. Diagram of vane setup

A constant velocity inlet with no boundary layer was specified as the
inflow. As the primary objective was to observe the paths of the
vortices with minimal external flow disturbances, a low turbulence
value of 0.1% was used, with a length scale of 0.03C. Because a
minimised boundary layer influence on the vortices was desired,
symmetry (free-slip) conditions were used for all domain walls, with
a no slip wall being employed on the vanes themselves. For the outlet
an outflow condition was used to provide minimal disturbance to the
vortices, as previous tests had shown that pressure outlets had caused
necking and upstream disturbances along the vortex core. A Reynolds
number of approximately 70000 based on chord length was selected
provide a compromise between the shorter vortex breakdown length
at high Reynolds numbers and the lessened flow disturbances at low
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Reynolds numbers. This is also such a number that the flow can
easily be replicated in a wind tunnel at a later point in time. The flow
was assumed to be incompressible.

Extensive testing of the boundary distances was carried out on the

inlet, outlet and sides, with RANS solutions used to reduce evaluation

times. Configuration F was selected for boundary testing. Four
positions were tested for outlet length, with three for the inlet and
sides. It was found that all the outlets tested were sufficiently far
downstream to not cause interference with the paths of the vortices,
and as such boundary selection became an issue of desired
observation window and mesh size constraints. In outlet cases of
20C, 30C, 38C and 46C the differential in vortex core location as
determined by core streamlines was found to be less than 1.3% from
the 20C case to the 46C case. There was no differential in the 30C to
46C cases as any discrepancy was below the mesh resolution. In
order to determine the window for observing the vortex path, the
gradients and variances in the paths were investigated. Beyond 30C
after the vortex generator, it was found that the gradient of the vortex
path was largely linear, and in the vertical axis the deviation in vortex
path was only 0.02C.

In addition to the testing of the outlet length, rigorous checking of the
inlet and side boundaries was performed with a similar level of
thoroughness, yielding the following results in Figure 2. The final
blockage ratio was 0.6%.

S~
"--..,,_l"‘* i
6C
Figure 2. Computational domain and boundary distances.

Grid generation was performed in ANSYS ICEM, with ANSYS
FLUENT 14.5 being used to evaluate the model. A fully structured
multi-block meshing strategy was employed. Due to the large domain
size required to capture the far field flow features, a significant
number of cells was required. Three mesh densities were evaluated at
400,000, 3 million and 22million cells respectively, with the
dominant increase being in the wake and vortex paths of the two
generators. It was found that for RANS solutions, the vortex paths
were very similar, with total deviation at the end of the domain being
only 0.23C. However there was a marked increase in numerical
diffusion rates in the lower meshes, with vortex length at a
Q-criterion value of 9000 s~ varying by 4.8C between the cases. This
diffusion differential was expected to have a significant impact on the
fidelity of the LES results, and as such the 22 million element mesh
was selected. This consisted of 58 elements along the length of each
vane, with 300 elements along the length of the wake behind the rear
vane, and 200 between the vanes. 40 cells were used along the height
of the vane, with the majority concentrated at the tip as the base area
was of little interest. To ensure a courant number of below 1 on this
mesh while still providing timestep convergence, a timestep of
0.00003s was used. The distribution of cells and the meshing strategy
around the vane tips can be seen in Figure 3.
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Figure 3. Meshing strategy (top) and distribution of cells around domain
(bottom).

Runs were performed on the UNSW Australia School of Mechanical
and Manufacturing Engineering Trentino Cluster on one 64 core node
running at 2.1GHz. With this configuration, it took two months to run
15000 timesteps on the 22 million element mesh, with 25 iterations
per timestep selected to ensure residual convergence after monitoring
of residual levelling off. RANS runs were performed in steady state
for 3000 iterations to give force and wake velocity convergence of
<0.001%. To initialise the flow through the entire domain a flow time
0f 0.46 seconds is required, which is equivalent to 15333 timesteps.

SIMPLEC pressure-velocity coupling was used as it provides
improved convergence over SIMPLE and reduced computational cost
compared to a coupled or PISO solver, particularly important for the
LES runs. As the dominant flow feature is swirling and involves
reasonably steep pressure gradients, a second order PRESTO
algorithm was selected for pressure discretization. Bounded central
differencing was utilised for momentum to damp out any artefacts the
naturally undamped LES solution may create, whilst still retaining
solution fidelity. Bounded second order implicit methods were used
for time stepping to improve accuracy over first order whilst
maintaining stability. For RANS solutions Third-Order MUSCL was
used for turbulent kinetic energy and dissipation rate to reduce
diffusion in the solution.

The K- SST turbulence model was selected for the RANS testing,
as it has been proven successful in a variety of wing analyses, and is
effective in predicting vortex paths [1,15]. For the LES analysis, the
Wall Adapting Local Eddy-Viscosity (WALE) model was used. This
model does not have as stringent a mesh requirement for the near
wall region as Wall Modelled LES, which allowed for more of the
mesh elements to be used in the wake region of interest. It also has
superior treatment of laminar regions of flow over the Smagorinsky-
Lilly model, such as the leading edges of the vanes [17].

Analysis Results

The primary objectives of the RANS analyses were to compare the
effectiveness of each configuration, as well as identify the potential
cases of most interest for LES. It was also desired to have a baseline
with which to observe the limitations of RANS in computing vortex
interactions. The LES simulations were intended to provide a detailed
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insight into the specific nature of the transient interactions between
the two vortices, as well as the near-field interaction of the upstream
vortex with the vane itself.

RANS

Co-Rotating

Results from the analysis of the co-rotating vanes indicated that
regardless of the offset of the rear vane, a similar flow structure was
formed in all cases. This consisted of the vortex produced from the
upstream vane being drawn into a spiral like structure around the
vortex produced by the downstream vane. The offset of the
downstream vane varied the rate at which this structure formed into a
single coherent circle, as can be seen in Cases B and C of Figure 4;
however appeared to have a relatively minor effect of the vortex
dissipation rate with final energy differences of less than 3.6%
observed between cases. This spiral tail appears to be constructed of
the initial vortex being stretched into an ellipsoid shape by the
downstream vortex at early stages. As it progresses downstream, the
upstream vortex transfers it's vorticity to the downstream vortex,
reducing the vorticity magnitude of the tail. Eventually this results in
the dissipation of the tail and the formation of a coherent vortex with
a circular structure.
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Figure 4. Contours of streamwise vorticity for co-rotating cases.

The magnitude of velocity across the flow direction produces an
isosurface that, when trimmed by the Q-criterion [18], is very
effective in tracking vortex cores [16]. Inspecting this isosurface at
1m/s swirl velocity provided an effective visualization of the vortex

merging (Figure 5). Inspecting the vortex paths rear the downstream
vane showed that the close offset of Case B resulted in the vortex
impacting the vane just below the tip on the suction side. From here it
almost immediately merged with the second vortex, with negligible
presence of the core continuing. In the further spaced Case C it was
found to pass on the pressure side of the vane without approaching
the surface. The initial vortex then appeared to be entrained and
pulled around by the downstream vortex, forming the spiral tail seen
earlier.

Swirl Velocity (m/s)
|| B il B
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Flo‘\y

Case B.

Case C.

Figure 5. Trimmed tangential velocity isosurface at 1m/s and swirl contours
for co-rotating cases.

In order to calculate the strength of the vortices at any given plane,
the circulation around the vortex core can be measured. Circulation is
typically calculated via a sum of line integrals along circular curves
in a field; however this is not practical in many cases due to the
non-uniformities of real world vortices. This is due to the different
shapes of vortices both between cases and downstream in the same
case, as could be seen from the vorticity contours in Figure 4. Due to
the nature of the geometries present, a method of calculating the
circulation can be performed by measuring the average of the in plane
velocities at a slice across the flow. By eliminating the streamwise
velocity component, only the vortex swirl and downwash from the
vanes remain in-plane. As the downwash is perpendicular to a line
drawn out from the vortex core, it is included in the circulation
calculation. This would not be the case for more complex geometries
with additional flow motion, however is appropriate for the dual vane
scenario. As such, the normalized total circulation can be taken as the
average value of the in-plane velocities, divided by the maximum
total circulation calculated. These results are shown in Figure 6
below. A single vane at the same location as the rear vane is included
for comparison. X=0 is referenced from the leading edge of the first
vane, and positive X is taken downstream of the vanes.
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Figure 6. Normalized total circulation for co-rotating cases, estimated error in

calculation method +0.15%

From these values it can be seen that the energy state of the vortex
structure is very similar directly behind the vane (12C downstream of
first vane), with only 1.5% variance between the 3 co-rotating cases.
The total circulation in the co-rotating condition is substantially
higher than in a single vane case; with a 29% increase in circulation
at the 12C location, and 26% more circulation at 35C. However, the
dissipation rate of the co-rotating cases is noticeably higher than the
single vane case, with a circulation dissipation of between 24-27%
for co-rotating compared to 21% for the single vane case. This
suggests the dissipation rate of the uneven vortex formed at the
second vane is higher that a more coherent singular vane vortex
structure. The variance of dissipation between the different offsets is
also small but notable, with 1.5% variance in circulation at 12C, but
3.2% variance by the 35C mark. Case A shows the most rapid
dissipation, with the vortex impacting on the pressure side of the
vane. Case C, with the vortex passing by the pressure side shows the
slowest total dissipation at 24%; however the initial circulation is
lower, resulting in a lower final circulation than Case B. While Cases
A and C show a fairly consistent trend of decreasing circulation
gradient after 15C, Case B has a point of inflexion at the 25C mark.
To further investigate this phenomenon, average vortex turbulent
kinetic energies (TKE) were plotted, as seen in Figure 7.
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Figure 7. Normalized turbulent kinetic energy for co-rotating cases, estimated
error in calculation method +0.25%

To calculate these values, planar slices were set up at the various
downstream locations and the turbulent kinetic energy values were
averaged to provide a means of comparing total TKE between cases.
Analysis of the values shows that Case B has a peak in the turbulent
kinetic energy observed concurrent with the point of inflection in the
total circulation at X=25C. As Case B is also the case to most rapidly
form into a coherent vortex structure, this indicates that this effect is
due to the fully formed vortex itself, and not the combination of the
two vortices. Case A and C also exhibit signs of a similar pattern,
with Case A exhibiting an inflexion point at 19C and Case C showing
a significantly shallower gradient in the 25C to 35C interval. While
not as pronounced as the turbulence peak from Case B, both Case A
and Case C have longer vortex merging lengths, and this would
indicate that there is a relative rise in turbulence post vortex merging.
However, in Case A and C the overall turbulence dissipation rate
outweighs this effect, hence why the absolute turbulence level does
not increase, but only the gradient changes. As such the offset of the
secondary vane affects the coherency of the vortex structure in
turbulence and velocity distribution, despite not significantly
affecting circulation.

The varying of the vane offset also altered the path of the final vortex
slightly, with a vortex path offset equal to 28.4% of the vane offset.
This deviation means that the offset of the vanes can be used to assist
in the direction of the vortex while not altering the re-energization
level. As a result, it would be expected that a configuration of
multiple co-rotating vanes would be less sensitive to yaw and
crossflow conditions than a larger single vane. This would also
improve control of the vortex over a longer distance than the single
vane configuration.

Counter-Rotating

Contrary to the co-rotating cases, the counter-rotating scenarios
showed significant differences in vortex structure and dissipation
rates. Moving the downstream vane immediately in the path of the
vortex as per Case E. caused a rapid destruction of the initial vortex,
as well as significantly reducing the strength of the strength of the
secondary vortex. Moving the vane such that the vortex passed
alongside it at a distance instead of near impact (Case F) caused the
vortex produced by the downstream vane to equal the vortex length
of the co-rotating case (Case B). This is related to energy transfer
between the vortices, as the primary vortex dissipated at a more
significant rate than the single vane case. These features can clearly
be seen when the streamwise vorticity was inspected, as in Figure 8.

The total circulation for the counter rotating cases in Figure 9
confirms this energy dissipation. Ahead of the second vane (5C and
10 C) the variation between cases is only 1%, however behind the
vane there is a substantial difference in circulation of 47%. Case E
shows the most substantial drop, with a 52% decrease in circulation
by 12C. This is due to the very direct leading edge impact of the
primary vortex on the rear vane, as was seen in Figure 8. Moving the
vane further away from the path of the vortex increased the total
circulation; however these values were still substantially lower than
the co-rotating cases, with an average 82% lower circulation at the
35C mark.
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Figure 8. Contours of streamwise vorticity for counter-rotating cases.
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error in calculation method +0.15%

The dissipation rates of the counter-rotating configurations were also
more significant than that of the co-rotating. Case F exhibited a
dissipation of 69% from 10C to 35C, while Case D and E achieved
72% and 77% respectively. The largest discrepancy between offsets is
the location of maximum dissipation rate, with the close impact Case
E experiencing very significant drops in circulation immediately after
the vane (9C to 12C). This decrease was 52%, compared to the other
cases 8.5% and 32% in the same region. This is consistent with the
turbulence production observed, as can be seen in Figure 10.
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Figure 10. Normalized TKE for counter-rotating cases, estimated error in
calculation method +£0.25%

The high level of turbulence production in Case E coincides with the
region of very rapid circulation decay, indicating that this
configuration has caused the initial vortex to breakdown. Cases D and
F both had substantially lower initial turbulence production, with
41% and 59% less respectively. This places the turbulence of Case F
below that of all the co-rotating cases as the two vortices have a
further separated interaction, while still transferring energy between
each other. Consequently it can be seen that the counter-rotating case
is highly sensitive to vane offset, leading to the conclusion that it
would be a problematic way of rapidly breaking down vortices in
conditions involving crossflow or other uncertainty.

Comparison

To allow for simple comparison between the counter and co cases the
total pressure deficits and peak in-plane velocities were compared.
Analyzing the peak in plane velocities shown in Figure 11 reveals
that despite the lower circulations produced by the counter rotating
cases; the peak velocities are higher, with a 33% increase between the
highest peaks of each configuration. This indicates the non-
uniformity of the counter-rotating cases is substantially higher than
that of the co-rotating due to the high swirl region at the interface
between the two vortices. As mixing and redistribution of azimuthal
velocity within the vortex pair occurs, the in-plane velocities drop at
a much faster rate than the co-rotating cases, until they are less than
the co-rotating cases as the circulation analysis suggests.

From the 25C location onwards, the co-rotating cases all align very
closely in peak in-plane velocity, with variances of less than 1%;
however the counter-rotating cases show substantial discrepancies of
up to 18%. This trend is consistent with the total circulation analysis,
and demonstrates the insensitivity to offset of the co-rotating case vs
the counter-rotating case. This demonstrates the difficulty of using
peak swirl number to characterize non-uniform vortices, as it is
dependent on the strength and velocity distribution. As such, a
circulation averaging or pressure averaging approach is more useful
for a geometry such as the double vane configuration, compared to
the swirl number approach often used by other studies [8,9,10].
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Figure 11. Normalized peak in plane velocities for all cases

A method of measuring vortex strength that is less sensitive to the
non-uniformities of the vortex is the total pressure deficit variance. As
the pressure deficit in the core of the vortex provides the centripetal
force required to hold the vortex in rotation, its magnitude is related to
the total intensity of the vortex. These pressure deficits are plotted in
Figure 12. The pressure deficits of all co-rotating cases are greater in
magnitude that all counter-rotating cases at all points logged, showing
the greater strength and coherency of the single vortex structure.
However the pressure deficit dissipation is higher in all co-rotating
cases, with a maximum of 37% as opposed to a maximum dissipation
of 21% in the counter rotating cases. Of interest is that Case F displays
a more nonlinear dissipation pattern compared to cases D and E, with
this being linked to the persistence of the co-rotating vortex structure.
Also of note is the pressure deficit of Case E being more substantial
than Case D, despite the far more significant levels of vortex
dissipation. This further supports the hypothesis of vortex breakdown
being induced by the second vane, as it is common for a vortex
breakdown to exhibit a wake behind it similar to a bluff body [19,20],
which would result in a larger pressure deficit than expected from the
size and strength of the vortex itself.

LES

From the RANS cases it was identified that the extremes of the
co-rotating cases could be used to determine the flow features of the
vortex re-energization interaction. This led to the selection of Case B
(—0.2C) and Case C (0.2C) for LES analysis. For the counter-rotating
case, all RANS examples showed similar destructive interactions, and
as such only one case was selected. This was chosen to be Case F
(0.2C) as it caused dissipation of the primary vortex without any
geometrical interference, as well as having a substantial length of the
secondary vortex.
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Figure 12. Normalized pressure deficit for all cases

Case B

Observing isosurfaces of streamwise vorticity at 300s 2 revealed that
the impact of the vortex on the front of the rear vane continued
almost directly into another vortical structure, as can be seen in
Figure 13. Initially this was thought to be a small scale breakdown
due to the increased turbulence around the rear of the vane; however
the rotational momentum as observed by the swirl velocity was
conserved to the same level as if a new vortex had been formed. This
meant a vortex breakdown was not occurring at this location.
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Figure 13. Isosurfaces of streamwise vorticity at 300s™? colored by contours of

streamwise velocity for ease of visualization.

In addition to this continuation of the vortex core, it was noted that
the rotation direction of the upstream vortex produced improved flow
attachment on the downstream vane, reducing noise from vortex
shedding on the vane itself. This may be a cause of improved vane
vortex generation efficiency.

Looking closely at the vortex structure around the rear vane as in
Figure 14, the mechanism by which the vortices merge can be
observed. The pre-existing vortex core travels very close to the vane
surface, just below the top of the vane. As the high swirl region of the
new vortex wraps around the top of the vane, the swirl of the existing
vortex draws it around. The low swirl core of the new vortex forms a
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deficit in the swirl peak around the existing vortex, resulting in a
merge of the two swirl regions and an ellipsoid of low swirl being
formed. Around this orbits the two regions of high swirl, one from the
existing vortex, and one from the new vortex. As the flow travels
further downstream, the disturbances in these high swirl regions
equalizes, eventually forming an overall swirl pattern with a very
similar structure to a singular vortex core at a merging distance of
3.6C. This final pattern had a swirl peak above that of the initial
vortex at the point of interaction, and was similar in peak velocity
magnitude to the single vane case, with a decrease of 16%. It should
be noted that the swirl distribution at this point was more uniform
than in the single vane case due to the reduction in the spiral tail
produced by the vane.
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Figure 14. Contours of swirl velocity around rear vane.

Case C

Case C exhibited a superficially very different flow structure to Case
B, with a helical path of the two vortex cores culminating in a vortex
merge around 20C downstream of the rear vane. Oscillations within
each individual vortex resulted in a meandering of the crossover
locations of the double helix, as can be seen in Figure 15. However,
these oscillations do not pose any instability, as no breakdown was
observed before or after the merge. This helical pattern was relatively
stable in nature, with no spiraling of core locations or downstream
movement of the structure observed.
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Figure 15. Isosurfaces of streamwise vorticity at 300s™> colored by contours of
streamwise velocity, with crossover locations indicated.

Upon closer inspection of the trimmed tangential velocity (Figure
16), it could be seen that the vortex merging structure closely
resembled that of Case B. While the initial vortex does not intersect

with the surface of the vane, it is still entrained into a spiral like
formation by the rotation of the secondary vortex downstream of the
vane. This rotation produces a low swirl location in the middle of the
two vortex cores, with the high swirl vortices themselves orbiting
around it. This low swirl center region produced a swirl deficit in the
two vortex cores, which allows the central core to expand, merging
the two vortices together. The swirl velocity distribution then evens
itself out similarly to Case B, forming a coherent single vortex core.
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Figure 16. Trimmed tangential velocity isosurface at Im/s and swirl contours
for co-rotating LES cases.

As can be seen from Figure 16, despite the mechanism of merging
being fundamentally similar, the length scales these interactions occur
on varies substantially. In the scale of the figure, the merging in Case
B is almost imperceptible, while the merging of Case C is very clear.
As such, the length of vortex merging depends on the proximity of the
upstream vortex core to the location of generation of the downstream
vortex. Of interest is the fact that the low swirl core and helical vortex
path causes the two vortices to essentially act as a single vortex even
when they are not merged. This may allow for effective use of this
structure as a single vortex, and indicates that the co-rotating vane
configuration is reasonably insensitive to crossflow and other flow
disturbances for the purposes of vortex re-energization.

Case F

LES analysis of Case F indicated that the predominant cause behind
the premature breakdown of the primary vortex was a phenomenon
similar to the Crow instability. This could be observed through the
presence of a sinusoidal deviation in the path of the primary vortex,
as can be seen in Figure 17. Contrary to the lack of instability
observed in Case C, this deviation became very severe in the primary
vortex, causing a rapid reduction in vortex strength. It also
manifested itself in the second vortex, where small deviations began
to occur in its bath, increasing in size towards the end of the domain.
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Figure 17. Isosurfaces of vorticity at 300s~ colored by contours of streamwise

velocity for ease of visualization.

The difference in rotational direction between the vortices resulted in
substantially more flow separation from the vane than in the
co-rotating case, with the upstream vortex essentially pulling the flow
off the surface of the vane. This increased the level of noise in the
solution, making it more difficult to analyze. Despite this, use of the
trimmed tangential velocity allowed for effective tracking of the core
paths and dissipation locations. By observing this in conjunction with
the swirl contours in Figure 18, it was clear that the initial vortex
does contribute to the strength of the secondary vortex, with a large
region of high swirl formed. However, the instability and inherent
unsteadiness imparted to the second vortex, in conjunction with the
increased swirl, clearly accelerates its dissipation rate, with a far
more rapid expansion than the co-rotating cases. This is consistent
with the 56% in-plane velocity reduction by 10C downstream
observed in the RANS, compared to the 42% of Case C.
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Figure 18. Trimmed tangential velocity isosurface at 1m/s and swirl contours
for co-rotating LES cases.

Summary/Conclusions

The analysis of counter and co-rotating vane pairs at different lateral
offsets revealed that it is possible to both re-energize and prematurely
destroy vortices through the use of a downstream vane. It was found
that the re-energization process is insensitive to lateral offset of the
downstream vane from the vortex in a range of —0.2C to 0.2C,
maintaining similar energy states when the offset was altered.
However, the vortex paths substantially changed with offset, resulting
in the merging distance of the two vortices increasing as the distance

between the vortex core and the vane became larger. Despite the
difference in merging length, the mechanism with which the merging
occurred remained the same regardless of offset.

This indicates that such a configuration for vortex re-energization
would be effective in conditions involving crosswinds and other
real-world disturbances. After re-energization of the vortex with a
second vane, it was found that the total circulation of the resulting
vortex was higher than that produced by a single vane. Such a
scenario will have superior control of vortex location over longer
distances than a single vane setup.

It was found that while the counter-rotating case was effective at
premature vortex destruction, it was very sensitive to offset. Large
distances from the vane to the vortex core resulted in energy transfer
between the upstream vortex and the downstream vortex, resulting in
the destruction of the upstream vortex. However, under this
configuration the strength of the downstream vortex was increased
and an instability was introduced. This was not the case for when the
vortex passed closer to the downstream vane, with an overall
reduction in strength of both vortices and an immediate destruction of
the upstream vortex in the direct impact case. It was found that this
was due to the breakdown of the upstream vortex.

This indicates this configuration is efficient in the destruction of
vortices in the ideal case, however is highly sensitive to crosswind
and yaw conditions. As such, it may only be employed successfully
in scenarios where the vortex location is well known and there is little
chance of wandering.
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Experimentally validated Large Eddy Simulations were performed on two NACA0012
vanes at various lateral offsets to observe the transient effects of the near field interactions
between two streamwise vortices. The vanes were separated in the streamwise direction,
allowing the upstream vortex to impact on the downstream geometry. These vanes were
evaluated at an angle of incidence of 8 degrees and a Reynolds number of 70,000, with
rear vane angle reversed to create a co-rotating or counter-rotating vortex pair. The
downstream vortex merged with the upstream in the co-rotating condition, driven by
the suppression of one of the tip vortices of the downstream vane. At close proximity
to the pressure side, the vane elongated the upstream vortex, resulting in it being the
weakened and merging into the downstream vortex. This produced a transient production
of bifurcated vortices in the wake region. The downstream vortex of the co-rotating
pair experienced faster meandering growth, with oscillations equalising between the
vortices. The oscillation was determined to be responsible for statistical variance in
merging location, with variation in vortex separation causing the vortices at a single
plane to merge and unmerge. In the counter-rotating condition oscillations were found
to be larger, with higher growth, but less uniform periodicity. It was found that the
circulation transfer between the vortices was linked to the magnitude of their separation,
with high separation fluctuations weakening the upstream vortex and strengthening the
downstream vortex. In the case of upstream vortex impingement, the upstream vortex
was found to bifurcate, with a four vortex system being formed by interactions with
the shear layer. This eventually resulted in a single dominant vortex, which did not
magnify its oscillation amplitudes as it travelled downstream due to the destruction of
the interacting vortices.

Key words:
vortex dynamics, vortex interactions, vortex flows, vortex instabilities

1. Introduction

The successful control of vortex structures is critical in the field of modern aerodynam-
ics, with automotive and aerospace applications becoming increasingly reliant on vortices
to improve aerodynamic efficiency. Knowledge of how streamwise vortex interactions

1 Email address for correspondence: kyle@forsters.com.au



2 K. J. Forster, S. Diasinos, G. Doig and T. J. Barber

behave as they propagate downstream is essential to designing systems to control these
flow structures. Turbomachinery blade interactions, aircraft taking off in succession,
wind turbines and vortex generators can all produce multiple streamwise vortices in
close proximity to each other (Manolesos & Voutsinas (2015); Pereira et al. (2004);
Toloui et al. (2015); Hummel (1995); Forster & White (2014)). These vortices may be
desirable (flow control, heat transfer) or undesirable (aircraft wake vortices). Streamwise
vortex /structure interactions have been studied considerably less than either parallel or
normal vortex/structure interactions (Garmann & Visbal (2015)), particularly relating
to the effects of the upstream vortex migration. In previous work both vortices of a vortex
pair have been typically deployed from the same streamwise location (Devenport et al.
(1997); Rokhsaz & Kliment (2002)), limiting the study of their interactions at extremely
close core spacings. These close interactions are important conditions to understand in
order to provide a knowledge base for practical vortex applications, where upstream
vortices may move in locations on either side of a vortex producing obstacle, such as a
wing or vane.

Interacting pairs of streamwise vortices can be classified into either counter-rotating
or co-rotating configurations. Both co-rotating and counter-rotating vortex pairs exhibit
instabilities when placed in close proximity including long wavelength (Crow, Crow
(1970)) for counter-rotating pairs, short wavelength (elliptic, Leweke et al. (2016)) for
counter-rotating and co-rotating pairs and spiral (Gordnier & Visbal (1999); Forster et al.
(2015)) for singular vortices. The Crow instability is described through a solution to a
linear wave system, which describes the deviations of counter-rotating vortex pairs (Crow
(1970)). Once the vortex cores reach a certain proximity or cutoff distance the two wakes
unify into vortex rings and rapidly breakdown. Vortices that break down or dissipate in
short distances and timeframes do not have a long enough duration for waves to form, and
as such are not subject to the Crow instability. Using these models, it has been found
that all counter-rotating pairs are inherently unstable regarding the long wave Crow
instability (Klein (1995); Fabre et al. (2002); Widnall (1975)). For vortices of unequal
strength, the Crow instability can manifest itself at much shorter wavelengths than for
an equal strength case. This has been simulated numerically using Computational Fluid
Dynamics (CFD), and it has been found that a medium length instability is present
where the weaker vortex is drawn around the primary vortex in four vortex systems
(Chatelain et al. (2008)). However, the mechanisms behind the downstream instabilities
of a close proximity, two vortex system are still poorly understood.

The short wave (elliptic) instability is identified in counter and co-rotating pairs by
a streamtube in the core of the vortex with a diameter approximately half that of the
instabilities wavelength. This instability is caused fundamentally by a resonance of two
Kelvin waves (a sinusoidal deformation) within the vortex core as driven by the strain
field induced by the other vortex (Tsai & Widnall (1976)). Like the Crow instability, it
is modified by differing axial velocity components and vortex strengths.

A pair of co-rotating vortices will merge in any viscous flow (Dritschel (1985); Overman
(1982); Roberts & Christiansen (1972)), however the majority of experimentation and
analysis surrounding this subject has used equal strength and size vortex cores, with two
dimensional flow fields and no velocity deficit through the core, limiting their applicability
to real world interaction scenarios. In the case of vortices of unequal strength the
mechanism of merging is notably different if the circulation differential is large. In these
cases, the weaker vortex has insufficient circulation to support the strain field induced
by the stronger vortex, and as such is strained into a spiral tail structure (Leweke et al.
(2016)). Using inviscid contour method calculations, Dritschel and Waugh (Dritschel &
Waugh (1992)) found that the interaction between two vortices with a large difference



Upstream-Downstream Vortex Interactions 3

in size results in the smaller vortex being torn away, with little increase in size of the
larger vortex. This was identified as a regime of either partial or complete straining
out. This is in contrast with more closely sized vortices, which often result in total core
growth, under a regime they identified as complete merger or partial merger. In addition
to this, equal or similar strength vortex interactions typically produce single vortices,
while unequal strength interactions may produce two vortex systems. Numerical studies
of such scenarios have also been performed Brandt & Nomura (2010), finding similar
structures and regimes. The mechanism behind these straining actions is a combination
of two causes. Firstly, the weaker vortex is stretched and drawn into the stronger vortex
by a process of elongation Trieling & Heijst (1998). Secondly, a continuous erosion of
vorticity into the primary vortex is caused by the strong strain field and high shear, in
a mechanism analytically observed by Legras and Dritschel Legras & Dritschel (1993).
The authors (Forster et al. (2017b)) have previously experimentally investigated these
interactions in upstream/downstream scenarios with unequal strength cores, however the
transient mechanisms behind these interactions still require investigation. The merging
distance for an upstream/downstream close proximity vortex interaction has been found
to be statistical rather than deterministic, and while the mechanism behind this has
been proposed (Forster et al. (2017b)), further investigation and confirmation is yet to
be performed.

The interactions of a streamwise vortex with a wingtip at close range have also
been computationally investigated (Garmann & Visbal (2015); Forster et al. (2015)).
By aligning an incident vortex with the tip of a downstream vane, the energy of the
vortex system is increased in the near range, however more rapid energy attenuation
occurs downstream. When the vortex is positioned inboard of the tip, it reduces the tip
vortex size and strength, while placing it outboard of the wingtip enhances the wingtip
vortex (Garmann & Visbal (2015)). Reducing the distance of the incident vortex to the
wingtip has been found to increase the magnitude of the turbulence production from
the resultant vortex interaction (Forster et al. (2015)). It has experimentally been found
that a counter-rotating wing configuration with a 2.5C streamwise wing spacing can
substantially improve rear wing L/D by up to 24% at an overlap of 5% of the wingspan
(Inasawa et al. (2012)). Such a configuration causes migration of the rear vortex towards
the root of the rear wing, however the downstream consequences of these interactions
have not been characterised for more than one chord length downstream.

In this work, experimentally validated, Large Eddy Simulations (LES) have been
used to investigate the close proximity interactions of two streamwise vortices. Previous
experimental work (Forster et al. (2017¢,b)) identified that in far offset cases, few notable
features were present. Circulation rates remained near constant through the domain,
with minimal migration and rotation, and vortex meandering was found to be minimal.
As such, they were not considered as cases of interest for the LES investigations. In the
nearer field the interactions were far more significant, with large changes in rotation rates,
meandering and circulation transfer, resulting in their selection for investigation. An
upstream vane is used to produce a realistic vortex that is allowed to travel downstream
and interact with a downstream vane, with the downstream vane’s lateral offset modified
to pass the vortex on either the pressure or suction side, as well as investigate the results of
direct vortex impingement. The resulting flowfield has then been analysed in both a time
averaged and transient sense to observe the instabilities and flow features present. The
focus has been limited to the results of a vane configuration at low Reynolds number and
intermediate swirl number, allowing a strong vortex interaction. Through this, a better
understanding of the mechanisms behind experimentally observed vortex characteristics
can be achieved.
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FIGURE 1. Schematic of vane layout.

2. Geometry and Cases Considered

The present study considers the interaction of two streamwise vortices produced by
two NACA 0012 vanes, with a similar setup to that used in previous experiments by the
authors (Forster et al. (2017¢,b)). One vane was located 10 chord lengths (C) downstream
of the other, as can be seen in 1. This configuration was chosen as it allows interactions
between vortices to occur at close proximities that cannot be observed if the vortices
are deployed at the same location. This is also representative of the effects of a pre-
existing vortex in a flow interacting with a vortex producing device. An angle of attack
of 8 degrees on each vane has been used for all cases, with a square-edged tip. As
identified previously higher angles of attack decreased the vortex stability, with unsteady
breakdown becoming observable for a single vortex case at 12 degrees. The analysis
was performed at a Reynolds number of approximately 7 x 10* based on chord length,
within the supercritical region (Huang & Lin (1995)) at this angle of attack. This is
also consistent with the previous experimental Reynolds number tested by the authors
(Forster et al. (2017¢,b)).

While point monitors can be used to monitor frequencies and amplitudes in transient
flows, their usefulness in unsteady vortex fields is limited. This is primarily due to the
meandering motions of vortices, as any point monitor placed within the core of the vortex
shifts from monitoring the core to the periphery as a result of the vortex motion. The
result of this is erratic tangential velocities and pressure readings that are not indicative of
the vortex core instantaneous properties. As such, planar data is needed for each timestep
to calculate the characteristics of the vortex. The computational storage expense of such
data is very significant, consequently this transient behaviour was only recorded for three
cases where it was expected the transient quantities would be of interest. The properties
of the vortex cores present on planes spaced 0.5C apart were extracted for each timestep,
applying the previous experimental methodology of the authors (Forster et al. (2017¢,b)).

For the counter-rotating case three conditions of the near field interactions were
considered for investigation, the first being vortex impact on the front of the vane. This
was expected to be at -0.2C offset as identified by prior work (Forster et al. (2017¢,b))
The second case was a near pass of the upstream vortex, with the complete vortex radius
being outside of contact with the downstream vane, this occurred at 0.2C offset. The
final case chosen was an intermediate between these two, with partial impingement of
the vortex on the downstream vane, at 0C offset. It was known from previous studies
that the transient migrations of both vortices in the near pass condition was significant,
so transient vortex tracking was applied to the 0.2C offset case. It was also expected
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that the impingement and resultant destruction of the upstream vortex on the rear vane
would have significant consequences on the meandering and circulation of the downstream
vortex, as such transient vortex tracking was also applied to the -0.2C offset condition.

Three more conditions of interest were identified for the co-rotating case. Previous
experimental work (Forster et al. (2017b)) had shown a difference in vortex merging
rates depending on which side of the vane the vortex was passed on. As such, two near
field passes of the vortex on the vane were desired, one on each side of the vane. This
occurred at -0.2C and 0C offset. It was also desired to investigate the mechanisms present
in a longer merging distance case, and for this purpose the 0.2C offset case offered the
longest merging length still within the CFD domain. It was not anticipated for the nearer
offset, short merging length cases to yield interesting transient meandering data, so only
the 0.2C offset was monitored with transient vortex tracking.

3. Numerical Model

A consequence of the original Smagorinsky-Lilly model defining the eddy viscosity
proportional to the subgrid characteristic length scale and turbulent velocity is that the
local strain rate defines the velocity scale (Nicoud & Ducros (1999)). This inherently
relates the subgrid dissipation to the rates of strain at the smallest resolved scale,
ineffectively resolving regions where the vorticity field is more significant than the strain
field. The assumption of fully isotropic turbulence in the inertial subrange also creates
issues with wall bounded flows, where the Smagorinsky constant must be reduced and
additional damping at the wall must be applied to ensure the eddy viscosity approaches
zero at the wall (Van Driest (1956)). This causes difficulties with complex geometries,
which can be solved by the application of the Wall Adapting Local Eddy Viscosity
(WALE) model. This model relates the modelling of the eddy viscosity to the square
of the velocity gradient tensor, ensuring the correct asymptotic wall bounded behaviour
of y? instead of y? in the Van Driest modified Smagorinsky-Lilly model. This model
has been shown to have effective modelling of boundary layer transition and free vortex
problems (Ma et al. (2009)), with superior performance to the standard and dynamic
Smagorinsky-Lilly models for free vortex performance (Yilmaz & Davidson (2015)). The
formulation for the eddy viscosity in the WALE model is shown below in equation 3.1.

(5¢.54.13/2

ij*i
(8i58i5)5/2 4 (S8 )>/4

Where C,, is the WALE constant, gij is the symmetric component of the velocity
gradient tensor (also the strain, or deformation tensor of the resolved velocity field), A
is the characteristic subgrid length scale and Sflj is the traceless symmetric part of the
square of the velocity gradient tensor.

Both the Smagorinsky-Lilly and WALE models were tested against a reference exper-
imental case for co-rotating at 0.2C offset. It was found that the increased dissipation
of the Smagorinsky-Lilly model compared to WALE on the grid tested resulted in the
upstream vortex having 8.3% lower peak azimuthal velocity at the point of the rear
vane, consequently shifting the merging mechanism from the upstream being the stronger
vortex into the downstream being significantly stronger. This produced poor validation
results, discussed in the next section, in comparison to the WALE modelling, and as such
WALE was selected for further evaluations.

The most commonly used WALE constant of 0.325 (Lehmkuhl et al. (2013); Safdari &
Kim (2015); Probst & Reuf$l (2015)) and the value originally recommended by by Nicoud

vy = (CpA)? (3.1)
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and Ducros of 0.5 (Nicoud & Ducros (1999)) were tested to observe the effects of varying
the constant on the vortex dissipation and merging length. It was found that the change
in vortex merging distance and vortex paths was negligible between these tests. However,
the dissipation rate did change with the varying values, with higher vortex dissipation
observed at higher C,,. Experimental validation as discussed later confirmed that lower
numerical dissipation was required. As such, C,, = 0.325 was used for the remainder of
testing.

An implicit pressure-based solver was used, with segregated pressure/velocity coupling
and a SIMPLEC algorithm (Patankar (1971)). To successfully resolve the dominantly
swirling vortex flow with steep pressure gradients, a second order PRESTO algorithm was
selected for pressure discretization. This scheme has previously proved successful for flows
with high swirl number (Peyret (1996); Kaya & Karagoz (2008)). Second order central
differencing was used for all other quantities, with bounded second order implicit time
stepping. A convection boundness criterion was enforced to maintain solution stability.
A timestep of 3 * 10~°s was used, resulting in the maximum Courant-Friedrichs-Lewy
(CFL) number being maintained at below 1 for all simulations, ensuring proper temporal
resolution (Courant et al. (1967)).

A fully structured multi-block meshing strategy was employed. The final grid consisted
of 58 elements along the chord of each vane, with 400 elements along the length of the
wake behind the rear vane, and 200 between the vanes. 50 cells were used along the height
of the vane, with the majority concentrated at the tip as the base area was of little interest.
The significant bias of the mesh to the wake regions resulted in a comparatively coarse
mesh on the vanes, reflective of the key focus of the study on the vortices, vortex formation
and vortex interaction rather than the vane surface characteristics. For validation runs
mesh density was increased at the vane root to model the boundary layer and horseshoe
vortices associated with the ground plane more effectively. A constant velocity inlet with
no boundary layer placed six chord lengths upstream of the upstream vane. Elimination
of floor boundary layer influence on the vortices was performed with symmetry (free-
slip) conditions were used for all domain walls, with a no slip wall being employed on
the vanes themselves. For the outlet a zero normal diffusion flux condition was placed 30
chord lengths downstream of the rear vane, with behaviour found to be consistent with
an outlet length of 56 chord lengths downstream.

The grid was evaluated at resolutions of 1.2% 107, 1.6 %107 and 2.6 * 107, with 2.6 % 107
considered the practical grid limit for the computational resources available. These runs
were performed on the co-rotating 0.2C offset case, as mesh density variance within
the wake region was expected to modify the elliptic instability within the vortices, with
subsequent effects on merging length and energy. The mesh density modification for
these runs was entirely in the wake region, increasing the mesh density in the streamwise
direction and thus improving cell aspect ratio. All meshes were run at a constant timestep
of 3 107%s, with maximum CFL number being maintained below 1.

Initial inspection of the forces on the front vane showed a very close correlation for
all cases with the forces expected from theory. From Prandtls lifting line theory, the
3D lift coefficient on the wing was calculated to be 0.54. It was found that the LES
solutions predicted averages of 0.5508, 0.556 and 0.546 on the front vane for the increasing
mesh densities respectively. All of these forces were within 3% of the theoretical force
calculation, with the finest mesh within 1%. Tracing the forces on the rear vane as seen
in figure 2 found again that all three mesh configurations showed similar trends for
force values and frequencies, and as such any of them would be suitable for resolving
the region in between the vortex generators. As such, further inspection of the far field
vortex properties was desired.
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As can be seen in figure 2, while the structures near the vane remained similar irrespec-
tive of mesh density, the higher energy vortex structures in the far field dissipated faster
under the lower resolution meshes. This was particularly evident in the manifestation of
the elliptic instability in the vortex core, with more significant fluctuations visible in the
densest mesh. The net result of these mesh changes was a faster dissipation in the high
energy vortical structures, with an associated loss in high frequency flow features further
in the wake. The lower energy, larger radius vorticity levels remained far less affected by
the mesh density, with similar diameters and vortex lengths seen for the majority of the
domain in all cases.

Whilst the flow structures were conceptually similar between the meshes, with a helical
pattern and the downstream vortex merging into the upstream vortex, the transient
fluctuation rates varied, as can be seen in figure 3. In the first state the vortex crossover
points are near identical between the cases, with 0.06C variance in the rear of the
upstream crossover and 0.12C in the front upstream crossover. In the second state the
front upstream crossover point varies by 1.28 C between the three conditions, with the
downstream crossover remaining near constant. This is due to the increasing instabilities
with the higher mesh resolutions forcing a higher meandering magnitude on the upstream
vortex, resulting in a larger shift in the instantaneous crossover point. The differential in
far field dissipation rates can also be observed here, with the 2.6x107 cell mesh showing a
far longer continuation of the vorticity isosurface than the 1.2x107 cell mesh. However, the
long range dissipation difference is far less significant between the 1.7x107 and 2.6x107
cell grid. All three meshes produced an uneven vortex merger, with the downstream
vortex merging into the upstream vortex, which was identical to that achieved with
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experimental results as will be discussed later in the validation section. As the 2.6x107 cell
mesh successfully converged on the quantities of interest and showed the best resolution
of transient instabilities and dissipation within the practical mesh limit, it was therefore
was used for the analysis.

4. Model Validation

As previously discussed, good correlation between the model and lifting line theory
on the single frontal vane was observed, however the successful prediction of a multiple
vortex interaction is far more complex than predicting lift on a common wing profile.
As such, the entire double vane system was evaluated against the previous wind tunnel
PIV experimental results of the authors (Forster et al. (2017¢,b)). For these purposes the
LES modelling previously described was applied to a representation of the test section
used for wind tunnel testing. No-slip smooth walls were used on all faces, with a specified
inlet velocity profile as measured from experimental characterisation of conditions at the
tunnel inlet. All mesh densities around and in between the vanes were maintained as
per the previous meshing strategy, with additional elements used to resolve the walls
of the wind tunnel and splitter. Results were initialised and time averaged using the
previously discussed strategy. As there are two fundamental conditions being evaluated,
with two unique vortex interactions, it was necessary to validate the modelling against
both the co-rotating and counter-rotating experimental results. For the counter rotating
condition the 0.5C offset was used as it maintained the highest vortex energy throughout
the domain. In the co-rotating condition, the 0.2C offset was evaluated as it demonstrated
multiple stages of merger and had a long merging distance that was still within the tunnel
test section.

4.1. Co-Rotating

The primary intent of the co-rotating validation was to determine the accuracy of
the modelling of the vortex attraction and merger. Testing with RANS SST and RSM
modelling, as well as to a lesser extent Smagorinsky-Lilly LES, allowed identification
of issues with high vortex dissipation causing incorrect measurement of the vortex
interaction (Forster et al. (2015)). Specifically, these earlier simulations had shown that
the upstream vortex had dissipated sufficiently by the point of the rear vane to become
the weaker of the two, and the resultant interaction caused the downstream vortex to
absorb the upstream vortex. The WALE modelling disagreed with this, showing less
dissipation and the downstream vortex being weakened by the upstream, resulting in it
merging into the stronger upstream vortex. As such it was deemed critical to validate
the accuracy of the modelling strategy in this condition.

Initial validation of the co-rotating condition proved difficult, as correlation with the
0.2C offset case remained purely qualitative. After finding the upstream vortex had
migrated towards a more negative y value, the 0.3C offset experimental case was also
investigated to determine the correlation properties, as can be seen in figure 4. Very close
correlation was observed to the 0.3C offset case on rotation, separation and vorticity
levels, with the marginally increased dissipation observed in the LES. The average
rotational rate in the CFD was 27.088°/C, compared to 26.464°/C in the 0.3C offset
experimental condition. This indicated that the model was over-predicting the total
downwash from the vanes, forcing the initial vortex -0.05C to the left in the counter-
rotating condition and -0.1C in the co-rotating condition. The presence of the rear vane
produces a downwash in the +y direction for the counter rotating case, shifting the vortex
0.025C from an unobstructed -0.075C location to -0.05C from the expected location. In
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FIGURE 4. x-vorticity results for LES (left) and experimental (centre and right) results for
co-rotating condition.

the co rotating condition the downwash from the rear vane is in the same direction
as the initial vane downwash, causing the vortex to shift -0.025C to -0.1C from the
expected position, resulting in the correlation with the greater offset case observed. This
is consistent with the observation of both vortices being skewed to the -y in the CFD
when compared to either experimental case.

More important than the specifics of the vortex positions was the accurate prediction
of the merging mechanism. Three distinct stages of merger were visible in both the far
downstream LES results and the 0.2C experimental results, with the vortices initially
reaching a critical proximity at approximately B,/r, = 2, followed by an asymmetry
developing in the vortex shape and a rapid transfer of vorticity. This is followed by the
formation of a spiral tail from the remnants of the second vortex. Most importantly is
that the downstream vortex is absorbed into the upstream vortex, as this validates the
selection of the WALE model over the Smagorinsky-Lilly LES model.

4.2. Counter-Rotating

Inspection of the velocity fields in figure 5 showed good qualitative agreement between
the experimental and numerical flowfields. As indicated by the purple arrows, all dom-
inant flow structures maintained the same paths between the two, with a continuous
downwards movement of the vortex pair. The lower energy structures showed migration
in the same direction, however due to the error limitations of the PIV system at lower
velocity magnitudes the velocity field is more poorly resolved and becomes dominated by
noise. This can be seen in the top left kink in the velocity field, which has a very clear
migration in the CFD case, however is seen as more of an increasing dent in the flowfield
in the PIV. Between x/C=13 and x/C=17 the expansion of the low swirl velocity region
at the bottom left is also clearly matched in both conditions.
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FIGURE 5. In-plane velocity fields for LES (left) and Experimental (right) counter rotating
cases at 0.5C offset.

The higher strength downstream vortices both follow the same pattern of rotation
counter-clockwise from the point of formation, however the LES predicts the initial
velocity horseshoe at x/C=12 to be located higher than the horizontally centred location
in the experiment. This is reflected in the final location of the horseshoe, with LES being
slightly below horizontal and the experiment being significantly lower at x/C = 17. The
subsequent rotational rate for the two cases for the single vortex formation was near
identical, with 0.744°/C for the LES and 0.268°/C for the experimental. Total movement
of the vortices in the CFD was -0.293C and -0.332C for the upstream and downstream
vortices respectively, with -0.260C and -0.293C for the experimental condition. Vortex
separation was 0.612C in the CFD and 0.666C in the experiment, leading to a difference
of 0.054C.

The initial peak velocity at the point of vortex generation is higher in the computational
model, with a 87.5% larger area at 0.4 U;, /Uy at x/C = 12. However, the computational
model displays a higher level of dissipation than the experiments, with the stronger
downstream vortex core dissipating to a peak velocity 10% lower than the experimental
by x/C=17. The upstream vortex maintains a lower peak velocity in the CFD for the
entire length of the observation window, with it showing a lower peak and average velocity
at the start of the domain. This is consistent with the higher dissipation rates observed in
the downstream vortex, as these are likely also increasing the dissipation of the upstream
vortex prior to interaction.

The most significant difference between the two models is the location of the upstream
vortex, with the Z value at x/C = 12 being 0.065C lower in the CFD modelling, inverting
the slope of the line between the two vortex cores. This is accompanied by a 0.05C lateral
shift in the y direction, indicating that the model has over-predicted the migration of
the upstream vortex both laterally and vertically. This is further evidenced by the higher
vertical rate of migration of the vortices observed when compared to the experiment.
While these changes are small, they have a more significant effect in the closer interaction
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cases, where the effective offset is altered. This will be discussed in more detail in the
following subsection. However, the over-prediction of this migration is unlikely to affect
the key mechanisms behind the vortex interaction.

5. Results
5.1. Co-Rotating Condition

The presence of the upstream vortex caused significant changes in the formation
mechanism of the downstream vortex. In the case of the single upstream vane, two
separate vortices are initially formed, as can be seen in figure 6. These two vortices
both have their own distinct regions of concentrated vorticity, as well as a low pressure
core. The merger of these vortices occurs just prior to the trailing edge of the vane,
forming a slightly non-uniform vortex core shape that rapidly relaxes into a circular
profile by a chord length downstream. Introducing a vortex near to the suction side
of the vane significantly modifies this formation process, as seen in the -0.2C offset
condition presented in figure 6. The upstream vortex is seen to merge with the suction
side vortex, producing a distinct vortex that is separate from the vortex produced from
the pressure surface/tip surface bleed. The initially merged vortex has a larger core
of both vorticity and pressure deficit than the tip surface/suction surface bleed vortex
in the front vane only case, however the pressure reaches a lower peak, with no -0.4
C) isosurface seen. When the vorticity downstream of the vane is inspected, only two
vortices are distinguishable, the partially merged upstream vortex and the pressure/tip
vortex. This would appear as a weaker vortex produced by the downstream vane if
only the off vane vortices were observed, due to the re-energisation of the upstream
vortex by the tip/suction side vortex. As the flow moves further downstream these two
vortices merge, eventually forming one coherent structure which relaxes into a uniform
vortex. The relaxation to circular takes considerably longer than the single vane case,
with significant non-uniformities present at 1.5C downstream. The resultant low pressure
core of the merged vortices is larger at -0.16 C), however the low pressure peaks have
been reduced, with the -0.4 (), isosurface being considerably smaller in diameter. More
interesting is the disappearance of the -0.4 C), isosurface while the two vortices are in the
merging process, however after merging and during the relaxation stage it returns. This
indicates that the relaxation back to vortex circularity also coincides with an increase in
peak pressure drop within the vortex.

Inspecting the on-surface pressures and wall shears presented in figure 7 can further
highlight the differences in vortex suppression and enhancement between the offsets. As
previously discussed, passing the vortex on the suction side of the vane suppressed the
tip/suction vortex, pulling the vortex off the surface. This caused the pressure of the core
to be indistinguishable on the surface in the -0.2C offset condition, whilst the upstream
vortex showed a clear enhancement of the suction peak at the tip. The pressure/tip
vortex also produced a more significant low pressure region than in the front vane, with
a clear enhancement despite the downstream vane producing less lift than the upstream
due to downwash and unfavourable vortex interactions. This was also reflected in the wall
shear, with the 275% of the peak cross plane shear, indicating the vortex generated on
the tip surface of the vane was both stronger and forced closer to the surface than in the
single vane condition. With the offset modified to positive 0.2C and the upstream vortex
passing on the pressure side, the enhancement and suppression of the two tip vortices
was effectively reversed. Through the presence of the low pressure core on the suction
side of the vane reducing the magnitude of the local pressure differential, in addition
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FI1GURE 6. Contours of x-vorticity, with isosurfaces of pressure at C, = —0.4 and C, = —0.16
for front vane (top) and rear vane at -0.2C offset (bottom).
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FIGURE 7. Pressure coefficient on vane surfaces (top) with wall shear (bottom) for various
offsets

to the downwards flow induced by the swirling vortex core, the pressure/tip vortex is
suppressed. This can be seen in the nearly non-existent tip pressure reduction and low
wall shear. Passing the vortex on the pressure side also enhanced the tip/suction surface
vortex, with an increase in peak suction of 0.16 against the single vane case clearly visible.

The results of the vortex suppression on the positive offset case can be seen in figure
8. Suppression of the pressure/tip vortex results in only a small tail of vorticity forming
on the end of the dominant tip/suction vortex, resulting in rapid vortex relaxation. This
causes the low pressure -0.4 C), isosurface to extend for a longer distance and at a larger
diameter than in the -0.2C offset. Despite the lower pressure core than the upstream
vortex, the dissipation rate of the vorticity and the pressure is larger for the downstream
vortex, resulting in its eventual merger into the upstream vortex. The suppressing effect
of the upstream vortex on the pressure/tip vortex weakens the strength and radius of
vorticity of the final downstream vortex, making it the weaker vortex, thus resulting in
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FIGURE 9. Time averaged (left) and instantaneous (right) contours of x-vorticity, with
isosurfaces of pressure at C, = —0.4 and C), = —0.16 at 0C offset.

its merger with the upstream vortex through the asymmetric merger process previously
identified in the experimental work of the authors (Forster et al. (20170)).

When the upstream vortex was kept on the pressure side of the vane, but the offset
reduced, the same pressure/tip vortex suppression was observed, seen in figure 9. How-
ever, the contact between the upstream vortex and the surface resulted in the flattening
of the vorticity profile on the vane. This caused a loss in total vortex circulation, making
the upstream vortex the weaker of the two. Consequently, it was found to merge into
the downstream vortex, an effect not seen in the experimental results (Forster et al.
(2017b)) as the near offset cases were all merged through the observation domain. This
merger did however produce the asymmetric merger and vorticity tail observed in the
experimental merging mechanism. When the instantaneous results were analysed it was
found the merger was a highly unsteady process, with significant fluctuations of 14.2%
in core radius at C), = -0.16, and peak vorticity reaching 61% more than time averaged
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FIGURE 10. Y and Z positions of upstream (top) and downstream (bottom) vortices with respect
to time (vertical axis) and distance travelled downstream (horizontal axis) for the 0.2C offset
condition. Rapid changes in position from x/C = 20 onwards caused by detection of a merged
state.

at x/C = 13. In the instantaneous condition the upstream vortex became more strained
by the downstream vortex, forming an elongated structure that split into two separate
structures further downstream. Due to the presence of both bifurcated and singular
upstream vortices it could be seen that this was a transient fluctuation between the
bifurcated and singular state.

As discussed previously, only the far offset 0.2C co-rotating condition was evaluated
with the transient vortex tracking methodology, over a time period of T+Uy, /C' = 12. The
key properties tracked by this process were vortex position and circulation, with vortex
separation and circulation differential calculated from these parameters. The positions of
the upstream and downstream vortices in the horizontal (y) and vertical (z) directions
can be seen in figure 10. To interpret these plots, one can think of a horizontal line
drawn through the domain indicating the state of the vortices at any given time, while
a vertical line gives a time history of the vortices on a given plane. As the vortices
travel through the domain they rotate in a helical manner, resulting in a long duration
spatial fluctuation. An example of this can be seen in the transition of the upstream
Z position from an average value around -0.05C at x/C = 15 to -0.45C at x/C = 23.
What is more interesting from these graphs is the nature of the fluctuations in position
and their propagation downstream. A clear periodicity can be seen in all of the position
traces, visible from the start of the domain in the upstream vortex and developing more
towards the end of the downstream vortex domain.Approximately two and a half primary
fluctuation periods can be seen within the domain, indicating a dominant fluctuation
frequency approaching Str = 25. This fluctuation frequency is similar between the two
vortices, and will be discussed in more detail later in this section. It is also evident
from the plots of the downstream vortex that the magnitude of the fluctuation increases
significantly with motion downstream.



Upstream-Downstream Vortex Interactions 15

14 16 18 20 22 24
%/C x/C

FIGURE 11. Deviation from average position of upstream (left) and downstream (right) vortices
with respect to time (vertical axis) and distance travelled downstream (horizontal axis) for the
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FIGURE 12. Separation between vortices with respect to time (vertical axis) and distance
travelled downstream (horizontal axis) for the 0.2C offset condition.

By inspecting the deviation from the averaged vortex location on a given plane the
magnitude of the fluctuations could be more clearly analysed (figure 11). The near
zero deviation in the downstream vortex just behind the rear vane is expected due to
its proximity to its formation location, however as the vortex progresses downstream
its amplitude of deviation grows to match that of the upstream vortex at 0.17C. The
deviation of the upstream vortex is also seen to grow with distance downstream, peaking
at x/C = 22. The peaks in deviation occur over a relatively short downstream, and
propagate downstream, however there is clear interaction between he peaks of the
upstream and downstream vortex. along the diagonal peaks line starting at x/C =
16, it can be seen that initially this manifests as a peak in the downstream vortex
before switching to the largest peak of the upstream vortex and then returning to the
downstream vortex peaking. Whilst one vortex is at peak deviation, the other is closest
to its average values, showing a clear in phase motion.

However, the separation changes are not directly reflective of these deviation changes,
with results seen in figure 12. Following the same diagonal fluctuation as previously
discussed from x/C = 16 it can be seen that the vortex separation remains within 0.02C
consistency until x/C = 22, at which point it starts to rapidly increase by 0.06C to
0.4C by x/C = 24. This pattern is similarly reflected in the cycle starting at x/C = 12,
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FI1GURE 13. Nondimensionalised circulation variation with respect to time (vertical axis) and
distance travelled downstream (horizontal axis) for the 0.2C offset condition. Upstream vortex
left, downstream vortex centre, differential between vortices on right.

which encounters a similar step at x/C = 20, indicating that despite significant cycle
to cycle variance there is still a fundamental pattern in the vortex meandering which
is followed. Another significant observation is that when the instantaneous results are
considered the fluctuations can result in the downstream vortex separation being larger
than the upstream separation, despite the tendencies of the vortices to migrate towards
each other. From the fluctuations observed, it appears that a degree of separation trend
reversal also occurs, causing the vortices to meander back together after an extended
separation. In the bottom right corner (as well as further up the right side) a number
of blanked out values can be seen, these correlate with locations of vortex merger. This
merger in the instantaneous sense clearly happens when the separation distances fluctuate
to a minima at the critical merging distance, as identified in experimental work (Forster
et al. (2017b)). These fluctuations happens just before a point of local maxima, and
produces a merger which propagates downstream. The presence of this merger which can
form well upstream of the time averaged point of merger before propagating downstream
explains the statistical merging properties observed experimentally.

While contour plots can be used effectively for the separations and vortex core lo-
cations, this is primarily due to the dominant forcing of the low frequency fluctuations
overwhelming the higher frequency, smaller amplitude oscillations in core location. In the
case of circulation however, the fluctuations occur at a far higher frequency, and often
with a less consistent direction than location, and as such contour plots, while clear for
location, become very unclear for circulation. As such the circulation of the two vortices,
as well as the circulation difference between the two, is represented in the contoured
lines of figure 13. At the start of vortex interaction the fluctuations are small, random
and high frequency, however as the vortices progress through the domain they become
more coherent and traceable changes. In the bottom right corner the high upstream
circulation, low downstream circulation and large circulation difference can be seen at
the point of vortex merger. In both the upstream vortex and the first 10C downstream
of the downstream vortex there is very little variation in the average value of circulation.
However after x/C = 20 in the downstream vortex there is a significant drop-off in
the circulation from 0.3 m2s~! to 0.25 m2?s~! as the asymmetric merging mechanism
initiates. This is accompanied by a significant differential in circulation, as the variation
in the upstream vortex circulation is comparatively small. The lowest circulation values
in the upstream vortex correlate with the smallest separation values experienced by
the vortex pairs, with larger circulation typically associated with larger separations.
The smallest differential between circulations is also located along the lines of closest
separations.

To gain a better understanding of the rate and growth of the transience of the vortex
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positions, the frequency spectra of the position signals at various locations downstream
were analysed, with the downstream Z variance presented in figure 14 and the upstream
variance presented in figure 15. The previously discussed growth in the downstream
vortex signal can be clearly seen, with 22.9% less fluctuation magnitude at x/C = 14
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FIGURE 16. Contours of x-vorticity, with isosurfaces of pressure at C, = —0.4, C, = —0.16 and
Cp = —0.08 for rear vane at 0.2C offset in time averaged (top) and instantaneous (bottom)
conditions.

than x/C = 19. For the downstream vortex at x/C = 14, the small scale, high frequency
fluctuations are still significant with respect to the larger fluctuations, as evidenced by
the lack of a consistent low frequency response above 2 x 10~ at frequencies below Str
= 50. As the vortex progresses downstream the amplitude of oscillations increases by
a factor of four, with a significant bias to increasing the lower frequency magnitudes.
The range of frequencies above 1074*C magnitude increases from Str = 0-10 to Str =
0-100 by x/C = 18, with little consistent variation in the higher frequency magnitudes
from x/C = 15 onwards. As such the bias of the downstream vortex strongly shifts from
high frequency, lower amplitude oscillations to a longer wavelength instability as the flow
moves downstream.

Inspecting the upstream vortex, it could be seen that the initial fluctuations were
significantly higher, in the order of 2.5 times that of the downstream vortex at x/C
= 14. Growth is also seen in the upstream vortex, although to a lesser extent, with
the x/C = 19 fluctuation magnitude being 217% larger than the fluctuation at x/C =
14. The fluctuation magnitudes trend towards convergence between the upstream and
downstream vortices, with a difference in magnitude by the x/C = 19 of 23.7% as opposed
to 148% at x/C = 14. Observing the frequency trends reveals that the upstream vortex
behaves slightly differently to the downstream vortex with respect to the magnitude of
its lower frequencies, with the 107%C intensity band stretching from Str = 0-50 at x/C
= 14, five times wider than the downstream vortex. However this band does not exhibit
the same level of growth, with lesser intensities observed downstream at Str = 100, as
well as a slightly faster frequency drop-off. However, it appears that the interaction of
these vortices causes them to both equalise their instabilities to the same magnitudes
and frequencies of oscillation.

5.2. Counter-Rotating Condition

The counter-rotating conditions had the highest dissipation rates and instabilities
observed in the experimental results (Forster et al. (2017¢)), and as such it was expected
that the LES analysis would show very significant transience. This was particularly true
for the 0.2C offset condition presented in figure 16, which showed a large difference
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FIGURE 17. Circulation (m?s™!) evolution with time for downstream vortex (left), upstream
vortex (centre) and differential between two vortices (right). All graphs presented on identical
axes with scales of equal magnitude range.
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FIGURE 18. Nondimensionalised circulation evolution with time for downstream vortex (left)
over an extended downstream range, with vortex separation (C) right.

between the time averaged and instantaneous results. In addition to the small deviation
waviness in both vortex cores there was a periodic shedding of a large deviation instability
resembling a vortex ring. This was not the dominant flow feature, hence was not observed
in the time averaged results, however animations of the solution output during the
simulation were inspected and these confirmed this as a periodic feature with a shedding
frequency of Str = 7. While the vorticity strength and pressure deficit within the core was
reduced by this deviation, it still maintained a circular vortex profile. Within this kinked
vortex segment the -0.4 C), isosurface ended, indicating less pressure deficit, however this
same isosurface also extended 0.75C longer in the upstream vortex in the instantaneous
condition than the time averaged case. The large vortex deviation produced a region
of pressure higher than -0.4 C),, that when averaged would have the effect of a lower
average pressure deficit, highlighting the modification of the time-averaged results from
the meandering based vortex smearing.

Closer inspection of the transience of the interaction showed a strong link between the
magnitude of the vortex separation and circulation, seen in figure 18. A clear diagonal
line of exceptionally high separation (greater than 0.5C) can be seen starting from x/C
= 13.5, propagating through the domain. This is indicative of the wave instability seen
in figure 16. It can be seen that this instability grows through the domain, reaching
a peak value around 0.55C before tracking of the secondary vortex is lost (indicated
by the yellowed-out areas after x/C = 18). This correlates directly with the circulation
trends, with the circulation of the downstream vortex being up to 0.03 m2?s~! higher than
average at peak separation, and dropping considerably once the separation is reduced.
This correlated with the inverse of the upstream vortex circulation, with the upstream
vortex having reduced circulation at higher offsets. As such, the coupling between the
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vortices resulted in the upstream vortex imparting its circulation to the downstream one
whilst moving apart, while when the instability brought the vortices close together the
energy was more evenly spread between the two.

The position signals and frequency spectra of the upstream vortex are presented in
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figure 19 and figure 20. Unlike the co-rotating case there is a monotonic increasing of the
entire frequency range across the domain, with the entire frequency spectra translating
upwards from x/C = 11 to x/C = 16. This is due to the counter-rotating case being
able to manifest both the elliptic and long wave instabilities, with a bias to the larger
long wave/Crow instabilities. The fluctuation magnitudes of both the y and z position
values increase substantially through the domain presented, with a starting magnitude
of 1.75 % 1072 and 2.60 x 1073 at x/C = 11 and finishing magnitude of 2.61 * 1072 and
14.7 x 1072 at x/C = 16. The respective gains in fluctuation magnitude are 14.9 and
5.65 times respectively, showing a far more significant fluctuation gain in y than z. These
oscillation magnitudes at x/C = 16 are over 77.5% greater than for the co-rotating case
at x/C = 19, showing a considerably higher magnitude of deviation. This is consistent
with the presence of the wave instability noted in the visualisation, which contributes to
the much faster dissipation of energy in the counter-rotating case than the co-rotating
case noted in the previous experimental work of the authors (Forster et al. (2017¢)).

Similar trends are seen in the oscillation of the downstream vortex, presented in figure
21 and figure 22. For this condition the fluctuation magnitudes of the y and z position
values are 5.5%107* and 9.0%10~% at x/C = 11 and finishing magnitude of 2.61%10~2 and
4.96 ¥ 1073 at x/C = 16. Again this vortex exhibited a far higher grown in instability on
the y axis than the z axis, showing that this was not just a simple consequence of vortex
pair rotation of a 45 degree crow instability, as this would cause one vortex to grow in Y
instability and the other to reduce. Peak y value correlated approximately with minimum
z value by x/C = 16, however the correlation was far less defined prior to x/C = 14. As
such, the instabilities could be seen to develop more clearly downstream into long wave,
while closer to the vane they were being driven more by on-vane characteristics such as
vortex shedding at the tip.

In the direct impingement condition (-0.2C offset) far less unsteadiness and instability
was seen, with a stable downstream vortex and largely destroyed upstream vortex. The
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FIGURE 22. Y position (C) evolution with time for downstream vortex at multiple downstream
locations (black), with frequency spectra in red. Position signals are all plotted on axes with the
same range magnitude.

impingement of the upstream vortex on the downstream vane did not cause breakdown of
the upstream vortex, instead forcing the vortex to bifurcate. This is due to the pressure
gradient on the front of the vane being of insufficient magnitude and distance to force
a full vortex breakdown. The vortex segment on the pressure side of the downstream
vane is drawn towards the tip by the spanwise movement of the flow. This process forces
the direct interaction with the tip vortex and rapid dissipation of the vorticity from the
upstream core, completely eliminating the vortex by the trailing edge of the vane. On
the suction side of the vane the bifurcated vortex is forced downwards along the vane
surface by the spanwise flow. This causes a significant increase in vortex spacing, similar
to what was seen in earlier RANS studies and the experimental work by the authors
(Forster et al. (2017¢, 2015)).

The reduced strength of the upstream vortex in conjunction with the high separation
results in the significantly reduced rotational rate of the vortex pair at this offset. By
forcing the rotating vortex into such close proximity with the vane, the shear within the
boundary layer is increased. This creates an enhanced region of positive vorticity on the
surface of the vane, inboard of the tip. This region is of similar circulation magnitude
to the remaining upstream vortex, however is highly strained, with little circularity.
This causes it to break down into two separate vortices once off the vane body, with
one interacting with the upstream vortex remnant forming a rotating vortex pair. The
other vortex moves towards the downstream tip vortex, however dissipates rapidly. The
drawn out tail structure of this upper vortex pair shows behaviour similar to that of
the asymmetric co-rotating merging process, with a rapid transfer of vorticity into the
primary vortex. At the same time, the lower counter-rotating pair then behaves like the
counter-rotating 0.2C offset case, with a high rate of circulation dissipation and a high
local rotation rate. The final outcome of these interactions in the far field is a singular
downstream vortex, with minimal remnants of the upstream vortex.

The evolution of the downstream vortex position with respect to time can be seen
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FIGURE 24. Y position (left) and Z position (right) for downstream vortex.

in figure 24. Similar to the downstream vortex in the co-rotating case, immediately
behind the downstream vane the oscillations in position are small, with increased growth
throughout the domain. However the fluctuation rates are far less significant than the
other transient cases. The peak y position amplitude of 0.06C at x/C = 16 is less
than half of the equivalent amplitude in the co-rotating 0.2C offset case, and 40% of
the counter-rotating 0.2C offset case. This is due to the lack of a strong secondary
vortex structure, which cannot introduce elliptic or long-wavelength instabilities into
the downstream vortex. As such the primary mechanism for fluctuation growth is the
downstream amplification of instabilities caused by the initial vortex interaction and
vortex shedding previously discussed. The progressive migration of the vortex towards
+vy and -z can also be seen, driven by the downwash of the vane.

A more complete picture of the instability growth can be seen when the individual
position signals and frequency spectra in figure 25 and figure 26. The comparative lack
of meandering growth to the other transient cases can be seen by the high starting
and low finishing oscillation magnitudes, with 3.5 * 1073 at x/C = 12 being higher
than either of the starting magnitudes for the counter-rotating 0.2C offset case. At
x/C = 16 the magnitude is 8.5 x 1073, which is significantly lower than the 1.18 x
10~2 seen in the counter-rotating 0.2C offset case, demonstrating this low instability
growth rate. However, inspecting the frequency spectra shows that the majority of the
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oscillations in the -0.2C offset case are higher frequency than the other cases, with
significant fluctuations in the Str = 300-400 frequency band above 107% up to x/C
= 16. This is a direct result of the increased interactions on the vane body causing
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high frequency changes in on-vane characteristics, and subsequently minimal downstream
vortex interaction due to the largely destroyed upstream vortex core.

These fluctuations in position showed a far less clear correlation with circulation than
in the other transient cases presented. The circulation values presented in figure 27
showed an average reduction in circulation throughout the domain, with an uneven
periodicity with time. The fluctuations in circulation closer to the rear vane occurred
with a significantly higher primary frequency, and less of a smooth periodicity. This was
a result of the transience of the suction side bifurcated upstream vortex modifying the
shear layer and consequently altering whether or not the secondary positive vortex had
merged with the primary, as discussed earlier and seen in figure 23. As the flow progresses
downstream these fluctuations diffuse and spread out in space, leading them to bleed into
the surrounding time regions. These results in the smoother fluctuations in circulation
seen by the end of the domain. While the correlation with position was generally weak as
previously mentioned, trends could be seen when compared to y position, with peaks in
y position fluctuation associated with higher circulation values. It is likely that this has
resulted from the interactions on the vane producing varying levels of vane downwash,
the higher this downwash the more kinetic energy available to be rolled into the vortex.
Higher y values result from a more significant downwash, hence the correlation between
y value and circulation is understandable.

6. Conclusions

LES was performed to characterise the mechanisms arising from the downstream
interactions of the vortex pair produced by two offset vanes. NACA(0012 wings of 1.5
aspect ratio, at 8 degrees angle of attack and a Reynolds number of 70000 were used
for this study, spaced 10C apart in the streamwise direction. Key cases in both the
co-rotating and counter-rotating regimes were identified, and were analysed with both
instantaneous and time averaged methods to ascertain the key flow mechanisms behind
the effects observed in prior experiments (Forster et al. (2017¢,b,a)).

It was found that the tendency of the downstream vortex to merge with the upstream
in the co-rotating condition was driven by the suppression of one of the two tip vortices
created at the downstream vane, resulting in a much weaker vane vortex. This, in
conjunction with a lift reduction from the presence of the upstream vortex, resulted
in the merger trend observed. However, at extremely close proximities on the pressure
side, the vane elongated the shape of the upstream vortex, ultimately resulting in it being
the weaker of the two and merging into the downstream vortex. This produced a highly
strained vortex, with transient production of bifurcated vortices in the wake region. The
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instabilities produced by interacting the vortices at far ranges were found to tend towards
equalisation between the two vortices rather than one dominating over the other, despite
the difference in vortex formation length. The instabilities and meandering between the
two vortices was found to be responsible for the statistical merging phenomenon seen in
prior work (Forster et al. (2017b)), with the vortices merging once the meander caused
the separation between the vortices to reach the critical spacing.

The counter-rotating far offset condition was found to produce instabilities of a greater
magnitude than the co-rotating condition, with a periodic large sinusoidal deviation
forming. However this deviation was very unsteady in its shedding, and did not form
continuously. It was found that the circulation transfer between the vortices was linked
to the magnitude of their separation, with high separation fluctuations weakening the
upstream vortex and strengthening the downstream vortex. The magnitude of both the
small scale, high frequency and large scale, low frequency oscillations was found to
increase with distance downstream. In the case of upstream vortex impingement, the
upstream vortex was found to bifurcate instead of break down, with the pressure side
bifurcation rapidly dissipating. The suction side vortex was forced downwards, creating
the vortex remnant identified in the prior experimental work (Forster et al. (2017c¢)).
A four vortex system was created in the process by the interactions with the shear
layer, exhibiting all the interaction mechanisms previously investigated. The result of
these interactions was a single dominant vortex, which did not magnify its amplitudes of
oscillation significantly as it travelled downstream due to the destruction of all interacting
vortices.
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