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Abstracl

We present results from an experimental inves-
tigation into the dynamics of & thin-cored vortex
ring with diameter a and circulation 1 encoun—
tering a planar interface of thickness § across
which the density increases from @, to g, . When
§ << a and (afg/r*) »> 1, the interaction should
be determined by a single parameter, namely
[(ﬁz—pg)/(-z4«&)](a’glﬂt). This has been verified
by ocur experiments. Results show that the vortex
can penetratc the interface and subsequently mix
the fluids only when this parameter exceeds a
critical value. It also appears that baroclin-
ically generated vorticity from the interface
plays the dominant role in the dynamics of the
interaction, with such rings displaying a Widnall-
like instability modified by the presence of
extensional or compressional azimuthal strain.

Nomenclature

a ring diameter

g gravity

P pressure

t time

u velocity

kY interface thickness
P ring circulation

o density of fluid 1
oy density of fluid 2
v kinematic viscosity
tu vorticity

D¢ )/Dt Lagrangian derivative

gradient operator
(OB L dimensionless quancity

Introduction

The study of turbulence is currently receiving
a great deal of attention, due to the relative
lack of knowledge of the complex interactions
occuring in a turbulent flow field. An inter~
esting aspect of this field of study is the
interaction of rurbulence with a density inho-
mogeneity. This type of interaction has a wide
range of applications, for example: in
combustion, fuel injected into exidizer of
different density; in atmospheric studies,
thermals rising into a stratified atmosphere;
gencral problems of two-fluid mixing; ships'
turbulent wakes interacting with the ocean sur-
face; shock wave interaction with a fluid bubble;
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as well as various aerodynamic applications.

Vorticity in general Is difficult to study due
tc the complexity of the flow ficld, and-the
resulting inability to resolve interactions.
Therefore, we chose to study a comparatively
simple vorticity field, the vortex ring. The
structure and motion of such vertex rings, as well
as their stability char?cﬁegiatics, have been
studied for many years, '~ '~ thus making them
a favorable choice for the study of verticity
interaction with a density irhomogoneity. The
simplest density inhomogeneity that cap be studied
is a planar density interface. Linden” has
examined the interaction of a turbulent vortex
ring with a planar density interface. However,
the emphasis of that experiment was quite
different from that considered here, and provided
no detailed information about the dynamics of the
interaction. 1In this paper, we cxamine the inter—
action of an incompressible laminar vortex ring
with @ planar density interface in a relatively
simple expcriment designed to yield important
basic results applicable to many types of more
complex flows.
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Figure 1. Diagram of relevant parameters.

Theoretical Considerations

This experiment deals with the behavior of a
thin-cored vortex ring of diameter a and circu-
lation T cncountering a density interface of
thickness & , across which the density increases
from p», to o (see Fig. 1).

In analyzing the motion of vortex rings, we
began with the vorticity transport equation,
nondimensionalized it, and identified



the impertant parameters governing the dynamics of
their interaction with a density interface. The
vorticity transport cguation is made up of the
following terms:

Dw/Dt = (@ -Viu - (1/p%) (Vp x ¥p)

chasge in vortex line barcclinic
vorticity stretching generation of
vorticity (1)

+ vWo + o(V - u)
diffusion =0 by cons.

of vorticlty ot mass

To make the results applicable to many
different ring cases,w, u, t, x, P,;nuip wore
nondimensionalized by appropriate combinations of
the ring circultation ¥ and ring diameter a; for

L/Ca?/imy. The density © is replaced
with @ﬂ.*/%)‘ We consider separately the contri-
butions from the hydrestacic pressure and the
hydrodynamic pressure. Nondimensionalizing, the
pressure gradient terms bocome:

example, tf

hydrostatic: VPhs = (pl + pZ)gvP‘hs
hydrodynmnic:VPhd = (p, + pPy) (1“2/5;3)VP'hd

When all the dimensionless quantities are substi-
tuted into the vorticity transport cquation, the
following dimensionless form is obtained:

D®'/Dt = (W' Viu’
= [Py=Po) /Py +py) 1 (@%g/T¥) ta/8) Vprx Ve
T U P /Py +p,) ) (as8) Vprx Vo
+ (wVie: (2)

The original hypothesis was that for (['/v) large,
i.e., Re=>1, (&/a) small, i.c., a thin interface,
and (digfr‘) large, i.0., the hydrostatic term
much larger than the hydrodynamic term, the
coelficient f(p_f({)/(fglfﬁ)](nﬁgfﬂl) is the
important matching parameter for a vortex ring
hitting a density interface. This parameter can
be thought of as cither a dimensionless interface
strength or the inverse of a dimensionless vortex
strength, and will henceforth be referred to
simply as the vortex strength.  One of the goals
of this experiment was to investigate the hypo-
thesis vhat, {f the value of this vortex strength
were held fixed and density ratio and ring circu-
lation varied appropriately, the behavior of the
vortex ring would remain the same.  Since Lhe
dynamics of a free vortex ring are strongly
dependent on the core radius, the precise numer-
ical values obtained Trom our expuriments must be
viewed as being specifically for our configuration.
However, the features associated with the dynamics
of the interaction will likely apply to the centire
class of such problems.

Experimental Apparatus

The vortex rings are created when a strictly
regulated pulse of high-pressure air forces a
"blob' of lluid out of a nozzle into a tank of
water; as the fluid flows out of the nozzle, it
rolls up into a vortex ring. An air-driven system
wits choson over the more conventional piston-

driven system duc teo the inherent instabilitics of
the piston system; i.e., any vibrations in the
piston mechanism propagate into the ring f{luid,
thus causing unstable rings to form. With the air-
driven system, we are able to create very sharp,
‘clean' rings.

The complete drive system (sce Fig. 2a.) con-

sists of the following components:

1. compressed air tank

2. regulator sct at 60 psi.

3. pressure vessel pressurized to 60 psi.:
provides a large source of high-pressure air
that can be drawn upon when a ring is being
created.

4, ON/OFF solenoid valve: turns flow of air on
or off

5. sonic metering valve: controls air mass [iow;
its throat is the smallest arca point in the
system and allows accurate regulation of air
mass flow

6. fluid-mechanical low-pass [ilter: consists of
a 'capacitor/resistor' in parallel which
filters out high frequencies in the pressure
pulse to avoid exciting the natural frequeucy
of the system, causing unstable rings

7. timer bex: regulates length of pressure
pulsc; typically set for approximately 200ms.

8. plenum and nozzle: made of Jucite and filled
with dyed water from which the ring jis
created o

plenum;nc;zlg,
and kank

low pass filter

regulatar

e
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Figure 2a, Experimental apparatus
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Figure 2b. Nozzle, plenum, and typical vortex ring
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The nozzle exit has a diameter of 3.9%cm.,
producing a ring with a diameter of 4.9cm., and
rivg core diameter estimated to be approximately
Smm. The variability of this drive system allows
the production of rings of widely varying circu-
lation, or strength. The accuracy of the metering
valve and timer box allow for repeatability of all
ring types. A typical vortex ring produced by
this system can beé seen in Figure Zb.

The tank itself is approximately one foot
square, ‘The bottom half of the tank is filled
with water mixed with either salt or glycerine to
make it heavier than the top layer of fresh water.
The density of the bottom fiuid ranges from 0.2%
to 3% greater than the density of the top fluid
laver. Teo set up the interface between these two
density layers, a water-soaked piece of foam
rubber is placed on top of the heavy fluid, and
fresh water is slowly poured onto it. As the tank
fills, the foam floats to the top and is then
carcfully romoved, leaving behind two distince
layers of fluid.

The vortex ring motion is made visible by dying
both the ring itseli and the heavy [luid with
cither food coloring or laser dyes. The food
coloring allows visualization of the three-
dimensional ring. The laser dyes arc used in
eonjunction with a 5.5W Argon-ion laser, which is
set up such that a thin sheet of laser light
slices through the center of the tank and the
ring. Using laser~induced flucrescence (LIF)
allows better visuallization of the internal
behavior of the ring upon its interaction with the
density interface, The ring motion is recorded by
either a high speed movie camera or a 35mm Hikon
camera.

The displacement ol the freesurface in the
plenum was measured with the movie camera. Once
this freesurface velocity was known, it was
pessible to estimate from this the resulting ring
circulation. Ring circulation varies from 20cm®/s
to 160cm™/s, A problem with firing rings of large
circulation is that a secondary ring is produced
that travels dewnward and can interfere with the
interaction of the original ring with the density
interface, although this interference usually
cccurs late enough that the important aspects of
the interactien can be accurately observed.

Experimental Results

This experiment dealing with the interaction of
a2 laminar vortex ring with a density interface has
yielded a number of important resulcs, including,
proof of the governing matching parameter, the
first documentation of this type of interaction,
and data on depth of ring penetration,

Proof of Simijarity

By experiment, we have proven that the para-
meter obtained in nondimensionalizing the
vorticity transport equation,

L(p P/ o+ p) [(ae/ 1)
the vortex strength, jis the important matching
parameter for this interaction. Holding the
value for the vortex strength fixed, the values
for ring circulation and density ratio were varied

appropriately, and it was found that the rings
created in cach case had the same behavior.
Figurc 3 show a comparisen of two weak ring cases,
beth with vertex strength of 1.20. (Note: s.g.=
specific gravity). Tigures 3a, and 3b. show a
ring with circulation ' 38.1cm™s and density
interface with specific gravicy of 1.028, i.e.,
Pzis 2.8% greater than p . Figures 3c¢. and 3d.
show a ring with I7 = 22.2¢m?/s and specific
gravity of 1.01. {Note: the straight line ap-
pearing in the photos is attached to the back of
the tank, and indicates the initial position of
the density interface.) As can be scen from these
photographs, the ring behavior upon encountering
the interface is essentially the same.

Figure & shows a comparison between two strong
ring cases, with the value of the vortex strength
cqual to ©.025, Figures 4a. and 4b. show a ring
with T = 107cml/s and specific gravity of 1.005,
The photcgraphs shown in 4a. and &b, werc obtained
using laser—induced fluorescence, and show the
internal structure of the ring. Figures 4c. and
4d. show a ring with 154cm¥/s and specific
gravity of 1.01. Again it is apparent that the
ring behavior for these two widely varying sects of
conditions is the same. With these experiments,
we have shown that given the value for

[(pi-pp} (o, +p2) 1(aTs/n?)
it is possible to predict the behavior of a ring
encountering a density intevface, regardless of
the ring circulation and strength of the
interface.

Photographic Results

This experiment hag also documented the
detailed dynamics resulcing from the interaction
ot a vortex ring with a density interface, impor-
tant results that can be applicd te the more
general problem of vorticity interaction, with
density inhomegencities. Figures 5 through 8 arc
photeographs of ring cases ranging from interaction
at a solid wall te a scrong ring casc where the
ring will penetrate through the interface,

Figure 5 shows a ring hitting a solid wall ~
which mighc be thought of as ap infinite density
interface, The photos are simultaneous bottom and
side views of the ring ebtainced by the use of a
mirror set at 45° beneath the tank. HNote the
formation of a sccondary and rertiary ring of
opposite circulation to the original ring. These
rings are formed because of the no-slip condition
at the wall., Note also the Widnall-like wavy
ingtability that occurs when the sccondary ring is
drawn inte the primary ring.

Figures 6 through 8 arc for various ring cascs
with a density interface set up in the tank.
Figure & is a weak ring/strong interface (ring of
low circulation/large density change}. Figure 7
is an intermediate case, and figure 8 is a strong
ring/weak interface case done with LIF. As the
value for the vortex strength grows progressively
smaller, the ring is able to penctrate the inter-
face more deeply. 1In cach of these cases,
secondary and tertiary rings of opposite clrcu-
lation of the primary ring form due to barcclinic
gemeration of vorticity at the density interface
(sec figures 6e., Je., 8F. for formation of the



secondary ringl., As this secondary ring is drawn
inte, or orbits around, the primary ring, its
diameter decreases and it undergoes compressional
strain, resulting in the formation of waves of
instabilicy., The primary ring diamcter increases
wher it strikes the interface, and it cxperiences
a stabilizing cxtensional strain.

It is intercsting to note the similarity
between the solid wall case and the weak ring/
strong interface cases; the ring behavier in the
twe cascs appears to bo qualitatively the same.
Because of this similarity, it is suspected that
the two cases can be related, and this possibility
is currently being studicd.

Depth of Penetraticn

By experiment, it has been found that there

appears to be a critical value for
Tpy P! (pyr ) 102 /0™

above which the ring is unable to penctrate the
interface. Figurc 9 is a plot of depth of pene-
tration normalized by ring diameter vs. the
inverse of the dimensienless vortex strength., Tt
is elear from the plot that fer values of the
vortex strength above appreximately 0.3, the ring
can pencetrate the interface only & minimal amount.
Below this wvalue, the depth of penctration
increascs rapidly with a small change in the value
of the vortex strength.
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Figure 9. Normallzed depth of penctration
vs. tnverse dimensionless wovitex strength.

Conclusions

The study of wortex motion is currently very
popular duc to its wide range of applications. In
particular, the interaction of vorticity with a
density inhomogencity, in the form of a vortex
ring hitting a planar density interflace, s of
great interest. Our experiment has provided the
first documentation of this type of interaction,
it has allowed the identification of the important
micching parameter, the Inverse of the dimen-

sionless vortex strength , and has provided data
on the ring's depth of penetration under various
conditions. Although the experiment itself is
relatively simple to perform, the results it has
yielded are applicable te a wide range of more
complex flows.
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Figure 3. Comparisen of two ring cases with vortex strength = 1.20. 3a. and 3b. have
- 38.1 cm®/s, s-g.= 1.028; 3c. and 3d. have [* = 22.2em®/s, s.g. = 1.01.



Figure 4. Comparison of two ring cases with vortex strength = 0.025. 4a. and 4b. have
P 167em?/s, s.g.= 1.005, done by LTF; 4c. and 4d. have PP = 154cm?/s, s.g. = 1.01.



Figure 5, Vortex ring hitting a solid wall,



Figure 6. Weak ring/strong interface case; vortex strength = 1.20.



Figure 7.
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Intermediate case; vortex strength = 0.107.




Figure 8. Strong ring/weak interface case; vortex strength = 0.025; ring visualized by LIF.
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