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High resolution DPIV measurements are made of a vortex ring formed by a piston/cylinder
mechanism~Reynolds number 3700 and 7500!. A complex ring structure is identified. The stopping
condition of the piston leads to vortical fluid collecting near the forward stagnation point of the ring.
In addition, the roll-up of the core produces a vorticity distribution that departs from a simple
Gaussian profile. ©1997 American Institute of Physics.@S1070-6631~97!01809-6#
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Vortex rings have been investigated since the early w
of Lord Kelvin and are considered a fundamental type
vortical flow.1,2 Although much has been understood the
still exist discrepancies between theoretical modeling of
ring structure and experimentally formed vortex rings. R
cently, the ability to more accurately measure vorticity h
uncovered a more complex physical ring structure.

The basic theoretical model considers a vortex ring m
ing in an unbounded medium that is at rest at infinity. In
refence frame moving with the ring, the flow is characteriz
by three regions: a toroidal core of vortical fluid~I!, an ex-
ternal potential flow~II !, and an intermediate region of irro
tational fluid that is entrained and moving with the ring~III !.
For rings with large cores, the intermediate region form
ball that is characterized by forward and leeward stagna
points ~Fig. 1!. The core of the ring is hypothesized to ha
a Gaussian distribution of vorticity.3,4

Physically, this flow is typically generated by the eje
tion of a slug of fluid through a nozzle or orifice. The m
chanics of the ejection process and the presence of phy
boundaries modifies the above picture of the vortex r
structure. Saffman considered the piston velocity profile
calculating ring properties based on his analytic model.5 The
numerical studies of Nitsche and Krasny6,7 have shown two
self-similar components for the axial motion of the vort
core dominant at either early or late times. Measuring
velocity distribution at the exit plane of the nozzle Didd
has shown a linear entrainment of vorticity into the ring af
an initial larger entrainment rate.8 Wakelin and Riley simu-
late the formation of vortex rings from orifices in a plan
wall analyzing the influence of a stopping vortex structur9

In addition, dye visualizations have shown a rolled up sp
forming from the edge of the nozzle~Fig. 2! that is com-
monly associated with a sheet of vorticity~also see Dahm
et al.10!. Unfortunately dye visualization fails to captur
some of the essential properties of vorticity, stretching, d
fusion, and cancellation; and therefore, the true vorti
structure can only be inferred.

The application of DPIV permits the measurement
time resolved velocity fields that can then be differentiated
determine the vorticity field. It removes the conjectures
sociated with dye visualization and uncovers experime
vortex rings with a complex structure. The two cases p
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sented here show the late stages of the vortex ring format
Briefly, the experiment consists of a piston driven in

cylinder ~diameter of 10 cm! for a stroke of two diameters
The piston velocity profile is trapezoidal with minimal acce
eration and deceleration times and the piston stops flush
the nozzle edge. Silver coated glass spheres~40 m in diam-
eter! are illuminated with a 10 Watt argon–ion laser, imag
onto a Texas Instruments camera~48031134 pixels!, and
recorded on a Sony Laser Video Recorder. The DPIV p
cessing uses a new technique based on the work of Wi
and Gharib11 the details of which are discussed elsewhere12

The resulting measurements produce a velocity vector fi
of 119 by 127 resolution with 1%–2% uncertainty in velo
ity and 5%–6% in vorticity11 ~although peak values of ve
locity and vorticity fields are degraded through spatial av
aging!. The technique measures the vorticity compon
normal to the plane of illumination in a cross-section throu
the center of the ring. The structure remains primarily tw
dimensional at the stages considered.

Four instantaneous azimuthal vorticity fields during t

FIG. 1. The simplest steady theoretical model of a vortex ring. The c
region is denoted I, the external fluid II, and the entrained irrotational fl
III. The streamlines in the reference frame moving with the ring are sho
separating the three regions. The motion of the fluid is indicated with
arrows.
2801/3/$10.00 © 1997 American Institute of Physics
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development of a vortex ring are shown in Fig. 3 with t
nozzle of the generator protruding into the field of view
the top. The first data set shows the initial formation of t
ring from the axisymmetric shear layer that develops fr
the edge of the nozzle. The piston motion stops at the t
corresponding to Fig. 3~a!, the shear layers detach from th
edges of the nozzle, and the vortex ring advects away f
the vortex generator. As a consequence of stopping the
ton rapidly, there is a strong radial convergence of the fl
near the end of the cylinder and entrainment into the r
centerline of the ring. This stage of entrainment advects
tail end of the shear layers towards the centerline of the r
The induced velocity of the vortex pulls the shear lay
forward and towards the forward stagnation point@Fig. 3~b!
and~c!#. As the shear layers advect through the center of
ring, there is some cancellation of vorticity but the motion
rapid enough so that most of the vortical fluid collects at
front of the ring. Here, near the front stagnation point of t

FIG. 2. Dye entrained into a vortex ring~Reynold’s number of 4000!.
2802 Phys. Fluids, Vol. 9, No. 9, September 1997
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vortex ring, the local fluid velocity approaches zero~in the
moving frame of reference! and the resulting advection o
the local structures becomes relatively slow. As a result, v
ticity remains at the front of the ring for a relatively lon
time. Figure 3~d! shows the ring 2.5 diameters from th
nozzle. Because of the nature of the stagnation flow, vort
fluid farther from the centerline is drawn off and entrain
into the core more quickly than fluid nearer the centerlin

FIG. 3. Temporal development of the vortex ring, vorticity contours ever
(s21) centered about zero with the negative vorticity contours dashed, m
surement points are spaced every 5 mm. The Reynolds number is a
7500 ~g /n! generated with a piston stroke of 20.4 cm, nozzle diameter
10.2 cm, piston velocity of 5 cm/s and acceleration/deceleration of 75 cm2.
Frame~a! corresponds to the end of the piston motion,~b! follows by one
second@frame ~c!, 3 s; ~d!, 4 s#.
ts are
FIG. 4. Vorticity distribution for a ring of Reynold’s number 3700~same stroke, piston velocity 2.5 cm/s, and impulsive acceleration, measurement poin
spaced ever 2 mm!. Only the right core is shown. The ring propagates forward and the centerline is at the left.
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and a local extrema of vorticity forms. There exists so
variability in the position of the front stagnation point rel
tive to the geometric center of the ring@Fig. 3~d!#. This is
consistent with earlier experimental work.13

Figure 4 shows another perspective of the vortex c
similar to Fig. 3~c! under higher experimental resolutio
The vorticity in the shear layer has now advected to the fr
of the ring. In addition, the core distribution shows a cent
Gaussian peak that is surrounded by a vorticity distribut
characteristic of the wrap-up of the shear layer. The cente
the core is formed at early times relative to the outer dis
bution. The strength of the early production forms a stro
central core that is diffusing through viscosity while th
wrap-up of the shear layer ingests more external fluid we
ening the magnitude of the vorticity in the outer core. T
twofold core structure is the manifestation of the variation
circulation production rates measured by Didden8 and com-
puted by Nitsche and Krasny.6

Both effects, the advection of the shear layer through
center of the ring and its wrap-up around the the vortex co
produce a vortex ring with a more complex distribution th
expected. These variations in the vorticity distributions of
vortex cores may affect the stability characteristics a
downstream behavior of the vortex ring, shedding a
growth; and are important for accurate simulation and und
standing of vortex ring dynamics.
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