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

The flow around two NACA0012 vanes at various lateral offsets was investigated by a combination of experimental 
and numerical means to observe the interactions between two streamwise vortices. The vanes were separated in 
the streamwise direction, allowing the upstream vortex to impact on the downstream geometry. Initial 
investigations were performed using water tunnel dye visualisation and Reynolds-Averaged Navier-Stokes 
analysis, with more detailed Large Eddy Simulations and Particle Image Velocimetry used for quantitative 
assessment of vortex energies and paths.   

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

In all co-rotating conditions the vortices were seen to tend to an asymmetric merger, however the merging 
distance was found to be statistical rather than deterministic. Meandering was found to occur in both vortices of 
the co-rotating pair, with the downstream vortex experiencing a faster growth rate and the 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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r ������ ���� �	����

R0.1 ����	�� �	���� �� ������ 	� ��� ��	� ��������� �������
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0, r > a
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Γr/(2πa2), r ≤ a

Γ/(2πr), r > a
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����� u = Δv(G− 1/2 ln z), v = −1/2Δv(z)−1/2, w = Δv(G+ 1/2− 1/2 ln z)1/2
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�$��� ���
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���������< ���� ��� ��� ������ �� ������� �� ����� ����� *� 
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��� �� ± 1	11
� 9�14 �� ��� �
������ �)��� ������;	

'�*�� �	�> ?"����
����� ����� �������

?���� %����� ����������� ��������
����*������ 0.22% 0.0025C
&���� 3.1% 0.0015C
�������� '���,��� ≈ 0 ≈ 0
���=������ ≈ 0 ≈ 0
'�
����� 3.7% < 0.001C
��*������ ≈ 0 < 0.001C
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	��� ��� �
����������" ������

�������" �������� �� ��� �����! ���� �������� �� ��� ���������� ����� ���
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����������� ���� �������������� �� � ���������� ������� ���������� %�� ���

������� �� ��� �� ��� &�' ����
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−→∇ · (−→u ) = 0

∂(ρ−→u )

∂t
+ [∇ · −→u ]ρ−→u = −∇p+∇ · τ

−→u τ
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∫
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v2 + w2 dA ��	#$�
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∫ √
u2 + v2 + w2 dA ��	##�
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��� ������� ��� !������" �� ��� ����� �� !����� ���������� �# ������ �� ���

����$�������� ������ %��� � &'	�( ������ ���� �� �	� Uip/U∞ �� �)� * ��	

+�%�!��� ��� ����$�������� ����� ��#���"# � ������ ��!�� �� ��##������� ����

��� ����������#� %��� ��� #������� ��%�#����� !����� ���� ��##������� �� �

��� !������" ��( ��%�� ���� ��� ������������ ," �)�*�'	 ��� $�#�����

!����� ��������# � ��%�� ��� !������" �� ��� ��� ��� ��� ������ ������ �� ���

�,#��!����� %����%� %��� �� #��%��� � ��%�� ��� ��� �!����� !������" �� ���

#���� �� ��� ������	 ���# �# ���#�#���� %��� ��� ������ ��##������� ����#

�,#��!�� �� ��� ��%�#����� !������ �# ���#� ��� �� ��" ��#� ������#��� ���

��##������� �� ��� $�#����� !����� ����� �� �����������	

��� ��#� #����-���� ��������� ,��%��� ��� �%� �����# �# ��� �������� �� ���

$�#����� !������ %��� ��� . !��$� �� �)� * �� ,���� �	�
�� ��%�� �� ��� ���

���������� ��!������ ��� #���� �� ��� ���� ,��%��� ��� �%� !����� ����#	 ���#

�# ����������� ," � �	��� ������� #���� �� ��� " ���������� ���������� ���� ���

����� ��# �!��/��������� ��� ��������� �� ��� $�#����� !����� ,��� ��������"

��� !��������"	 ���# �# �$����� �!������� ," ��� ������ !������� ���� �� ���������

�� ��� !������# �,#��!�� %��� �������� �� ��� ����������	 0���� ���#� ������#

��� #����� ���" ��!� � ���� #����-���� ����� �� ��� ���#�� ����������� ��#�#� %����

��� ������!� ��#�� �# �������	 ���# %��� ,� ��#�$##�� �� ���� ������ �� ��� �����%���

#$,#������	 +�%�!��� ��� �!��/���������� �� ���# ��������� �# $��� ��" �� �����

���  �" �������#�# ,����� ��� !����� �����������	

����� �����	
	��


��� ������" ������ �� ��� ��/�������� !��������� %�# �� ��������� ��� ���$���"

�� ��� ��������� �� ��� !����� ���������� ��� ������	 ��#���� %��� 1234 44�

��� 145 ���������� �# %��� �# �� � ��##�� ������ 4�������# "/6���" 674� ���

������-�� �##$�# %��� ���� !����� ��##������� ��$#��� ��������� ���#$������ ��

��� !����� �����������	 4����-����"� ���#� ������� #��$������# ��� ��$�� ���� ���

$�#����� !����� ��� ��##������ #$8������" ," ��� ����� �� ��� ���� !��� ��

,����� ��� %�� �� �� ��� �%�� ��� ��� ��#$����� ����������� ��$#�� ���

��%�#����� !����� �� �,#��, ��� $�#����� !�����	 ��� 0267 ���������

��#������ %��� ���#� #��%��� ��## ��##������� ��� ��� ��%�#����� !����� ,����
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T ∗U∞/C = 0

T ∗ U∞/C = 0.74 T ∗ U∞/C = 04.27



T ∗U∞/C = 9.45





T ∗ U∞/C = 22.10

T ∗U∞/C = 26.66

T ∗ U∞/C = 3.09 T ∗ U∞/C = 64.67
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��������� �� ��� �����! �������� ���� ��� �������� ���� "���� ����� ���� �

������ ��#� ��������� ������ ��� �����! �������� "� ��� ���������� ����	  ��

����� �� ��� ���������� ���� ������ ��� ���� �� ����� ���� ��������� ������

���� � ������ �������� �����!� �� ��� "� ���� �� $����� �	%& ������� �� ��������

�� ���� � ���������� ����� ����� �� ��� �����! ����������� ���� ���� '��� ������

���������� �� ���� ���� �	%( �"������ "������ �����	  ��� ������ ���� ������� ��

"� ����������� �� ��� ������� �����! "���� ��������� ���� �� ��������� ����� "� ���

���������� �����! �� ����� ������	 )� �� ���������� ����������� ��� ��������

�����! ��������� ��� ��������� �� ��� ���������� �����!� �������� ��� ���������

��������� �� ��� ����	 *��������� ���� ������� �� ��� ����������� �� ��� ���� ���

��� ��������� �� � �������� �����! ���� � �������� ���������	 +� ������ "� �����

���� ����� ��� �������� �!���������� �������� ��� ,*- ��� ��������� ���� �� ���

����� ��� ���� 
������� ���"�� ��� ����������� �� ��� '��� �����! �� �������	

 ��� ������ ���"���� ���� ��������� ��������� �� ��� ��������� �� ��� ������

�����! �������� �� ��� ������� �������� �� ��� ���������� �����! ������� ����

��� �������� ���	 .������� ��� ������ ���� ��������� ��� ����� ������� �� ����

�������� �$/ ��� �!���������� �������	

 �� ��������� �� �������� �������� �� � ����� ������ ��������� �� ��� �������� ��

���������� ����� ���� ������� "� ��� 0���������� 1
�2� �� ���� �������� �� ����#���

�����! ����� 1
342	 +��������� ���� ���������� �� 
�5� ����� �������� �������� ��

�������� �������6����� �� ��� �����! ������� 7$����� �	89	 +��������� ��� �����!

����� ���� ��� ���������� ���� ������ ���� ��� ����� ���!����� �� ��� �����!

�� ��� ���� �� ��� ��	3� ����� ��������� �������� �� ��� �����! ��������� ���

���� :��� "���� ��� ��� �� ��� ������� ����	 $��� ���� �� ������ �����������

������ ���� ��� ������ �����!� ���� �������"�� �������� �� ��� ���� ����������	

 �� ��������� �����!5���� ������� �� ��� �	3� ����� ��������� �������� �� ���

�������� �����! ������� �� ��� �������� ���� �� ��� ���� ������� �����������

��� �������	  �� ������� �����! ���� �������� �� "� ��������� ��� ������ ������

"� ��� ���������� �����!� ������� ��� ������ ���� ���� �������	

 �� ���������� �������� �������� ��� ������� �� $����� �	; �� ��������� ���

��������������� �� ��� �������� �����������	 $��� ����� ������ �� ��� "� ���� ����

��� ������ ����� �� ��� �����! ��������� "������ ������ �� ���� ������� ��������
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�������� �� ��� ����������� ������ ��� ���������������� ��������� ��� ��

�����!���� ��"������� �� �����# ��������� ��� ����������� �����	 $����� ���

�� ������� ���� ����������� �� ��� ���� �� ��� �����# %��	&� �"���' ������ �

����� ����������� �� ��� ������� �����#� ��  ��� �� �����!������ �������� ���

�������� �� ��� ��������� �����#� �� ��� (� ���� �� ��� ��������� �������� ��


����� �	)	 *�� �������� �� ��� �������� �����#  ��� ������ �� � ���� (� ���

�� ������� �����#� ��������� ������� �������� (��� ��� �� ������� �����# ���

��� ��������� �� ��� ������	 $����� ��� ���� ���� ���� ��� �����# ������
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��� ����������� ���� %��	&� �"��� �����������'	 *��� �� ������� �� ������ ��������

(�� ��� ��� ��������� �� ��� �� ������� �����# ����� (� ���� �� ����  ���
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������ �����������	 ,���� �� ��� ������ ���� %#-� . )' ��� ��������� (�� ���

����� �� ���� 
/� �� ���� (����� ��� ���� ����� �� � ��(�������� ��"������ ��

�������� �� 01/	 ��	&� �"��� ��� � ��� ���� ��(�������� �����  ��� � �&/
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�� ��  ��! "���� ��� �� ��� ��	#� �$��� �����%�� &#� ��� &&�

��������%��'	 (�� ������� ����������' )��"��� �$���� �� ��� �������� ��

��*���� ����������� ����! "��� ��� ����� ������ ��	#� �$��� �*���������� %��'

�����+���� ����� �� �������� ����������' ����� ��� %��� ,*-� . �� �� *-� .


#/	 (��� �������� "�� �#�! �������� �� ��� ����� ����� �	�� ���  #� �� ���

���� ������	 �����0�����' �� ��� )� ���� ���� ��� ���������������� ���� ��

�����' �������%� �� %��� �$���	
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(�� ������� "���� ������ ��� 12�3 ������� ������+�� ��%���� 4�' �������� ���

����� ��%���������� �� ��� �*���������� ��� 563 �������	 (�� ���� �����+����

+����� ���� ��� "���� ������ ������� "�� ��� ���������� �� ��� %����* 7�"+���	

(�� ������������ �� %����* �������� ��� ����������! �� "��� �� ��� �������� ��

��� ������� ���������� ��������� ���� ��� ��)��0���� "��4 "���� ���� �� ��%�

��� ����)����' �� �����%��� ����� ��������	 8� ���������� �������� "�� ���� ���

������� "�� )����� �� ������ ��� ������ �� �������� ����� ��������� �� ��������

��"������� ��� �$���	 (��� ��� �� ��� ������ �� ������������� %����* ����4���

��������� �� )��� ��� �*���������� ��� ��������� �������	 9' ����4��� ���

%������� �� ���� ����� ���� ��� ��� :;< ���� � ����������� ������ �� ����� ���������
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��� ����� ������� ��� ���� �����  ��� �� ��� �� �� ��� �����! ��������� �����

�� ��� ��������! �� ��� ����� ����� �� �� ���� ��������	 "��� ������ � �����

������� ��� ������ ���� ��� ��� ��������� #��� ��������� �� ���  �������� ��

��� ������ ���� �� ��� �������� ��������� �� ��� ����� �������! �� ��� ��������� ��

��� �� ���� �� $����� �	
	 �� ������ �%����� ���  ����� �� ���� ���������!

�� ������� ��� ��&�� �� �  ��� �����'���� ������� �� ������� �� ���� �� �

�����'���� ����������  ����� ������� ��� ������ �����	 �� ��� ���'��������

����������� ������� ����� ������! ��������  ����� �� ����� ������! �������
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1.75 ∗ 10−3 2.60 ∗ 10−3 2.61 ∗ 10−2

14.7 ∗ 10−2



5.5 ∗ 10−4 9.0 ∗ 10−4

2.61∗10−2 4.96∗10−3





Cp = −0.4
Cp = −0.16





3.5 ∗ 10−3

8.5 ∗ 10−3 1.18 ∗ 10−2

10−6
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Bv < −0.4C

Bv > 0.1C

−0.4C < Bv < −0.25C 0C < Bv < 0.1C

−0.25C < Bv < 0C
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Cp = −0.4
Cp = −0.16 Cp = −0.08
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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 Average radius of vortex at 0.1 vorticity threshold
R0.3 Average radius of vortex at 0.3 vorticity threshold
A0.1 Area of vortex at 0.1 vorticity threshold
A0.3 Area of vortex at 0.3 vorticity threshold
Γ Circulation
Xc X core location
Yc Y core location
C Chord length
Re Reynolds number, based off chord length
Bv Vortex separation.

I. INTRODUCTION

Turbomachinery blade interactions, aircraft taking off in
succession, wind turbines, and vortex generators can all pro-
duce vortex interactions with multiple streamwise vortices in
close proximity to each other.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 loca-
tion,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 vor-
tices will merge in any viscous flow. The equilibrium states of

interacting and merging vortices were first studied by Saffman
and Szeto25 using energy based equations numerically approx-
imated with Newton’s method, finding that the vortices will
merge in an equilibrium state at a vortex separation to a radius
ratio of 3.16. This was found to be different from that of
an unsteady state, which was predicted at a ratio of 3.4 by
Zabusky et al.30 using contour dynamics, and a ratio of 3.4-3.8
by Rossow24 using point vortex methods. All of these eval-
uations used equal strength and size vortex cores, with two
dimensional flow fields and no velocity deficit through the
core, limiting their accuracy and resulting in the discrepancies
between the methods. It is currently accepted that merging
is due to the viscous diffusion causing vorticity to expand
from the inner recirculation region to the outer recirculation
region.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 bro-
ken 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. Dur-
ing this stage, the advection of vorticity away from the cores
forces the cores together due to the conservation of angular
momentum, causing their merging. The second diffusive stage
then involves the diffusion of the two vortex azimuthal velocity

1070-6631/2017/29(5)/057102/13/$30.00 29, 057102-1 Published by AIP Publishing.
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peaks to form a singular vortex. In the merged diffusive stage,
the combined vortices become more axisymmetric; however,
now they have the same core location.

Devenport5 found by wind tunnel testing of co-rotating
vortices deployed from the same upstream location that the
unmerged cores of a co-rotating pair were far more turbu-
lent before merging than a single vortex core by itself. Once
the two cores have merged, the final structure was found to
be larger and more axisymmetric than a single vane vor-
tex. The hot wire measurements showed that post merging,
the turbulence of the core was found to decrease; however,
the induction of a probe into the core would have increased
the sensitivity of the vortices to instabilities. As the spacing
between vortices increases, the merging distance is shifted fur-
ther downstream.5,22 Increasing vortex swirl decreases merg-
ing distance and also increases the amplitudes of vortex motion
(meandering).

In the case of vortices of unequal strength, the mechanism
of merging is notably different if the circulation differential is
large. In these cases, the weaker vortex has insufficient circu-
lation to support the strain field induced by the stronger vortex,
and as such is strained into a spiral tail structure.14 Using invis-
cid contour method calculations, Dritschel and Waugh7 found
that the interaction between two vortices with a large differ-
ence in size results in the smaller vortex being torn away, with
little increase in the size of the larger vortex. This was iden-
tified as a regime of either partial or complete straining out.
This is in contrast with more closely sized vortices, which often
result in total core growth, under a regime they identified as
complete merger or partial merger. In addition to this, equal
or similar strength vortex interactions typically produce sin-
gle vortices, while unequal strength interactions may produce
two vortex systems. A critical ratio of core radius and vor-
ticity was also used by Yasuda and 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 combina-
tion 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 vor-
tex 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

core.10 As such, a probe placed near a vortex causes substan-
tial upstream migration of the breakdown location.2 Conse-
quently either Laser Doppler Anemometry (LDA) or Particle
Image Velocimetry (PIV) must be used for accurate exper-
imental results. Due to vortex meandering, averaging point
measurements can result in errors of up to 35% in tangential
velocity, emphasising the importance of a global measurement
technique for vortex analysis.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 loca-
tions, allowing inspection of both the paths of the vortices
and the meandering of the vortex pairs. Vortex interactions
at very close core spacings have not been previously experi-
mentally observed, as the vortices have been typically 2D or
deployed at the same streamwise location. The studies that
have deployed vortices from an upstream location have either
focussed on the flow characteristics on the downstream wing
itself, and/or have been limited in the number of vortex posi-
tions run, making trend analysis difficult. The aim of this work
is to achieve a better characterisation of near-field co-rotating
vortex interactions than has been previously available and to
determine the effects of generating a vortex in a flow field
with a pre-existing vortex structure. This will facilitate a bet-
ter understanding of the vortex fields produced by multiple
arrays of vortex generators or aircraft in following flight.

II. EXPERIMENTAL SETUP

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

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

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 Univer-
sity open return, closed section wind tunnel. This tunnel has
a 610 × 610 mm (24 × 24 in.) octagonal test section with
a 1900 mm (6′3′′) length. Optical access is through a glass
window on the top of the test section and removable win-
dows on the side. The test section was characterised using
a Turbulent Flow Instrumentation 100 Series Cobra probe,
giving a peak turbulence intensity of 0.35% and an average
of 0.25%. Velocity uniformity was measured as better than
1% variance, and flow angularity was found to vary by 1◦

across the test section inlet. The wind tunnel speed was elec-
tronically controlled through a National Instruments MyRIO,
with the pressure sensors calibrated against a temperature con-
trolled Baratron 120AD Differential Capacitance Manometer.
Streamwise velocity variance was held to within 0.38%.

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

B. PIV setup

A planar two component PIV system was used to cap-
ture the vortex dynamics. Due to the large expansion length of
the Macquarie University wind tunnel, the camera was placed
inside the expansion itself rather than using a mirror system.
This allowed the camera to be positioned 2.1 m downstream of
the test section, giving a maximum perspective bias of 6.25◦

(0.21 mm at furthest edge or 0.0027C) with a 120 mm lens.
Focus was controlled remotely. By placing the camera this far
downstream of the test section, there was no observable dif-
ference to the flow in characterisation measurements obtained
through the tunnel section. The expansion section of the tun-
nel was on isolated mounts from the tunnel fan, minimising
vibration. Over 200 image pairs, the tip of the rear vane was
found to have a maximum displacement change of 1 pixel dur-
ing operation, with no observable change between images of
an image pair.

Laser access to the tunnel was through a glass window
in the top of the test section. The laser beam was sent to this
location via a periscope connected to a Dantec 3-axis computer
controlled traverse. This traverse was restricted to only allow
laser sheet movement along the axis of the tunnel. The laser
used was a dual-cavity Nd:YAG laser (Quantel EverGreen)
with an output of 200 mJ per pulse at 532 nm wavelength and
a repetition rate of 15 Hz. Synchronisation between the laser
and camera was performed with an ILA synchroniser. Laser
pulses were delivered at 55 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 pix-
els. 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 approxi-
mately 100 × 133 mm. Image analysis was performed with
PIVView software. Multi grid interpolation was used, start-
ing 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. Sub-
pixel shifting was enabled on all passes with b-spline interpo-
lation and peak detection by a Gaussian least squares fit from
3 points. The final grid size was 99 × 74 nodes.

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

C. Sources of error

The sampling error for averaged results was determined to
be 3.7% in circulation and 0.0035C in location for the 400 total
shots taken against a multiple representative sample of 2000
image pairs. Due to the nature of the manual focussing sys-
tem, there were induced errors, with differences in focus able to
produce up to 0.04C error in core location. By implementing a
particle pixel size threshold of no more than 2 pixels at a bright-
ness level of 4.5% of the total dynamic range, this error was
reduced to 0.0015C in core location. Total error due to the cali-
bration plane procedure was found to be a maximum of 0.18%
in location and 0.22% in scale, due to minute differences in lat-
eral calibration plane location. Seeding levels in the room were
convergence tested such that the error from the seeding was not
discernible from the randomness induced by the other errors.
Camera vibration was not observed at an appreciable level,
with a maximum image migration of 0.06% measured over
the course of an imaging run. The particle size was measured
at an average of 1.5 pixels, giving an uncertainty in position
of 0.03 pixels.15 Quantization errors were negligible due to 14
bit quantization. Any biases inherent in each run were min-
imised by having the each set of 400 images taken with one
forward run of 200 images (plane moving from X17 to X11.5)
and one backward run in the opposite direction; this way any
errors in seeding or focus would be minimised. The total error
in core location was found to be ±0.006C. The error in lateral
vane offset adjustment is ±0.005C (10% of the smallest offset
change).

D. Vortex analysis methodology

Vortex radii can vary by up to 35% if time averaged
results are used due to vortex meandering and local fluctu-
ations in velocity.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 struc-
tures, vortex shedding, and low level noise on the calculation
of tip vortex properties, all vorticity constructs except the
tip vortex were filtered out. This was performed by comput-
ing contours at 10% of the peak vorticity and calculating the
area enclosed by each individual structure. These data points
were then exported to Matlab, where they were then com-
bined and analysed for average values and variances. This
allowed for an accurate calculation of real world core size,

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

The vortex centre within a plane is defined as the integral
of the vorticity (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),

Xc =
1
Γ

∫
XωdS, (1)

Yc =
1
Γ

∫
YωdS. (2)

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

As the vortices are co-rotating, they both have the same
signed vorticity. This means that identifying the centre of vor-
ticity within a plane will be ineffective as it will only find the
centre point between the two vortices. An automated script
was used to identify the two separated vorticity peaks and
construct a contour line at 0.1 of the peak vorticity and 0.3
of the peak vorticity on a given plane, giving enclosed areas
of 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 vor-
tex 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, respec-
tively. Consequently, for path tracking the weighted centroid of
Eqs. (3) and (4) was used,

Xc =
1
ΓA0.3

∫
XA0.3ωdS, (3)

Yc =
1
ΓA0.3

∫
YA0.3ωdS. (4)

While the vortices remain near a uniform Lamb-Oseen
distribution at the far offsets, at nearer offsets significant partial
straining occurs from the influence of the vortex interaction.
This causes a skew in the shape of the vortex core that changes
its primary axis as the vortex pair rotates downstream. This
prevents the fitting of a Lamb-Oseen distribution of vorticity
to the results. Consequently, the radius of the vortices was cal-
culated using the vortex areas and assuming vortex circularity
to give an effective radius. These were 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,



057102-5 Forster et al. Phys. Fluids 29, 057102 (2017)

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 how-
ever cause an effective circulation reduction for the unmerged
cases, so should be noted for the results of this section. This
reduction was found to be 10.5% as calculated from the single
vortex case.

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

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 posi-
tioning at the start of the domain varied linearly with offset;
however, between 0.2C and �0.25C the vortices were merged.
This merging can be seen in the 0.1C offset case, where the
downstream vortex disappears after X12.5 due to it merg-
ing into the upstream vortex. As the offset approached the
point of vortex merging, the path length of both the upstream
and downstream vortices increased, with the downstream vor-
tex experiencing the most migration. Total path length at

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 (down-
stream vortex) arrows. The viewing
plane is normal to the freestream veloc-
ity, 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 percent-
age 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 loca-
tion (in the case of Rokhsaz) or not having any vane influence
(Leweke).

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

By combining the separation distance curves from each
unmerged case, the trends of separation distance for the vortex
pair can be extrapolated to cover a much longer effective dis-
tance. This allows us to simulate how a vortex pair deployed
at an initial separation width of Bv/R0.3 ≈ 7 would behave fur-
ther downstream, as can be seen in Figure 6. The separation
data show that there are two different separation rate trends
depending on which side of the vane the vortex is passed on.
If the vortex passes on the pressure side of the vane, for every
chord length travelled downstream, the vortices move together
approximately 0.154 of the core radius. However, if the vor-
tex passes on the suction side of the vane, this is decreased to
0.110 core radii, giving a 28% differential in separation rate.
This suggests that the wake region of the vane significantly
affects the speed of the merger, causing the vortices to be forced
together faster. This happened independently of the circulation
within the vortex core, which showed similar trends regardless
of which side of the vane the vortex approached from.

As the vortices approach merger, the trend deviates from
linear. The �0.25C offset case exhibits all the merging regimes
discussed in the merging section up to single vortex, combining
the second diffusive and convective merging states. However,
it does not show the clear levelling off or core separations as
observed by Cerretelli and Williamson,3 instead demonstrat-
ing a reduced but still significant gradient. As the separation
between the cores reaches two core radii apart, the separatrices
of the two vortices connect and rapid merging occurs, result-
ing in the transformation to a singular vortex. The asymmetric
mechanism behind these separation trends will be discussed
further in the merging section.

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 displace-
ment of 0.020C was measured at 0.6C offset. As the offset
was decreased, there was no observable shift in meandering
until 0.2C offset, where partial merging was present towards
the end of the domain. The secondary vortex was drawn around
the primary at this point, creating a bias in the meandering. This
bias predominantly affected the weaker vortex, with a maxi-
mum amplitude of 0.066C measured on the axis of bias. This
instability was at an average angle of 25◦ to the line between
the two vortex cores. The stronger, upstream vortex was also
marginally affected by this instability, with a maximum mean-
dering amplitude along the axis of bias of 0.029C at 0.2C
offset. This gives meandering bias ratios of 3.22 and 1.38 for
the downstream and upstream vortices, respectively, indicating
an instability with stronger effects on the downstream vortex.
The same meandering trends were seen on the negative offsets.
The magnitude of the instabilities was increased as the vortices
travelled downstream and the vortex proximity was reduced
through either offset change or drawing in of the vortex paths.

B. Vortex merging

Time averaged results were inspected to identify the merg-
ing pattern. The stronger and weaker vortices were selected
from their circulation, with the upstream vortex (red) being
the stronger and downstream vortex (green) being the weaker.
The evolution of a typical merging pattern can be seen in the
planar slices of the �0.25C offset case in Figure 8. Individual
vortex identification was performed using the contour lines at
30% of the peak vorticity on the plane (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 cir-
cularity; however, as they travel downstream they are drawn
closer together and partial straining of the weaker vortex
occurs. This process starts at X14, with the secondary peak

FIG. 7. Paths of merged vortex for various lateral vane offsets. Error in core location is ±0.006C.
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FIG. 8. Vortex merging pattern for �0.25C offset, with upstream vortex in red and downstream vortex in green. Note the non-uniform spacing of the planes.

being completely dissipated by X16.5. Throughout the pro-
cess, the upstream vortex 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 down-
stream vortex is weaker. This indicates that the presence of the
upstream vortex has caused the strength of the downstream
vortex to be weakened. This results in the merger of the down-
stream vortex into the upstream vortex as the pair progesses
downstream, as the upstream vortex is the stronger of the two
at the location just behind the rear vane (X11.5). As a conse-
quence, the downstream vane is effectively re-energising the
existing upstream vortex after the vortex pair has merged.

The transition of the vortex from a shape with a spiral tail
to a circular structure can be better investigated at the �0.2C
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 occur-
ring. The lower rotational rate of the vortex cores observed
at this further offset significantly slows the rate of merging
when compared to the �0.25C case. Initially the two vortices
are separate, both at the 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 approx-
imately 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 sep-
aration 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 similar-
ities 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 vor-
ticity transfer in the turbulent, three-dimensional experimental
flow, resulting in faster merging.

Inspecting the pathlines in the co-rotating reference frame
as seen in Figure 11 allows for further understanding of the
uneven merging mechanism. To calculate the rate of rotation
of the co-rotating reference frame, the average rotation rate
across the entire domain sweep as previously calculated was
used. At large separations, the vorticity fields of the two pri-
mary vortices are significantly separated (Bv/R0.3 > 2.3), with

FIG. 11. Pathlines in the co-rotating
reference frame and vorticity for differ-
ent stages of vortex merger.
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the streamlines of the two vortices being clearly separated by
an inner recirculation region. This inner recirculation region
appears to be the origin of the two “ghost vortices” of the
outer recirculation region. While not observed in the offset
range investigated, it is anticipated that the two ghost vortices
will merge at larger offsets, forming a singular recirculation
region. As the vortices are drawn closer together, they divide
this recirculation region into the two ghost vortices of the outer
recirculation region. At this point (Bv/R0.3 ≈ 2.3), the two vor-
tex 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 hor-
izontal axis, as opposed to the relative symmetry present in
the further separated condition. Once this asymmetry occurs,
the transfer of vorticity and modification of the pathline pat-
terns occurs rapidly. As the merger progresses that the rotating
pathlines of the weaker vortex are strained out, leaving the
previously discussed vorticity tail. After the remnants of the
secondary vortex have been strained out, the ghost vortices
rapidly migrate to the other side of the vortex configuration and
merge into a singular recirculation region. This recirculation
region expands and reduces in strength as the vortex slowly
normalises itself towards circularity in the merged diffusive
state.

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

While the analysis of the merging patterns was taken from
time averaged data, each individual image pair was analysed

to detect the vortices. It was found that the vortex merging
location in the transition regions was probabilistic rather than
deterministic, as seen on the right side of Figure 12. The prob-
ability of the vortex being merged is simply the percentage
of image pairs without a secondary vortex. These probabil-
ities were also tested with a random sample of 200 image
pairs and found to be within 5% of the values from the full
400 image pairs, indicating an error in probability of less than
±5%. In the �0.2C case there was a 66% occurrence of merg-
ing in the first plane, with 100% of image pairs being merged
with no secondary peaks by X15.5. The time averaged point
of merge at X13 lies approximately halfway between these
points. Similarly, in the �0.25C case, the probability of merg-
ing linearly decreases throughout the domain, with a 44%
probability of merging at the time averaged merge location.
This indicates the presence of a fluctuation side to side of
the vortices, similar to that identified in a previous computa-
tional study by the authors8 producing a sinusoidal fluctuation
in the merging point. This meandering of the singular vor-
tices causes them to move towards and away from each other,
with a resultant fluctuation in vortex separation. As previ-
ously identified, the merging location is very sensitive to offset,
and consequently any variance in vortex separation will cause
a significant difference in the presence of secondary vortex
peaks.

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

FIG. 12. Distance to vortex merging
for time averaged cases (left) and prob-
ability distribution for instantaneous
measurements at various lateral vane
offsets (right).
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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, coin-
ciding with the irregular, non-circular shape seen in Figure 9.
As the vortex travels downstream, it forms circular and uni-
form 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, result-
ing 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, show-
ing 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 vor-
tex is occurring at a far greater offset than the merged cases,
with it being clearly observable at the �0.4C and 0.4C off-
sets. The drop in downstream vortex circulation is 4.7% at
the 0.4C offset and 7.3% at the �0.4C offset. This drop is also
skewed to the positive offset, similarly to the merging distance.
It is hypothesised that this is due to the low pressure core of
the upstream vortex passing on the pressure side of the down-
stream vane, reducing the magnitude of the high pressure here.
This reduces the pressure differential across the downstream
vane’s tip, thus reducing the strength of the resultant tip vortex.
It is also a cause of the skew in vortex merging to positive off-
set, as the lower strength downstream vortex is more rapidly
merged.

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

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 circu-
lation 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 down-
stream 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, respec-
tively. 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 circula-
tion of the merged vortex is still significantly higher than a
single vortex case. It is important that this is not necessarily
considered as a loss of flow energy, as the circulation is pro-
portional to vorticity, which is not a direct measure of flow
energy.

IV. CONCLUSION

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

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

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

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

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

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

tion 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 sig-

nificant effect on the rotational rate of the subsequent vortex pair, with far offset cases having little rota-

tion, 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 lat-

erally offset from the point of closest vortex proximity to the downstream vane by �0.15C, with the vor-

tex 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.

� 2017 Published by Elsevier Inc.

1. Introduction

Vortex generators operating in boundary layers, turbomachin-

ery blade interactions, wind turbines and aircraft flying in forma-

tion can all produce vortex interactions with multiple

streamwise vortices in close proximity to each other [1–6]. Stream-

wise vortex/structure interactions have been studied considerably

less than either parallel or normal vortex/structure interactions [7],

particularly relating to the effects of the upstream vortex migra-

tion. Vortices of a vortex pair have been typically deployed from

the same streamwise location, limiting their proximity. However,

close interactions are important conditions to understand in order

to provide a knowledge base for practical vortex applications,

where upstream vortices may move in locations on either side of

a vortex producing obstacle, such as a wing or vane.

Interacting pairs of streamwise vortices can be classified into

either counter-rotating or co-rotating configurations. Counter-

rotating pairs exhibit a number of instabilities when placed in close

proximity to one another, including long wavelength (Crow [8]),

short wavelength (elliptic [9]) and spiral [10,11]. The Crow insta-

bility is described through a solution to a linear wave system,

which describes the deviations of counter-rotating vortex pairs

[8]. Once the vortex cores reach a certain proximity or cutoff dis-

tance the two wakes unify into vortex rings and rapidly break-

down. Vortices that break down or dissipate in short distances

and timeframes do not have a long enough duration for waves to

form, and as such are not subject to the Crow instability. Using

these models, it has been found that all counter-rotating pairs

are inherently unstable regarding the long wave Crow instability

[12–14]. For vortices of unequal strength, the Crow instability

can manifest itself at much shorter wavelengths than for an equal

strength case. This has been simulated numerically using Compu-

tational Fluid Dynamics (CFD), and it has been found that a med-

ium length instability is present where the weaker vortex is

drawn around the primary vortex [15].

The short wave (elliptic) instability is identified in counter and

co-rotating pairs by a streamtube in the core of the vortex with a

diameter approximately half that of the instabilities wavelength.

This instability is caused fundamentally by a resonance of two Kel-

vin waves (a sinusoidal deformation) within the vortex core as dri-

ven by the strain field induced by the other vortex [16]. Like the

Crow instability, it is modified by differing axial velocity compo-

nents and vortex strengths. The effect of these instabilities on

migration and core size in practical upstream/downstream vortex

layouts is currently unknown.
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For free flow (unbounded) inviscid cases any vortex pair will

maintain a constant core separation distance due to the conserva-

tion of angular momentum [9]. For a symmetric (equal circulation),

counter-rotating case, this will mean that the pair will translate

along the vortex pair centre axis, while for a case with unequal cir-

culations there will be an orbital motion [9]. These migrations have

also been observed in water tunnel testing [17], where dye marker

injected into the cores of a pair of counter-rotating vortices showed

a near linear trend in downwards motion of an equal strength pair.

This motion increases in magnitude as vortex swirl is increased

through varying the angle of attack of the vortex generation blades.

The interactions of a streamwise vortex with a wingtip at close

range have also been computationally investigated [7,11]. By align-

ing an incident vortex with the tip of a downstream vane, the

energy of the vortex system is increased in the near range, however

more rapid energy attenuation occurs downstream. When the vor-

tex is positioned inboard of the tip, it reduces the tip vortex size

and strength, while placing it outboard of the wingtip enhances

the wingtip vortex [7]. Reducing the distance of the incident vortex

to the wingtip has been found to increase the magnitude of the tur-

bulence production from the resultant vortex interaction [11]. It

has experimentally been found that a counter-rotating wing con-

figuration with a 2.5C streamwise wing spacing can substantially

improve rear wing L/D by up to 24% at an overlap of 5% of the wing-

span [18]. Such a configuration causes migration of the rear vortex

towards the root of the rear wing, however the downstream conse-

quences of these interactions have not been characterised for more

than one chord length downstream. These effects have also not

been evaluated at different vortex distances from the suction and

pressure sides of the downstream vane.

Adverse pressure gradients produced by downstream geome-

tries can interact with and disrupt the path of an existing vortex.

A significant obstruction in the path of a vortex will cause the vor-

tex to transition into either a spiral or bubble breakdown mode

[19]. This vortex breakdown location is dependent on the swirl

number (controlled by the angle of incidence of the upstream

vane) and the adverse pressure gradient. If the adverse pressure

gradient is not sufficient to cause breakdown, only slow diffusion

of the core through viscous mechanisms will occur.

Due to the swirling nature of vortices, they act as pressure gra-

dient amplifiers in the sense that an induced pressure gradient in

the freestream will be substantially increased at the vortex core

[20]. A probe placed near a vortex causes substantial upstream

migration of the breakdown location [21]. As such, either Laser

Doppler Anemometry (LDA) or Particle Image Velocimetry (PIV)

must be used for accurate experimental results for steady vortices.

However averaging point measurements can result in errors of up

to 35% in tangential velocity in meandering vortex cases, empha-

sising the importance of a global measurement technique for

meandering or unstable vortex analysis [22,23].

The work described in this paper investigates the near field

interactions of a vortex produced by an upstream vortex with a

downstream vane. PIV analyses have been performed for a wide

variety of vane offsets at multiple downstream locations, allowing

inspection of both the paths of the vortices and the meandering of

the vortex pairs. Characterisation of near-field counter-rotating

vortex interactions has been achieved, and the effects of generating

a vortex in a flow field with a pre-existing vortex structure are

found.

2. Experimental setup

The present study considers the interaction of two streamwise

vortices produced by two NACA 0012 vanes. One vane was located

10 chord lengths (C) downstream of the other, as can be seen in

Fig. 1. This configuration was chosen as it allows interactions

between vortices to occur at extremely close proximities that can-

not be observed if the vortices are deployed at the same locations.

This is also representative of the effects of a pre-existing vortex in a

flow interacting with a vortex producing device. An angle of attack

of 8 degrees on each vane has been used for all cases, with a

square-edged tip. Higher angles of attack decreased the vortex sta-

bility, with unsteady breakdown becoming observable for a single

vortex case at 12 degrees. Multiple offsets were tested from �0.6C

to 0.5C in increments of 0.1C, with a finer spacing of 0.05C between

�0.4C and 0C.

The x-axis is in the direction of the flow, with positive down-

stream, the Y axis is across the tunnel and the Z axis is in the ver-

tical direction. As such, the rear vane quarter chord was located at

X = 10C, with the vane root at Z = �1.5C.

Planar slices of the flowfield were captured using PIV at 0.5C

intervals from 1.5C back from the quarter chord of the trailing vane

to 7C back. These correspond to 11.5C and 17C from the leading

vane respectively. The laser sheet was not moved closer than

11.5C as the reflections from the vanes began to distort the results.

The experiment was performed at a Reynolds number of approxi-

mately 7� 104 based on chord length. At 7� 104 the vortex shed-

ding 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 Rey-

nolds number range minimised vibration of the diffuser expansion,

camera mounting and test section caused by the operation of the

fan, thus minimising imaging errors.

2.1. Wind tunnel

Experiments were performed in the Macquarie University open

return, closed section wind tunnel. This tunnel has a 610 � 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 sec-

tion was characterised using a Turbulent Flow Instrumentation

100 Series Cobra probe, giving a peak turbulence intensity of

0.35% and average of 0.25%. Velocity uniformity was measured as

better than 1% variance, and flow angularity was found to vary

by 1 degree across the test section inlet. The wind tunnel speed

was electronically controlled through a National Instruments

MyRIO, with the pressure sensors calibrated against a temperature

Nomenclature

R0:1 average radius of vortex at 0.1 vorticity threshold
A0:1 total area of vortex at 0.1 vorticity threshold
C circulation
Xc X core location
Yc Y core location

C chord length
Re Reynolds number, based off chord length
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controlled Baratron 120AD Differential Capacitance Manometer.

Streamwise velocity variance was held to within 0.38%.

A separate elevated ground is mounted to the floor of the tunnel

with a rounded front splitter to minimise the effects of the pre-

existing layer in the test section. This ground is mounted

100 mm above the tunnel floor on two steel rails. To reduce the

influence of secondary structures resulting from horseshoe vortices

or boundary layer stripping, the vanes were sized to be signifi-

cantly taller than the boundary layer. This prevents strong interac-

tions with these secondary structures, allowing the study to focus

on the interactions of the two tip vortices. The vanes have a chord

of 80 mm and a span of 120 mm, and are painted matte black to

minimise reflections.The boundary layer at the location of the rear

vane was experimentally measured to be 5 mm thick at 80% of the

freestream velocity and 20 mm thick at 95% of the freestream

velocity. A schematic of this setup can be seen in Fig. 2.

2.2. PIV setup

A planar two component PIV system was used to capture the

vortex dynamics. Due to the large expansion length of the Mac-

quarie University wind tunnel, the camera was placed inside the

expansion itself rather than using a mirror system. This allowed

the camera to be positioned 2100 mm downstream of the test sec-

tion and 2380 mm to the nearest image plane, giving a maximum

perspective bias of 1.6 degrees per side on a 133 mm wide obser-

vation plane with a 120 mm lens. Planar PIV can produce projec-

tion errors when the out of plane motion is dominant [25].

However, this can be substantially reduced by lowering the per-

spective error from the camera, reducing the motion to as close

to the in-plane component as possible. For the comparison setup

2D and stereoscopic PIV of Yoon and Lee [25], it was found that a

camera with an effective perspective angle of 5.71 degrees per side

could produce an absolute maximum error of 20.8% in instanta-

neous in-plane velocity where the out-of-plane component was

proportionally large in a vortex driven flow. By reducing this angle

to 1.6 degrees through placing the camera much further away and

using a zoom lens, as per the setup described in this paper, the

maximum projection error is reduced to 5.8% under the same con-

ditions. It should be noted that this error is at the edges of the

observation window, and is not indicative of the errors near the

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

reached. The resultant vorticity field is consequently less affected

due to the steepness of the velocity gradients in the core of the vor-

tex as opposed to the shallow gradient of projection error induced

velocities. By superimposing the calculated projection error of a

uniform streamwise velocity field on the captured time-resolved

PIV data, the error in peak vortex core velocity was found to be

below 4% against the absolute velocity field, with an imperceptible

change in the vorticity field. This resulted in a negligible change in

the calculated core location and circulation. Focus was controlled

remotely. By placing the camera this far downstream of the test

section, there was no observable difference to the flow in charac-

terisation measurements obtained through the tunnel section.

The expansion section of the tunnel was on isolated mounts from

the tunnel fan, minimising vibration. Over a test of 200 image

pairs, the tip of the rear vane was found to have a maximum dis-

placement change of 1 pixel during the entire sampling time.

Fig. 1. Vane layout diagram, origin is at quarter chord tip of front vane.

Fig. 2. Cutaway diagram of tunnel test section.
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Tracking of camera vibrations between images of an image pair

was performed through a Gaussian fit tracking of the illuminated

wingtip while the tunnel was running. This yielded a vibrational

displacement maximum of 0.0471px between the two images of

a pair, which is within the margin of error of Gaussian subpixel

tracking of just below 0.1px at low signal to noise ratio as identi-

fied by Saunter [26].

Laser access to the tunnel was through a glass window in the

top of the test section. The laser beam was sent to this location

via a periscope connected to a Dantec 3-axis computer controlled

traverse. This traverse was restricted to only allow laser sheet

movement along the axis of the tunnel. The laser used was a

dual-cavity Nd:YAG laser (Quantel EverGreen) with an output of

200 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

surrounds greater than 500 1
s:mm

.

Seeding was performed with a PIVtech generator using Di-

Ethyl-Hexyl-Sebacat (DEHS) air soluble particles of 0.2–0.3 lm

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 [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 per-

formed resulting in minimal in-plane loss of pairs. Subpixel shift-

ing was enabled on all passes with b-spline interpolation and

peak detection by a Gaussian least squares fit from 3 points. The

final grid size was 99 � 74 nodes.

Calibration of the camera was performed using a grid that was

photographed at all analysis plane locations, compensating for the

increase in plane size due to perspective. The plane was located

using the laser sheet, and then photographed to give an accurate

scale.

2.3. Sources of error

Sampling error for averaged results was determined to be 3.7%

in circulation and 0.0035C in location for the 400 total shots taken

against a multiple representative sample of 2000 image pairs. Due

to the nature of the manual focussing system there were induced

errors, with differences in focus able to produce up to 0.04C error

in core location. By implementing a particle pixel size threshold

of no more than 2 px at a brightness level of 4.5% of the total

dynamic range, this error was reduced to 0.0015C in core location.

Total error due to the calibration plane procedure was found to be

a maximum of 0.18% in location and 0.22% in scale, due to minute

differences in lateral calibration plane location. Seeding levels in

the room were convergence tested such that the error from the

seeding were not discernible from the randomness induced by

the other errors. Spatial convergence was ensured by evaluating

the �0.2C offset case at half the interrogation window size, effec-

tively doubling the spatial resolution. This yielded errors of ±2.7%

in core radius and ±0.0026C in location across the averaged sample

size for the zoomed out condition used. As previously discussed,

camera vibration was not observed at an appreciable level, with

a maximum image migration of 0.06% measured over the course

of an imaging run. The particle size was measured at an average

of 1.5 px, giving an uncertainty in position of 0.03 px [27]. Quanti-

zation errors were negligible due to 14 bit quantization. Any biases

inherent in each run were minimised by having the each set of 400

images taken with one forward run of 200 images (plane moving

from X17 to X11.5) and one backward run in the opposite direc-

tion; this way any errors in seeding or focus would be minimised.

The total error in core location was found to be ±0.008C.

3. Results and discussion

Vortex radii can vary by up to 35% from instantaneous results if

time averaged results are used due to vortex meandering and local

fluctuations in velocity [22]. In addition to this, the velocity field

will be smoothed, resulting in significant deviations in circulation

and core size if time averaged results are used. However, it is still

desired to have average values for core location, size and strength,

and as such the results were analysed by a script based evaluation

of each individual pair of images. These images were sequentially

analysed in Matlab, with peak noise filtered by vorticity gradient

as previously mentioned. To eliminate the influence of vortex

shedding and low level noise on the calculation of tip vortex prop-

erties, all vorticity constructs except the tip vortex were filtered

out. This was performed by computing contours at 10% of the peak

vorticity and calculating the area enclosed by each individual

structure. All structures except the largest were then eliminated,

leaving only the tip vortex. The positive and negative vortices were

evaluated separately, giving the positive and negative circulation

magnitudes, location of the positive and negative vortex cores,

and core radii. These data points were then combined and analysed

for average values and variances. This allowed for an accurate cal-

culation of instantaneous core size, as well as time-averaged values

that could be used to represent the core characteristics and allow

comparison between cases.

3.1. Core paths

The vortex centre within a plane is defined as the integral of the

vorticity multiplied by the displacement, divided by the circulation

[9]. This can be seen in Eqs. (1) and (2).

Xc ¼
1

C

Z
XxdS ð1Þ

Yc ¼
1

C

Z
YxdS ð2Þ

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

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



significantly. It is also more robust than simply using the value of

peak vorticity, as it is not significantly skewed by asymmetrical

vortices or vorticity peaks in the result. As previously mentioned,

these values were calculated at all image pairs, then averaged in

Matlab. An example of the averaging is given below in Fig. 3. From

this data, the core paths can be compared between cases.

Inspecting a selection of paths from across the cases investi-

gated, as seen in Fig. 4, a basic migration trend emerges. At the

far ends of the range (�0.6C and 0.5C) the migration is near linear,

and predominantly vertical. At the negative end of the spectrum,

the paths move upwards, while at the positive end they move

downwards, similar to the theoretical predictions of Lewecke

et al. [9]. This is due to the shear between the pair being minimal

due to complimentary rotation, while at the periphery of the pairs

there is no such rotation. This causes a shear between the vortex

pair and the freestream flow, resulting in the migration of the vor-

tex pair in the opposite direction to the outer velocity of the vor-

tices, as can be seen in Fig. 5. At closer offsets, the motion is less

vertically dominated, and takes on a more significant lateral com-

ponent, as well as a significant rotational motion between the vor-

tex pairs. As the configuration transitions between predominantly

vertical motion to predominantly lateral motion, the magnitude of

the migration increases significantly, as can be seen by the 80.5%

difference between the 0.5 and 0.2 case. This is followed by a sig-

nificant drop of 27.2% in the total migration between the 0.2 and

�0.05 cases as the vortices interact more closely. The same effects

can be seen on the negative side as it approaches the point of inter-

action, from �0.5 to �0.25.

The positive offset case vortex paths are shown in Fig. 6. At the

maximum offset (0.5C), the vortex pairs have little interaction,

with minimal deviation in their paths. The separation between

the vortex pair alters approximately linearly in the same amount

as the variation in offset between the vanes. For this range of off-

sets the vortex pair separation does not significantly vary from

the start to end of the domain, with the spacing increasing by an

average of 0.024C. The progressive increase in vortex pair migra-

tion as the vortices are brought together can also be seen in this

figure, with a progressive increase in vertical migration from the

0.5C to 0.1C cases of 0.19C (101%).

At the 0.1C case, a rotation of the vortex pair has become evi-

dent, with significant curvature apparent to both the upstream

and downstream vortex paths. This curvature occurs as a result

of a differential in vortex strengths in the pair. As the circulation

is higher on the downstream vortex, the weaker vortex is drawn

into a rotational path around it. This results in a direction of rota-

tion in the direction of the stronger vortex, despite the fact that its

downwards shear is higher than that of the weaker vortex due to

its increased circulation. Consequently, the path of the weaker

(upstream vortex) is significantly longer than the stronger vortex,

with a total migration of 0.660C as opposed to 0.522C for the

downstream vortex. This can only occur when a combination of

conditions are met, both the vortex proximity being sufficiently

close to produce significant interactions of the high vorticity core

regions, and the differential in strengths between the vortices

being sufficient to promote rotation. With both cores having an

average 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 rota-

tional and horizontal migration of the vortex pair significantly

increases. This can be seen in Fig. 7. With no rear vane the

upstream vane’s vortex core was located at approximately �0.1C.

This means the upstream vortex would pass by the downstream

vane without direct impingement in the �0.3C and �0.25C cases.

However, as the offset is further reduced (�0.15C and �0.1C) the

upstream vortex will impinge on the downstream vane. This

causes a reduction in the path lengths of both vortices, and

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

ever rapidly reduced after X14, while the �0.25C case remained

near constant. As such, the partially impinged interaction of the

�0.2C offset causes a strong initial interaction as it affects the vor-

tex formation. However, the �0.2C interaction causes a more rapid

reduction of the vortex strengths as they progress downstream,

with a subsequent reduction in rotational rate, while the �0.25C

interaction shows far less reduction. Between �0.35C and 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 neg-

ative side of this rotational peak the rotation rates trend towards

the values seen on the far positive regions, as would be expected

as the vortex separations become significant again.

The initial vortex separations between the vortex pairs remain

relatively consistent through the range of near field interactions

from �0.35C to �0.2C, however dip slowly, and then drop to their

lowest separation at �0.25C. While the initial separations decrease

towards the �0.25C offset, the final separations remain far more

constant until �0.15C offset. This indicates that for a given vortex

core size the vortices will attempt to reach an equilibrium separa-

tion distance, in this case approximately 1.6R0:1. 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, indicat-

ing that this is no longer a point of significant interaction, but

rather the downstream vane has significantly reduced the strength

of the upstream vortex during the direct vane/vortex interaction.

This configuration also displays a smaller difference between the

initial and final separations than the surrounding points on the
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Fig. 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.
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negative side as the vortices have reached a steady equilibrium

state in the flow and the subsequent interactions are weak.

3.2. Core sizes

While the vortices remain near a uniform Lamb-Oseen distribu-

tion at the far offsets, at nearer offsets significant partial straining

occurs from the influence of the vortex interaction. This causes a

skew in the shape of the vortex core that changes its primary axis

as the vortex pair rotates downstream. This prevents the fitting of a

Lamb-Oseen distribution of vorticity to the results. Consequently,

to calculate the core radius, the area bounded by the isoline of

10% of the peak vorticity within the plane has been used in both

the positive and negative circulations, as used by Manolesos [29].

While this area can vary significantly from a circle, an effective

radius can be calculated from Eq. (3) by assuming approximate

circularity.

R0:1 ¼

ffiffiffiffiffiffiffiffi
A0:1

p

r
ð3Þ

The removal of noise from the data via the previously men-

tioned filtering ensures that only the area of the core itself is pro-

cessed, and not the surrounding flow features or noise outside the

core. By comparing this method to a Lamb-Oseen approximation, it

was found that the spatial sampling resolution could result in a

15% maximum error in peak vorticity. This translated to a 1.5%

maximum error in the 10% peak vorticity, giving a maximum core

X/C

11 12 13 14 15 16 17

Y
/C

-0.8

-0.6

-0.4

-0.2

0

0.2
Top View

X/C

11 12 13 14 15 16 17

Z
/C

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3
Side View

Y/C

-0.8 -0.6 -0.4 -0.2 0 0.2

Z
/C

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3
Rear View

-0.3

-0.25

-0.2

-0.15

-0.1

X/C

11 12 13 14 15 16 17

Y
/C

-0.8

-0.6

-0.4

-0.2

0

0.2
Top View

X/C

11 12 13 14 15 16 17

Z
/C

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3
Side View

Y/C

-0.8 -0.6 -0.4 -0.2 0 0.2

Z
/C

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3
Rear View

-0.3

-0.25

-0.2

-0.15

-0.1
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Fig. 8. Schematic of rotation angle calculation for vortex pairs.
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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 lin-

early approximating the gradients of core radius across the

domain, reducing the effect of statistical variance on the measured

sizes. These core radii can be seen below in Fig. 10.

At the �0.3C offset a significant reduction in initial core radius

can be seen for the downstream vortex. However, as these progress

through the domain the downstream vortex grows in size by

0.024C, while the upstream vortex radius decreases by 0.025C. This

is the only near-field interaction case observed to have a significant

trend of growth in the downstream vortex, and is also a local min-

ima before the increase in initial downstream vortex size to the

peak at �0.2C offset. Between �0.25C to �0.2C, the previously

identified peak of vortex interaction, there is a transition from a

larger initial upstream radius to a larger initial downstream radius.

While this change is small in magnitude, the final downstream vor-

tex size peak at the �0.25C case has a more significant change,

indicating that the strong interaction has resulted in the transfer

of energy from the upstream vortex to the downstream vortex

throughout the domain, causing an increase in the size of the

downstream vorticity field.

As the interaction approaches the point of impingement, the

final size of the upstream vortex decreases to a minima at

�0.15C. As the upstream vortex moves closer to the tip, its strength

is significantly reduced by the counter-acting vorticity, resulting in

these decreases in core size. At the point of impingement (�0.1C)

there is a marked decrease in downstream vortex cores size. How-

ever, the upstream vortex size has increased by 17% at this point

from the �0.15C case. The reason for this was not apparent from

the results, however it is likely related to the downstream vortex

stripping vorticity from the upstream vortex when slightly offset,

while in the direct impingement case the downstream vortex itself

is significantly weakened, and as such cannot draw energy from

the upstream vortex as successfully. As the offset increases

towards the positive side, there is a steady increase in the final core
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radii for both the upstream and negative vortices, with less clear

trends in the initial size.

3.3. Vortex meandering

In addition to the circulation and core location changing as the

vortices pass through the domain, they also vary with respect to

time. Vortex meandering is the phenomenon of random vortex

motions and oscillations that result from any turbulent vortex

flow. While the origins of meandering are disagreed upon [7,30–

32], it is still important to characterise, as it changes the pre-

dictability of the flowfield, particularly in real world scenarios.

Given the large and effectively random sample of image pairs

taken, the statistics of the variance of both circulation and core

location can be used for analysis of the meandering magnitudes.

While the period, frequencies and amplitudes of small oscillations

cannot be evaluated with non-temporally resolved data, the total

magnitudes of displacements and the location distribution of the

meandering can be determined with non temporally resolved data

and a sufficiently large sample size. Such methodology has been

used by Miller et al. [33] and Rokhsaz [34] at 30 Hz, as well as

Heyes et al. [35] at 5 Hz. The core variance was calculated as the

standard deviation of the radial distance from the average core

location, while the circulation variance was calculated from the

standard deviation of the difference from instantaneous circulation

to average circulation, divided by the average circulation on the

plane. The division by the average circulation was used to remove

bias caused by low circulation cases and planes, as this would lead

to low circulation cases seemingly having less fluctuation

magnitude.

Inspecting the core variances in Fig. 11, it can be seen that the

natural tendency of the cores in the far interacting cases is to main-

tain a near constant meandering magnitude throughout the

domain investigated. From the 0.2C to 0.4C cases it can be seen

that the end variance is less than the start variance for the down-

stream vortices, and very similar for the upstream vortices, show-

ing that the initial meandering motion is be caused by the

formation of the vortices. The shear layers shed off the vanes

may provide the initial perturbations, resulting in the fluctuating

deviation of the core location. As the flow travels further down-

stream, these spanwise vortices will be dampened out by viscous

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

These vortices are too far apart for the Crow instability to have a

significant effect within this domain. This explains the reduction

of the meandering magnitudes as the vortices progress.

As the interactions of the vortices become stronger, their mean-

dering magnitudes significantly increase. Between �0.2C and

�0.05C the start variance of the upstream vortex significantly

increases. This is in the region of the upstream vortex R0:1 inter-

secting the suction side of the downstream vane. At �0.1C offset

there is a peak variance of 0.17C, which is greater than R0:1. This

indicates that in near field interactions the upstream vortex is fluc-

tuating from one side of the vane to the other, creating a large

spread of core locations. This increase is co-incident with the

reduction in vortex pair rotation angle between �0.2C and 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 indi-

cates that the low pressure region on the suction side of the down-

stream vane and resultant adverse pressure gradient is enhancing

the instabilities of the vortex pair further downstream.

Further investigation of the nature of the meandering shows a

clear instability in the upstream vortex, as can be seen in Fig. 12.

At larger offsets (0.3C in figure) the presence of any sinusoidal

deviation is minimal, with only a slight skew observed in the

upstream vortex. As the offset is brought closer (0.1C) a clear devi-

ation of points at approximately 45 degrees to the line between the

vortex centres can be seen. This is indicative of a sinusoidal devia-

tion, similar to the uneven Crow instability previously identified in

computational work by the authors [11]. The deviation is far more

prominent for the upstream vortex than the downstream vortex,

which has an approximately circular distribution of locations.

The reason for this inconsistency was not apparent from the
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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 charac-

terise the behaviour of the downstream interactions of the vortex

pair produced by two offset vanes, spaced 10C apart in the stream-

wise direction. 1.5 aspect ratio NACA0012 wings at 8 degrees angle

of attack and a Reynolds number of 70000 were used for this study.

Several lateral offsets were used to examine the effects of vortex

proximity on the resulting vortex sizes and paths.

For far positive offset cases, the vortex pair migrated down-

wards, while for far negative offsets the pair migrated upwards.

No vortex rebound was observed within the domain, indicating

the vanes were sufficiently high above the floor to be free of

ground effect. At close offset cases, the motions of the vortex pairs

shifted from predominantly vertical to predominantly lateral, with

increased rotation of the pairs. The rotational rate of the vortex pair

had two peaks at�0.20C offset and 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 signif-

icant vortex destruction.

The vortex meandering was found to be dependent on the prox-

imity of the interaction, with closer proximities producing higher

meandering levels. The strength of the shear layer shedding and

instabilities introduced by the unequal strength interaction were

found to be significant factors. The meandering magnitudes were

found to be more closely related to the strength of the interaction

than the destruction of the vortices, with the �0.25C case having

the largest meandering magnitude and steady decreases on either

side of this. Downstream vortex meandering was found to be more

sensitive to the strength of interaction than the upstream vortex,

with a typically lower meandering growth at further offset cases.

Near offset cases produced a clearly observable instability in the

upstream vortex only, with the 45 degree deviations being drawn

around the stronger vortex in a curved manner as the separation

distance was reduced. Circulation fluctuations followed similar

trends, demonstrating a link between circulation and core location

in meandering.

The rich dynamics observed and large changes in vortex state

resulting from small offset changes near the point of impingement

indicate that the traditional method of exploring only 3 or 4 offsets

may not be sufficient when predicting the paths of a counter rotat-

ing pair produced in this manner. The presence of vortex meander-

ing over longer distances would further amplify this problem, as

the transient changes in location of the initial vortex prior to inter-

action with the downstream structure will result in large changes

of the resultant pair’s location and size. As such, in systems where

consistent vortex behaviour is required, the counter-rotating pair

should be spaced at as high an offset as feasible.
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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 experimenta-
tion and analysis surrounding this subject has used equal strength and size vortex cores, with two dimensional
flow fields and no velocity deficit through the core, limiting their applicability to real world interaction sce-
narios. The 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
with vorticity gradients from the surrounds greater than 500 1

s.mm .
Seeding was performed with a PIVtech generator using Di-Ethyl-Hexyl-Sebacat (DEHS) air soluble par-

ticles 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. Stan-
dard FFT correlation was used, with two repeated correlations on 16px offset grids being performed resulting
in minimal in-plane loss of pairs. Subpixel shifting was enabled on all passes with b-spline interpolation and
peak detection by a Gaussian least squares fit from 3 points. The final grid size was 99 x 74 nodes.

C. Sources of Error

Sampling error for averaged results was determined to be 3.7% in circulation and 0.0035C in location for the
400 total shots taken against a multiple representative sample of 2000 image pairs. Due to the nature of the
manual focussing system there were induced errors, with differences in focus able to produce up to 0.04C
error in core location. By implementing a particle pixel size threshold of no more than 2px at a brightness
level of 4.5% of the total dynamic range, this error was reduced to 0.0015C in core location. Total error
due to the calibration plane procedure was found to be a maximum of 0.18% in location and 0.22% in scale,
due to minute differences in lateral calibration plane location. Seeding levels in the room were convergence
tested such that the error from the seeding were not discernible from the randomness induced by the other
errors. Spatial convergence was ensured by evaluating the -0.2C offset case at half the interrogation window
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size, effectively doubling the spatial resolution. This yielded errors of ±2.7% in core radius and ±0.0026C in
location across the averaged sample size for the zoomed out condition used. As previously discussed, camera
vibration was not observed at an appreciable level, with a maximum image migration of 0.06% measured over
the course of an imaging run. The particle size was measured at an average of 1.5px, giving an uncertainty
in position of 0.03px.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.

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 displace-
ment (X or Y value, depending on the axis being calculated), divided by the circulation (Γ),7 as shown in
eqs. (1) and (2).

Xc =
1

Γ

∫
XωdS (1)

Yc =
1

Γ

∫
Y ωdS (2)

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

For the co-rotating vortices, vorticity is of the same sign. This means that identifying the centre of
vorticity within a plane will be ineffective as it will only find the centre point between the two vortices. An
automated script was used to identify the two separated vorticity peaks and construct a contour line at 0.1
of the peak vorticity and 0.3 of the peak vorticity on a given plane, giving enclosed areas of 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.

Xc =
1

ΓA0.3

∫
XA0.3

ωdS (3)

Yc =
1

ΓA0.3

∫
YA0.3

ωdS (4)

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.

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 counter-
rotating (b) configurations. Reproduced with permission from “Interactions of a Counter-Rotating Vortex
Pair at Multiple Offsets” and “Interactions of a Co-Rotating Vortex Pair at Multiple Offsets”.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 counter-
rotating condition, as evidenced by 0.25C separation at -0.4C offset as opposed to 0.37C separation at 0.2C
offset. It is hypothesised that this is due to the low pressure field of the upstream vortex affecting the
formation of the downstream vortex via the reduction in pressure on the pressure or suction surface of the
downstream vane.

In both cases, a critical point was present where the nature of the interaction significantly changed.
Once the vortex separation in the co-rotating case reached double the vortex radius, the vortices rapidly
merged through the merging mechanism discussed later in this paper. For the counter-rotating case it was
found that the vortices could be brought much closer to approximately one core radius separation before
the initial separations started to diverge. The counter-rotating condition also contains 3 distinct separation
regimes instead of the co-rotating’s merged and unmerged state. In the far field (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 counter-
rotating (b) configurations. Reproduced with permission from “Interactions of a Counter-Rotating Vortex
Pair at Multiple Offsets” and “Interactions of a Co-Rotating Vortex Pair at Multiple Offsets”.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 near-
field range, there is a transition from relatively little circulation loss through the domain to a downwards
trends in the circulation, with the -0.4C offset having a loss of 5.6% in the downstream vortex and the -
0.35C having a 17.9% equivalent loss. As the offset is further decreased, the initial circulation destruction in
the upstream vortex increases, with the strength being reduced from 0.147s−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 counter-
rotating 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 differ-
ences depending on offset. At very near field offsets the the mechanism for destruction appeared to be from
direct impact on the front of the vane causing and vorticity interaction and vortex breakdown, leaving only
remnants of the initial vortex and a weak downstream vortex. For larger offsets in the near field and far
field, this shifted to a mutual instability inductance, which caused the long term loss in circulation. As can
be seen in Figure 9 the -0.3C case started with the vortices spaced at a very close proximity before drifting
apart by X12.5. The upstream vortex then undergoes a rapid reduction in vorticity, with its limit streamline
completely destroyed by X14.5. Following this the downstream vortex proceeded to dissipate. The process
can be broken up into four main pathline states. Initially, the limit cycle of the pathlines for both vortices is
at a similar radius. This then separates as the vorticity of the upstream vortex reduces in magnitude, with
the stronger vortex retaining similar streamlines but the weaker moving away and decreasing in size. The
limit cycle is then broken down into kinked pathlines, as observed at X14.5. These pathlines are straightened
out, leaving just the remains of the stronger vortex. In other near field offset cases the process remained
similar, however the rate of the process increased, with the -0.25C offset case having moved to the 4th stage
by X14.5, leaving a reduction in stage length of 2.5C for an offset change of only 0.5C. In the very near field
the second vortex was nearly indistinguishable in the time averaged results, with the 4th stage present from
X11.5.

At far offsets the destruction of the vorticity and reduction of circulation was far less pronounced, however
the shifting of the streamlines was still significant, as seen in Figure 10. This shifting of streamlines from a
downwards position to a more uniform vortex shape indicates that this structure may be a consequence of
the formation of the downstream vortex by the vane, even though the structure is observed in the upstream
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Figure 10: Pathlines in the stationary reference frame and vorticity for different stages of vortex merger in
counter-rotating -0.4C offset condition, with the base of the limit cycle of the weaker vortex highlighted by
the orange ovals. Vortex locations are reframed to be consistent in alignment.

vortex. From the figure, the movement of the streamlines both around and towards the vortex can clearly be
seen, as highlighted by the orange ovals in the figure. It is anticipated that if the vortex spacing is sufficiently
large that the strength of the vortices does not dissipate, with a long enough distance downstream this will
normalise to form a more uniform and symmetric vortex structure.

Both the co-rotating and counter-rotating scenarios produced instabilities in the vortices, traceable by
analysing the instantaneous positions of the vortex cores from the image pairs as previously discussed. The
instability observed in the counter-rotating case was typically dominant in the weaker vortex at nearer
offsets, with a 45 degree angle observed between the weaker vortex instability and the vortex centreline.
This indicated the presence of an uneven crow instability, similar to that identified by the authors.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

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 en-
hancing downstream vortex strength by 30% and co-rotating conditions reducing it by 28%. The co-rotating
vortex merger showed similar levels of energy transfer in all cases, while the counter-rotating condition saw
vortex dissipation rates substantially increase as the offset was reduced. It was found that the mechanism
responsible for energy transfer remained the same, regardless of vortex offset in the co-rotating condition,
with only the distance to merger changing. In the counter-rotating condition the mechanism was found to
vary significantly between the far, near and very near field, with the resulting instabilities increasing as the
vortices were shifted closer together.

As such, these results indicate that where a short duration, high circulation vortex system is required a
counter-rotating upstream/downstream configuration would be best, while a co-rotating configuration will
be superior for cases requiring a vortex system that is more stable in the long term.
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Experimentally validated Large Eddy Simulations were performed on two NACA0012
vanes at various lateral offsets to observe the transient effects of the near field interactions
between two streamwise vortices. The vanes were separated in the streamwise direction,
allowing the upstream vortex to impact on the downstream geometry. These vanes were
evaluated at an angle of incidence of 8 degrees and a Reynolds number of 70,000, with
rear vane angle reversed to create a co-rotating or counter-rotating vortex pair. The
downstream vortex merged with the upstream in the co-rotating condition, driven by
the suppression of one of the tip vortices of the downstream vane. At close proximity
to the pressure side, the vane elongated the upstream vortex, resulting in it being the
weakened and merging into the downstream vortex. This produced a transient production
of bifurcated vortices in the wake region. The downstream vortex of the co-rotating
pair experienced faster meandering growth, with oscillations equalising between the
vortices. The oscillation was determined to be responsible for statistical variance in
merging location, with variation in vortex separation causing the vortices at a single
plane to merge and unmerge. In the counter-rotating condition oscillations were found
to be larger, with higher growth, but less uniform periodicity. It was found that the
circulation transfer between the vortices was linked to the magnitude of their separation,
with high separation fluctuations weakening the upstream vortex and strengthening the
downstream vortex. In the case of upstream vortex impingement, the upstream vortex
was found to bifurcate, with a four vortex system being formed by interactions with
the shear layer. This eventually resulted in a single dominant vortex, which did not
magnify its oscillation amplitudes as it travelled downstream due to the destruction of
the interacting vortices.

Key words:

vortex dynamics, vortex interactions, vortex flows, vortex instabilities

1. Introduction

The successful control of vortex structures is critical in the field of modern aerodynam-
ics, with automotive and aerospace applications becoming increasingly reliant on vortices
to improve aerodynamic efficiency. Knowledge of how streamwise vortex interactions

† 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



Upstream-Downstream Vortex Interactions 3

in size results in the smaller vortex being torn away, with little increase in size of the
larger vortex. This was identified as a regime of either partial or complete straining
out. This is in contrast with more closely sized vortices, which often result in total core
growth, under a regime they identified as complete merger or partial merger. In addition
to this, equal or similar strength vortex interactions typically produce single vortices,
while unequal strength interactions may produce two vortex systems. Numerical studies
of such scenarios have also been performed Brandt & Nomura (2010), finding similar
structures and regimes. The mechanism behind these straining actions is a combination
of two causes. Firstly, the weaker vortex is stretched and drawn into the stronger vortex
by a process of elongation Trieling & Heijst (1998). Secondly, a continuous erosion of
vorticity into the primary vortex is caused by the strong strain field and high shear, in
a mechanism analytically observed by Legras and Dritschel Legras & Dritschel (1993).
The authors (Forster et al. (2017b)) have previously experimentally investigated these
interactions in upstream/downstream scenarios with unequal strength cores, however the
transient mechanisms behind these interactions still require investigation. The merging
distance for an upstream/downstream close proximity vortex interaction has been found
to be statistical rather than deterministic, and while the mechanism behind this has
been proposed (Forster et al. (2017b)), further investigation and confirmation is yet to
be performed.

The interactions of a streamwise vortex with a wingtip at close range have also
been computationally investigated (Garmann & Visbal (2015); Forster et al. (2015)).
By aligning an incident vortex with the tip of a downstream vane, the energy of the
vortex system is increased in the near range, however more rapid energy attenuation
occurs downstream. When the vortex is positioned inboard of the tip, it reduces the tip
vortex size and strength, while placing it outboard of the wingtip enhances the wingtip
vortex (Garmann & Visbal (2015)). Reducing the distance of the incident vortex to the
wingtip has been found to increase the magnitude of the turbulence production from
the resultant vortex interaction (Forster et al. (2015)). It has experimentally been found
that a counter-rotating wing configuration with a 2.5C streamwise wing spacing can
substantially improve rear wing L/D by up to 24% at an overlap of 5% of the wingspan
(Inasawa et al. (2012)). Such a configuration causes migration of the rear vortex towards
the root of the rear wing, however the downstream consequences of these interactions
have not been characterised for more than one chord length downstream.

In this work, experimentally validated, Large Eddy Simulations (LES) have been
used to investigate the close proximity interactions of two streamwise vortices. Previous
experimental work (Forster et al. (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 pre-
existing vortex in a flow interacting with a vortex producing device. An angle of attack
of 8 degrees on each vane has been used for all cases, with a square-edged tip. As
identified previously higher angles of attack decreased the vortex stability, with unsteady
breakdown becoming observable for a single vortex case at 12 degrees. The analysis
was performed at a Reynolds number of approximately 7 × 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 y3 instead of y2 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 = (CwΔ)2
(Sd

ijS
d
ij)

3/2

(SijSij)5/2 + (Sd
ijS

d
ij)

5/4
(3.1)

Where Cw is the WALE constant, Sij is the symmetric component of the velocity
gradient tensor (also the strain, or deformation tensor of the resolved velocity field), Δ
is the characteristic subgrid length scale and Sd

ij is the traceless symmetric part of the
square of the velocity gradient tensor.
Both the Smagorinsky-Lilly and WALE models were tested against a reference exper-

imental case for co-rotating at 0.2C offset. It was found that the increased dissipation
of the Smagorinsky-Lilly model compared to WALE on the grid tested resulted in the
upstream vortex having 8.3% lower peak azimuthal velocity at the point of the rear
vane, consequently shifting the merging mechanism from the upstream being the stronger
vortex into the downstream being significantly stronger. This produced poor validation
results, discussed in the next section, in comparison to the WALE modelling, and as such
WALE was selected for further evaluations.
The most commonly used WALE constant of 0.325 (Lehmkuhl et al. (2013); Safdari &

Kim (2015); Probst & 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 ∗ 10−5s was used, resulting in the maximum Courant-Friedrichs-Lewy
(CFL) number being maintained at below 1 for all simulations, ensuring proper temporal
resolution (Courant et al. (1967)).
A fully structured multi-block meshing strategy was employed. The final grid consisted

of 58 elements along the chord of each vane, with 400 elements along the length of the
wake behind the rear vane, and 200 between the vanes. 50 cells were used along the height
of the vane, with the majority concentrated at the tip as the base area was of little interest.
The significant bias of the mesh to the wake regions resulted in a comparatively coarse
mesh on the vanes, reflective of the key focus of the study on the vortices, vortex formation
and vortex interaction rather than the vane surface characteristics. For validation runs
mesh density was increased at the vane root to model the boundary layer and horseshoe
vortices associated with the ground plane more effectively. A constant velocity inlet with
no boundary layer placed six chord lengths upstream of the upstream vane. Elimination
of floor boundary layer influence on the vortices was performed with symmetry (free-
slip) conditions were used for all domain walls, with a no slip wall being employed on
the vanes themselves. For the outlet a zero normal diffusion flux condition was placed 30
chord lengths downstream of the rear vane, with behaviour found to be consistent with
an outlet length of 56 chord lengths downstream.
The grid was evaluated at resolutions of 1.2 ∗ 107, 1.6 ∗ 107 and 2.6 ∗ 107, with 2.6 ∗ 107

considered the practical grid limit for the computational resources available. These runs
were performed on the co-rotating 0.2C offset case, as mesh density variance within
the wake region was expected to modify the elliptic instability within the vortices, with
subsequent effects on merging length and energy. The mesh density modification for
these runs was entirely in the wake region, increasing the mesh density in the streamwise
direction and thus improving cell aspect ratio. All meshes were run at a constant timestep
of 3 ∗ 10−5s, 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 irrespec-
tive of mesh density, the higher energy vortex structures in the far field dissipated faster
under the lower resolution meshes. This was particularly evident in the manifestation of
the elliptic instability in the vortex core, with more significant fluctuations visible in the
densest mesh. The net result of these mesh changes was a faster dissipation in the high
energy vortical structures, with an associated loss in high frequency flow features further
in the wake. The lower energy, larger radius vorticity levels remained far less affected by
the mesh density, with similar diameters and vortex lengths seen for the majority of the
domain in all cases.
Whilst the flow structures were conceptually similar between the meshes, with a helical

pattern and the downstream vortex merging into the upstream vortex, the transient
fluctuation rates varied, as can be seen in figure 3. In the first state the vortex crossover
points are near identical between the cases, with 0.06C variance in the rear of the
upstream crossover and 0.12C in the front upstream crossover. In the second state the
front upstream crossover point varies by 1.28 C between the three conditions, with the
downstream crossover remaining near constant. This is due to the increasing instabilities
with the higher mesh resolutions forcing a higher meandering magnitude on the upstream
vortex, resulting in a larger shift in the instantaneous crossover point. The differential in
far field dissipation rates can also be observed here, with the 2.6x107 cell mesh showing a
far longer continuation of the vorticity isosurface than the 1.2x107 cell mesh. However, the
long range dissipation difference is far less significant between the 1.7x107 and 2.6x107

cell grid. All three meshes produced an uneven vortex merger, with the downstream
vortex merging into the upstream vortex, which was identical to that achieved with
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experimental results as will be discussed later in the validation section. As the 2.6x107 cell
mesh successfully converged on the quantities of interest and showed the best resolution
of transient instabilities and dissipation within the practical mesh limit, it was therefore
was used for the analysis.

4. Model Validation

As previously discussed, good correlation between the model and lifting line theory
on the single frontal vane was observed, however the successful prediction of a multiple
vortex interaction is far more complex than predicting lift on a common wing profile.
As such, the entire double vane system was evaluated against the previous wind tunnel
PIV experimental results of the authors (Forster et al. (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 counter-
rotating condition and -0.1C in the co-rotating condition. The presence of the rear vane
produces a downwash in the +y direction for the counter rotating case, shifting the vortex
0.025C from an unobstructed -0.075C location to -0.05C from the expected location. In
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Figure 4. x-vorticity results for LES (left) and experimental (centre and right) results for
co-rotating condition.

the co rotating condition the downwash from the rear vane is in the same direction
as the initial vane downwash, causing the vortex to shift -0.025C to -0.1C from the
expected position, resulting in the correlation with the greater offset case observed. This
is consistent with the observation of both vortices being skewed to the -y in the CFD
when compared to either experimental case.
More important than the specifics of the vortex positions was the accurate prediction

of the merging mechanism. Three distinct stages of merger were visible in both the far
downstream LES results and the 0.2C experimental results, with the vortices initially
reaching a critical proximity at approximately 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 dom-
inant flow structures maintained the same paths between the two, with a continuous
downwards movement of the vortex pair. The lower energy structures showed migration
in the same direction, however due to the error limitations of the PIV system at lower
velocity magnitudes the velocity field is more poorly resolved and becomes dominated by
noise. This can be seen in the top left kink in the velocity field, which has a very clear
migration in the CFD case, however is seen as more of an increasing dent in the flowfield
in the PIV. Between x/C=13 and x/C=17 the expansion of the low swirl velocity region
at the bottom left is also clearly matched in both conditions.
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Figure 5. In-plane velocity fields for LES (left) and Experimental (right) counter rotating
cases at 0.5C offset.

The higher strength downstream vortices both follow the same pattern of rotation
counter-clockwise from the point of formation, however the LES predicts the initial
velocity horseshoe at x/C=12 to be located higher than the horizontally centred location
in the experiment. This is reflected in the final location of the horseshoe, with LES being
slightly below horizontal and the experiment being significantly lower at x/C = 17. The
subsequent rotational rate for the two cases for the single vortex formation was near
identical, with 0.744°/C for the LES and 0.268°/C for the experimental. Total movement
of the vortices in the CFD was -0.293C and -0.332C for the upstream and downstream
vortices respectively, with -0.260C and -0.293C for the experimental condition. Vortex
separation was 0.612C in the CFD and 0.666C in the experiment, leading to a difference
of 0.054C.
The initial peak velocity at the point of vortex generation is higher in the computational

model, with a 87.5% larger area at 0.4 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. How-
ever, the contact between the upstream vortex and the surface resulted in the flattening
of the vorticity profile on the vane. This caused a loss in total vortex circulation, making
the upstream vortex the weaker of the two. Consequently, it was found to merge into
the downstream vortex, an effect not seen in the experimental results (Forster et al.

(2017b)) as the near offset cases were all merged through the observation domain. This
merger did however produce the asymmetric merger and vorticity tail observed in the
experimental merging mechanism. When the instantaneous results were analysed it was
found the merger was a highly unsteady process, with significant fluctuations of 14.2%
in core radius at 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 lo-

cations, this is primarily due to the dominant forcing of the low frequency fluctuations
overwhelming the higher frequency, smaller amplitude oscillations in core location. In the
case of circulation however, the fluctuations occur at a far higher frequency, and often
with a less consistent direction than location, and as such contour plots, while clear for
location, become very unclear for circulation. As such the circulation of the two vortices,
as well as the circulation difference between the two, is represented in the contoured
lines of figure 13. At the start of vortex interaction the fluctuations are small, random
and high frequency, however as the vortices progress through the domain they become
more coherent and traceable changes. In the bottom right corner the high upstream
circulation, low downstream circulation and large circulation difference can be seen at
the point of vortex merger. In both the upstream vortex and the first 10C downstream
of the downstream vortex there is very little variation in the average value of circulation.
However after x/C = 20 in the downstream vortex there is a significant drop-off in
the circulation from 0.3 m2s−1 to 0.25 m2s−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 10−4C 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 10−4C 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 0.03m2s−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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Leweke, Thomas, Le Dizès, Stéphane & Williamson, Charles H K 2016 Dynamics and
Instabilities of Vortex Pairs. Annual Review of Fluid Mechanics 48, 507–541.

Ma, Jiamei, Wang, Fujun & Tang, Xuelin 2009 Comparison of Several Subgrid-Scale Models
for Large-Eddy Simulation of Turbulent Flows in Water Turbine, pp. 328–334. Berlin,
Heidelberg: Springer Berlin Heidelberg.

Manolesos, Marinos & Voutsinas, Spyros G. 2015 Experimental investigation of the flow
past passive vortex generators on an airfoil experiencing three-dimensional separation.
Journal of Wind Engineering and Industrial Aerodynamics 142, 130–148.

Nicoud, F. & Ducros, F. 1999 Subgrid-scale stress modelling based on the square of
the velocity gradient tensor. Flow, Turbulence and Combustion 62, 183–200, arXiv:
arXiv:1503.01439v1.

Overman, Edward A. 1982 Evolution and merger of isolated vortex structures. Physics of
Fluids 25 (1982), 1297.

Patankar, Suhas V. 1971 Numerical Heat Transfer and Fluid Flow . New York, New York:
McGraw-Hill Book Company.
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