Vortex ring structure at late stages of formation
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High resolution DPIV measurements are made of a vortex ring formed by a piston/cylinder
mechanismReynolds number 3700 and 7508 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 Physid$$1070-663(197)01809-4

Vortex rings have been investigated since the early worlsented here show the late stages of the vortex ring formation.
of Lord Kelvin and are considered a fundamental type of  Briefly, the experiment consists of a piston driven in a
vortical flow!? Although much has been understood therecylinder (diameter of 10 cihfor a stroke of two diameters.
still exist discrepancies between theoretical modeling of thé'he piston velocity profile is trapezoidal with minimal accel-
ring structure and experimentally formed vortex rings. Re-eration and deceleration times and the piston stops flush with
cently, the ability to more accurately measure vorticity hasthe nozzle edge. Silver coated glass sphé4@su in diam-
uncovered a more complex physical ring structure. etep are illuminated with a 10 Watt argon—ion laser, imaged
The basic theoretical model considers a vortex ring movonto a Texas Instruments came@B0x1134 pixel$, and
ing in an unbounded medium that is at rest at infinity. In arecorded on a Sony Laser Video Recorder. The DPIV pro-
refence frame moving with the ring, the flow is characterizedcessing uses a new technique based on the work of Willert
by three regions: a toroidal core of vortical flui, an ex- and Gharib! the details of which are discussed elsewHére.
ternal potential flow(ll), and an intermediate region of irro- The resulting measurements produce a velocity vector field
tational fluid that is entrained and moving with the rigig).  of 119 by 127 resolution with 1%-2% uncertainty in veloc-
For rings with large cores, the intermediate region forms 4ty and 5%-6% in vorticity" (although peak values of ve-
ball that is characterized by forward and leeward stagnatiotPcity and vorticity fields are degraded through spatial aver-
points (Fig. 1). The core of the ring is hypothesized to haveaging. The technique measures the vorticity component
a Gaussian distribution of vorticity/* normal to the plane of illumination in a cross-section through
Physically, this flow is typically generated by the ejec-the center of the ring. The structure remains primarily two
tion of a slug of fluid through a nozzle or orifice. The me- dimensional at the stages considered.
chanics of the ejection process and the presence of physical Four instantaneous azimuthal vorticity fields during the
boundaries modifies the above picture of the vortex ring
structure. Saffman considered the piston velocity profile in
calculating ring properties based on his analytic mGdete

numerical studies of Nitsche and Kradrfiyhave shown two R |

self-similar components for the axial motion of the vortex . S

core dominant at either early or late times. Measuring the axis of symmetry
velocity distribution at the exit plane of the nozzle Didden /

has shown a linear entrainment of vorticity into the ring after
an initial larger entrainment rafewakelin and Riley simu-

late the formation of vortex rings from orifices in a plane a |

wall analyzing the influence of a stopping vortex structlre. I

In addition, dye visualizations have shown a rolled up spiral

forming from the edge of the nozzlgig. 2) that is com- m

monly associated with a sheet of vortici(glso see Dahm front
N

et all9. Unfortunately dye visualization fails to capture
|

some of the essential properties of vorticity, stretching, dif-
fusion, and cancellation; and therefore, the true vortical
structure can only be inferred.

The application of DPIV permits the measurement of
time resolved velocity fields that can then be differentiated td-IG. 1. The simplest steady theoretical model of a vortex ring. The core
determine the vorticity field. It removes the conjectures as_region is denoted |, the external fluid Il, and the entrained irrotational fluid

. . . L . Ill. The streamlines in the reference frame moving with the ring are shown
sociated with dye visualization and uncovers eXper'ment""ieparating the three regions. The motion of the fluid is indicated with the

vortex rings with a complex structure. The two cases prearrows.
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development of a vortex ring are shown in Fig. 3 with the formardon otz

nozzle of the generator protruding into the field of view at point
the top. The first data set shows the initial formation of theFIG 3T | devel Cofth i fcity cont 1
. . . . o. lemporal development O € vortex ring, vortiCity contours every
ring from the axisymmetric shear Iayer that develops from s~ 1) centered about zero with the negative vorticity contours dashed, mea-

the edge of the nozzle. The piston motion stops at the timgyrement points are spaced every 5 mm. The Reynolds number is about
corresponding to Fig.(8), the shear layers detach from the 7500 (y/v) generated with a piston stroke of 20.4 cm, nozzle diameter of

edges of the nozzle, and the vortex ring advects away from0.2 cm, piston velocity of 5 cm/s and acce_leration/d_eceleration of 7%cm/s
the vortex generator. As a consequence of stopping the pigéi?ri({?z;rﬁg?;pgngs(g zh‘;] end of the piston motié), follows by one

ton rapidly, there is a strong radial convergence of the fluid o

near the end of the cylinder and entrainment into the rear

centerline of the ring. This stage of entrainment advects theortex ring, the local fluid velocity approaches zdmo the

tail end of the shear layers towards the centerline of the ringmoving frame of referengeand the resulting advection of
The induced velocity of the vortex pulls the shear layersthe local structures becomes relatively slow. As a result, vor-
forward and towards the forward stagnation pdifig. 3b) ticity remains at the front of the ring for a relatively long
and(c)]. As the shear layers advect through the center of théime. Figure 8d) shows the ring 2.5 diameters from the
ring, there is some cancellation of vorticity but the motion isnozzle. Because of the nature of the stagnation flow, vortical
rapid enough so that most of the vortical fluid collects at thefluid farther from the centerline is drawn off and entrained
front of the ring. Here, near the front stagnation point of theinto the core more quickly than fluid nearer the centerline,

vm‘f.m]tT {1/sec)

10 |

adial direction

)
axial direction

FIG. 4. Vorticity distribution for a ring of Reynold’s number 37(fame stroke, piston velocity 2.5 cm/s, and impulsive acceleration, measurement points are
spaced ever 2 mmOnly 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 someM. DeBar for the flow visualization. This work has been
variability in the position of the front stagnation point rela- supported in part by the U.S. Department of Energy HPCCP
tive to the geometric center of the rid§ig. 3(d)]. This is  Grant No. DE-FG03-92ER25140.
consistent with earlier experimental work.

Figure 4 shows another perspective of the vortex core
similar to Fig. 3c) under higher experimental resolution.
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