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Abstract 

An experimental apparatus was designed and constructed to generate reproducible vortex rings in the laboratory. 
These rings were produced in a small test tank and were allowed to propagate upward where they then interacted 
with an air/water interface. Tests were performed on the following surfaces: a clean free distilled water surface, a solid 
polycarbonate wall, and the surface of a 1 gm solution of Triton X-100 in distilled water. The vortex rings studied in 
the present investigation ranged in Froude number from 0.042 to 0.164 and in Reynolds number from 1772 to 6785. 
Measurements of the two-dimensional near-surface flow field were made using the technique of particle image 
velocimetry (PIV). Preliminary results show, (i) that the experimental set-up employed in this study is able to generate 
repeatable vortex rings with varying strengths and propagation speeds, (ii) that the PIV system used to quantify the 
experimental observations is capable of resolving spatial velocity fields of the flow accurately, and (lilt that the presence 
of the surface active film studied here profoundly affects the dynamics of the interaction between the vortex rings and 
the surface of the solution. These effects were observed to manifest themselves in several ways which included vortex 
path modification, production of secondary and tertiary vortices, and a measured impact Ol] total circulation 
and w~rticity. 
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1, Introduction interaction of a trailing vortex pair that was 
generated by towing a submerged delta wing at a 

There has been a significant amount  of corn- negative angle of attack. Their particular interest 
putat ional  and experimental work done on the was to better understand the surface signature of 
topic of a vortex pair (two counter-rota t ing vortices ship wakes with direct application to remote sensing 
of equal strength) interacting with a free surface. (see also Tsai and Yue [3]) .  More recently, studies 
The motivat ion for these studies has been varied, have focused on near-surface turbulence and its 
Barker and Crow [ 1 ] investigated the interaction role in gas and heat exchange across the air/sea 
of a pair of line vortices with a solid boundary  interface (Ohring and Lugt [4 ] ;  Tryggvason et al. 
and a free surface in an effort to learn more about  [5] ;  Hirsa and Willmarth [6]) .  These few examples 
the trailing vortex pair that  is shed from aircraft demonstra te  the diverse history of this subject. A 
wings. Sarpkaya  and Henderson [ 2 ]  studied the more thorough  summary  of the literature on the 
surface deformations resulting from the free surface subject of vortex rings and pairs was given by 

Tryggvason et al. 
The importance of surfactants on vortex surface 

*Corresponding author, interaction was shown when Bernal et al. [ 7 ]  
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discovered tha t thedegreeofsurfacecontaminat ion  one of which is the degree and nature of the 
had a direct impact on the dynamics of the vortex turbulence/mixing in the uppermost layers of 
pair at the surface. Specifically, they Observed that the ocean. To what degree this mixing enhances 
the vortex pair rebounded away from even a slightly the transfer rate of these quantities is a current 
contaminated surface. Interestingly, it should be topic of interest. The dynamics of near-surface 
noted that this observation of rebounding was mixing is, in turn, affected by a number of different 
actually first reported by Barker and Crow, but hydrodynamic mechanisms. One of the more domi- 
they failed to provide a sound explanation for its nant subsurface mechanisms is the interaction of 
occurrence. Bernal et al. also noted the formation coherent vortical flows with the free surface. Thus, 
of secondary and tertiary vortices as a result of the investigation of vortex pairs and rings colliding 
surface contamination. They found that both the with a free surface is intended to aid in the under- 
rebounding effect and the ancillary vortex for- standing of near-surface turbulence and transport 
mation were reduced when a cleaner surface was phenomena. The underlying reasoning behind the 
tested. They concluded that the presence of a selection of vortex pairs and rings for study is 
surface film generates secondary vorticity as the that they provide a well-defined fluid dynamic 
vortex pair reaches the surface, and inhibits the structure that can be relatively easily generated in 
outward motion of the primary vortex, the laboratory as well as simulated numerically. 

With this realization of the effects of the surface In this study, experiments were performed with 
condition on vortical motion at the surface, more vortex rings of varying strength and propagation 
recent studies have been conducted in an effort to velocity. The surface boundary conditions studied 
quantify these phenomena. The experimental work included a clean free surface, a solid wall boundary, 
of Hirsa and Willmarth that was complemented and a free surface with a surfactant. The solid wall 
by the numerical analysis of Tryggvason et al. is condition was chosen to provide a point for 
closely related to the present study of a vortex ring comparison. 
impinging on a free surface. Hirsa and Willmarth Previous experimental work in this area has 
presented their observations of the surface features often used the rather vague terms, 'contaminated' 
and their measurements of the subsurface flow and 'cleaner', to qualify the condition of the surface. 
field (using the particle image velocimetry (PIV) In the case of Bernal et al. for example, the water 
technique) that result from the interaction of a used in their experiments was qualified as being 
vortex pair with a free surface. Their study reported tap water that had been left uncovered for two 
experiments performed using both a clean surface weeks. Improvements were made by Hirsa and 
and a known surfactant (oleyl alcohol). Both the Willmarth who introduced a known concentration 
experimental work of Hirsa and Willmarth and of surfactant into their experimental water. The 
the theoretical modeling of Tryggvason et al. work presented here characterizes the surfactant 
showed that the presence of surface contamination concentration, which is an important step in fully 
results in the production of secondary, opposite- understanding the role of surface films in near- 
signed vorticity outboard of the primary vortices surface interaction dynamics. 
which causes the primary vortices to rebound from 
the surface in a similar fashion to a vortex pair 
colliding with a solid wall (no-slip boundary). 2. Experimental techniques 

As was briefly mentioned earlier, the study of 
vortical flows interacting with a free surface is now Research was done on vortex ring generators, 
being applied to the topic of near-surface turbulence, and several different designs were found in the 
Gaining a better understanding of the processes literature. In a very mechanical set-up, Maxworthy 
involved with near-surface turbulence is important [8]  employed a cam and follower arrangement 
because it directly relates to air-sea interaction that drove a horizontally mounted piston inside 
phenomena. The transfer of gas and heat across a variable cross-section nozzle. The effect of this 
the air-sea boundary is influenced by many factors, apparatus was to eject a slug of fluid from the 
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nozzle where it then rolled up into a vortex ring stant water level (and constant hydrostatic head) 
and proceeded downstream through a glass test during the course of the experiments which was 
tank. Another piston driven vortex generator was necessary since the vortex generator introduced a 
utilized by Willert and Gharib [9]. A vertically small amount of fluid into the tank each time it 
oriented vortex ring generator was employed by was operated. Second, it served the function of 
Glezer and Coles [10] in their turbulent ring continually aspirating the surface, keeping it free 
experiments, in their design, an annular-outlet from any airborne deposits or contamination. 
solenoid valve was used to control the flow of Vortex rings were produced when a solenoid 
a pressurized water supply. Downstream of the valve was triggered open for a fraction of a second. 
solenoid valve was a lightweight piston located in Due to the system being under constant pressure, 
a cylindrical chamber which discharged into the this action results in a small slug of fluid being 
visualization tank. This system was arranged such forced through the system and out the pipe where 
that the vortex rings were ejected downward into the fluid rolls up into a ring. This ring then 
the tank. The actual generation of the rings was convects upward toward the surface. 
accomplished by opening the solenoid valve for a The technique of particle image velocimetry 
fraction of a second, allowing a small slug of fluid (PIV) was used in order to extract both quali- 
to be forced against the piston which then pushed tative and quantitative information about the two- 
the fluid in the cylindrical chamber out the nozzle dimensional subsurface flow field generated by the 
where roll-up took place, interaction of a vortex ring with a free or solid 

A vortex ring generator similar to the one used surface. This technique provides a non-invasive, 
by Bernal et al. was used in these experiments, spatially intensive velocity measurement at a single 
Fig. 1 illustrates the square test tank (20.3 cm inner instant in time. Hence, PIV is quite different from 
dimensions} fabricated from five square glass the more traditional methods of measuring fluid 
segments bonded together with commercially avail- flow velocities such as hot wire or film anemometry 
able aquarium sealant. The bottom segment con- since these techniques inherently perturb the flow 
tained an opening in its center that allowed the and provide velocity measurements at only' a 
vortex tube to pass through it. Throughout all of single point. 
the experiments, the water line was held at a In the PIV technique, two sequential, single- 
constant height 10.5 cm from the mouth of the exposed video fields are extracted from recorded 
vortex tube. This was accomplished by positioning camera video, digitized, and then analyzed compu- 
a surface drain tube at the desired height. This tationally through a local spatial cross-correlation 
tube was connected to a low power pump which algorithm. Fig. 1 shows the components of the P[V 
perpetually drew water from the surface. This had system. Not shown in this figure is the fact that 
two beneficial effects. First, it maintained a con- the water in the test tank is seeded with micro- 

scopic particles that follow the fluid motion. In 
these experiments, two types of particles were used 

LIGHT SHEET--,. separately: aluminum oxide particles ( 1 5 I~m), and 

i ~  ~ 7  polystyrene spheres (~50~tm). The aluminum 
WATER LINE \ oxide was selected due to its favorably high index DIODE 

AS of refraction. However, its specific gravity was such 
~CCD CAMERA that these particles would settle out of the fluid in 

time. However. the polystyrene spheres had a 
~ - ~ - ~  ~ specific gravity close to that of water and thus 

remained neutrally buoyant in the fluid, but they 
TUBE VORTEX \ possessed a relatively lower index of refraction. 

CYLINDRICAL LENS ~ Satisfactory cross-correlation results were obtained 
using both types of seed particles with varying 

Fig. 1. Particle image velocimetry components and arrangement, seeding densities. Excellent flow visualization was 
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achieved with a large seeding density of aluminum where Xo and Yo denote the lower-left corner of the 
oxide particles, square interrogation window of size n + 1; j? and 

A Pulnix TM7-EX CCD camera was positioned gi,~ are defined as: 
with a line of sight that was perpendicular to one k ..... ~=y,, 
of the tank walls. A 30 mW laser diode was used ~ Y" f,,~ 
to produce a beam of light (wavelength, 690 nm) f =  k=xo ~=Yo 
which is then transformed into a 1 mm thick, two- (n + 1 )2 
dimensional light sheet by passing it through a 

and 
cylindrical lens. This light sheet is oriented through 

~=x,,+i fl~yn+j the axis of the pipe and orthogonal to the camera 
line of sight. With all of the experiments conducted ~ ~ g~'P ~=xo+i fl=yo+j 
under dark conditions, the effect of the light sheet g~'J = (n + 1 )2 
is to illuminate only the seed particles that are 
present in the two-dimensional plane directly above In these three expressions, all indices denote pixel 
the vortex generator. Thus, when a vortex ring coordinates, fk,~ represents the matrix of pixel 
propagates upward from the pipe and the laser is values for the interrogation window in image 1. 
activated, the camera sees only the illuminated gk+i,~+j represents its partner matrix ofpixel values 
particles thereby capturing a cross-sectional view for the search window in image 2. As can be seen 
of this three-dimensional structure, from the numerator of this equation, both fk,~ 

The video output of the camera was recorded and gk+i,t+j are thresholded from the mean pixel 
using a BVW-75 BETACAM SP recorder. This intensities, f and gi4, of each local image respec- 
method was very useful since by producing a video tively. Each of the two components of the denomi- 
recording of each run, continuous temporal data nator is the square root of the sum of the variances 
could be extracted. Once a complete data set had for each pixel location. Division by the product of 
been acquired, the BETACAM recording of each these two quantities has the effect of normalizing 
run was then interrogated field by field. Temporal the numerator value. The value C~4 ranges from 
identification and consistency were maintained - 1  to 1, with 1 signifying complete positive cor- 
by using the LED time stamp. Selected pairs of relation ( - 1  indicates complete negative correlation, 
sequential fields were digitized and written to a and a value of 0 results when the two images are 
1 GB optical disk on a DECstation 5000. uncorrelated). All negative values are discarded 

The PIV method relies on using two digital and are assigned a correlation of 0. An entire two- 
images to ascertain the displacement of particles dimensional array of coefficents is then produced 
between video fields. Then, by invoking the time by shifting the search window horizontally and 
separation between fields, velocities can be deter- vertically one pixel at a time and computing the 
mined. The term 'particle pairs' is often used to correlation at each new location. 
describe a particle in one image and its partner The results from the statistically intensive corn- 
(actually itself, only displaced) in the subsequent putations were a large correlation peak in space 
image. The task of determining particle pairs centered about the position where the center of 
and displacements is accomplished by performing the interrogation window of particles in image 1 
local spatial cross-correlations on each image has moved to in image 2. Other smaller peaks may 
pair (image 1 and image 2). The cross-correlation be observed, and these are the result of either 
coefficient for one combination of local images is particle pair mismatch and/or particles entering or 
expressed as leaving the interrogation windows. At this stage, a 

k=x,,~=y,~ three-point gaussian curve fit is applied to the 
~. Z [(f,,l--]')(gk+i.t+j--gi.j)] primary correlation peak in both the x and y 

C~,j = k=xo ~=yo directions. The x and y coordinates of the inter- 
_/k=3~. t~y,, /k~x, ,  t=y~ section of the two curves mark the point of dis- Z (A, , - f )  z Z (gk+,,t+j - - 2  

-gi,j) placement for the particles in the interrogation ~ o l~Yo ~ ~k=xo l=Yo 
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window of image 1. The coordinates of this point Table 1 
are measured to sub-pixel accuracy. The distance Vortex parameters 

that is translated therefore represents the average Vortex ring ,~ {cm) Ees t (CIII2S l) R c  I")" 

particle displacement for that particular region. A 
velocity vector is drawn from the center of the 1 5.77 18.2 1772 0.042 
original interrogation window to the point of dis- 2 s.58 26.8 2(~09 0.065 
placement, and the entire procedure is repeated for 3 5.38 46.7 4546 0.119 

4 g.69 69.7 6785 /). 164 
all of the interrogation regions in image 1 resulting 
in a two-dimensional velocity vector map of the 
flow field captured by the camera. Directional 
ambiguity is not a problem since this technique done care was taken when handling the elements. 
uses two separate images whose temporal positions Each part was then heavily rinsed with deionized, 
are readily known. Enhanced computational distilled water and then reassembled. A stainless 
resolution can be achieved by overlapping the steel container was filled with distilled water and 
interrogation regions, pressurized. In the case where the effects or" a 

At the start of each segment of experimentation, surface film were to be analyzed, Triton X-100, a 
the complete vortex generation system was non-ionic surfactant, was used. A one micromolar 
thoroughly cleansed. This involved disassembling solution was made, the steel container was filled 
the apparatus and washing each component  with with this solution, and the system was filled. To 
a laboratory-grade liquid detergent. Once this was simulate the collision of a vortex ring with a solid 

o . o  i , ,  I i I , 

- 2 . 0  ~ /k 

-4.0 

_'1 A Clean water surface 
~ Solid surface 
[] 1 I~M Triton X-IO0 solution 

- 6 , 0  ' I ' I ' 

2.0 4.0 6.0 8.0 

Radius from vortex centerline (cm) 

Fig. 2. Trajectories of vortex center  below air/wat~'r interface. 
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surface, a square piece of polycarbonate (17.8 cm 3. Results and discussion 
on a side) was rigidly suspended horizontally in 
the tank just below the water line. Using the BETACAM video recordings of the 

Vortex rings of varying strength and propagation experiments, evolutions of the path tracked by the 
velocity were generated by controlling both the primary vortex core were generated in two dimen- 
system pressure and the length of time the solenoid sions. Analysis was performed for vortex rings 1, 
valve was open. The pertinent fluid dynamic 3, and 4, and for all surface conditions. This 
parameters corresponding to these four rings are involved manually locating the apparent center of 
summarized below in Table 1. the right-hand vortex core on a projected screen 

The estimated circulation for each ring, Fest, was image of the video at various temporal positions 
computed from the expression, Fest=O.5V2At, during each evolution. (Willmarth et al. [11] dis- 
where U is the piston velocity and t is the time for cuss a similar procedure.) Fig. 2 shows the results 
which the solenoid is open. This expression results of plotting vortex core positions beginning at an 
from balancing the momentum flux imparted to the arbitrary time after initial roll-up. On all plots, the 
fluid in the pipe with the fluid convection that line y = 0 corresponds to the interface, and the line 
ensues. Since the Froude numbers for these vortex x = 0 represents the axis of the vortex ring. This 
rings were small, the surface was deformed very plot is in agreement with what has been reported 
little when interaction took place. Several runs were in the previous literature [6,7,12]. Consistent with 
performed for each ring at each surface condition, what theory predicts for a stress-flee, full-slip 

= 2.12 

T =  1.78 

= 1.45 

(a) (b) (c) 

Fig. 3. Flow visualization of the evolution of subsurface vortex ring for (a) clean water surface; (b) a solid surface; (c) a 1 ~tm Triton 
X-100 solution at three different times. 
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boundary, the vortex core moves parallel to the nated seed particles and the resulting velocity vector 
water line upon interaction with a clean surface, map that was generated by the PIV algorithm. 
increasing the ring diameter. Easily seen is the This particular instance is for the Triton X-100 
rebounding effect for both the solid surface and solution for Re = 1772. The uppermost row of 
the Triton X-100 solution. Thus, it seems as if vectors should be disregarded since it corresponds 
Triton X-100 has an effect intermediate between a to the correlation of the total internal reflection of 
full-slip and a no-slip boundary. This effect is the flow beneath the surface. This vector map is in 
similar to that predicted by Levich [13] for excellent agreement with the fluid motion seen in 
propagating waves in the presence of finite surface the video image. Velocity vectors could be com- 
dilational viscoelasticity. We intend to pursue a puted for the high vorticity region in the core. This 
more quantitative measure of surface dilational is a marked improvement on the PlY results 
viscoelasticity in future studies, reported by Hirsa and Willmarth. Also of signifi- 

Using a high seeding density of aluminum oxide cance is the fact that the vector map reveals the 
particles and continuous laser illumination, excellent secondary, and even tertiary, vortices being pro- 
flow visualization of vortex ring evolutions was duced as a result of surface interaction. 
achieved. In order to compare vortex rings of In order to quantify the effects of surface inter- 
varying propagation speeds, a dimensionless time, actions on vortex flow, vorticity maps are generated 
r, thoughtfully defined by Hirsa and Willmarth, using the local velocity gradients. In cylindrical 
was used. This parameter  is defined as coordinates, the local azimuthal vorticity is given 

a s :  

t - I  1 

~u ?w 

( L7 (-11" 

where t is the time since the solenoid was closed 
(start of vortex evolution), t~ is the time elapsed The vorticity fields computed from our experi- 
from when the solenoid was closed until the ring mental observations for a solid and free surface at 
reaches a depth equal to ~5, and Up is the the same time in the vortex evolution are shown 
ring propagation speed before interaction with the in Fig. 5. The lightest intensity represents the 
surface. Fig. 3 shows a typical vortex ring con- largest positive vorticity and the darkest intensity 
vecting toward three different surfaces. In this represents the largest negative vorticity. For the 
figure, a series of close-up flow visualization images clean, free surface no negative vorticity was 
for the right-hand vortex at increasing values of generated. There are two negatively signed vortices 
r is shown. The field of view is approximately present in the solid surface case. 
3 c m x  2 cm. For the clean surface, the vortex A measure of the total amount of vorticity for 
propagates outward, parallel to the water line: its each vector map was numerically computed. 
core diameter is reduced due to viscous dissipation Batchelor [14] suggested that a measure of the 
effects. For the solid wall case, secondary and total amount ofvorticity in an area can be obtained 
tertiary vortices were formed. Also shown in Fig. 3 from the quantity, ~5 = 0.5 .I" (,)2 dA. A plot of (,~ 
is a similar series for the Triton X-100 solution, vs. r for three different surface conditions at 
A secondary vortex with opposite rotation can Re = 2609 is shown in Fig. 6. The clean surface 
be easily seen spinning off the primary vortex, shows a dissipation due to viscous effects. However, 
Qualitatively, these images illustrate the significant the total vorticity in the solid wall and surfactant 
effect surface films have on near-surface vortical cases shows a greater decrease due to shear inter- 
flows. The similarity between the surfactant cases actions of the vortex and the interface. At a r of 
with the solid wall case is striking, and supports approximately 1, the effects of the surface visco- 
the idea that these films act like a quasi-solid elasticity induced by the Triton solution can be 
boundary at the free surface, seen. Again. the surfactant acts similarly to the 

Presented in Fig. 4 is a sample image of illumi- solid wall boundary. There was not substantial 
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Fig. 4. Digitized image and calculated velocity field of vortices during interaction with the interface in a 1 gm Triton X-100 solution. 
Primary, secondary, and tertiary vortices are produced. 

dissipation for the clean case for this range of ~ 4. Conclusions 
values. A crucial feature of this plot is that each 

data point is the result of moving the camera The modification of a vortical flow structure by 
to a location that completely encompasses the a contaminated free surface has only recently 
primary vortex structure. Therefore, this plot should become a popular topic of interest, and it has 
indicate valid trends in the vortex circulation over currently prompted several studies on this subject. 
time. The present study has provided innovative quanti- 
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a better understanding of the role of surfactants 
on these fluid structures. 

Consistent with the previous investigations, a 
rebounding effect was observed for surfaces with a 
surfactant present. In addition to this rebound, 
there existed a critical diameter at which the vortex 
ring ceased expanding and became chaotic. Using 
digital particle image velocimetry, velocity vector 
maps were generated that enabled the computation 
of a total vorticity for each vector map domain. 
As interaction takes place, viscous effects begin to 
dissipate the vortex circulation. Secondary and 
tertiary vortices are shed as the boundary layer 
near the surface breaks down. Eventually, the flow 

- -  becomes chaotic and three-dimensional. It is 
Fig. 5. Vorticity fields (~o,~) for a vortex interaction with a clean apparent from the results presented here t h a t  a 

surface (top) and a solid surface (bottom). Both images contaminated free surface can be considered t o  a c t  
represent data taken at the same time delay after vortex very similarly to a solid wall boundary. 
generation. 
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Fig. 6. Evolution of total vorticity for vortex-surface interaction. 
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