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Abstract
The successful control of vortex structures is critical in the eld of modern
aerodynamics, with automotive and aerospace applications becoming
increasingly reliant on vortices to improve aerodynamic eciency. Knowledge of
how streamwise vortex interactions behave as they propagate downstream is
essential to designing systems to control these ow structures.
The ow around two NACA0012 vanes at various lateral osets 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 osets for the
co-rotating case. The counter-rotating condition was considerably more
sensitive to oset, with far osets causing vortex enhancement and near osets
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 signicantly 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
i

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 o in succession, wind
turbines and vortex generators can all produce vortex interactions with multiple
streamwise vortices in close proximity to each other [15]. These vortices may
be desirable (ow 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 eects 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 ow characteristics on the
downstream wing itself, and/or have been limited in the number of vortex
positions run, making trend analysis dicult. 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 eld of
modern aerodynamics, with automotive and aerospace applications becoming
increasingly reliant on vortices to improve aerodynamic eciency [9]. Of great
importance to these elds 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
1
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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 aects the downstream vortical structures. More specically, 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
elds, 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 ows 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 specics 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 ow
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 signicant issues regarding current vortex study is the lack of
an agreed denition of what constitutes a vortex. Authors such as Lught [10],
Haller [11], Roth [12] and Jeong and Hussain [13] all identied the limitations
in the various methods of dening and locating vortices and vortex cores. Early
denitions of vortices located the core at a region of high vorticity, however as
Haller [11] identied; there is no universal threshold over which vorticity is to
be considered high. Vorticity may also be present in ow elds in which no
vortices occur, such as shear ows, 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 ow 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 proles have been proposed. Of these, the most popular are the
Rankine, exponential, Hall and Lamb Oseen Vortex [1520]. The formulations
for these vortices are given below in eqs. (2.1) to (2.4). Often the Rankine vortex
is used for convenience, as its simplicity facilitates more rapid analysis whilst still
3
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capturing many features of a realistic vortex.
Rankine:

Hall:

⎧
⎧
⎨Γ/(πa2 ), r ≤ a
⎨Γr/(2πa2 ), r ≤ a
ω=
, vθ =
⎩0,
⎩Γ/(2πr),
r>a
r>a

(2.1)

u = Δv(G − 1/2 ln z), v = −1/2Δv(z)−1/2 , w = Δv(G + 1/2 − 1/2 ln z)1/2

(2.2)

Exponential:
Lamb-Oseen:

u = constant, w = Γ∞ /2πr(1 − e−z )

ω=

Γ −r2 /a2
Γ
2 2
e
, vθ =
(1 − e−r /a )
2
πa
2πr

Time Dependent Lamb-Oseen:

vθ =

Γ
2
(1 − e−r /4vt )
2πr

(2.3)
(2.4)
(2.5)

A more practical vortex eld 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 specied pressure eld is
provided purely to ensure an even circumferential manner by eectively
providing a centripetal force.
Another practical vortex prole 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 simplies 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 proles typically have good
correlation with experiment [23]. These proles can be seen graphically in
Figure 2.1.


Γ=
1
Xc =
Γ
1
Yc =
Γ

ωdS

XωdS

Y ωdS
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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 oweld to a singular vortex. Numerous studies have
been performed on isolated vortices acting without the inuence 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 dicult problem, as geometries such as vanes and ramps
produce signicant ow deections, as well as producing a velocity decit [27].
Other geometries, such as cubes and cylinders, as identied by Jacobi [28] , do
not produce ow deection, however they produce highly turbulent and noisy
owelds 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 at plates which close together with a jet. This forms a vortex
pair with no axial ow, and can be used to study the dynamics of a Lamb Oseen
vortex pair experimentally. Such a conguration is shown in Figure 2.3. For
many studies attempting to emulate realistic vortex ows with axial pressure
gradients and velocity decits, vanes are used to create wingtip vortices [8, 32
34]. These may be in the form of aerofoils or at plates, and are most typically
of square planform, however elliptical proles have been used by some [32].
Due to the swirling nature of vortices, they act as pressure gradient ampliers
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 ow is not an option for singular pure vortices, as it will
signicantly aect the result [35]. Cassidy and Falvey [35] found that a probe
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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 eects
than Reynolds number sensitivities.







  



























Figure 2.7: Relationship between Reynolds number, circulation and breakdown
position, adapted from Sarpkaya et.al [41]. Ω 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 dicult 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 ow
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 ow. In this case, if the ow 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 eld 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 ows due to its requirement for slender vortices and
inability to predict the resultant oweld. 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 dierences 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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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 ows. However, this model is
only well suited to pipe ows 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 ame and
combustion eects, some notable ndings regarding the vortex structure at the
combustor exit were found. By forcing the axial ow at dierent 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 signicantly higher levels, the vortex
breakdown was signicantly altered, developing into multiple, smaller
counter-rotating vortex cores. This demonstrated a link between the oscillation
of the input ow 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 ows will inevitably end up interacting with other vortices
and structures present in the ow. 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 dierent 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
conguration being considered in this section.
2.3.1 Structure

In the case of a two dimensional counter-rotating vortex pair the ow structure
produced is symmetrical while the vortices are of equal strength. As identied
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2.3.3 Instabilities
2.3.3.1

Long Wave

Instabilities of vortices occur in two primary forms, the rst 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 amplication in which
small wave disturbances occurring in one vortex are amplied by the other,
causing signicant 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-o 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
conguration 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 lament calculations that
inducing out of phase sinusoidal perturbations in the vortices resulted in longer
distances before breakdown, with the laments having less instability growth
at closer proximities. However, inducing in-phase instabilities accelerated the

=
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2.4.3 Instabilities and Merging

As identied previously [8891], a pair of co-rotating vortices will merge in any
viscous ow. The equilibrium states of interacting and merging vortices were
rst studied by Saman and Szeto [89] using energy based equations numerically
approximated with Newton's method, nding that the vortices will merge in an
equilibrium state at a vortex separation to radius ratio of 3.16. This was found
to be dierent 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 ow elds and no velocity decit 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 diusion 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 rst diusive stage, the convective stage, the second diusive stage
and the merged diusive stage [9496]. The rst diusive stage consists of the
two vortex cores increasing in size through viscous diusion, 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 diusive stage then involves the diusion of the two vortex
azimuthal velocity peaks to form a singular vortex. In the merged diusive 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 eld into a symmetric vortex eld and
an antisymmetric eld (the total vorticity eld minus the symmetric vorticity

Chapter 2. Literature Review

30

Table 2.1: Vortex merging regimes for unequal strength vortices
Regime
Γ1 Γ2
Elastic Interaction 1 1
Partial Straining
1 <1
Complete Straining 1 0
Partial Merger
>1 <1
Complete Merger >1 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], nding 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 eld 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 eld 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
rst diusive 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 ow
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 o 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 eect can clearly be seen in Figure 2.24.
Once the two cores have merged the nal 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).

α
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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 signicantly 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 oset at which the vortex
interaction changes would be of use to the design of ow control devices, as well
as the advancement of aircraft wake vortex breakdown. Additionally,
characterisation of the circulation properties of the subsequent vortex pairs at
dierent proximities is distinctly missing from the literature, and would be of
use to the aforementioned elds.

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 ow 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
ow parameters such as pressure and velocity elds, the presence of the probe
causes the oweld to be aected. 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 ow
elds dominated by vortex interactions and instabilities. Of these non intrusive
methods, LDA is only a point measurement, whilst PIV is a eld measurement.
Consequently, PIV can measure instantaneous ow elds while LDA is only
capable of resolving the instantaneous ow at a point or a time averaged eld.
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

Chapter 3. Experimental Facilities

38

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 signicant 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 diuser section with a total length
of 2.5 times the test section length. This allows a camera to be placed in the
diuser section well downstream of the test section, minimising ow disturbances.
The fan housing is connected to the diuser via means of a exible coupling,
reducing the vibrations passed directly through to the tunnel by the fan. The
expansion ratio of the diuser 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 gs. 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) ow 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 Dierential 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 signicant variance in Reynolds numbers of
6 × 103 , the Reynolds number never fell below 6.5 × 104 , 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 × 104
based on chord length. Huang et. al. [105] found that above 6 × 104 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 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 eects. Running
the tunnel as slow as possible within the acceptable Reynolds number range
minimised vibration of the diuser 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 owelds 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 gs. 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.

Figure 3.6: Overall experiment layout.
The vane rig itself had to cover a number of design constraints:

±
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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 suciently 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 [109111]. 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 deection would not be a
concern.
A NACA0012 prole 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 congurations. The vanes
were originally produced from extrusion formed 3D printed PLA, with a tolerance
of ±0.05 mm, with prole accuracy veried by a shadowgraph. These were
painted with a matte black paint to reduce reections. An aluminium vane was
CNC machined at a later date for comparison, with no observable dierence
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 tment 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 veried.

Figure 3.9: Vane prole 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 dierent single vane angles of attack.
14 degree angle of attack there was a signicant reduction in initial circulation
of 10% compared to the 12 degree case, followed by a signicant 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 signicantly 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 eects 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 ow, and the thinnest boundary layer possible. These CFD
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Figure 3.11: Rig assembled in tunnel.
results can be seen in gure Figure 3.12. It was found that the rounded splitter
prole provided the best performance, with an equally rounded splitter prole
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 gs. 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 3.14: Turbulence (left) and pressure (right) proles at rear vane location
with splitter in tunnel.
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Figure 3.15: Pitch and yaw proles at rear vane location with splitter in tunnel.
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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 tted with a 120mm lens. The CCD size on
the camera was 12.5mm wide x 9.38mm high, giving a eld 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 μm 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 identied through initial testing. The ability of a
particle to follow a ow is dened by its Stokes Number, with details of this
calculation seen in eqs. (3.1) and (3.2).
Stk =

τ0 ∗ u0
l0

(3.1)
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Figure 3.17: Particle seeder and location.
Where u0 is the ow velocity of 12m/s,
and t0 is represented by eq. (3.2).
τ0 =

l0

is the length of the object (0.08m),

ρp ∗ d2p
18 ∗ μg

(3.2)

where ρp is the particle density of 912kg/m3 for DEHS, dp is the particle diameter
of 0.25 ∗ 10−6m, and μg is the dynamic gas viscosity of air, 1.983 ∗ 10−5. This
gives a τ0 of 1.597 ∗ 10−7. Substituting these values in gives a Stokes number
of 2.396 ∗ 10−5 for the DEHS particles used. If the Stokes number is greater
than 1, particles will detach from a ow especially where it decelerates abruptly,
if it is below 1 particles will follow uid 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 ow very eectively.
Due to the rotating nature of vortex particles are displaced from the core due to
centripetal eects. In order to maximise the number of particles inside the
vortex core, signicant premixing of the particles with the mean ow was
desired. This was performed by aiming the seeder at the outlet of the tunnel,
allowing the seeding to ll 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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Figure 3.19: Positive (left) and negative (right) circulation decay plots for various
seeding levels.

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 55 μs apart as any higher resulted
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3.3.6 Analysis Conguration

Image analysis was performed with PIVView software. Multi grid interpolation
was used, starting at a coarse grid size of 128px x 128px windows and nishing
with renement to 32px x 32px over 3 passes. Standard FFT correlation was used,
with two repeated correlations on 16px oset grids being performed. Subpixel
shifting was enabled on all passes with b-spline interpolation and peak detection
by a Gaussian least squares t from 3 points. The nal 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 dierences 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 dierences 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 oset
adjustment is ± 0.005C (10% of the smallest oset 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 signicant, 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 eective 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 ow. 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 eld 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 ow was
imposed on one of the PIV captured owelds. The original velocity eld can
be seen in Figure 3.24A, with the velocity eld resulting form the projection
error seen in Figure 3.24B. Performing the vector sum of these two elds
produces the velocity eld 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 elds
(A - C) produces the velocity dierential contour in Figure 3.24D. Note that
the velocity magnitude dierential (D) does not directly correlate with the
projected velocity eld (B), as the projected eld is radially expanding in a
uniform direction, while the velocity eld direction is more randomised. When
a vector addition and scalar subtraction is performed this leads to the
dierential result.
The resultant dierences 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 inuence of projection error shown by the contour
lines. Clear magnitude dierences can be seen between the two, with the bands
shifting. However, as the velocity gradients have not signicantly changed the
vorticity eld shown in Figure 3.24G and H shows negligible variance between
the original eld (colours) and eld with projected error (lines). The calculated
total circulation of the original case was 0.3324786 m2s−1, with the circulation
of the projected case being 0.3324786 m2s−1, resulting in a maximum projection
error in circulation of 1 ∗ 10−7m2s−1. As such, the projection error inuence on
vortex core location and circulation is negligible.
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being of the appropriate size to minimise error. As identied by Rael 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.
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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 uctuations in velocity [118]. In addition to this,
the velocity eld will be smoothed, resulting in signicant 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

ω
Γ
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and (3.5).
1
Xc =
Γ
1
Yc =
Γ


XωdS

(3.4)

Y ωdS

(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 signicantly. It is also more robust than simply using the value
of peak vorticity, as it is not signicantly 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 ineective as it will
only nd 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 A0.1 and A0.3 respectively. In the case that the smaller A0.3
was less than a quarter of the larger A0.3, 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 inuence of signal noise on the
results. The area represented by A0.3 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 A0.1 and two A0.3 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. (3.6) and (3.7) was used.
Xc =
Yc =

1



ΓA0.3
1
ΓA0.3

XA0.3 ωdS

(3.6)

YA0.3 ωdS

(3.7)



While the vortices remain near a uniform Lamb-Oseen distribution at the far
osets, at nearer osets signicant partial straining occurs from the inuence 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
tting 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 eective radius. These were R0.1 and R0.3 for A0.1 and A0.3
respectively.
The vortex circulation was calculated by the integral of the vorticity within the
identied core region. For when there are individual vortices identied, this is
taken at an A0.3 cuto, as this allows the continued identication of vortex peaks
through the merging case. When the vortex is merged, this is evaluated at A0.1
to capture the entire vortex. If A0.3 is used to characterise the merged vortex
it excludes the merging tail region of the vortex, causing a signicant drop in
eective 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 eective 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 eectively 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 suciently 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
dierence from instantaneous circulation to average circulation, divided by the

Chapter 4
Numerical Modelling
While the experimental testing regime allows a large number of osets 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 elds and far eld eects 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
ow 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
elds 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 oweld properties and
LES being used for subsequent, in depth analysis of the eects seen in the
experimental work.
The vane conguration 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 ow by introducing ow separation. Six congurations were tested, with
counter-rotating and co-rotating vanes at a lateral oset of 0C, 0.2C and -0.2C.
These osets were chosen to observe the eects of the front vortex impacting and
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the eddies that are not resolved by the grid. All scales larger than the subgrid
lter are solved as per the Navier Stokes equations, whereas all below the lter
must be modelled. DNS involves directly solving the Navier-Stokes equations,
with no turbulence modelling.
The majority of vortex driven industrial owelds 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 signicantly higher for RANS solutions than LES solutions,
resulting in reduced vortex lengths and energies and signicant impacts on the
interactions of the vortices. Despite this, many recent research studies have still
been performed using k − ω Shear Stress Transport (SST) and Reynolds Stress
Models (RSM) [123126].
Initial studies of the oweld to determine baseline ow 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 signicantly higher. While these results were useful for
initial determination of key oweld properties and cases of interest, as
discussed in chapter ve, their high dissipation rates resulted in unrealistic
vortex elds 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 eectively. The signicantly 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 signicantly aects the production of the
downstream vortex, and as such modelling the dissipation of this vortex
eectively was critical to the nal result accuracy.
From initial experimental studies, the circulation based Reynolds numbers of the
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vortices was in the vicinity of 8 ∗ 104, 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 uctuations resulting in turbulence. As such, a laminar model would
not be appropriate to model the problem, despite laminar ows 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 ow features are modelled in order to
correctly characterise the instabilities present in the ow.

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 denes the
velocity scale [127]. This relates the subgrid dissipation to the rates of strain at
the smallest resolved scale, ineectively resolving regions where the vorticity
eld is more signicant than the strain eld. The assumption of fully isotropic
turbulence in the inertial subrange also creates issues with wall bounded ows,
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 diculties 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 y3 instead of y2 in the Van Driest modied Smagorinsky-Lilly
model. This model has been shown to have eective 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.
vt = (Cw Δ)

2

(Sijd Sijd )3/2
(S ij S ij )5/2 + (Sijd Sijd )5/4

(4.3)

Where Cw is the WALE constant, S ij is the symmetric component of the
velocity gradient tensor (also the strain, or deformation tensor of the resolved
velocity eld), Δ is the characteristic subgrid length scale and Sijd 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 oset to further conrm 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 signicantly 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 [131133] and the value
originally recommended by by Nicoud and Ducros of 0.5 [127] were tested to
observe the eects 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 Cw . Experimental validation as discussed later in this chapter conrmed
that lower numerical dissipation was required. As such, Cw = 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 ow 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 ows with high swirl number
[135, 136].
When rst-order methods are used for solving the momentum equations they
typically damp out resolved eddies and turbulence in LES solutions due to
increased numerical diusion. Central dierencing provides a far more accurate
approach, however induces additional instabilities into the solution which may
cause convergence issues or non-physical oscillations in the oweld. By
applying a rst order scheme when the convection boundness criterion is
violated, the stability of the solution can be maintained without signicantly
adversely aecting results, and its numerical diusion will remain second order
as long as the solution is suciently stable. As such, bounded central
dierencing 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 dierencing
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
dierencing and second order upwinding, reducing numerical diusion for three
dimensional ows 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 dierential would be signicant 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 inecient. By
evaluating the conditions sequentially and ensuring conservative conditions are
chosen, condence 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 nest grid density used
to ensure maximum propagation of any boundary related eects. The nal
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 specied as the inow 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
oor boundary layer inuence 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 identied 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 diusion ux condition was used, as it
was found to provide minimal disturbance to the vortices. Testing of alternative
congurations had shown that pressure outlets had caused non-physical necking
and upstream disturbances along the vortex core, while the outow condition
replicated vortex behaviour present in a longer domain.
To ensure the boundary conditions were suciently spaced to have negligible
impact on the vanes and vortices, three congurations each of inlet, outlet and
side lengths were tested. The counter-rotating 0.2C oset was selected for
boundary testing, as it provided a complex, interacting vortex oweld 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 suciently far
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thus allowing the rst cell to be placed in the logarithmic region of the boundary
layer, signicantly reducing near wall mesh requirements. As the primary eld of
interest was the resolution of the vortex interactions rather than ne ow features
on the vanes, the rst 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 modied 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 o the main span
of the vane is under-resolved in the coarser y+, the net eect 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 uctuation magnitudes and frequencies in the
instantaneous cases are also similar. The primary dierence 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 signicantly
aect 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 8.5x106 cells,
the high y+, wall modelled strategy was employed for the present work.
Grid generation was performed in ANSYS ICEM, using a fully structured multiblock 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-eld vortex interaction, particularly in the case
of impact. The elements were stretched in the far regions of the domain where
predominantly freestream ow was expected. The nal 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 signicant bias of the mesh to the wake regions resulted
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Figure 4.12: Force coecients of rear vane with varying LES mesh densities.
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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 nest mesh.
visualisations of Figure 4.14, the magnitude of energy uctuated at a maximum
far wake peak-peak variance of 20.1% for the 2.6x 107 case, with uctuation of
9.53% in the 1.7x107 case and 12.3% in the 1.2x107 case. The RMS values of
the uctuations were 5.351 ∗ 10−3J/m2, 2.560 ∗ 10−3J/m2 and
2.233 ∗ 10−3 J/m2 , for the ne, 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 signicant instabilities and oscillations present
in the ner 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 oset in the time averaged condition by the eects 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 oweld. 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 2.6x 107 cell mesh
successfully converged on the vane force and frequency characteristics, and
downstream kinetic energy properties, demonstrating its suitability for the
analysis of this oweld. While all meshes successfully resolved the global ow
structure and large scale instabilities, the 2.6x 107 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
eld moving across a discrete spatial grid, the time stepping of a solution must
be suciently small that the ow 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 ow features as they move through. While the timestep
must be suciently small to resolve the motion of all ow 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 ∗ 10−5s
was used, resulting in the maximum CFL number being maintained at below 1
for all simulations. This is equivalent to a non-dimensionalised timestep
Δt∗ = 0.003, which is well below the recommended estimate of Cummings et.
al. [147] of Δt∗ = 0.01, and below the Δt∗ = 0.006 vortex breakdown cuto of
Görtz [148].
For each LES case the solution was initialised with a k- ω SST model, followed
by two complete owthroughs of the domain with the WALE LES model. This
initialisation period was utilised to ensure that a fully developed transient ow
on both vanes had developed and the resulting disturbances from the upstream
vane had propagated to, and interacted with, the downstream ow structures.
Initial monitoring of forces on the vanes proved ineective due to the
uctuations in forces being largely caused by the localised vortex shedding,
which gives a poor indication of the initialisation and eects 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 articially
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uctuate by large values, even when sucient initialisation had been completed.
As such, isosurfaces of x-vorticity at 400 s−1 were used to determine when
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 ow
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 ∗ U∞/C = 2, as can be seen in Figure 4.17, with <0.5% convergence within
T ∗ U∞ /C = 5. However, the meandering motions and uctuations 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 eld 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 ∗ U∞/C = 1.2, consistent with the rapid convergence of the rear vane
forces that would be reected in the circulation production. The weaker vortex
is only marginally slower to converge at 0.8% at T ∗ U∞/C = 1. Maximum Z
position displacement of 0.0126C was present at T ∗ U∞/C = 4.5 in comparison
to a maximum instantaneous value uctuation of 0.0726C, indicating a slower
uctuation in vortex location requiring a longer time averaging interval. This
was signicantly worse for the positive vortex than the negative vortex, which
had a maximum uctuation of 0.072C for an averaging displacement of 0.0056C
from T ∗ U∞/C = 4.5. As such, time averaging error is acceptable from periods
exceeding T ∗ 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 sucient
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 oset
counter-rotating conditions.
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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 dene
and characterise a vortex. In the present work, to ascertain the strength of the
vortex and monitor the dierent 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

Ωx =

dv dw
−
dz
dy

(4.5)


Γx =

Ωx dA

(4.6)

where Ωx is the x-vorticity, and Γx is the circulation.
The vortices are in a ow free of the complex geometry and the motion in the
axial direction is signicantly 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 inuences from outside the
plane of interest. This is in contrast to other situations with complex geometry
where the complexity of ow may limit meaningful results to Q-criterion or
Lambda-2 due to the mis-identication 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 oweld. As the ow is dominated by the vortices in the CFD and there
are minimal external artefacts, these pressure coecients can be computed by
integrating across a planar slice through the whole domain, as per below:


Cp,x =

Cp dA

(4.7)

Cpt dA

(4.8)


Cpt,x =

Where Cp is the pressure coecient, given by the instantaneous pressure
dierential from static pressure at the inlet, divided by 1/2 ∗ ρ ∗ u2∞ = 61.25.

Cpt is the total pressure coecient, given by the pressure coecient plus the
local velocity squared divided by u∞
Again in high lift scenarios it is common to require the total kinetic energy and
momentum of the ow 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 t ) components, the proportion of the ow energy contained in the
vortex and the transfer of ow energy to vortex energy can be better
monitored, as per below for kinetic energy:

Kt =

u2 + v 2 + w2 dA


Kp =

(4.9)

v 2 + w2 dA

(4.10)

u2 + v 2 + w2 dA

(4.11)

For momentum:
Pt =

 √

Pp =

 √

v 2 + w2 dA

(4.12)

4.8 Transient Vortex Analysis
While point monitors can be used to monitor frequencies and amplitudes in
transient ows, their usefulness in unsteady vortex elds 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 eect 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 signicant, 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 eect
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walls were used on all faces, with a specied inlet velocity prole 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 oset was used as it maintained the
highest vortex energy throughout the domain. In the co-rotating condition, the
0.2C oset 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 elds in Figure 4.20 showed good qualitative agreement
between the experimental and numerical owelds. As indicated by the purple
arrows, all dominant ow 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 eld is
more poorly resolved and becomes dominated by noise. This can be seen in the
top left kink in the velocity eld, which has a very clear migration in the CFD
case. This is seen as more of an increasing dent in the oweld 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 reected in the nal location of the
horseshoe, with LES being slightly below horizontal and the experiment being
signicantly 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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0.612C in the CFD and 0.666C in the experiment, leading to a dierence 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 Uip/U∞ 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 signicant dierence 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 signicant eect in the closer interaction cases, where
the eective oset is altered. This will be discussed in more detail in the following
subsection. However, the over-prediction of this migration is unlikely to aect
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
identied issues with high vortex dissipation causing incorrect measurement of
the vortex interaction. Specically, these earlier simulations had found that the
upstream vortex had dissipated suciently 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 dicult, as correlation
with the 0.2C oset case remained purely qualitative. After nding the
upstream vortex had migrated towards a more negative y value, the 0.3C oset
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
oset 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
oset 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 oset 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 specics of the vortex positions was the accurate
prediction of the merging mechanism. While the increased eective 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 Bv /rv = 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.

Chapter 5
Identication of Key Floweld
Properties
In order to focus the design of the experimental and CFD regime it was desired to
understand the qualitative characteristics of the oweld. By performing initial
analysis with techniques such as RANS and ow visualisation the two vane setup
was evaluated with minimal resources.

The ndings of this testing, such as

migration patterns and transient behaviour were then used to dene 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 aect 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

characterisation.

make

the

technique

invaluable

for

initial

oweld

For this visualisation the water tunnel described in chapter

three was used. Evaluations were performed at -0.2C, 0C, 0.2C and 0.4C osets
for both the co-rotating and counter-rotating condition.
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5.2.1 Co-Rotating

Results from the analysis of the co-rotating vanes indicated that regardless of
the oset of the rear vane, a similar ow 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
oset 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 eect of the vortex dissipation rate with nal energy
dierences 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 rst vortex is lowered.
This eect, 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 ow produces an
isosurface that, when trimmed by the Q-criterion [13], is very eective in tracking
vortex cores [124]. Inspecting this isosurface at 1m/s swirl velocity provided an
eective 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 oset 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 oset 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 osets is very similar directly
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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
signicant dierences in vortex structure and dissipation rates. Moving the
downstream vane immediately in the path of the vortex (-0.2C oset) caused a
rapid destruction of the initial vortex, as well as signicantly 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 oset) caused the vortex
produced by the downstream vane to equal the strength of the merged vortex of
the co-rotating case (-0.2C oset 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 signicant
rate than the single vane case.
The total momentum for the counter rotating cases in Figure 5.10 conrms 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 dierence in
momentum of 47%. -0.2C oset shows the most substantial drop, with a 52%
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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 oset achieved 72% and 77%
respectively. The largest discrepancy between osets is the location of
maximum dissipation rate, with the close impact -0.2C oset experiencing very
signicant 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 oset.

5.3 Cases and Points of Interest
The initial water tunnel and RANS studies identied several key features for
later investigation in the experimental and LES testing. The most signicant
nding from the water tunnel testing was the transience of the vortex oweld.
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 oset. 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 signicant information, and as such one Re as selected for the
correct vane shedding regime would be appropriate.
The RANS studies demonstrated very signicant oset related variance in the
ow structures and energy variance for the counter-rotating cases. As such it
could be seen that a wide variety of osets would need to be evaluated for both
vortex paths and circulation, with the experimental investigation tracking from
the extremes of osets with near zero vortex rotation. From the results of this
oset testing the LES cases of key interest could then be decided. For the corotating condition the RANS showed that similar ow structures were to be
expected, however slight dierences 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
oset case, as this condition exhibited both the helical spiral and transient merger
within the CFD domain, covering the key oweld features identied in this
chapter. Consequently the initial analysis of key oweld 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 eld in the experiment
allows the derivation of the vorticity eld, 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 ow, 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 osets, the motion is less vertically
dominated, and takes on a more signicant lateral component, as well as a
signicant rotational motion between the vortex pairs. As the conguration
transitions between predominantly vertical motion to predominantly lateral
motion, the magnitude of the migration increases signicantly, as can be seen
by the 80.5% dierence between the 0.5 and 0.2 case. This is followed by a
signicant drop of 27.2% in the total migration between the 0.2 and -0.05 cases
as the vortices interact more closely. The same eects 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 oset case vortex paths are shown in Figure 6.3. At the maximum
oset (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 counterrotating cases.
their paths. The separation between the vortex pair alters approximately linearly
in the same amount as the variation in oset between the vanes. For this range
of osets the vortex pair separation does not signicantly 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 gure, 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
signicant curvature apparent to both the upstream and downstream vortex
paths. This curvature occurs as a result of a dierential 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
signicantly 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 suciently
close to produce signicant interactions of the high vorticity core regions, and
the dierential in strengths between the vortices being sucient to promote
rotation. With both cores having an average R0.1 of 0.146C and the vortex
separation distance between the cores being 0.274C, this would indicate that
signicant vortex interactions which aect the strength of the upstream vortex
begin to occur at a vortex spacing approximately equivalent to 2x R0.1. This is
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Figure 6.3: Paths of upstream (dotted) and downstream (solid) vortices. Note
the scale dierence between the top and side views. Error in core location is ±
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 signicantly 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 oset 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 oset
the R0.1 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 dierence between the top and side views. Error in core location is ±
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 oset causes a strong initial interaction as it aects the vortex
formation. However, the -0.2C interaction causes a more rapid reduction of the

R0.1
R0.1
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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 nal separation at x/C = 16.5.
than this will begin to dissipate the upstream vortex signicantly. As the
upstream vortex impinges on the vane it causes the vortices to increase both
their initial and nal 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 signicant interaction, but rather the downstream vane has
signicantly reduced the strength of the upstream vortex during the direct
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vane/vortex interaction. This conguration also displays a smaller dierence
between the initial and nal separations than the surrounding points on the
negative side as the vortices have reached a steady equilibrium state in the ow
and the subsequent interactions are weak.
6.1.2 Core Sizes

While the vortices remain near a uniform Lamb-Oseen distribution at the far
osets, at nearer osets signicant partial straining occurs from the inuence 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
tting 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 signicantly
from a circle, an eective radius can be calculated from Equation 6.1 by
assuming approximate circularity, thus facilitating quick comparison of the
relative vortex sizes.

R0.1 =

A0.1
π

(6.1)

The removal of noise from the data via the ltering previously discussed in
Chapter 3 ensures that only the area of the core itself is processed, and not the
surrounding ow 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 conrmed by evaluating the -0.2C oset
case at double the spatial resolution as previously mentioned, yielding errors of
±2.7% in core radius across the averaged sample size.
Initial and nal values for core radius were calculated by linearly approximating
the gradients of core radius across the domain, reducing the eect 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 oset a signicant 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-eld interaction case observed to
have a signicant 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 oset. Between -0.25C to -0.2C, the previously identied 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 nal
downstream vortex size peak at the -0.25C case has a more signicant 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 eld.
As the interaction approaches the point of impingement, the nal size of the
upstream vortex decreases to a minima at -0.15C. As the upstream vortex
moves closer to the tip, its strength is signicantly 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 oset, while in the direct impingement case the
downstream vortex itself is signicantly weakened, and as such cannot draw
energy from the upstream vortex as successfully. As the oset increases towards
the positive side, there is a steady increase in the nal 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 ow, vortex shedding or other ow disturbances. While the origins of
meandering are disagreed upon [6, 149151], it is still important to characterise,
as it changes the predictability of the oweld, 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 dierence between the two plots.
Initial separation is at x/C = 11.5 with nal separation at x/C = 16.5.
showing that the initial meandering motion is caused by the formation of the
vortices. The shear layers shed o the vanes may provide the initial
perturbations, resulting in the uctuating deviation of the core location. As the
ow travels further downstream, these spanwise vortices will be dampened out
by viscous eects, as well as ow entrainment into the streamwise vortices.
These vortices are too far apart for the Crow instability to have a signicant
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eect 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 signicantly increase. Between -0.2C and -0.05C the start variance
of the upstream vortex signicantly increases. This is in the region of the
upstream vortex R0.1 intersecting the suction side of the downstream vane. At
-0.1C oset there is a peak variance of 0.17C, which is greater than R0.1. This
indicates that in near eld interactions the upstream vortex is uctuating 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 aected 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 oset and a signicant increase
in meandering from -0.35C to -0.15C. This is accompanied by a wider spread
of meandering in the upstream case, with signicant increases in meandering
once the vortex separation drops below 0.275C (-0.4C and 0.1C osets). These
downstream vortex proximities are suciently 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 oset 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 osets (0.3C in
gure) the presence of any sinusoidal deviation is minimal, with only a slight skew
observed in the upstream vortex. As the oset 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
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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 oset
is further reduced, the upstream vortex is drawn into the velocity eld of the
downstream vortex, resulting in a curvature of its sinusoidal deviations. This
can be seen in the 0C oset of Figure 6.9. The same trends were seen when
approaching the vortex impingement from negative osets.





 























 















































Figure 6.9: Core locations of upstream (red) and downstream (green) vortices
for 0C, 0.1C and 0.3C oset 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
oset cases also calm the uctuations 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
uctuations would be reduced as the vortices pass through the oweld, as long
as there is not a signicant instability present. Of more interest is the increase
in circulation variance near the points of higher interaction.
In the near eld, the normalised circulation variances were increased by 0.078
(75%) and 0.428 (471%) for the downstream and upstream cases respectively. In
the far eld, 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 inuential in the magnitude of the circulation uctuations 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 oset, however between
0.2C and -0.25C the vortices were merged. This merging can be seen in the 0.1C
oset case, where the downstream vortex disappears after x/C = 12.5 due to it
merging into the upstream vortex. As the oset 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 oset was 0.308C and 0.186C for the upstream and downstream vortices
respectively. At 0.2C oset 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 rst 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 inuence
from the wake of the rear vane. The -0.3C oset case is the only case presented in
this gure where the vortex paths pass both above and below where the merged
vortex is located in the -0.1C oset case. This means that until Z/C drops below
-0.025 the vortex is not being aected 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 eect will dissipate as the downstream vane wake dissipates
further downstream.
As opposed to the laterally spaced test conguration 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 signicant. 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 oset of
-0.3. The absolute magnitude of the centroid migration remained roughly
constant across the oset range measured, however it was a signicantly higher
percentage of the total migration at the nearer osets of the vortices. The
analytical, inviscid results presented by Lewecke [23] also show a static core
rotation centre, demonstrating the dierences induced by the realistic vane
vortices. The dierences 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 inuence (Leweke).


  

 








































































































 






  


































































Figure 6.10: Paths of upstream (solid) and downstream (dotted) vortices for
various lateral vane osets. Error in core location is ± 0.006C.
The spiralling rate of the vortices was calculated through the same method as
the counter-rotating condition. Decreasing the oset 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 eective rotational rate of the peak azimuthal
velocity region of a single vortex, attained at a radius of .075C and velocity of
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37.5C/s (3m/s). While an inverse relationship cannot be explicitly conrmed
from the oset range investigated, the rotational rate will tend to zero as the
vane separation goes to innity, indicating the continuance of non-linearity with
increasing oset in the rotation trends. The rotation rate remained constant
throughout the domain. The separation linearly varied at the same rate as the
oset 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 nal separation at x/C =
16.5.
By combining the separation distance curves from each unmerged case, the trends

Chapter 6. Experimental Analysis of Vortex Interactions

126

of separation distance for the vortex pair can be extrapolated to cover a much
longer eective distance. This allows us to simulate how a vortex pair deployed
at an initial separation width of Bv /R0.3 ≈ 7 would behave further downstream,
as can be seen in Figure 6.12. The separation data shows that there are two
dierent 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% dierential in separation rate.
This suggests that the wake region of the vane signicantly aects 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
oset case exhibits all the merging regimes discussed in the merging section up
to single vortex, combining the second diusive and convective merging states.
However, it does not show the clear levelling o or core separations as observed
by Cerretelli and Williamson [96], instead demonstrating a reduced, but still
signicant 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 oset change of the rear vane, demonstrating the
inuence 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 ow 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 oset 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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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 osets investigated. A maximum radius of displacement of 0.020C was
measured at 0.6C oset. As the oset was decreased, there was no observable
shift in meandering until 0.2C oset, 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 aected
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 aected by this instability, with with a maximum meandering
amplitude along the axis of bias of 0.029C at 0.2C oset. This gives meandering
bias ratios of 3.22 and 1.38 for the downstream and upstream vortices
respectively, indicating an instability with stronger eects on the downstream
vortex. The same meandering trends were seen on the negative osets. The
magnitude of the instabilities was increased as the vortices travelled
downstream and the vortex proximity was reduced through either oset 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 oset case in Figure 6.14. Individual vortex
identication was performed using the contour lines at 30% of the peak
vorticity on the plane (A0.3) 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 gure is the A0.1 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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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 oset, with
the merge length rapidly exceeding the 5C domain length over just 0.15C oset
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 ± 5%. In the -0.2C case there
was a 66% occurrence of merging in the rst 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 uctuation of the vortices, similar
to that identied in the water tunnel testing of the vortices. This produces
a sinusoidal uctuation in the merging point. The meandering of the singular
vortices causes them to move towards and away from each other, with a resultant
uctuation in vortex separation. As previously identied, the merging location is
very sensitive to oset, and consequently any variance in vortex separation will
cause a signicant dierence in the presence of secondary vortex peaks.
Two interesting ndings are apparent from these results. The rst 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
osets (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 nding 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 reected 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 signicant changes in the transient uctations of the vortex
merger.
6.2.3 Circulations and Core Radii

The radius results of Figure 6.19 show the initial R0.3 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 signicantly drop throughout the
domain, with drops in radius of approximately 3%. The downstream vortex has
a similar trend for its size in far oset cases, however as the oset 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 R0.3 is
signicantly 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 A0.1, as
identied in the merging section of this paper.
When inspecting the R0.1 this can be seen through the signicantly higher radii
for both the initial and nal cores. The core radius in this merged region is also
aected by how merged the vortices are. The R0.3 in the -0.2C oset 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 A0.3, and this coincides with the
nal radius observed in the single vane condition. The nearer oset cases have
more signicant vortex core relaxation by the initial plane, resulting in their
comparatively smaller radii. Applying the same principles to the R0.1 it would
be expected that over the course of a longer domain the merged R0.1 would
trend towards the single vortex as the vorticity is drawn in from A0.1.
The circulation gures 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 nal vortex radii (bottom,
x/C = 16.5).
to merging. This was a non-linear trend, showing far more signicant decreases
than core radius changes. This is indicative of the dissipation of the secondary
vorticity peak into the A0.1 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 oset than the merged cases, with it being clearly observable at the 0.4C and 0.4C osets. The drop in downstream vortex circulation is 4.7% at
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the 0.4C oset and 7.3% at the -0.4C oset. This drop is also skewed to the
positive oset, 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 dierential 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 oset, as the lower strength downstream vortex is
more rapidly merged.
While the radius of the upstream vortex remained constant as the vanes
approached merging oset, the upstream vortex circulation can be seen to
reduce at nearer osets. At the 0.2C oset for example, the upstream
circulation drops by 9%, as opposed to the 0.5C oset where it drops by only
3.7%. As such, the diusion of vorticity from both vortex peaks becomes more
signicant as their proximities are reduced. This circulation has diused into
the A0.1 region as part of the secondary diusive stage of vortex merging.
Inspecting the initial circulation for the merged case, it can be seen that the outer
regions of the merged osets trend towards the sum of the two individual vortex
circulations. At -0.3C oset the initial sum of the upstream and downstream
vortex circulations is 0.222 m2/s, and at 0.2C oset it is 0.227 m2/s, which
compares similarly to the 0.220 m2/s and 0.236 m2/s measured at -0.2C and
0.1C oset 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 osets. This
indicates the shift towards circularity involves a penalty in circulation, although
the nal circulation of the merged vortex is still signicantly higher than a single
vortex case. It is important that this is not necessarily considered as a loss of
ow energy, as the circulation is proportional to vorticity, which is not a direct
measure of ow energy.
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Figure 6.20: Initial vortex circulation (top, x/C = 11.5) and nal vortex
circulation (bottom, x/C = 16.5).
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6.3 Experimental Conclusions
6.3.1 Counter-rotating

The wind tunnel testing provided signicant quantitative insight into the precise
vortex paths and energy trends of the vortex interactions over a wide range of
osets. For the counter-rotating case no vortex rebound was observed within the
domain, indicating the vanes were suciently high above the oor to be free of
ground eect.
At close oset 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 oset 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 signicantly 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 R0.1. 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 signicant 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 signicant 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 oset cases. Near oset 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 uctuations 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 oset changes near the point of impingement indicate that the traditional
method of exploring only 3 or 4 osets may not be sucient 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 oset 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 oset, equivalent to -0.15C
to +0.3C oset 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 oset 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 oset, with the vortices consistently moving closer together
throughout the domain for all osets investigated. As the vortices moved closer
together and further downstream, an instability was identied 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 oset, with a nonlinear trend. An unequal merging process was observed, with the downstream
vortex diusing its vorticity to a lower energy level. This diuse vorticity was
then drawn around the stronger upstream vortex, eventually forming a circular
structure. Similar patterns were observed for all osets 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 diused 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 oset, these results indicate the
fundamental eects 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 oset.

Chapter 7
LES Analysis of Vortex
Interactions
The ability of LES simulations to accurately model dissipation rates and
transient eects 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 elds 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 oset 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 eld the interactions were far more
signicant, with large changes in rotation rates, meandering and circulation
transfer. Three conditions of the near eld interactions were considered for
further investigation, the rst being vortex impact on the front of the vane.
This was expected to be at -0.2C oset as identied 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 oset. The nal 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 oset. It was known from the experimental work that the transient
migrations of both vortices in the near pass condition was signicant, so
transient vortex tracking was applied to the 0.2C oset case. It was also
expected that the impingement and resultant destruction of the upstream
vortex on the rear vane would have signicant consequences on the meandering
and circulation of the downstream vortex, as such transient vortex tracking was
also applied to the -0.2C oset condition.
For the co-rotating cases, three more conditions of interest were identied. The
experimental work had shown a dierence in vortex merging rates depending on
which side of the vane the vortex was passed on. As such, two near eld passes of
the vortex on the vane were desired, one on each side of the vane. This occurred
at -0.2C and 0C oset. It was also desired to investigate the mechanisms present
in a longer merging distance case, and for this purpose the 0.2C oset case oered
the longest merging length still within the CFD domain. It was not anticipated
for the nearer oset, short merging length cases to yield interesting transient
meandering data, so only the 0.2C oset 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 osets,
and the co-rotating 0.2C oset.

7.1 Co-Rotating Condition
7.1.1 Mechanism Visualisation

The presence of the upstream vortex caused signicant 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 prole by a chord length downstream.
Introducing a vortex near to the suction side of the vane signicantly modies
this formation process, as seen in the -0.2C oset condition presented in
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oset 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 attening of the vorticity prole 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 eect not
seen in the experimental results as the near oset 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 signicant uctuations of 14.2% in core radius at

Cp = -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
uctuation between the bifurcated and singular state.

7.1.2 Transient Trend Analysis
As discussed previously, only the far oset 0.2C co-rotating condition was
evaluated with the transient vortex tracking methodology, over a time period of

T ∗ U∞ /C = 12. The key properties tracked by this process were vortex position
and circulation, with vortex separation and circulation dierential 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 uctuation. 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 uctuations 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 uctuation
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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 conrmed 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 identied by Schiavetta et.
al. [152], indicating that this phenomenon may be triggered by these vortex
shedding phenomena. While the vorticity strength and pressure decit within
the core was reduced by this deviation, it still maintained a circular vortex
prole. Within this kinked vortex segment the -0.4 Cp isosurface ended,
indicating less pressure decit, 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 Cp that when averaged would have the eect of a lower average
pressure decit, highlighting the modication 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 m2s−1 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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presented in Figure 7.21 showed an average reduction in circulation throughout
the domain, with an uneven periodicity with time. The uctuations in
circulation closer to the rear vane occurred with a signicantly 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 ow
progresses downstream these uctuations diuse and spread out in space,
leading them to bleed into the surrounding time regions. These results in the
smoother uctuations 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 uctuation
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 signicant downwash, hence the
correlation between y value and circulation is understandable.

7.3 Conclusions
The LES analysis allowed considerably more information to be identied
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 identied from the experimental work, and were analysed with both
instantaneous and time averaged methods to ascertain the key ow mechanisms
behind the eects 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 dierence 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 oset 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
uctuations 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 identied
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 signicantly as it
travelled downstream due to the destruction of all interacting vortices.

Chapter 8
Comparison of Vortex Systems
Despite the fundamental similarity of the oweld in terms of the presence and
proximity of two vortices, signicant dierences 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 dierences between the
vortex congurations can be evaluated. As scenarios in both aircraft ight and
ow control where these interactions may be present in either conguration, it
is important to know the dierential eects 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
ow 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 nal separations
respectively in Figure 8.1. In the far oset 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
osets and 0.043C in the positive osets. This consequently led to the merging
of the vortices as the vane oset decreased due to their same sign vorticity. In
this same near eld oset range, the counter-rotating vortex proximities were
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The rotation rates presented in Figure 8.2 showed similar trends in the oset
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 counterrotating 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 signicant
dierences in the total energy available and the rates of energy dissipation. The
counter-rotating circulations seen in Figure 8.3 show that as the oset 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 oset cases happens during the
initial stages of vortex formation, as negligible circulation decrease is noted
after this point. As the osets are brought within the previously identied
near-eld range, there is a transition from relatively little circulation loss
through the domain to a downwards trends in the circulation, with the -0.4C
oset having a loss of 5.6% in the downstream vortex and the -0.35C having a
17.9% equivalent loss. As the oset is further decreased, the initial circulation
destruction in the upstream vortex increases, with the strength being reduced
from 0.147m2s−1 at x/C = 11.5 in the -0.6C case to 0.0439 m2s−1 in the -0.15C
case. As such, the counter-rotating condition decreases in the duration of its
strength as the oset decreases and the vortices interact. It should be noted
that using the time averaged results smears the vorticity eld 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
eld circulation results.
The co-rotating results showed that there was less total circulation present in
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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 identied by Miller et al.
[119].





 























 















































Figure 8.8: Core locations of upstream (red) and downstream (green) counterrotating vortices for 0C, 0.1C and 0.3C oset cases at x/C = 16.5.












































 































Figure 8.9: Core locations of upstream (red) and downstream (green) co-rotating
vortices for -0.25C and 0.2C oset cases at x/C = 14 and 0.3C oset 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 dierence
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
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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 oset condition cause the highest dissipation
rates of any case. In both conditions, having the vanes spaced at impact or
near-impact osets causes a reduction in all measurable vortex parameters in
comparison to allowing the vortices to interact o-body.

8.2 Conclusion
While the ow elds are very similar conceptually, many pronounced dierences
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 dierential 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 oset, while the counter-rotating pair moved
further apart, with a substantial increase in motion in the near eld range to an
equilibrium distance of approximately 0.23C. The direction of the vortex
interaction considerably aected the strength of downstream vortex production,
with counter-rotating congurations 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 oset was reduced. It was found that the mechanism responsible for energy
transfer remained the same, regardless of vortex oset in the co-rotating
condition, with only the distance to merger changing. In the counter-rotating
condition the mechanism was found to vary signicantly between the far, near
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and very near eld, 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 conguration would
be best, while a co-rotating conguration 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
osets 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 oset 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 ow characteristics, with wind tunnel experimentation used to cover a
wide sweep of cases and LES for a select number of cases.
Initial oweld 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 signicant variances in the ow structures, energy
levels and dissipation rates for the counter-rotating cases. However, in the corotating cases similar ow structures and energy trends were found between the
osets.
Further evaluation of the quantative values of the vortices at multiple osets
was performed through the use of a cross-ow, two dimensional planar PIV
setup employed within a wind tunnel. Reducing the oset of the
180
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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 oset 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 uctuate proportionally with position uctuations. These evaluations showed
that the counter-rotating cases had a high sensitivity to oset, 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 osets. 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, signicant 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 oset, 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 osets, 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 nal result of the merging process to oset, 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 ow 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 osets 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 signicant straining and elongation from
impact on the vane body. The LES conrmed 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 oset 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 uctuations
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 o 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 conguration is highly sensitive to
oset. 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 oset 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 ow with no adverse pressure
gradient.

9.2 Future Work
A number of areas have been identied for further investigation regarding these
interacting vortex systems.
The eects 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 eects of the rear vane on the
breakdown location to be observed. Specically, 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 dierent angles on the front and rear vanes would allow a more
comprehensive evaluation of dierent 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.
Modication of the tip geometry would allow the investigation of the dependency
of the near eld merging mechanism on relative tip vortex strength, and if the
single vortex suppression eect 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 diuser would allow the eects 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-os 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.2: Mounting rail, with camera mounting in background.

Figure A.3: Mounting rail, with camera mounting in background.
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Figure A.4: Detail of rear vane ller 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.11: Pitot tube arrangement for characterisation of tunnel ow, with
traverse up (left) and midway through tunnel (right).
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Interactions of a co-rotating vortex pair at multiple oﬀsets
Kyle J. Forster,1 Tracie J. Barber,1 Sammy Diasinos,2 and Graham Doig1,3
1 School

of Mechanical and Manufacturing Engineering, University of New South Wales, Kensington,
NSW 2052, Australia
2 Department of Engineering, Macquarie University, North Ryde, NSW 2109, Australia
3 Aerospace Engineering Department, California Polytechnic State University, San Luis Obispo,
California 93407, USA

(Received 16 November 2016; accepted 12 April 2017; published online 4 May 2017)
Two NACA0012 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 × 104 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
Publishing. [http://dx.doi.org/10.1063/1.4982217]

NOMENCLATURE

R0.1
R0.3
A0.1
A0.3
Γ
Xc
Yc
C
Re
Bv

Average radius of vortex at 0.1 vorticity threshold
Average radius of vortex at 0.3 vorticity threshold
Area of vortex at 0.1 vorticity threshold
Area of vortex at 0.3 vorticity threshold
Circulation
X core location
Y core location
Chord length
Reynolds number, based off chord length
Vortex separation.

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.9,12,16,20,26 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 location,5,22 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,6,19,21,25 a pair of co-rotating vortices will merge in any viscous ﬂow. The equilibrium states of
1070-6631/2017/29(5)/057102/13/$30.00

interacting and merging vortices were ﬁrst studied by Saffman
and Szeto25 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 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.30 using contour dynamics, and a ratio of 3.4-3.8
by Rossow24 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 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.14 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.3,17,18 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
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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 5 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. Once
the two cores have merged, the ﬁnal structure was found to
be larger and more axisymmetric than a single vane vortex. 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.5,22 Increasing vortex swirl decreases merging 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 circulation to support the strain ﬁeld induced by the stronger vortex,
and as such is strained into a spiral tail structure.14 Using inviscid contour method calculations, Dritschel and Waugh7 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 the 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. A critical ratio of core radius and vorticity was also used by Yasuda and Flierl28 in their transient
contour dynamics calculations to characterise empirically the
likely merging state. Numerical studies of such scenarios have
also been performed,1 ﬁnding similar structures and regimes.
The mechanism behind these straining actions is a combination of two causes. First, the weaker vortex is stretched and
drawn into the stronger vortex by a process of elongation.27
Second, 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.13
If the total circulation of any vortex pair is non-zero, there
will be a net rotation of the vortex system.14 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,22 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.10 As such, a probe placed near a vortex causes substantial upstream migration of the breakdown location.2 Consequently either Laser Doppler Anemometry (LDA) or Particle
Image Velocimetry (PIV) must be used for accurate experimental 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.29
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. Vortex interactions
at very close core spacings have not been previously experimentally 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 positions 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 better understanding of the vortex ﬁelds produced by multiple
arrays of vortex generators or aircraft in following ﬂight.

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 close proximities 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 producing 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.

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 × 104 based on the
chord length. At 7×104 the vortex shedding from a NACA0012
airfoil at 8◦ angle of attack is within the supercritical region11
and therefore any Reynolds number lower than 6 × 104 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,3 however the mechanism studied here will be
representative of a broader range of ﬂow conditions.
A. Wind tunnel

Experiments were performed in the Macquarie University open return, closed section wind tunnel. This tunnel has
a 610 × 610 mm (24 × 24 in.) octagonal test section with
a 1900 mm (63) length. Optical access is through a glass
window on the top of the test section and removable windows 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 electronically controlled through a National Instruments MyRIO,
with the pressure sensors calibrated against a temperature 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 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.
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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 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 difference to the ﬂow in characterisation measurements obtained
through the tunnel section. The expansion section of the tunnel 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 during 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 μs 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 μm typical diameter. This gives a
Stokes number of approximately 2 × 10−5 , indicating that the
particle size is sufﬁciently low to follow all ﬂow streamlines
accurately.4
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 × 1200 pixels. The camera was ﬁtted with a 120 mm lens. The CCD size
on the camera was 12.5 mm wide × 9.38 mm high, giving
a ﬁeld of view at the most downstream plane of approximately 100 × 133 mm. Image analysis was performed with
PIVView software. Multi grid interpolation was used, starting at a coarse grid size of 128 pixels × 128 pixels windows
and ﬁnishing with reﬁnement to 32 pixels × 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).
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correlations on 16 pixels 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 × 74 nodes.
Calibration of the camera was performed using a grid that
was photographed at all analysis plane locations, compensating 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 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 pixels 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 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.15 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).
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.29 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 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,
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as well as time-averaged values that could be used to represent the core characteristics and allow comparison between
cases.
The vortex centre within a plane is deﬁned as the integral
of the vorticity (ω) multiplied by the displacement (X or Y
value, depending on the axis being calculated) divided by the
circulation (Γ).14 This can be seen in Eqs. (1) and (2),

1
XωdS,
(1)
Xc =
Γ

1
Yc =
YωdS.
(2)
Γ
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 signiﬁcantly 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 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 A0.1 and A0.3 , respectively. In the case that the smaller A0.3
was less than a quarter of the larger A0.3 , 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 A0.3 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 A0.1
and two A0.3 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
(3)
XA0.3 ωdS,
Xc =
ΓA0.3

1
Yc =
(4)
YA0.3 ωdS.
ΓA0.3
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 calculated using the vortex areas and assuming vortex circularity
to give an effective radius. These were R0.1 and R0.3 for A0.1 and
A0.3 , 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
A0.3 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 A0.1 to capture the entire vortex. If A0.3 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 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.

III. 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 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 X12.5 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
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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
Rokhsaz23 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

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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FIG. 4. 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.

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 Leweke14 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 location (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 cannot 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 constant throughout the domain. The separation linearly varied at
the same rate as the offset changed until the point of vortex
merging.

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 distance. This allows us to simulate how a vortex pair deployed
at an initial separation width of Bv /R0.3 ≈ 7 would behave further 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 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,3 instead demonstrating 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, resulting in the transformation to a singular vortex. The asymmetric
mechanism behind these separation trends will be discussed
further in the merging section.

FIG. 5. Vortex pair rotational rate (left)
and vortex pair separation (right).
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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.

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 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◦ to the line between
the two vortex cores. The stronger, upstream vortex was also
marginally affected by this instability, 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.
B. 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 8. Individual
vortex identiﬁcation was performed using the contour lines at
30% of the peak vorticity on the plane (A0.3 ). 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 A0.1 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 weaker vortex
occurs. This process starts at X14, with the secondary peak

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 process, the upstream vortex A0.3 does not signiﬁcantly increase
in area; however, the A0.1 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 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 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 (X11.5). As a consequence, 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
offset in 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

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 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 A0.3 and A0.1 levels. As they travel
downstream, their separations move closer by approximately
0.007C per chord length downstream. This equates to approximately 6% of the R0.3 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 separation of 0.021C. Between X16 and X16.5, there is also an
observable reduction in the size of the weaker A0.3 ; however,

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.

A0.1 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 A0.1 . 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 A0.3 , as A0.1 indicates that the vortices are merged from
X12.5, while A0.3 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.1 Partial straining of the weaker vortex followed
by the diffusion of vorticity and absorption into the stronger

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 vorticity 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 primary vortices are signiﬁcantly separated (Bv /R0.3 > 2.3), with

FIG. 11. Pathlines in the co-rotating
reference frame and vorticity for different 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 (Bv /R0.3 ≈ 2.3), the two vortex streamlines connect, as well as their vorticity ﬁeld. Unlike
the stages of Cerretelli and Williamson,3 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 (Bv /R0.3 < 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 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 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
±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 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 merging 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 computational study by the authors8 producing a sinusoidal ﬂuctuation
in the merging point. This 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, likely caused by a sinusoidal 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 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 probability distribution for instantaneous
measurements at various lateral vane
offsets (right).
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FIG. 13. Initial vortex radii (left) and
ﬁnal vortex radii (right).

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 R0.3 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 R0.3 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 A0.1 , as identiﬁed in the merging section of
this paper.
When inspecting the R0.1 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. R0.3 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 9.
As the vortex travels downstream, it forms circular and uniform A0.3 , 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 R0.1 , it would be expected that over the course of
a longer domain, merged R0.1 would trend towards the single
vortex as the vorticity is drawn in from A0.1 .
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, showing far more signiﬁcant decreases then core radius changes.
This is indicative of the dissipation of the secondary vorticity
peak into the A0.1 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
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 nearer offsets. At the 0.2C

FIG. 14. Initial vortex circulation (left)
and ﬁnal vortex circulation (right).
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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 circulation has diffused into the A0.1 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 m2 /s, and at 0.2C offset
it is 0.227 m2 /s, which compares similarly to 0.220 m2 /s
and 0.236 m2 /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 that 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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vortex structure was found to change rapidly once the vortices
came with a core separation 2.3 times the core radius, resulting in rapid merging by the time the vortices were 2 core radii
apart. The location of merging could not be determined deterministically 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 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 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.
1 L.

IV. CONCLUSION

Wind tunnel experimentation was performed to investigate 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 number 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 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◦ /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
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a b s t r a c t
The interactions between two streamwise vortices were investigated by wind tunnel testing of two
NACA0012 vanes at various lateral offsets. One vane was spaced 10 chord lengths (C) downstream of
the other, with both at an angle of incidence of 8 degrees and a Reynolds number of 7  104 . The evolution of the vortex pair was observed until 6.5C behind the downstream vane using Particle Image
Velocimetry (PIV). It was found that proximity of the upstream vortex to the downstream vane had a signiﬁcant effect on the rotational rate of the subsequent vortex pair, with far offset cases having little rotation, and near ﬁeld cases having angle changes of 19.6 degrees per chord length travelled downstream. At
the point of vortex impingement on the downstream vane, the rotational rate dropped to near zero due to
a signiﬁcant strength reduction of both vortices. The point of strongest interaction was found to be laterally offset from the point of closest vortex proximity to the downstream vane by 0.15C, with the vortex on the suction side of the vane. In the offset range investigated, a signiﬁcant instability was observed
in only the upstream vortex. These instabilities increased as the proximity between the vortices
decreased, peaking where the vortex interaction was strongest.
Ó 2017 Published by Elsevier Inc.

1. Introduction
Vortex generators operating in boundary layers, turbomachinery blade interactions, wind turbines and aircraft ﬂying in formation can all produce vortex interactions with multiple
streamwise vortices in close proximity to each other [1–6]. Streamwise 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 migration. 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. Counterrotating 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 instability is described through a solution to a linear wave system,
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which describes the deviations of counter-rotating vortex pairs
[8]. 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
[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 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 [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 Kelvin waves (a sinusoidal deformation) within the vortex core as driven by the strain ﬁeld induced by the other vortex [16]. Like the
Crow instability, it is modiﬁed by differing axial velocity components and vortex strengths. The effect of these instabilities on
migration and core size in practical upstream/downstream vortex
layouts is currently unknown.
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Nomenclature
R0:1
A0:1

C

Xc
Yc

average radius of vortex at 0.1 vorticity threshold
total area of vortex at 0.1 vorticity threshold
circulation
X core location
Y core location

For free ﬂow (unbounded) inviscid cases any vortex pair will
maintain a constant core separation distance due to the conservation 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 circulations 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 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 [7]. 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 [11]. 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 [18]. 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. 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 geometries can interact with and disrupt the path of an existing vortex.
A signiﬁcant obstruction in the path of a vortex will cause the vortex 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 gradient 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, emphasising 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

C
Re

chord length
Reynolds number, based off chord length

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 cannot 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 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.
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  104 based on chord length. At 7  104 the vortex shedding from a NACA0012 airfoil at 8 degrees angle of attack is within
the supercritical region [24] and therefore any Reynolds number
lower than 6  104 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.
2.1. Wind tunnel
Experiments were performed in the Macquarie University open
return, closed section wind tunnel. This tunnel has a 610  610
mm (24  24 in.) octagonal test section with a 1900 mm (60 300 )
length. Optical access is through a glass window on the top of
the test section and removable windows 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 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 preexisting 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 signiﬁcantly taller than the boundary layer. This prevents strong interactions 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 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 2100 mm downstream of the test section and 2380 mm to the nearest image plane, giving a maximum
perspective bias of 1.6 degrees per side on a 133 mm wide observation plane with a 120 mm lens. Planar PIV can produce projection errors when the out of plane motion is dominant [25].
However, this can be substantially reduced by lowering the per-

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 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, as per the setup described in this paper, the
maximum projection error is 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. The resultant vorticity ﬁeld is consequently less affected
due to the steepness of the velocity gradients in the core of the vortex 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 characterisation 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 displacement change of 1 pixel during the entire sampling time.

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 identiﬁed 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 mJ 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 ls
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 ls 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
1
surrounds greater than 500 s:mm
.
Seeding was performed with a PIVtech generator using DiEthyl-Hexyl-Sebacat (DEHS) air soluble particles of 0.2–0.3 lm
typical diameter. This gives a Stokes number of approximately
2  105 , 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  9.38 mm high, giving a ﬁeld of view at the most
downstream plane of approximately 100  133 mm.
Image analysis was performed with PIVView software. Multi
grid interpolation was used, starting at a coarse grid size of
128px  128px windows and ﬁnishing with reﬁnement to
32px  32px over 3 passes. Standard 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  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.

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, 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 1.5 px, giving an uncertainty in position of 0.03 px [27]. 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 ±0.008C.
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 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. 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 calculation 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 Eqs. (1) and (2).

Xc ¼

2.3. Sources of error

Yc ¼
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

1

Z

C
1

C

Z

X xdS

ð1Þ

Y xdS

ð2Þ

While this does not always align with the location of zero inplane 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 investigated, 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 vortex pair in the opposite direction to the outer velocity of the vortices, as can be seen in Fig. 5. 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.
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 offsets the vortex pair separation does not signiﬁcantly vary from
the start to end of the domain, with the spacing increasing by an
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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 R0:1 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 2xR0:1 .
This is 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 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

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.

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

increases the separations. At the 0.2C offset the R0:1 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
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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 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 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 vortex 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 0C there
are the most signiﬁcant gradients of rotational rate due to the tran-

sition 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 a given vortex
core size the vortices will attempt to reach an equilibrium separation distance, in this case approximately 1.6R0:1 . 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, 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 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.

3.2. 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. 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.

R0:1 ¼
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.

rﬃﬃﬃﬃﬃﬃﬃﬃ
A0:1

p

ð3Þ

The removal of noise from the data via the previously mentioned ﬁltering 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
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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 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 minima 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-
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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. 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

0.1

Upstream Vortex
Downstream Vortex

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.09
-0.6

Upstream Vortex
Downstream Vortex

-0.5

-0.4

-0.3

-0.2

Offset(in C)
Fig. 10. Core radii for all cases at X11.5 (Initial, left) and X16.5 (Final, right).

-0.1

Offset(in C)

0

0.1

0.2

0.3

0.4

72

K.J. Forster et al. / Experimental Thermal and Fluid Science 86 (2017) 63–74

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 predictability 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 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, showing 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 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 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 R0:1 intersecting the suction side of the downstream vane. At 0.1C offset
there is a peak variance of 0.17C, which is greater than R0:1 . 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 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 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 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 deviation of points at approximately 45 degrees to the line between the
vortex centres can be seen. This is indicative of a sinusoidal deviation, 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
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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 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 characterise the behaviour of the downstream interactions of the vortex
pair produced by two offset vanes, spaced 10C apart in the streamwise 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 downwards, 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 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. 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 R0:1 . 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
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.
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The interactions between two streamwise vortices at various lateral oﬀsets were investigated by the wind tunnel testing of two NACA0012 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.

Nomenclature
A0.1
A0.3
R0.1
R0.3
Bv
C
Γ
Re
Xc
Yc

Area of vortex at 0.1 vorticity threshold
Area of vortex at 0.3 vorticity threshold
Average radius of vortex at 0.1 vorticity threshold
Average radius of vortex at 0.3 vorticity threshold
Vortex separation
Chord length
Circulation
Reynolds number, based oﬀ chord length
X core location
Y core location

∗ PhD

Candidate, School of Mechanical and Maunfacturing Engineering, UNSW Australia
Professor, School of Mechanical and Maunfacturing Engineering, UNSW Australia
‡ Lecturer, Department of Engineering, Macquarie University
§ Assistant Professor, Aerospace Engineering Department, California Polytechnic State University

† Associate

1 of 13
American
Copyright © 2017 by the American Institute of Aeronautics and Astronautics,
Inc. Institute of Aeronautics and Astronautics
All rights reserved.

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

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 other1, 2, 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.4 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.5, 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.7 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.7
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 20000,8
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,9, 10, 11 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. The authors5, 6 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 (Crow12 ) for counter-rotating systems, and short wavelength (elliptic7 and
spiral13, 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 signiﬁcantly15, 16 . 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 vortex17 . The behaviour of both the short wave and long wave instabilities can be modiﬁed
by altering the axial velocity components and vortex strengths.

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”.5

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 × 104 based on chord length. At
7 × 104 the vortex shedding from a NACA0012 airfoil at 8 degrees angle of attack is within the supercritical
region18 and therefore any Reynolds number lower than 6×104 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,19 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
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Figure 2: Cutaway diagram of tunnel test section, reproduced with permission from “Interactions of a
Counter-Rotating Vortex Pair at Multiple Oﬀsets”.5

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 55μs 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.20 Validation of post-processed data was performed by excluding points
1
with vorticity gradients from the surrounds greater than 500 s.mm
.
Seeding was performed with a PIVtech generator using Di-Ethyl-Hexyl-Sebacat (DEHS) air soluble particles of 0.2-0.3μm typical diameter. This gives a Stokes number of approximately 2 × 10−5 , indicating the
particle size is suﬃciently low to follow all ﬂow streamlines accurately.21
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. Standard 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.20 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 ± 0.008C.
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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.22 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 (ω) multiplied by the displacement (X or Y value, depending on the axis being calculated), divided by the circulation (Γ),7 as shown in
eqs. (1) and (2).

1
Xc =
XωdS
(1)
Γ

1
Y ωdS
(2)
Yc =
Γ
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 A0.1 and A0.3
respectively. In the case that the smaller A0.3 was less than a quarter of the larger A0.3 , 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 A0.1 and two
A0.3 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 =
(3)
XA0.3 ωdS
ΓA0.3

1
YA0.3 ωdS
(4)
Yc =
ΓA0.3
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 R0.1 and R0.3 for
A0.1 and A0.3 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 A0.3 cutoﬀ, as this
allows the continued identiﬁcation of vortex peaks through the merging case. When the vortex is merged,
this is evaluated at A0.1 to capture the entire vortex. If A0.3 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.
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III.

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.

Figure 3: Vortex pair separations plotted against oﬀset for all unmerged cases for co-rotating (a) and counterrotating (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”.5, 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 counterrotating 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 (Bv < −0.4C, Bv > 0.1C)
counter-rotating condition, the separations are near constant, in the near ﬁeld (−0.4C < Bv < −0.25C,
0C < Bv < 0.1C) they continue to decrease in initial separation while remaining constant in ﬁnal separation,
and in the very near ﬁeld (−0.25C < Bv < 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 Bv /R0.3 ≈ 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.

Figure 5: Vortex pair rotations plotted against oﬀset for all unmerged cases for co-rotating (a) and counterrotating (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”.5, 6
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 nearﬁeld 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−1 at X11.5 in the -0.6C case to
0.0439s−1 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.

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−1 to 0.093s−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 counterrotating cases, with an average value of approximately 0.14s−1 . 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.

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”.6
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.

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 diﬀerences 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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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.14 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.23
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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.
















































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”.5
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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 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 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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7KHVLPSOHVWPHWKRGIRULQYRNLQJYRUWH[EUHDNGRZQLVWRSODFHD
EORFNDJHLQWKHÀRZSDWKRIWKHYRUWH[SURGXFLQJDVWHHSDGYHUVH
SUHVVXUHJUDGLHQW3DVFKH*DOODLUHDQG'UH\HU>@LQYHVWLJDWHGWKH
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SLFWXUHRIDOOYRUWH[SURSHUWLHV,QDGGLWLRQWRWKLVSUHVVXUH¿HOGV
FDQQRWEHGLUHFWO\PHDVXUHGE\HLWKHU/'$RU3,9DQG/'$FDQQRW
WLPHUHVROYHPHDQGHULQJYRUWLFHV&RQVHTXHQWO\&RPSXWDWLRQDO)OXLG
'\QDPLFV &)' LVDYHU\XVHIXOWRROIRULQGHSWKYRUWH[DQDO\VLV
7KHZRUNGHVFULEHGLQWKLVSDSHULQYHVWLJDWHVWKHQHDU¿HOG
LQWHUDFWLRQVRIDYRUWH[SURGXFHGE\DQXSVWUHDPYRUWH[ZLWKD
GRZQVWUHDPYDQH6WHDG\VWDWH5$16VROXWLRQVKDYHEHHQXVHGIRU
SUHOLPLQDU\DQDO\VLVRIDWZRYDQHFRQ¿JXUDWLRQDOORZLQJIRU
DSSUR[LPDWHÀRZ¿HOGVIRUFRPSDULVRQDQGFDVHVRILQWHUHVWWREH
GHFLGHG'XHWRWKHVROXWLRQWLPHUHGXFWLRQXVLQJ5$16VROXWLRQV
KDVDOORZHGIRUPRUHFDVHVWREHFRPSDUHGIRUQXPHULFDODQDO\VLV
7UDQVLHQW/(6VLPXODWLRQVRIWKUHHRIWKHVL[FDVHVKDYHWKHQEHHQ
UXQWRPRUHDFFXUDWHO\REVHUYHWKHÀRZ¿HOGDQGPRQLWRUWKH
G\QDPLFVRIWKHYRUWH[PRWLRQVDQGLQWHUDFWLRQV7KHDLPRIWKLV
ZRUNLVWRGHWHUPLQHLIYRUWH[UHHQHUJL]DWLRQLVSRVVLEOHE\WKH
LQWURGXFWLRQRIDVHFRQGDU\YRUWH[DQGLISUHPDWXUHYRUWH[
GHVWUXFWLRQPD\EHSURPRWHGWKURXJKWKHXVHRIYRUWLFHV

)LJXUH'LDJUDPRIYDQHVHWXS

$FRQVWDQWYHORFLW\LQOHWZLWKQRERXQGDU\OD\HUZDVVSHFL¿HGDVWKH
LQÀRZ$VWKHSULPDU\REMHFWLYHZDVWRREVHUYHWKHSDWKVRIWKH
YRUWLFHVZLWKPLQLPDOH[WHUQDOÀRZGLVWXUEDQFHVDORZWXUEXOHQFH
YDOXHRIZDVXVHGZLWKDOHQJWKVFDOHRI&%HFDXVHD
PLQLPLVHGERXQGDU\OD\HULQÀXHQFHRQWKHYRUWLFHVZDVGHVLUHG
V\PPHWU\ IUHHVOLS FRQGLWLRQVZHUHXVHGIRUDOOGRPDLQZDOOVZLWK
DQRVOLSZDOOEHLQJHPSOR\HGRQWKHYDQHVWKHPVHOYHV)RUWKHRXWOHW
DQRXWÀRZFRQGLWLRQZDVXVHGWRSURYLGHPLQLPDOGLVWXUEDQFHWRWKH
YRUWLFHVDVSUHYLRXVWHVWVKDGVKRZQWKDWSUHVVXUHRXWOHWVKDGFDXVHG
QHFNLQJDQGXSVWUHDPGLVWXUEDQFHVDORQJWKHYRUWH[FRUH$5H\QROGV
QXPEHURIDSSUR[LPDWHO\EDVHGRQFKRUGOHQJWKZDVVHOHFWHG
SURYLGHDFRPSURPLVHEHWZHHQWKHVKRUWHUYRUWH[EUHDNGRZQOHQJWK
DWKLJK5H\QROGVQXPEHUVDQGWKHOHVVHQHGÀRZGLVWXUEDQFHVDWORZ
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([WHQVLYHWHVWLQJRIWKHERXQGDU\GLVWDQFHVZDVFDUULHGRXWRQWKH
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WLPHV&RQ¿JXUDWLRQ)ZDVVHOHFWHGIRUERXQGDU\WHVWLQJ)RXU
SRVLWLRQVZHUHWHVWHGIRURXWOHWOHQJWKZLWKWKUHHIRUWKHLQOHWDQG
VLGHV,WZDVIRXQGWKDWDOOWKHRXWOHWVWHVWHGZHUHVXI¿FLHQWO\IDU
GRZQVWUHDPWRQRWFDXVHLQWHUIHUHQFHZLWKWKHSDWKVRIWKHYRUWLFHV
DQGDVVXFKERXQGDU\VHOHFWLRQEHFDPHDQLVVXHRIGHVLUHG
REVHUYDWLRQZLQGRZDQGPHVKVL]HFRQVWUDLQWV,QRXWOHWFDVHVRI
&&&DQG&WKHGLIIHUHQWLDOLQYRUWH[FRUHORFDWLRQDV
GHWHUPLQHGE\FRUHVWUHDPOLQHVZDVIRXQGWREHOHVVWKDQIURP
WKH&FDVHWRWKH&FDVH7KHUHZDVQRGLIIHUHQWLDOLQWKH&WR
&FDVHVDVDQ\GLVFUHSDQF\ZDVEHORZWKHPHVKUHVROXWLRQ,Q
RUGHUWRGHWHUPLQHWKHZLQGRZIRUREVHUYLQJWKHYRUWH[SDWKWKH
JUDGLHQWVDQGYDULDQFHVLQWKHSDWKVZHUHLQYHVWLJDWHG%H\RQG&
DIWHUWKHYRUWH[JHQHUDWRULWZDVIRXQGWKDWWKHJUDGLHQWRIWKHYRUWH[
SDWKZDVODUJHO\OLQHDUDQGLQWKHYHUWLFDOD[LVWKHGHYLDWLRQLQYRUWH[
SDWKZDVRQO\&
,QDGGLWLRQWRWKHWHVWLQJRIWKHRXWOHWOHQJWKULJRURXVFKHFNLQJRIWKH
LQOHWDQGVLGHERXQGDULHVZDVSHUIRUPHGZLWKDVLPLODUOHYHORI
WKRURXJKQHVV\LHOGLQJWKHIROORZLQJUHVXOWVLQ)LJXUH7KH¿QDO
EORFNDJHUDWLRZDV

)LJXUH&RPSXWDWLRQDOGRPDLQDQGERXQGDU\GLVWDQFHV

*ULGJHQHUDWLRQZDVSHUIRUPHGLQ$16<6,&(0ZLWK$16<6
)/8(17EHLQJXVHGWRHYDOXDWHWKHPRGHO$IXOO\VWUXFWXUHG
PXOWLEORFNPHVKLQJVWUDWHJ\ZDVHPSOR\HG'XHWRWKHODUJHGRPDLQ
VL]HUHTXLUHGWRFDSWXUHWKHIDU¿HOGÀRZIHDWXUHVDVLJQL¿FDQW
QXPEHURIFHOOVZDVUHTXLUHG7KUHHPHVKGHQVLWLHVZHUHHYDOXDWHGDW
PLOOLRQDQGPLOOLRQFHOOVUHVSHFWLYHO\ZLWKWKH
GRPLQDQWLQFUHDVHEHLQJLQWKHZDNHDQGYRUWH[SDWKVRIWKHWZR
JHQHUDWRUV,WZDVIRXQGWKDWIRU5$16VROXWLRQVWKHYRUWH[SDWKV
ZHUHYHU\VLPLODUZLWKWRWDOGHYLDWLRQDWWKHHQGRIWKHGRPDLQEHLQJ
RQO\&+RZHYHUWKHUHZDVDPDUNHGLQFUHDVHLQQXPHULFDO
GLIIXVLRQUDWHVLQWKHORZHUPHVKHVZLWKYRUWH[OHQJWKDWD
4FULWHULRQYDOXHRIVíYDU\LQJE\&EHWZHHQWKHFDVHV7KLV
GLIIXVLRQGLIIHUHQWLDOZDVH[SHFWHGWRKDYHDVLJQL¿FDQWLPSDFWRQWKH
¿GHOLW\RIWKH/(6UHVXOWVDQGDVVXFKWKHPLOOLRQHOHPHQWPHVK
ZDVVHOHFWHG7KLVFRQVLVWHGRIHOHPHQWVDORQJWKHOHQJWKRIHDFK
YDQHZLWKHOHPHQWVDORQJWKHOHQJWKRIWKHZDNHEHKLQGWKHUHDU
YDQHDQGEHWZHHQWKHYDQHVFHOOVZHUHXVHGDORQJWKHKHLJKW
RIWKHYDQHZLWKWKHPDMRULW\FRQFHQWUDWHGDWWKHWLSDVWKHEDVHDUHD
ZDVRIOLWWOHLQWHUHVW7RHQVXUHDFRXUDQWQXPEHURIEHORZRQWKLV
PHVKZKLOHVWLOOSURYLGLQJWLPHVWHSFRQYHUJHQFHDWLPHVWHSRI
VZDVXVHG7KHGLVWULEXWLRQRIFHOOVDQGWKHPHVKLQJVWUDWHJ\
DURXQGWKHYDQHWLSVFDQEHVHHQLQ)LJXUH

)LJXUH0HVKLQJVWUDWHJ\ WRS DQGGLVWULEXWLRQRIFHOOVDURXQGGRPDLQ
ERWWRP 

5XQVZHUHSHUIRUPHGRQWKH816:$XVWUDOLD6FKRRORI0HFKDQLFDO
DQG0DQXIDFWXULQJ(QJLQHHULQJ7UHQWLQR&OXVWHURQRQHFRUHQRGH
UXQQLQJDW*+]:LWKWKLVFRQ¿JXUDWLRQLWWRRNWZRPRQWKVWRUXQ
WLPHVWHSVRQWKHPLOOLRQHOHPHQWPHVKZLWKLWHUDWLRQV
SHUWLPHVWHSVHOHFWHGWRHQVXUHUHVLGXDOFRQYHUJHQFHDIWHUPRQLWRULQJ
RIUHVLGXDOOHYHOOLQJRII5$16UXQVZHUHSHUIRUPHGLQVWHDG\VWDWH
IRULWHUDWLRQVWRJLYHIRUFHDQGZDNHYHORFLW\FRQYHUJHQFHRI
7RLQLWLDOLVHWKHÀRZWKURXJKWKHHQWLUHGRPDLQDÀRZWLPH
RIVHFRQGVLVUHTXLUHGZKLFKLVHTXLYDOHQWWRWLPHVWHSV
6,03/(&SUHVVXUHYHORFLW\FRXSOLQJZDVXVHGDVLWSURYLGHV
LPSURYHGFRQYHUJHQFHRYHU6,03/(DQGUHGXFHGFRPSXWDWLRQDOFRVW
FRPSDUHGWRDFRXSOHGRU3,62VROYHUSDUWLFXODUO\LPSRUWDQWIRUWKH
/(6UXQV$VWKHGRPLQDQWÀRZIHDWXUHLVVZLUOLQJDQGLQYROYHV
UHDVRQDEO\VWHHSSUHVVXUHJUDGLHQWVDVHFRQGRUGHU35(672
DOJRULWKPZDVVHOHFWHGIRUSUHVVXUHGLVFUHWL]DWLRQ%RXQGHGFHQWUDO
GLIIHUHQFLQJZDVXWLOLVHGIRUPRPHQWXPWRGDPSRXWDQ\DUWHIDFWVWKH
QDWXUDOO\XQGDPSHG/(6VROXWLRQPD\FUHDWHZKLOVWVWLOOUHWDLQLQJ
VROXWLRQ¿GHOLW\%RXQGHGVHFRQGRUGHULPSOLFLWPHWKRGVZHUHXVHG
IRUWLPHVWHSSLQJWRLPSURYHDFFXUDF\RYHU¿UVWRUGHUZKLOVW
PDLQWDLQLQJVWDELOLW\)RU5$16VROXWLRQV7KLUG2UGHU086&/ZDV
XVHGIRUWXUEXOHQWNLQHWLFHQHUJ\DQGGLVVLSDWLRQUDWHWRUHGXFH
GLIIXVLRQLQWKHVROXWLRQ
7KH.Ȧ667WXUEXOHQFHPRGHOZDVVHOHFWHGIRUWKH5$16WHVWLQJ
DVLWKDVEHHQSURYHQVXFFHVVIXOLQDYDULHW\RIZLQJDQDO\VHVDQGLV
HIIHFWLYHLQSUHGLFWLQJYRUWH[SDWKV>@)RUWKH/(6DQDO\VLVWKH
:DOO$GDSWLQJ/RFDO(GG\9LVFRVLW\ :$/( PRGHOZDVXVHG7KLV
PRGHOGRHVQRWKDYHDVVWULQJHQWDPHVKUHTXLUHPHQWIRUWKHQHDU
ZDOOUHJLRQDV:DOO0RGHOOHG/(6ZKLFKDOORZHGIRUPRUHRIWKH
PHVKHOHPHQWVWREHXVHGLQWKHZDNHUHJLRQRILQWHUHVW,WDOVRKDV
VXSHULRUWUHDWPHQWRIODPLQDUUHJLRQVRIÀRZRYHUWKH6PDJRULQVN\
/LOO\PRGHOVXFKDVWKHOHDGLQJHGJHVRIWKHYDQHV>@

$QDO\VLV5HVXOWV
7KHSULPDU\REMHFWLYHVRIWKH5$16DQDO\VHVZHUHWRFRPSDUHWKH
HIIHFWLYHQHVVRIHDFKFRQ¿JXUDWLRQDVZHOODVLGHQWLI\WKHSRWHQWLDO
FDVHVRIPRVWLQWHUHVWIRU/(6,WZDVDOVRGHVLUHGWRKDYHDEDVHOLQH
ZLWKZKLFKWRREVHUYHWKHOLPLWDWLRQVRI5$16LQFRPSXWLQJYRUWH[
LQWHUDFWLRQV7KH/(6VLPXODWLRQVZHUHLQWHQGHGWRSURYLGHDGHWDLOHG
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LQVLJKWLQWRWKHVSHFL¿FQDWXUHRIWKHWUDQVLHQWLQWHUDFWLRQVEHWZHHQ
WKHWZRYRUWLFHVDVZHOODVWKHQHDU¿HOGLQWHUDFWLRQRIWKHXSVWUHDP
YRUWH[ZLWKWKHYDQHLWVHOI

5$16
&R5RWDWLQJ
5HVXOWVIURPWKHDQDO\VLVRIWKHFRURWDWLQJYDQHVLQGLFDWHGWKDW
UHJDUGOHVVRIWKHRIIVHWRIWKHUHDUYDQHDVLPLODUÀRZVWUXFWXUHZDV
IRUPHGLQDOOFDVHV7KLVFRQVLVWHGRIWKHYRUWH[SURGXFHGIURPWKH
XSVWUHDPYDQHEHLQJGUDZQLQWRDVSLUDOOLNHVWUXFWXUHDURXQGWKH
YRUWH[SURGXFHGE\WKHGRZQVWUHDPYDQH7KHRIIVHWRIWKH
GRZQVWUHDPYDQHYDULHGWKHUDWHDWZKLFKWKLVVWUXFWXUHIRUPHGLQWRD
VLQJOHFRKHUHQWFLUFOHDVFDQEHVHHQLQ&DVHV%DQG&RI)LJXUH
KRZHYHUDSSHDUHGWRKDYHDUHODWLYHO\PLQRUHIIHFWRIWKHYRUWH[
GLVVLSDWLRQUDWHZLWK¿QDOHQHUJ\GLIIHUHQFHVRIOHVVWKDQ
REVHUYHGEHWZHHQFDVHV7KLVVSLUDOWDLODSSHDUVWREHFRQVWUXFWHGRI
WKHLQLWLDOYRUWH[EHLQJVWUHWFKHGLQWRDQHOOLSVRLGVKDSHE\WKH
GRZQVWUHDPYRUWH[DWHDUO\VWDJHV$VLWSURJUHVVHVGRZQVWUHDPWKH
XSVWUHDPYRUWH[WUDQVIHUVLW VYRUWLFLW\WRWKHGRZQVWUHDPYRUWH[
UHGXFLQJWKHYRUWLFLW\PDJQLWXGHRIWKHWDLO(YHQWXDOO\WKLVUHVXOWVLQ
WKHGLVVLSDWLRQRIWKHWDLODQGWKHIRUPDWLRQRIDFRKHUHQWYRUWH[ZLWK
DFLUFXODUVWUXFWXUH

PHUJLQJ )LJXUH ,QVSHFWLQJWKHYRUWH[SDWKVUHDUWKHGRZQVWUHDP
YDQHVKRZHGWKDWWKHFORVHRIIVHWRI&DVH%UHVXOWHGLQWKHYRUWH[
LPSDFWLQJWKHYDQHMXVWEHORZWKHWLSRQWKHVXFWLRQVLGH)URPKHUHLW
DOPRVWLPPHGLDWHO\PHUJHGZLWKWKHVHFRQGYRUWH[ZLWKQHJOLJLEOH
SUHVHQFHRIWKHFRUHFRQWLQXLQJ,QWKHIXUWKHUVSDFHG&DVH&LWZDV
IRXQGWRSDVVRQWKHSUHVVXUHVLGHRIWKHYDQHZLWKRXWDSSURDFKLQJ
WKHVXUIDFH7KHLQLWLDOYRUWH[WKHQDSSHDUHGWREHHQWUDLQHGDQG
SXOOHGDURXQGE\WKHGRZQVWUHDPYRUWH[IRUPLQJWKHVSLUDOWDLOVHHQ
HDUOLHU

)LJXUH7ULPPHGWDQJHQWLDOYHORFLW\LVRVXUIDFHDWPVDQGVZLUOFRQWRXUV
IRUFRURWDWLQJFDVHV

)LJXUH&RQWRXUVRIVWUHDPZLVHYRUWLFLW\IRUFRURWDWLQJFDVHV

7KHPDJQLWXGHRIYHORFLW\DFURVVWKHÀRZGLUHFWLRQSURGXFHVDQ
LVRVXUIDFHWKDWZKHQWULPPHGE\WKH4FULWHULRQ>@LVYHU\
HIIHFWLYHLQWUDFNLQJYRUWH[FRUHV>@,QVSHFWLQJWKLVLVRVXUIDFHDW
PVVZLUOYHORFLW\SURYLGHGDQHIIHFWLYHYLVXDOL]DWLRQRIWKHYRUWH[

,QRUGHUWRFDOFXODWHWKHVWUHQJWKRIWKHYRUWLFHVDWDQ\JLYHQSODQH
WKHFLUFXODWLRQDURXQGWKHYRUWH[FRUHFDQEHPHDVXUHG&LUFXODWLRQLV
W\SLFDOO\FDOFXODWHGYLDDVXPRIOLQHLQWHJUDOVDORQJFLUFXODUFXUYHV
LQD¿HOGKRZHYHUWKLVLVQRWSUDFWLFDOLQPDQ\FDVHVGXHWRWKH
QRQXQLIRUPLWLHVRIUHDOZRUOGYRUWLFHV7KLVLVGXHWRWKHGLIIHUHQW
VKDSHVRIYRUWLFHVERWKEHWZHHQFDVHVDQGGRZQVWUHDPLQWKHVDPH
FDVHDVFRXOGEHVHHQIURPWKHYRUWLFLW\FRQWRXUVLQ)LJXUH'XHWR
WKHQDWXUHRIWKHJHRPHWULHVSUHVHQWDPHWKRGRIFDOFXODWLQJWKH
FLUFXODWLRQFDQEHSHUIRUPHGE\PHDVXULQJWKHDYHUDJHRIWKHLQSODQH
YHORFLWLHVDWDVOLFHDFURVVWKHÀRZ%\HOLPLQDWLQJWKHVWUHDPZLVH
YHORFLW\FRPSRQHQWRQO\WKHYRUWH[VZLUODQGGRZQZDVKIURPWKH
YDQHVUHPDLQLQSODQH$VWKHGRZQZDVKLVSHUSHQGLFXODUWRDOLQH
GUDZQRXWIURPWKHYRUWH[FRUHLWLVLQFOXGHGLQWKHFLUFXODWLRQ
FDOFXODWLRQ7KLVZRXOGQRWEHWKHFDVHIRUPRUHFRPSOH[JHRPHWULHV
ZLWKDGGLWLRQDOÀRZPRWLRQKRZHYHULVDSSURSULDWHIRUWKHGXDOYDQH
VFHQDULR$VVXFKWKHQRUPDOL]HGWRWDOFLUFXODWLRQFDQEHWDNHQDVWKH
DYHUDJHYDOXHRIWKHLQSODQHYHORFLWLHVGLYLGHGE\WKHPD[LPXP
WRWDOFLUFXODWLRQFDOFXODWHG7KHVHUHVXOWVDUHVKRZQLQ)LJXUH
EHORZ$VLQJOHYDQHDWWKHVDPHORFDWLRQDVWKHUHDUYDQHLVLQFOXGHG
IRUFRPSDULVRQ; LVUHIHUHQFHGIURPWKHOHDGLQJHGJHRIWKH¿UVW
YDQHDQGSRVLWLYH;LVWDNHQGRZQVWUHDPRIWKHYDQHV

Downloaded from SAE International by University of New South Wales, Monday, November 09, 2015

)LJXUH1RUPDOL]HGWRWDOFLUFXODWLRQIRUFRURWDWLQJFDVHVHVWLPDWHGHUURULQ
FDOFXODWLRQPHWKRG

)URPWKHVHYDOXHVLWFDQEHVHHQWKDWWKHHQHUJ\VWDWHRIWKHYRUWH[
VWUXFWXUHLVYHU\VLPLODUGLUHFWO\EHKLQGWKHYDQH &GRZQVWUHDPRI
¿UVWYDQH ZLWKRQO\YDULDQFHEHWZHHQWKHFRURWDWLQJFDVHV
7KHWRWDOFLUFXODWLRQLQWKHFRURWDWLQJFRQGLWLRQLVVXEVWDQWLDOO\
KLJKHUWKDQLQDVLQJOHYDQHFDVHZLWKDLQFUHDVHLQFLUFXODWLRQ
DWWKH&ORFDWLRQDQGPRUHFLUFXODWLRQDW&+RZHYHUWKH
GLVVLSDWLRQUDWHRIWKHFRURWDWLQJFDVHVLVQRWLFHDEO\KLJKHUWKDQWKH
VLQJOHYDQHFDVHZLWKDFLUFXODWLRQGLVVLSDWLRQRIEHWZHHQ
IRUFRURWDWLQJFRPSDUHGWRIRUWKHVLQJOHYDQHFDVH7KLV
VXJJHVWVWKHGLVVLSDWLRQUDWHRIWKHXQHYHQYRUWH[IRUPHGDWWKH
VHFRQGYDQHLVKLJKHUWKDWDPRUHFRKHUHQWVLQJXODUYDQHYRUWH[
VWUXFWXUH7KHYDULDQFHRIGLVVLSDWLRQEHWZHHQWKHGLIIHUHQWRIIVHWVLV
DOVRVPDOOEXWQRWDEOHZLWKYDULDQFHLQFLUFXODWLRQDW&EXW
YDULDQFHE\WKH&PDUN&DVH$VKRZVWKHPRVWUDSLG
GLVVLSDWLRQZLWKWKHYRUWH[LPSDFWLQJRQWKHSUHVVXUHVLGHRIWKH
YDQH&DVH&ZLWKWKHYRUWH[SDVVLQJE\WKHSUHVVXUHVLGHVKRZVWKH
VORZHVWWRWDOGLVVLSDWLRQDWKRZHYHUWKHLQLWLDOFLUFXODWLRQLV
ORZHUUHVXOWLQJLQDORZHU¿QDOFLUFXODWLRQWKDQ&DVH%:KLOH&DVHV
$DQG&VKRZDIDLUO\FRQVLVWHQWWUHQGRIGHFUHDVLQJFLUFXODWLRQ
JUDGLHQWDIWHU&&DVH%KDVDSRLQWRILQÀH[LRQDWWKH&PDUN
7RIXUWKHULQYHVWLJDWHWKLVSKHQRPHQRQDYHUDJHYRUWH[WXUEXOHQW
NLQHWLFHQHUJLHV 7.( ZHUHSORWWHGDVVHHQLQ)LJXUH

)LJXUH1RUPDOL]HGWXUEXOHQWNLQHWLFHQHUJ\IRUFRURWDWLQJFDVHVHVWLPDWHG
HUURULQFDOFXODWLRQPHWKRG

7RFDOFXODWHWKHVHYDOXHVSODQDUVOLFHVZHUHVHWXSDWWKHYDULRXV
GRZQVWUHDPORFDWLRQVDQGWKHWXUEXOHQWNLQHWLFHQHUJ\YDOXHVZHUH
DYHUDJHGWRSURYLGHDPHDQVRIFRPSDULQJWRWDO7.(EHWZHHQFDVHV
$QDO\VLVRIWKHYDOXHVVKRZVWKDW&DVH%KDVDSHDNLQWKHWXUEXOHQW
NLQHWLFHQHUJ\REVHUYHGFRQFXUUHQWZLWKWKHSRLQWRILQÀHFWLRQLQWKH
WRWDOFLUFXODWLRQDW; &$V&DVH%LVDOVRWKHFDVHWRPRVWUDSLGO\
IRUPLQWRDFRKHUHQWYRUWH[VWUXFWXUHWKLVLQGLFDWHVWKDWWKLVHIIHFWLV
GXHWRWKHIXOO\IRUPHGYRUWH[LWVHOIDQGQRWWKHFRPELQDWLRQRIWKH
WZRYRUWLFHV&DVH$DQG&DOVRH[KLELWVLJQVRIDVLPLODUSDWWHUQ
ZLWK&DVH$H[KLELWLQJDQLQÀH[LRQSRLQWDW&DQG&DVH&VKRZLQJ
DVLJQL¿FDQWO\VKDOORZHUJUDGLHQWLQWKH&WR&LQWHUYDO:KLOH
QRWDVSURQRXQFHGDVWKHWXUEXOHQFHSHDNIURP&DVH%ERWK&DVH$
DQG&DVH&KDYHORQJHUYRUWH[PHUJLQJOHQJWKVDQGWKLVZRXOG
LQGLFDWHWKDWWKHUHLVDUHODWLYHULVHLQWXUEXOHQFHSRVWYRUWH[PHUJLQJ
+RZHYHULQ&DVH$DQG&WKHRYHUDOOWXUEXOHQFHGLVVLSDWLRQUDWH
RXWZHLJKVWKLVHIIHFWKHQFHZK\WKHDEVROXWHWXUEXOHQFHOHYHOGRHV
QRWLQFUHDVHEXWRQO\WKHJUDGLHQWFKDQJHV$VVXFKWKHRIIVHWRIWKH
VHFRQGDU\YDQHDIIHFWVWKHFRKHUHQF\RIWKHYRUWH[VWUXFWXUHLQ
WXUEXOHQFHDQGYHORFLW\GLVWULEXWLRQGHVSLWHQRWVLJQL¿FDQWO\
DIIHFWLQJFLUFXODWLRQ
7KHYDU\LQJRIWKHYDQHRIIVHWDOVRDOWHUHGWKHSDWKRIWKH¿QDOYRUWH[
VOLJKWO\ZLWKDYRUWH[SDWKRIIVHWHTXDOWRRIWKHYDQHRIIVHW
7KLVGHYLDWLRQPHDQVWKDWWKHRIIVHWRIWKHYDQHVFDQEHXVHGWRDVVLVW
LQWKHGLUHFWLRQRIWKHYRUWH[ZKLOHQRWDOWHULQJWKHUHHQHUJL]DWLRQ
OHYHO$VDUHVXOWLWZRXOGEHH[SHFWHGWKDWDFRQ¿JXUDWLRQRI
PXOWLSOHFRURWDWLQJYDQHVZRXOGEHOHVVVHQVLWLYHWR\DZDQG
FURVVÀRZFRQGLWLRQVWKDQDODUJHUVLQJOHYDQH7KLVZRXOGDOVR
LPSURYHFRQWURORIWKHYRUWH[RYHUDORQJHUGLVWDQFHWKDQWKHVLQJOH
YDQHFRQ¿JXUDWLRQ

&RXQWHU5RWDWLQJ
&RQWUDU\WRWKHFRURWDWLQJFDVHVWKHFRXQWHUURWDWLQJVFHQDULRV
VKRZHGVLJQL¿FDQWGLIIHUHQFHVLQYRUWH[VWUXFWXUHDQGGLVVLSDWLRQ
UDWHV0RYLQJWKHGRZQVWUHDPYDQHLPPHGLDWHO\LQWKHSDWKRIWKH
YRUWH[DVSHU&DVH(FDXVHGDUDSLGGHVWUXFWLRQRIWKHLQLWLDOYRUWH[
DVZHOODVVLJQL¿FDQWO\UHGXFLQJWKHVWUHQJWKRIWKHVWUHQJWKRIWKH
VHFRQGDU\YRUWH[0RYLQJWKHYDQHVXFKWKDWWKHYRUWH[SDVVHG
DORQJVLGHLWDWDGLVWDQFHLQVWHDGRIQHDULPSDFW &DVH) FDXVHGWKH
YRUWH[SURGXFHGE\WKHGRZQVWUHDPYDQHWRHTXDOWKHYRUWH[OHQJWK
RIWKHFRURWDWLQJFDVH &DVH% 7KLVLVUHODWHGWRHQHUJ\WUDQVIHU
EHWZHHQWKHYRUWLFHVDVWKHSULPDU\YRUWH[GLVVLSDWHGDWDPRUH
VLJQL¿FDQWUDWHWKDQWKHVLQJOHYDQHFDVH7KHVHIHDWXUHVFDQFOHDUO\
EHVHHQZKHQWKHVWUHDPZLVHYRUWLFLW\ZDVLQVSHFWHGDVLQ)LJXUH
7KHWRWDOFLUFXODWLRQIRUWKHFRXQWHUURWDWLQJFDVHVLQ)LJXUH
FRQ¿UPVWKLVHQHUJ\GLVVLSDWLRQ$KHDGRIWKHVHFRQGYDQH &DQG
& WKHYDULDWLRQEHWZHHQFDVHVLVRQO\KRZHYHUEHKLQGWKH
YDQHWKHUHLVDVXEVWDQWLDOGLIIHUHQFHLQFLUFXODWLRQRI&DVH(
VKRZVWKHPRVWVXEVWDQWLDOGURSZLWKDGHFUHDVHLQFLUFXODWLRQ
E\&7KLVLVGXHWRWKHYHU\GLUHFWOHDGLQJHGJHLPSDFWRIWKH
SULPDU\YRUWH[RQWKHUHDUYDQHDVZDVVHHQLQ)LJXUH0RYLQJWKH
YDQHIXUWKHUDZD\IURPWKHSDWKRIWKHYRUWH[LQFUHDVHGWKHWRWDO
FLUFXODWLRQKRZHYHUWKHVHYDOXHVZHUHVWLOOVXEVWDQWLDOO\ORZHUWKDQ
WKHFRURWDWLQJFDVHVZLWKDQDYHUDJHORZHUFLUFXODWLRQDWWKH
&PDUN
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)LJXUH1RUPDOL]HG7.(IRUFRXQWHUURWDWLQJFDVHVHVWLPDWHGHUURULQ
FDOFXODWLRQPHWKRG

)LJXUH&RQWRXUVRIVWUHDPZLVHYRUWLFLW\IRUFRXQWHUURWDWLQJFDVHV

7KHKLJKOHYHORIWXUEXOHQFHSURGXFWLRQLQ&DVH(FRLQFLGHVZLWKWKH
UHJLRQRIYHU\UDSLGFLUFXODWLRQGHFD\LQGLFDWLQJWKDWWKLV
FRQ¿JXUDWLRQKDVFDXVHGWKHLQLWLDOYRUWH[WREUHDNGRZQ&DVHV'DQG
)ERWKKDGVXEVWDQWLDOO\ORZHULQLWLDOWXUEXOHQFHSURGXFWLRQZLWK
DQGOHVVUHVSHFWLYHO\7KLVSODFHVWKHWXUEXOHQFHRI&DVH)
EHORZWKDWRIDOOWKHFRURWDWLQJFDVHVDVWKHWZRYRUWLFHVKDYHD
IXUWKHUVHSDUDWHGLQWHUDFWLRQZKLOHVWLOOWUDQVIHUULQJHQHUJ\EHWZHHQ
HDFKRWKHU&RQVHTXHQWO\LWFDQEHVHHQWKDWWKHFRXQWHUURWDWLQJFDVH
LVKLJKO\VHQVLWLYHWRYDQHRIIVHWOHDGLQJWRWKHFRQFOXVLRQWKDWLW
ZRXOGEHDSUREOHPDWLFZD\RIUDSLGO\EUHDNLQJGRZQYRUWLFHVLQ
FRQGLWLRQVLQYROYLQJFURVVÀRZRURWKHUXQFHUWDLQW\

&RPSDULVRQ
7RDOORZIRUVLPSOHFRPSDULVRQEHWZHHQWKHFRXQWHUDQGFRFDVHVWKH
WRWDOSUHVVXUHGH¿FLWVDQGSHDNLQSODQHYHORFLWLHVZHUHFRPSDUHG
$QDO\]LQJWKHSHDNLQSODQHYHORFLWLHVVKRZQLQ)LJXUHUHYHDOV
WKDWGHVSLWHWKHORZHUFLUFXODWLRQVSURGXFHGE\WKHFRXQWHUURWDWLQJ
FDVHVWKHSHDNYHORFLWLHVDUHKLJKHUZLWKDLQFUHDVHEHWZHHQWKH
KLJKHVWSHDNVRIHDFKFRQ¿JXUDWLRQ7KLVLQGLFDWHVWKHQRQ
XQLIRUPLW\RIWKHFRXQWHUURWDWLQJFDVHVLVVXEVWDQWLDOO\KLJKHUWKDQ
WKDWRIWKHFRURWDWLQJGXHWRWKHKLJKVZLUOUHJLRQDWWKHLQWHUIDFH
EHWZHHQWKHWZRYRUWLFHV$VPL[LQJDQGUHGLVWULEXWLRQRID]LPXWKDO
YHORFLW\ZLWKLQWKHYRUWH[SDLURFFXUVWKHLQSODQHYHORFLWLHVGURSDW
DPXFKIDVWHUUDWHWKDQWKHFRURWDWLQJFDVHVXQWLOWKH\DUHOHVVWKDQ
WKHFRURWDWLQJFDVHVDVWKHFLUFXODWLRQDQDO\VLVVXJJHVWV
)LJXUH1RUPDOL]HGWRWDOFLUFXODWLRQIRUFRXQWHUURWDWLQJFDVHVHVWLPDWHG
HUURULQFDOFXODWLRQPHWKRG

7KHGLVVLSDWLRQUDWHVRIWKHFRXQWHUURWDWLQJFRQ¿JXUDWLRQVZHUHDOVR
PRUHVLJQL¿FDQWWKDQWKDWRIWKHFRURWDWLQJ&DVH)H[KLELWHGD
GLVVLSDWLRQRIIURP&WR&ZKLOH&DVH'DQG(DFKLHYHG
DQGUHVSHFWLYHO\7KHODUJHVWGLVFUHSDQF\EHWZHHQRIIVHWVLV
WKHORFDWLRQRIPD[LPXPGLVVLSDWLRQUDWHZLWKWKHFORVHLPSDFW&DVH
(H[SHULHQFLQJYHU\VLJQL¿FDQWGURSVLQFLUFXODWLRQLPPHGLDWHO\DIWHU
WKHYDQH &WR& 7KLVGHFUHDVHZDVFRPSDUHGWRWKHRWKHU
FDVHVDQGLQWKHVDPHUHJLRQ7KLVLVFRQVLVWHQWZLWKWKH
WXUEXOHQFHSURGXFWLRQREVHUYHGDVFDQEHVHHQLQ)LJXUH

)URPWKH&ORFDWLRQRQZDUGVWKHFRURWDWLQJFDVHVDOODOLJQYHU\
FORVHO\LQSHDNLQSODQHYHORFLW\ZLWKYDULDQFHVRIOHVVWKDQ
KRZHYHUWKHFRXQWHUURWDWLQJFDVHVVKRZVXEVWDQWLDOGLVFUHSDQFLHVRI
XSWR7KLVWUHQGLVFRQVLVWHQWZLWKWKHWRWDOFLUFXODWLRQDQDO\VLV
DQGGHPRQVWUDWHVWKHLQVHQVLWLYLW\WRRIIVHWRIWKHFRURWDWLQJFDVHYV
WKHFRXQWHUURWDWLQJFDVH7KLVGHPRQVWUDWHVWKHGLI¿FXOW\RIXVLQJ
SHDNVZLUOQXPEHUWRFKDUDFWHUL]HQRQXQLIRUPYRUWLFHVDVLWLV
GHSHQGHQWRQWKHVWUHQJWKDQGYHORFLW\GLVWULEXWLRQ$VVXFKD
FLUFXODWLRQDYHUDJLQJRUSUHVVXUHDYHUDJLQJDSSURDFKLVPRUHXVHIXO
IRUDJHRPHWU\VXFKDVWKHGRXEOHYDQHFRQ¿JXUDWLRQFRPSDUHGWR
WKHVZLUOQXPEHUDSSURDFKRIWHQXVHGE\RWKHUVWXGLHV>@
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)LJXUH1RUPDOL]HGSUHVVXUHGHILFLWIRUDOOFDVHV

&DVH%

)LJXUH1RUPDOL]HGSHDNLQSODQHYHORFLWLHVIRUDOOFDVHV

$PHWKRGRIPHDVXULQJYRUWH[VWUHQJWKWKDWLVOHVVVHQVLWLYHWRWKH
QRQXQLIRUPLWLHVRIWKHYRUWH[LVWKHWRWDOSUHVVXUHGH¿FLWYDULDQFH$V
WKHSUHVVXUHGH¿FLWLQWKHFRUHRIWKHYRUWH[SURYLGHVWKHFHQWULSHWDO
IRUFHUHTXLUHGWRKROGWKHYRUWH[LQURWDWLRQLWVPDJQLWXGHLVUHODWHGWR
WKHWRWDOLQWHQVLW\RIWKHYRUWH[7KHVHSUHVVXUHGH¿FLWVDUHSORWWHGLQ
)LJXUH7KHSUHVVXUHGH¿FLWVRIDOOFRURWDWLQJFDVHVDUHJUHDWHULQ
PDJQLWXGHWKDWDOOFRXQWHUURWDWLQJFDVHVDWDOOSRLQWVORJJHGVKRZLQJ
WKHJUHDWHUVWUHQJWKDQGFRKHUHQF\RIWKHVLQJOHYRUWH[VWUXFWXUH
+RZHYHUWKHSUHVVXUHGH¿FLWGLVVLSDWLRQLVKLJKHULQDOOFRURWDWLQJ
FDVHVZLWKDPD[LPXPRIDVRSSRVHGWRDPD[LPXPGLVVLSDWLRQ
RILQWKHFRXQWHUURWDWLQJFDVHV2ILQWHUHVWLVWKDW&DVH)GLVSOD\V
DPRUHQRQOLQHDUGLVVLSDWLRQSDWWHUQFRPSDUHGWRFDVHV'DQG(ZLWK
WKLVEHLQJOLQNHGWRWKHSHUVLVWHQFHRIWKHFRURWDWLQJYRUWH[VWUXFWXUH
$OVRRIQRWHLVWKHSUHVVXUHGH¿FLWRI&DVH(EHLQJPRUHVXEVWDQWLDO
WKDQ&DVH'GHVSLWHWKHIDUPRUHVLJQL¿FDQWOHYHOVRIYRUWH[
GLVVLSDWLRQ7KLVIXUWKHUVXSSRUWVWKHK\SRWKHVLVRIYRUWH[EUHDNGRZQ
EHLQJLQGXFHGE\WKHVHFRQGYDQHDVLWLVFRPPRQIRUDYRUWH[
EUHDNGRZQWRH[KLELWDZDNHEHKLQGLWVLPLODUWRDEOXIIERG\>@
ZKLFKZRXOGUHVXOWLQDODUJHUSUHVVXUHGH¿FLWWKDQH[SHFWHGIURPWKH
VL]HDQGVWUHQJWKRIWKHYRUWH[LWVHOI

/(6
)URPWKH5$16FDVHVLWZDVLGHQWL¿HGWKDWWKHH[WUHPHVRIWKH
FRURWDWLQJFDVHVFRXOGEHXVHGWRGHWHUPLQHWKHÀRZIHDWXUHVRIWKH
YRUWH[UHHQHUJL]DWLRQLQWHUDFWLRQ7KLVOHGWRWKHVHOHFWLRQRI&DVH%
í& DQG&DVH& & IRU/(6DQDO\VLV)RUWKHFRXQWHUURWDWLQJ
FDVHDOO5$16H[DPSOHVVKRZHGVLPLODUGHVWUXFWLYHLQWHUDFWLRQVDQG
DVVXFKRQO\RQHFDVHZDVVHOHFWHG7KLVZDVFKRVHQWREH&DVH)
& DVLWFDXVHGGLVVLSDWLRQRIWKHSULPDU\YRUWH[ZLWKRXWDQ\
JHRPHWULFDOLQWHUIHUHQFHDVZHOODVKDYLQJDVXEVWDQWLDOOHQJWKRIWKH
VHFRQGDU\YRUWH[

2EVHUYLQJLVRVXUIDFHVRIVWUHDPZLVHYRUWLFLW\DWVíUHYHDOHGWKDW
WKHLPSDFWRIWKHYRUWH[RQWKHIURQWRIWKHUHDUYDQHFRQWLQXHG
DOPRVWGLUHFWO\LQWRDQRWKHUYRUWLFDOVWUXFWXUHDVFDQEHVHHQLQ
)LJXUH,QLWLDOO\WKLVZDVWKRXJKWWREHDVPDOOVFDOHEUHDNGRZQ
GXHWRWKHLQFUHDVHGWXUEXOHQFHDURXQGWKHUHDURIWKHYDQHKRZHYHU
WKHURWDWLRQDOPRPHQWXPDVREVHUYHGE\WKHVZLUOYHORFLW\ZDV
FRQVHUYHGWRWKHVDPHOHYHODVLIDQHZYRUWH[KDGEHHQIRUPHG7KLV
PHDQWDYRUWH[EUHDNGRZQZDVQRWRFFXUULQJDWWKLVORFDWLRQ

)LJXUH,VRVXUIDFHVRIVWUHDPZLVHYRUWLFLW\DWVíFRORUHGE\FRQWRXUVRI
VWUHDPZLVHYHORFLW\IRUHDVHRIYLVXDOL]DWLRQ

,QDGGLWLRQWRWKLVFRQWLQXDWLRQRIWKHYRUWH[FRUHLWZDVQRWHGWKDW
WKHURWDWLRQGLUHFWLRQRIWKHXSVWUHDPYRUWH[SURGXFHGLPSURYHGÀRZ
DWWDFKPHQWRQWKHGRZQVWUHDPYDQHUHGXFLQJQRLVHIURPYRUWH[
VKHGGLQJRQWKHYDQHLWVHOI7KLVPD\EHDFDXVHRILPSURYHGYDQH
YRUWH[JHQHUDWLRQHI¿FLHQF\
/RRNLQJFORVHO\DWWKHYRUWH[VWUXFWXUHDURXQGWKHUHDUYDQHDVLQ
)LJXUHWKHPHFKDQLVPE\ZKLFKWKHYRUWLFHVPHUJHFDQEH
REVHUYHG7KHSUHH[LVWLQJYRUWH[FRUHWUDYHOVYHU\FORVHWRWKHYDQH
VXUIDFHMXVWEHORZWKHWRSRIWKHYDQH$VWKHKLJKVZLUOUHJLRQRIWKH
QHZYRUWH[ZUDSVDURXQGWKHWRSRIWKHYDQHWKHVZLUORIWKHH[LVWLQJ
YRUWH[GUDZVLWDURXQG7KHORZVZLUOFRUHRIWKHQHZYRUWH[IRUPVD
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GH¿FLWLQWKHVZLUOSHDNDURXQGWKHH[LVWLQJYRUWH[UHVXOWLQJLQD
PHUJHRIWKHWZRVZLUOUHJLRQVDQGDQHOOLSVRLGRIORZVZLUOEHLQJ
IRUPHG$URXQGWKLVRUELWVWKHWZRUHJLRQVRIKLJKVZLUORQHIURPWKH
H[LVWLQJYRUWH[DQGRQHIURPWKHQHZYRUWH[$VWKHÀRZWUDYHOV
IXUWKHUGRZQVWUHDPWKHGLVWXUEDQFHVLQWKHVHKLJKVZLUOUHJLRQV
HTXDOL]HVHYHQWXDOO\IRUPLQJDQRYHUDOOVZLUOSDWWHUQZLWKDYHU\
VLPLODUVWUXFWXUHWRDVLQJXODUYRUWH[FRUHDWDPHUJLQJGLVWDQFHRI
&7KLV¿QDOSDWWHUQKDGDVZLUOSHDNDERYHWKDWRIWKHLQLWLDO
YRUWH[DWWKHSRLQWRILQWHUDFWLRQDQGZDVVLPLODULQSHDNYHORFLW\
PDJQLWXGHWRWKHVLQJOHYDQHFDVHZLWKDGHFUHDVHRI,WVKRXOG
EHQRWHGWKDWWKHVZLUOGLVWULEXWLRQDWWKLVSRLQWZDVPRUHXQLIRUP
WKDQLQWKHVLQJOHYDQHFDVHGXHWRWKHUHGXFWLRQLQWKHVSLUDOWDLO
SURGXFHGE\WKHYDQH

ZLWKWKHVXUIDFHRIWKHYDQHLWLVVWLOOHQWUDLQHGLQWRDVSLUDOOLNH
IRUPDWLRQE\WKHURWDWLRQRIWKHVHFRQGDU\YRUWH[GRZQVWUHDPRIWKH
YDQH7KLVURWDWLRQSURGXFHVDORZVZLUOORFDWLRQLQWKHPLGGOHRIWKH
WZRYRUWH[FRUHVZLWKWKHKLJKVZLUOYRUWLFHVWKHPVHOYHVRUELWLQJ
DURXQGLW7KLVORZVZLUOFHQWHUUHJLRQSURGXFHGDVZLUOGH¿FLWLQWKH
WZRYRUWH[FRUHVZKLFKDOORZVWKHFHQWUDOFRUHWRH[SDQGPHUJLQJ
WKHWZRYRUWLFHVWRJHWKHU7KHVZLUOYHORFLW\GLVWULEXWLRQWKHQHYHQV
LWVHOIRXWVLPLODUO\WR&DVH%IRUPLQJDFRKHUHQWVLQJOHYRUWH[FRUH

)LJXUH&RQWRXUVRIVZLUOYHORFLW\DURXQGUHDUYDQH

&DVH&
&DVH&H[KLELWHGDVXSHU¿FLDOO\YHU\GLIIHUHQWÀRZVWUXFWXUHWR&DVH
%ZLWKDKHOLFDOSDWKRIWKHWZRYRUWH[FRUHVFXOPLQDWLQJLQDYRUWH[
PHUJHDURXQG&GRZQVWUHDPRIWKHUHDUYDQH2VFLOODWLRQVZLWKLQ
HDFKLQGLYLGXDOYRUWH[UHVXOWHGLQDPHDQGHULQJRIWKHFURVVRYHU
ORFDWLRQVRIWKHGRXEOHKHOL[DVFDQEHVHHQLQ)LJXUH+RZHYHU
WKHVHRVFLOODWLRQVGRQRWSRVHDQ\LQVWDELOLW\DVQREUHDNGRZQZDV
REVHUYHGEHIRUHRUDIWHUWKHPHUJH7KLVKHOLFDOSDWWHUQZDVUHODWLYHO\
VWDEOHLQQDWXUHZLWKQRVSLUDOLQJRIFRUHORFDWLRQVRUGRZQVWUHDP
PRYHPHQWRIWKHVWUXFWXUHREVHUYHG

)LJXUH7ULPPHGWDQJHQWLDOYHORFLW\LVRVXUIDFHDWPVDQGVZLUOFRQWRXUV
IRUFRURWDWLQJ/(6FDVHV

$VFDQEHVHHQIURP)LJXUHGHVSLWHWKHPHFKDQLVPRIPHUJLQJ
EHLQJIXQGDPHQWDOO\VLPLODUWKHOHQJWKVFDOHVWKHVHLQWHUDFWLRQVRFFXU
RQYDULHVVXEVWDQWLDOO\,QWKHVFDOHRIWKH¿JXUHWKHPHUJLQJLQ&DVH
%LVDOPRVWLPSHUFHSWLEOHZKLOHWKHPHUJLQJRI&DVH&LVYHU\FOHDU
$VVXFKWKHOHQJWKRIYRUWH[PHUJLQJGHSHQGVRQWKHSUR[LPLW\RIWKH
XSVWUHDPYRUWH[FRUHWRWKHORFDWLRQRIJHQHUDWLRQRIWKHGRZQVWUHDP
YRUWH[2ILQWHUHVWLVWKHIDFWWKDWWKHORZVZLUOFRUHDQGKHOLFDOYRUWH[
SDWKFDXVHVWKHWZRYRUWLFHVWRHVVHQWLDOO\DFWDVDVLQJOHYRUWH[HYHQ
ZKHQWKH\DUHQRWPHUJHG7KLVPD\DOORZIRUHIIHFWLYHXVHRIWKLV
VWUXFWXUHDVDVLQJOHYRUWH[DQGLQGLFDWHVWKDWWKHFRURWDWLQJYDQH
FRQ¿JXUDWLRQLVUHDVRQDEO\LQVHQVLWLYHWRFURVVÀRZDQGRWKHUÀRZ
GLVWXUEDQFHVIRUWKHSXUSRVHVRIYRUWH[UHHQHUJL]DWLRQ

&DVH)

)LJXUH,VRVXUIDFHVRIVWUHDPZLVHYRUWLFLW\DWVíFRORUHGE\FRQWRXUVRI
VWUHDPZLVHYHORFLW\ZLWKFURVVRYHUORFDWLRQVLQGLFDWHG

8SRQFORVHULQVSHFWLRQRIWKHWULPPHGWDQJHQWLDOYHORFLW\ )LJXUH
 LWFRXOGEHVHHQWKDWWKHYRUWH[PHUJLQJVWUXFWXUHFORVHO\
UHVHPEOHGWKDWRI&DVH%:KLOHWKHLQLWLDOYRUWH[GRHVQRWLQWHUVHFW

/(6DQDO\VLVRI&DVH)LQGLFDWHGWKDWWKHSUHGRPLQDQWFDXVHEHKLQG
WKHSUHPDWXUHEUHDNGRZQRIWKHSULPDU\YRUWH[ZDVDSKHQRPHQRQ
VLPLODUWRWKH&URZLQVWDELOLW\7KLVFRXOGEHREVHUYHGWKURXJKWKH
SUHVHQFHRIDVLQXVRLGDOGHYLDWLRQLQWKHSDWKRIWKHSULPDU\YRUWH[
DVFDQEHVHHQLQ)LJXUH&RQWUDU\WRWKHODFNRILQVWDELOLW\
REVHUYHGLQ&DVH&WKLVGHYLDWLRQEHFDPHYHU\VHYHUHLQWKHSULPDU\
YRUWH[FDXVLQJDUDSLGUHGXFWLRQLQYRUWH[VWUHQJWK,WDOVR
PDQLIHVWHGLWVHOILQWKHVHFRQGYRUWH[ZKHUHVPDOOGHYLDWLRQVEHJDQ
WRRFFXULQLWVEDWKLQFUHDVLQJLQVL]HWRZDUGVWKHHQGRIWKHGRPDLQ
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EHWZHHQWKHYRUWH[FRUHDQGWKHYDQHEHFDPHODUJHU'HVSLWHWKH
GLIIHUHQFHLQPHUJLQJOHQJWKWKHPHFKDQLVPZLWKZKLFKWKHPHUJLQJ
RFFXUUHGUHPDLQHGWKHVDPHUHJDUGOHVVRIRIIVHW
7KLVLQGLFDWHVWKDWVXFKDFRQ¿JXUDWLRQIRUYRUWH[UHHQHUJL]DWLRQ
ZRXOGEHHIIHFWLYHLQFRQGLWLRQVLQYROYLQJFURVVZLQGVDQGRWKHU
UHDOZRUOGGLVWXUEDQFHV$IWHUUHHQHUJL]DWLRQRIWKHYRUWH[ZLWKD
VHFRQGYDQHLWZDVIRXQGWKDWWKHWRWDOFLUFXODWLRQRIWKHUHVXOWLQJ
YRUWH[ZDVKLJKHUWKDQWKDWSURGXFHGE\DVLQJOHYDQH6XFKD
VFHQDULRZLOOKDYHVXSHULRUFRQWURORIYRUWH[ORFDWLRQRYHUORQJHU
GLVWDQFHVWKDQDVLQJOHYDQHVHWXS

)LJXUH,VRVXUIDFHVRIYRUWLFLW\DWVíFRORUHGE\FRQWRXUVRIVWUHDPZLVH
YHORFLW\IRUHDVHRIYLVXDOL]DWLRQ

7KHGLIIHUHQFHLQURWDWLRQDOGLUHFWLRQEHWZHHQWKHYRUWLFHVUHVXOWHGLQ
VXEVWDQWLDOO\PRUHÀRZVHSDUDWLRQIURPWKHYDQHWKDQLQWKH
FRURWDWLQJFDVHZLWKWKHXSVWUHDPYRUWH[HVVHQWLDOO\SXOOLQJWKHÀRZ
RIIWKHVXUIDFHRIWKHYDQH7KLVLQFUHDVHGWKHOHYHORIQRLVHLQWKH
VROXWLRQPDNLQJLWPRUHGLI¿FXOWWRDQDO\]H'HVSLWHWKLVXVHRIWKH
WULPPHGWDQJHQWLDOYHORFLW\DOORZHGIRUHIIHFWLYHWUDFNLQJRIWKHFRUH
SDWKVDQGGLVVLSDWLRQORFDWLRQV%\REVHUYLQJWKLVLQFRQMXQFWLRQZLWK
WKHVZLUOFRQWRXUVLQ)LJXUHLWZDVFOHDUWKDWWKHLQLWLDOYRUWH[
GRHVFRQWULEXWHWRWKHVWUHQJWKRIWKHVHFRQGDU\YRUWH[ZLWKDODUJH
UHJLRQRIKLJKVZLUOIRUPHG+RZHYHUWKHLQVWDELOLW\DQGLQKHUHQW
XQVWHDGLQHVVLPSDUWHGWRWKHVHFRQGYRUWH[LQFRQMXQFWLRQZLWKWKH
LQFUHDVHGVZLUOFOHDUO\DFFHOHUDWHVLWVGLVVLSDWLRQUDWHZLWKDIDU
PRUHUDSLGH[SDQVLRQWKDQWKHFRURWDWLQJFDVHV7KLVLVFRQVLVWHQW
ZLWKWKHLQSODQHYHORFLW\UHGXFWLRQE\&GRZQVWUHDP
REVHUYHGLQWKH5$16FRPSDUHGWRWKHRI&DVH&

,WZDVIRXQGWKDWZKLOHWKHFRXQWHUURWDWLQJFDVHZDVHIIHFWLYHDW
SUHPDWXUHYRUWH[GHVWUXFWLRQLWZDVYHU\VHQVLWLYHWRRIIVHW/DUJH
GLVWDQFHVIURPWKHYDQHWRWKHYRUWH[FRUHUHVXOWHGLQHQHUJ\WUDQVIHU
EHWZHHQWKHXSVWUHDPYRUWH[DQGWKHGRZQVWUHDPYRUWH[UHVXOWLQJLQ
WKHGHVWUXFWLRQRIWKHXSVWUHDPYRUWH[+RZHYHUXQGHUWKLV
FRQ¿JXUDWLRQWKHVWUHQJWKRIWKHGRZQVWUHDPYRUWH[ZDVLQFUHDVHG
DQGDQLQVWDELOLW\ZDVLQWURGXFHG7KLVZDVQRWWKHFDVHIRUZKHQWKH
YRUWH[SDVVHGFORVHUWRWKHGRZQVWUHDPYDQHZLWKDQRYHUDOO
UHGXFWLRQLQVWUHQJWKRIERWKYRUWLFHVDQGDQLPPHGLDWHGHVWUXFWLRQRI
WKHXSVWUHDPYRUWH[LQWKHGLUHFWLPSDFWFDVH,WZDVIRXQGWKDWWKLV
ZDVGXHWRWKHEUHDNGRZQRIWKHXSVWUHDPYRUWH[
7KLVLQGLFDWHVWKLVFRQ¿JXUDWLRQLVHI¿FLHQWLQWKHGHVWUXFWLRQRI
YRUWLFHVLQWKHLGHDOFDVHKRZHYHULVKLJKO\VHQVLWLYHWRFURVVZLQG
DQG\DZFRQGLWLRQV$VVXFKLWPD\RQO\EHHPSOR\HGVXFFHVVIXOO\
LQVFHQDULRVZKHUHWKHYRUWH[ORFDWLRQLVZHOONQRZQDQGWKHUHLVOLWWOH
FKDQFHRIZDQGHULQJ

5HIHUHQFHV
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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 aerodynamics, with automotive and aerospace applications becoming increasingly reliant on vortices
to improve aerodynamic eﬃciency. Knowledge of how streamwise vortex interactions
† Email address for correspondence: kyle@forsters.com.au
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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
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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. (2017c,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. (2017c,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 preexisting 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 × 104 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. (2017c,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. (2017c,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. (2017c,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 3 instead of y 2 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.
vt = (Cw Δ)2

d d 3/2
(Sij
Sij )
d S d )5/4
(S ij S ij )5/2 + (Sij
ij

(3.1)

Where Cw is the WALE constant, S ij is the symmetric component of the velocity
gradient tensor (also the strain, or deformation tensor of the resolved velocity ﬁeld), Δ
d
is the characteristic subgrid length scale and Sij
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. 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 & Reuß (2015)) and the value originally recommended by by Nicoud
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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 Cw . Experimental validation as discussed later conﬁrmed that lower
numerical dissipation was required. As such, Cw = 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 ∗ 10−5 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 (freeslip) 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 ∗ 10−5 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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Figure 2. Isosurfaces of x-vorticity (left) and force values for rear vane (right) for diﬀerent
mesh resolutions.

Figure 3. Isosurfaces of x-vorticity coloured by x-velocity for multiple LES mesh densities at
T ∗ U∞ = 6.039 (top) and T ∗ U∞ = 6.777 (bottom)

As can be seen in ﬁgure 2, 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 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. (2017c,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 counterrotating 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 Bv /rv = 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 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, 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.

10

K. J. Forster, S. Diasinos, G. Doig and T. J. Barber

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 Uip /U∞ 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
Cp 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 Cp , however the low pressure peaks have
been reduced, with the -0.4 Cp isosurface being considerably smaller in diameter. More
interesting is the disappearance of the -0.4 Cp 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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Figure 6. Contours of x-vorticity, with isosurfaces of pressure at Cp = −0.4 and Cp = −0.16
for front vane (top) and rear vane at -0.2C oﬀset (bottom).

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 Cp 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 8. Contours of x-vorticity, with isosurfaces of pressure at Cp = −0.4 and Cp = −0.16
at 0.2C oﬀset.

Figure 9. Time averaged (left) and instantaneous (right) contours of x-vorticity, with
isosurfaces of pressure at Cp = −0.4 and Cp = −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. (2017b)).
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. 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 (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 Cp = -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 ∗U∞ /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.
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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
0.2C oﬀset condition.

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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Figure 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 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 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 m2 s−1 to 0.25 m2 s−1 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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Figure 14. Z 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.

Figure 15. Z position (C) evolution with time for upstream vortex at multiple downstream
locations (black), with frequency spectra in red. Position signals are all plotted on axes with the
same range magnitude.

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 Cp = −0.4, Cp = −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 ∗ 10−4 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 10−4 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 10−4 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. (2017c)), 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 (m2 s−1 ) 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.

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 Cp 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 Cp 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−1 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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Figure 19. Z position (C) evolution with time for upstream vortex at multiple downstream
locations (black), with frequency spectra in red. Position signals are all plotted on axes with the
same range magnitude.

Figure 20. Y position (C) evolution with time for upstream vortex at multiple downstream
locations (black), with frequency spectra in red. Position signals are all plotted on axes with the
same range magnitude.

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 21. Z 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.

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 ∗ 10−3 and 2.60 ∗ 10−3 at x/C = 11 and ﬁnishing magnitude of 2.61 ∗ 10−2 and
14.7 ∗ 10−2 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. (2017c)).
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∗10−4 and 9.0∗10−4 at x/C = 11 and ﬁnishing magnitude of 2.61∗10−2 and
4.96 ∗ 10−3 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. (2017c, 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 23. Contours of x-vorticity, with isosurfaces of pressure at Cp = −0.4 and Cp = −0.16
for rear vane at -0.2C oﬀset (right).

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
+y 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 ∗ 10−3 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 ∗ 10−3 , which is signiﬁcantly lower than the 1.18 ∗
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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Figure 25. Z 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.

Figure 26. 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.

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 10−6 up to x/C
= 16. This is a direct result of the increased interactions on the vane body causing
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Figure 27. Nondimensionalised circulation evolution with time for downstream vortex.

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. 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. 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. (2017c,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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