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Response of a columnar vortex to a wrapped vortex loop
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Abstract

A computational and experimental study of the interaction between an initially columnar vortex and a wrapped vortex
loop was performed, which focused on the columnar vortex response to the vortex loop. This problem is motivated by
applications involving three-dimensional vortex interaction with a solid body, where the secondary vorticity shed from
the body rolls up into a series of loop-like structures that are advected away from the body by the primary vortex. As a
secondary vortex loop wraps around a columnar vortex, it becomes entrained into the vortex core due to the self-
induced velocity of the loop. The columnar vortex response as a secondary vortex loop moves close to and impacts
upon its lateral core surface includes a combination of bending waves, waves of variable core area, and core shape
deformation. If a vortex loop is sufficiently strong, its interaction with the columnar vortex is also accompanied by
ejection of vorticity from the columanr vortex, sometimes leading to development of a traveling vortex breakdown.

Introduction

The wrapping of vortex loops around a larger-scale vortex structure is an ubiquitous interaction,
occurring in nearly any situation involving vortex structures of different sizes or strengths interacting in three
dimensions. A common example of this interaction is observed in problems where a large-scale vortex is
immersed in a sea of smaller-scale turbulence, as observed for instance when aircraft trailing vortices are
exposed to atmospheric turbulence or when ship wake vortices interact with turbulence shed from the free
surface. More fundamental still is the interaction between the large-scale coherent eddies that are found in
many turbulent flows and the smaller-scale background turbulence of the flow. In such examples, the eddies
of the background turbulent flow wrap around the larger-scale vortex in the shape of loop structures,
characterized by a "head" and two "legs", as observed both in direct numerical simulations [1] and in wind
tunnel experiments [2]. In such situations, the background turbulence dominates turbulence production and
decay of the large-scale eddy [3-5].

Our interest in the loop-columnar vortex interaction arose principally from studies of the three-
dimensional viscous response of a solid body in the presence of vortex structures. This problem is of
particular importance in rotorcraft aerodynamics, where the vehicle fuselage and tail are often immersed in
the main rotor wake. A series of flow visualization experiments of normal vortex-body interaction, shown
schematically in fig. 1, have been performed at lowa using a circular cylinder [6], a thin blade [7,8] and a
sphere [9] to represent the body. These experiments were conducted using a combination of two-color laser-
induced fluorescence (LIF) and particle-image velocimetry (PIV) in water. In the experiments, a columnar
intake vortex is formed in a cylindrical tank, and a solid body is towed towards the vortex. The experiments
show that if the towing speed of the body is sufficiently fast, then no separation of the body boundary layer
will occur prior to impact with the vortex and the vortex response to the body will be dominated by inviscid
effects. On the other hand, if the body towing speed is sufficiently slow (compared to the maximum vortex
swirl velocity), a series of secondary vortex loops are shed from the body and wrap around the primary
vortex.

Section 1 of the paper summarizes the main results of the vortex-body interaction experiments,
showing how the vortex loops develop from the secondary vorticity shed from the body and their effect on
the primary vortex. Two computational models have been developed to examine different features of the
loop-columnar vortex interaction. In the axisymmetric model, described in section 2, the nose of the loop is
ignored and the legs are represented by a pair of vortex rings of opposite sign. This model is appropriate after
the loops have wrapped several times around the vortex and have agglomerated into two, nearly
axisymmetric ring-like shapes. In the three-dimensional model, described in section 3, the interaction of a
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three-dimensional loop with a columnar vortex is computed during one cycle of rotation in order to examine
the effect of the loop nose during the early stages of the wrapping process. Conclusions are presented in
section 4.

1 Examples From Vortex-Body Interaction Experiments

In the vortex-body interaction experiments, a solid body is translated at al$pleedigh a vertical
intake vortex with strength and average downward axial flow, . The vortex is generated in water in a

cylindrical inner tank, about which is placed an outer rectangular tank that houses the body and support arms
of the tow carriage. Water is circulated through the system via tangential inlet jets at the top of the inner
cylindrical tank and an outlet orifice at the tank bottom. The intake vortex is trapped at the top of the
cylindrical tank by an inverted funnel, which both stabilizes the vortex and increases the core radius. The
vortex is supplied dye (which fluoresces red) from the top through the inverted funnel center, and the body
boundary layer is supplied dye (which fluoresces yellow) through a series of small holes in the body surface.
The flow rate of yellow dye is finely controlled by adjusting both the gravity head of the dye reservoir and a
needle valve placed in the feed line. The flow is illuminated using either argon ¥AGIdasers, and
photographs are obtained using both a 35 mm still camera and an ordirdzyig@o camera. The vertical

and horizontal imaging planes, labelédand B, respectively, are shown in fig. 1. For vortex-cylinder
interaction problems, where the vortex can become significantly bent during the interaction, the vertical
imaging plane is usually displaced in the spanwise direction so as to pass through the vortex center at the
time of impact with the body.

The vortex azimuthal velocity component is measured using PIV in the cross-sectiond, ade
the vortex axial velocity profile is measured by photographing the motion of small (@ra-diameter)
neutrally buoyant immiscible dye globules released into the vortex core. For all experiments reported in the
paper, the vortex has axial velocity, =131+15mm/s, core radiuso, =4.0+1.0 mm, and strength

I =24x10° +1x10° mn? /s. At heights near the body location, the radial component of the ambient vortex
velocity field is very small — less than 1% of the azimuthal velocity component. The towing véldsity

varied from 25mnis to 300 mnis for experiments with a circular cylinder or a blade. For the sphere
experiments, the body is towed toward the vortex and gradually brought to rest at a specified Slistance
between the sphere leading edge and the vortex center axis. Normal vortex interaction with an elongated
cylinder or blade is governed by four dimensionless parametergnpiaet parameter =2mo U /T, the

thickness parametef =D/ o, (whereD is a measure of the body thickness), theex Reynolds number
Re, =l /v (wherev is the kinematic viscosity) and theial flow parameter A=2mo,w, /I . For

experiments with a sphere, the impact parametereplaced by the rati®/ D of vortex-sphere separation
distance to sphere diameter. For all experiments, the axial flow paraméerG20+0. andQbe vortex

Reynolds number iRe, [12.5x10".

For the case of a blade or cylindrical body, the body wake does not play an important role in the
vortex-body interaction. It is observed with these bodies that if the maximum vortex swirl vélégity ,
is sufficiently large compared to thedy towing speetl, vorticity will be ejected from the leading edge of
the body and drawn outward by the vortex-induced flow. This secondary vorticity quickly rolls up into a
series of vortex loops, located at different positions along the body span. For example, an LIF image
showing a view of the secondary vortical loops with volumetric imaging is given in fig. 2 for the case of a
blade-shaped body towed toward a vortex With0.037and T =1.6.

On the other hand, for more compact bodies, such as a sphere, the boundary layer vorticity will be
advected directly into the body wake, which will be swept around the vdrmx.example, an LIF
photograph showing a horizontal cross-section of a sphere wake (yellow) induced by a columnar vortex (red)
is shown in fig. 3. It is recalled that even for the problem of uniform flow past a sphere at Reynolds numbers
greater than a critical value of between 300-400, the wake has the form of a system of vortex loops of
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alternating sign [10]. In the presence of a columnar vortex, the vortex loops in the wake reorient themselves
such that their self-induced velocity draws the sphere wake into the columnar vortex core as it wraps around
the vortex. The loops also become highly stretched and their separation distance increases as they move
closer to the columnar vortex.

Relatively weak vortex loops cause formation of small-amplitude waves of variable core area on the
primary vortex, but do not significantly disrupt the vortex. After long time, the weak vortex loops form a
turbulent sheath around the columnar vortex core. Sufficiently strong vortex loops, on the other hand, can
have a dramatic effect on the primary vortex. An example showing the interaction of a relatively strong
vortex loop shed from a sphere with a columnar vortex is given in fig. 4, which is obtained using LIF in the
vertical planeA. The sphere, which has diametBr=19.2mm, is brought to rest at a vortex-sphere

separation distanc8=385mm, such thatD/o, =4.8 and S/D =2. The vortex loop causes thinning of

the primary vortex in the region in-between the loop legs and bulging of the vortex outside of this region.
Fluid is ejected from the primary vortex and wraps around the vortex loop. A section of the flow, indicated
by a white rectangle, was examined using PIV, and results for the velocity vectors and streamlines within
this region are shown in fig. 5a-b. The ratio of vortex loop strength to the strength of the primary vortex for
this case i9.18+ 0.02. In general, it is difficult to use PIV for measurement of the vortex loop flow field,
except for cases with relatively strong vortex loops, due to the strong out-of-plane flow induced by the swirl
of the primary vortex.

For cases with sufficiently strong vortex loops, such as that shown in fig. 4, the wrapping of the
loops around the primary vortex induces formation of a traveling vortex breakdown that propagates upstream
on the vortex core. An LIF photograph of the vortex breakdown is given in fig. 6 for a sphere-vortex
interaction with D/o, =4.8 and S/D =1 The photograph is obtained using a vertical imaging plane

located at a distance Zm upstream of the sphere. The flow is shown for times when the breakdown nears
the center of the imaging plane and after the breakdown has propagated through the imaging plane. The
breakdown is observed to have a spiral form, as indicated by the kink in the red dyed fluid observed in fig.
6a. This vortex spiral is followed by a train of ring-like turbulent structures wrapped around the vortex, as
indicated by the nearly periodic ejections of red dyed fluid in fig. 6b.

2 Axisymmetric Computations

An initial set of computations of the loop-columnar vortex interaction is performed using an
axisymmetric model for the wake vortices (fig. 7), which approximates the interaction between the legs of
the wake vortices after they have wrapped around the primary vortex and have evolved into an
approximately ring-like shape. The objective of the computations is to illustrate the response of the vorticity
field within the primary vortex to the stretching induced by the wake vortices. The computations are
performed using the vortex method for axisymmetric swirling flows proposed by Marshall and Grant [11],
which uses a combination of ring-like elements and blob-like elements for support of the vorticity field.
Buffer regions are used at both ends of the computed flow, at the end of which vortex elements are either
created or eliminated. All variables are non-dimensionalized using the columnar vortex corespadiug

strengthl". The computational parameters are selected, based in part on experimental measurements with

sphere-vortex interaction for the case shown in fig. 4, with ambient columnar vortex axiayflow. , 032
vortex ring core radiuso, =0. 5ring separation distance = , 2ing radius R= 2 and ring strength
N =0.3.

A plot of the computed velocity vectors in the plane at each Lagrangian vorticity control point is
given in fig. 8a-c, which show the variation with time of the vorticity support within the columnar vortex and
the vortex rings during the interaction. The flow field on the right- and left-hand sides of the vortex is plotted
separately. On the left-hand section of the vortex, the velocity induced by the vortex ring opposes the
ambient axial flow within the columnar vortex; whereas on the right-hand section of the vortex, the ring-
induced velocity enhances the ambient axial flow. The stretching induced by the ring pair causes formation
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of waves on the columnar vortex, with crests propagating both upstream and downstream away from the
vortex pair. The vortex waves grow progressively steeper in time, eventually leading to outward ejection of
vorticity from the columnar vortex.

One conseqguence of the variation in core radius is the production of azimuthal vorticity within the
columnar vortex core. Azimuthal vorticity is generated when the initially axial vorticity vector is tilted in the
radial direction by a variation in vortex core radius. Under the influence of the ambient radial variation in
the azimuthal velocity of the vortex, the radial tilt in the vorticity vector leads to twisting of the vortex lines,
since sections of the vortex lines at different radial distances will rotate at different rates. The azimuthal
vorticity field is indicated by the velocity vector colors in fig. 9 for a time corresponding to that in fig. 8b.
The majority of the azimuthal vorticity is generated within two strips, located near the lateral surface of the
columnar vortex core with one strip positioned beneath each vortex ring. The sign of the azimuthal vorticity
produced within each of these strips on the columnar vortex is opposite to that of the corresponding vortex
ring.

The direction of the axial velocity within the primary vortex is indicated by the vector colors in
figure 8a-c, where red indicates flow to the right and blue indicates flow to the left. The ambient axial
velocity (in the absence of the rings) is directed to the right. Change in axial velocity from the ambient value
is induced both by the two vortex rings and by the strips of azimuthal vorticity within the core of the
columnar vortex. Because these strips of vorticity within the columnar vortex have azimuthal vorticity of a
sign opposite to that of the associated vortex rings, the induced axial velocity from these two sources also has
opposite signs near the center of the columnar vortex. For instance, we observe in fig. 8a that the induced
velocity from the right-hand vortex ring acts to increase the ambient axial velocity within the columnar
vortex, whereas the induced velocity from the left-hand ring opposes the ambient axial velocity and results in
a back-flowing region within columnar vortex. At a later time (fig. 8b) the azimuthal vorticity strips within
the columnar vortex have grown strong enough to induce a region of back flow on the columnar vortex
below the right-hand vortex ring, which is opposite to the direction of both the ambient axial flow and the
induced velocity from the right-hand vortex ring. This region of back flow propagates downstream (to the
right) over time, as shown in fig. 8c. Similarly on the left-hand side, the azimuthal vorticity strip within the
columnar vortex causes a region of forward flow to form underneath the left-hand vortex ring (fig. 8b),
which is nearly surrounded by the region of back flow induced by the vortex ring. Over time, this region of
forward flow is pushed upstream by the back-flowing wave induced by the left-hand vortex ring.

3 Three-Dimensional Computations

A three-dimensional numerical computation is reported for a single vortex loop wrapping around a
columnar vortex with Gaussian vorticity distribution across the core. The objective of this calculation is to
examine the effect of the nose region of the vortex loop on the columnar vortex during the early stage of the
interaction. The vortex loop is initiated by an elliptical vortex ring, which is aligned with major axis normal
to the columnar vortex and minor axis parallel to the columnar vortex. Variables are non-dimensionalized by
the columnar vortex core radius, and strength”. The values of the computational parameters are
suggested by experimental data for vortex-blade interaction, such as shown in fig. 2. The elliptical vortex
ring initially has semi-minor and semi-major axes of 2 and 5, respectively, core radius 0.5, and strength 0.2.
The computed flow is assumed to be inviscid since the Reynolds number for the experfmfenﬁqd) is
large.

The computation employs a vortex blob method, with overlapping Gaussian vorticity elements. The
vorticity is evolved on each Lagrangian control point by solution of the vorticity transport equation, and the
velocity is obtained from solution of the Biot-Savart integral using a fast multipole acceleration method. The
element amplitudes are refit at each time step using the iterative procedure of Marshall and Grant [12]. The
flow field is initially discretized by 70 cross-sections of control points within the columnar vortex and by 200
cross-sections of control points within the elliptical vortex ring, where each cross section contains 35 control
points arranged in 4 concentric rings. Time advancement is performed using a standard two-step predictor-
corrector method, with a maximum time step/tf=0. . The flow within the columnar vortex is computed

ESAIM : PROC., VOL. 7, 1999, 283-291



284 J.S. Marshall

only over the interval (-5,5) in thedirection. Two "buffer regions" are placed in the intervag,-5 anjl

(5,7) in thex-direction within which both the position of the control points and the value of vorticity on these
points are fixed. Within the regiong < -7 and x > 7, the vorticity within the columnar vortex is
approximated by a collection of 35 semi-infinite vortex filaments.

For plotting purposes, the vorticity field is interpolated onto a uniform grid using the Gaussian
vorticity elements in order to generate contour surfaces and vortex lines from the computed results. The grid
for volumetric plots measuréslx 41x 47 (with point separation of 0.15), and the grids for surface plots
measurd21x 121for they-z plane and201x 121for thex-y plane (with point separation of 0.05).

A representative iso-vorticity magnitude surface (wgth= 0.3) is shown in fig. 10 at times
t =35.4 andt = 59. 4. The nose of the vortex loop is observed to induce bending of the columnar vortex
and to lead to pronounced distortion of the core cross-section. After sufficient time, vorticity from the
columnar vortex is ejected by the induced flow from the vortex loop and wraps around the core of the vortex
loop.

Progression of the columnar vortex core shape distortion with time is evident in the vorticity
magnitude contour plots of the vortex cross-section itythplane (atx = 0) in fig. 11a-d. The nose of the
vortex loop rotates in the counter-clockwise direction about the columnar vortex, while the core of the vortex
loop stretches and becomes smaller with time. The columnar vortex deforms due to the straining from the
nose of the vortex loop. The elongated shape of the columnar vortex also rotates (as exemplified by the well-
known Kirchhoff elliptical vortex patch [13]), which is apparent from a comparison of fig. 11c-d. A cross-
section of an ejected ridge of vorticity from the columnar vortex core is evident in fig. 11c, which rotates in
fig. 11d to the side of the columnar vortex opposite to the nose of the vortex loop.

A contour plot of the azimuthal vorticity, ) is plotted in thex-y plane in fig. 12 at time¢ =594 .

The azimuthal vorticity has opposite signs on the two halves of the columnar vortex, separated by the plane
x = 0, with maximum azimuthal vorticity generated in the part of the columnar vortex that is raised by the
induced velocity from the vortex loop. The azimuthal vorticity that forms within the columnar vortex in the
three-dimensional computations shows the same qualitative features as in the axisymmetric computations:
two azimuthal vorticity strips are formed under each leg of the vortex loop with sign opposite to that of the
respective loop cross-section.

4 Conclusions

The wrapping of a vortex loop around a columnar vortex is shown to be a fundamental component of
the vortex-body interaction problem, occurring as the secondary vorticity shed from the body is advected
around and becomes entrained into the columnar vortex core. The loop-columnar vortex interaction is
examined both in the course of vortex-body interaction experiments and with use of two different
computational methods. The induced velocity from vortex loops that are much weaker than the columnar
vortex induces small-amplitude waves of variable core area on the columnar vortex. When the vortex loop
strength is sufficiently large, the response of the columnar vortex to the induced velocity from the vortex
loops includes bending waves, deformation of core cross-sectional shape, and ejection of vorticity from the
columnar vortex core. For cases with non-zero columnar vortex axial flow, a sufficiently strong vortex loop
is observed to generate a traveling spiral-type vortex breakdown that propagates upstream on the columnar
vortex.
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Fig. 1. Schematic of normal vortex interaction with a circular cylinder, showing the vertical [A] and
horizontal [B] imaging planes used for LIF and PIV.

Fig. 2. Volumetric LIF photograph of vortex interaction with a thin blade showing a series of secondary
vorticity loops (yellow) which are ejected from the blade leading edge and are drawn outward by the primary
vortex at several points along the blade span.
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Fig. 3. LIF photograph in the horizontal plane B illustrating entrainment of the wake of a sphere (yellow)
into a columnar vortex core (red).

Fig. 4. LIF photograph showing a cross-section in the vertical plane A of the loop vortices shed from a
sphere wrapping around a columnar vortex.
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Fig. 5. PIV results for velocity vectors and streamlines within the region indicated by a rectangle in fig. 4,

covering a cross-section of a vortex loop.

Fig. 6. Time series of LIF photographs in a vertical plane showing a cross-section of the spiral vortex

breakdown (and trailing turbulence) which is formed by interaction of a sphere wake with the vortex and

propagates upstream on the vortex core.
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Primary vortex vortex rings

Fig. 7. Schematic showing an axisymmetric model of the vortex loop legs, represented by vortex rings of
opposite sign, wrapped around a columnar vortex.

Fig. 8. Computational result showing a time series of velocity vectors inzipéane for the axisymmetric
model illustrated in fig. 7. The vector color indicates the direction of the axial velocity component, with red

and blue denoting flow to the right and left, respectively.
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30 . . . . : :

Fig. 9. Computational results showing the azimuthal vorticity generation within the columnar vortex due to
the velocity generated by the vortex loop legs using an axisymmetric model. The vectors represent the
velocity components in thez plane and colors indicate the azimuthal vorticity.

Fig. 10.Isovorticity surface 9=0.3) obtained from a three-dimensional computation of a vortex loop
wrapping around a columnar vortex at two different times.
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(a) (b)

(©) (d)

Fig. 11. Contour plots (in the-y plane) of the vorticity magnitude showing deformation of the vortex core
shape and vorticity ejection caused by wrapping of a vortex loop.

-4 -2 0 2 4
X

Fig. 12. Contour plot of the azimuthal vorticitw() in thex-y plane for a three-dimensional vortex loop
wrapping around an initially columnar vortextat 59.4.
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