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Chapter 6

Summary and Recommendations

The results presented in this thesis provide powerful conclusions regarding animal-fluid interactions

in their natural environment. However, as with most original works, many questions remain. We

have shown that measurements of in situ flows are necessarily assumed to be two dimensional

due to the inherent di!culties of three-dimensional quantification of flows. Since this assumption

cannot always be made, especially of turbulent background flows in the ocean, a technique that

measures three-dimensional flows in the field is necessary. We have also showed striking images of

animal-induced fluid transport in situ that are described by the drift mechanism and compared these

measurements with simulations of moving, passive particles. However, the interaction of unsteady

animal motion and wake generation with the drift volume needs to be investigated. Depending on

the animal’s morphology or swimming mode, there may be a limiting characteristic that selects

drift as a dominant mechanism of mixing over wake mixing and vice versa. Finally, multiple-animal

interactions and its inherent e"ect on fluid transport needs to be extended to global scale ocean

mixing, and its subsequent impact on climate needs to be addressed.

6.1 Further Development of SCUVA

6.1.1 Capturing Three-Dimensional Flow Fields

The primary limitation of SCUVA is its inability to measure three-dimensional flows. This challenge

is general to the field of fluid flow measurement as a whole. Work is underway to apply recently
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developed defocusing DPIV techniques [98] in order to enable three-dimensional measurements using

SCUVA. There exists several particle-tracking velocimetry (PTV) algorithms that can be used. The

primary di"erence between DPIV and PTV methods is in the spatial resolution of the measurements.

Three-dimensional particle tracking can be achieved by changing the source of illumination from a

planar sheet to a conical volume of light by careful selection of beam optics. The three-dimensional

position of each particle can be determined by using a defocusing mask placed directly in front of

the camera. The mask contains a pattern of three holes through which light can pass through to

the CCD array of the camera. A raytracing algorithm is then used to correlate the particle image

formed from light passing through each of the pinholes to the position of that particle in space. An

important benefit of this technique is that it requires relatively little modification of the current

SCUVA hardware configuration.

After preliminary testing, we designed a two-camera housing that does not require a defocusing

mask (figure 6.1). The camera housings (Amphibico Incorporated) are attached to each other and

separated by a known distance. The video cameras (Sony HDR-HC7) are operated simultaneously

with a single controller by use of an internal cable. Volumetric illumination is provided by two

HID light systems attached to each camera housing (Light and Motion) with variable light settings.

The ability to make three-dimensional measurements significantly expands the range of scientific

questions that can be addressed using SCUVA, especially those related to animal-fluid interactions

in complex flow environments.

6.1.2 Correcting Flow Fields with Onboard Accelerometry

Traditional flow measurements in the laboratory require the camera to be stationary, and if the

camera moves, its motion is known. This condition ensures that all of the measured flow is due to

the particle motion relative to the camera and not due to the camera motion. In the field, SCUVA

is operated by a single scuba diver who is often free-floating in the water column without physical

attachments to the surface or bottom. There is likely to be some motion of the camera despite

the e"orts of the diver to remain motionless. Hence, the measured flow field will also include the



92

Figure 6.1. The most recent design iteration of SCUVA incorporates two video camera housings
separated by a fixed distance with multiple-level HID lights, which allows for the capture of three-
dimensional particle trajectories.

error introduced from camera motion (see section 2.2.2). If left uncorrected, the error due to camera

motion may obscure the flow of interest. To account for camera motion, it is necessary to monitor the

acceleration of the camera while images are being recorded. This motion can then be subtracted from

flow measurements either in real-time or in subsequent post-processing. By adding a microprocessor

accelerometer to the camera housing and synchronizing the accelerometer measurements with the

timing of data collection, the camera motion can be removed from the flow measurements. This

added feature will not only increase the measurement e!ciency of flows generated by swimming

animals (since a candidate data set does not require motionless conditions) but also allow for use

of SCUVA as a profiling device. In oceanography, field measurements of turbulent fluid motions

are conducted with CTD, shear, and microstructure profilers. Since these measurement techniques

are limited to two dimensions, the assumption of isotropic turbulence is commonly used. By using

SCUVA as a profiler, we can conduct measurements of turbulence without assuming isotropy.
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6.2 Determining Rf of Swimming Animals Using Available

Quantitative Data

As discussed in section 4.2, mixing e!ciency is defined in stratified flows by the flux Richardson

number (Rf ). The mixing e!ciency of a particular mixing process is measured by the resultant

change in potential energy state of the fluid due to mechanical energy imparted to the flow to create

mixing. In the case of swimming animals, the mechanical energy in the flow available for mixing is the

wake kinetic energy. Collaborators studying jellyfish, copepod and krill swimming have compiled

quantitative flow measurements of the wakes generated by these animals across species, animal

morphologies, and swimming modes. However, use of this data to quantify Rf is limited since the

data neglects the physical properties of the flow (i.e., density), which is a necessary component to

determine the mixing e!ciency. However, using the buoyancy simulations discussed in section 5.2.2,

we can estimate the displacement of Lagrangian fluid particles with a given density in a stratified

fluid to determine the change in potential energy due to an animal’s swimming motions.

Depending on the degree of stratification simulated and animal swimming characteristics, fluid

particles will be displaced after an animal swims through them. The vertical velocity of Lagrangian

fluid particles is now defined as a function of the flow field generated by the animal (uanimal, instead

of the motion of a sphere as in equation 5.7)

ux = ux,animal,

uz = uz,animal +
b

N
, (6.1)

where N is the buoyancy frequency and b is the buoyancy acceleration. Once the displacement of fluid

particles are known, the centroid of the displaced particles will be determined. The displacement of

the fluid particle centroid in the direction of animal motion is defined as #h, which is used to find

#PE in equation 4.1.

Using this methodology (equation (6.1)), we can determine how the Rf compares for animals with
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varying morphology, size, and swimming modes. Given these observations we will determine which

animal swimming characteristic has the greatest impact on Rf by either enhancing or depressing

mixing in a stratified fluid. Finally, we will be able to compare the mixing e!ciency of swimming

animals with physical ocean-mixing processes. The value reported for Rf by swimming Mastigias sp.

in section 4.3 (and shown in table 4.1) was based on a single data set and animal; we expect variations

among animals of the same species as well as across species. Completion of this objective will make

biogenic mixing a meaningful process to physical oceanographers. This is especially important when

considering the impact biogenic mixing may have on global climate, which requires applicable inputs

to oceanographic climate models.

6.3 E!ects of Animal Morphology and Swimming Modes on

Fluid Transport

To understand how swimming mode, size, and morphology a"ect animal-induced fluid transport,

we will analyze the quantitative flow fields surrounding a swimming animal in the laboratory and

in situ. We hope to identify particular animal swimming modes or morphologies that enhance the

drift volume and hence transport of fluid in the ocean. From our measurements of jellyfish, we find

that the drift e"ect varies primarily due to animal morphology; the direction of fluid transport is

largely due to the swimming mode utilized.

We conducted DPIV measurements of swimming Phylorhiza sp. at Marine Biological Laborato-

ries in Woods Hole, MA (figure 6.2). Phylorhiza sp. possess similar morphology as Mastigias sp.

(discussed in chapter 4) as shown in figure 6.2A. Downstream from the bell, a protruding, passive

structure called the oral arms serves to filter prey. This structure does not play a role in generat-

ing propulsive motion, and instead interacts with vortex rings in the animal’s wake. Due to this

interaction, the vortex ring impulse is directed at an angle outwards from the body axis instead of

directly downstream as normally seen with Aequorea victoria and Aurelia labiata (see section 3.3).

This change in direction of vortex ring impulse serves to reduce the interaction of wake structures
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Figure 6.2. E"ect of morphology on drift. A, PIV image of flow field generated by swimming
Phylorhiza, a rhizostome medusae. B, After excising the oral arms, the drift volume is reduced.

with the drift volume located directly behind the swimming animal. The drifting fluid is clearly

indicated by the region of flow that is moving in the direction of the animal directly behind the oral

arms (figure 6.2A).

Using the same animal, we excised the oral arms and measured the velocity fields surrounding

the swimming animal in the same laboratory conditions (figure 6.2B). There is a striking di"erence

in the wake due to the absence of oral arms. It is di!cult to identify a drift volume associated

with the excised animal that persists after multiple swimming cycles. In addition, the direction of

the vortex ring impulse appears to have changed and is directed downstream. Therefore, we may

conclude that the presence of the oral arms redirect the wake so as to reduce interference with the

drift volume. In order for an animal to have a substantial drift e"ect, a morphology that prevents

interaction of wake structures with the drift volume is necessary. Body orientation during swimming

motion may also play a role if the resultant wake is directed away from the drift volume.

The swimming modes selected by an animal during migration will also a"ect fluid transport. To

our knowledge, medusae utilize two di"erent modes of swimming only: rowing and jetting. Rowing

is characterized by a long duration contraction phase of the swimming cycle and vortex rings remain

stationary relative to a laboratory reference frame (figure 6.3A). Jetting propulsion is characterized
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5 cm 5 mm

Figure 6.3. E"ect of swimming mode on fluid transport, which is a qualitative indicator for mixing
e!ciency. A, Dye visualization of flow surrounding Aurelia aurita, a rowing medusae. B, Dye
visualization showing the vortex ring by a medusae utilizing the jetting mode of propulsion.

by short contraction phases and vortex rings that translate at high speeds relative to the laboratory

reference frame in the opposite direction of animal motion (figure 6.3B). From our understanding of

the drift e"ect and wake structures corresponding to the two di"erent swimming modes, we expect a

larger forward transport of fluid (in the direction of animal motion) if the animal selects the rowing

mode. During jetting, the backward motion of fluid may o"set the contribution to fluid transport of

drift. In addition, animals that utilize the jetting mode of propulsion are characterized by prolate

body shapes [24], resulting in a smaller drift e"ect based on body shape alone (see section 4.3).

The previous conclusions about e"ects of morphology and swimming mode on drift are based

on qualitative observations and few quantitative data. The addition of quantitative metrics that

compare animal swimming performance and mixing e!ciency are required to support these conclu-

sions. Using these metrics, we can determine whether wake and drift volume interactions depress or

enhance overall fluid transport during swimming. From our understanding of wake structures and

drift, we can also investigate whether there is a theoretical limit where wake structures dominate

fluid transport and mixing over the drift mechanism or vice versa. Completion of this work will
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identify animal morphologies and swimming modes that have the greatest or least impact on fluid

transport in their environment. Implications of this work can be applied directly to underwater

vehicle design and indirectly to ecological impact of certain species of animals.

6.4 E!ects of Multiple-Animal Interactions on Drift

In order to determine the importance of biogenic mixing in the global ocean, we need to investi-

gate the e"ect of multiple-animal interactions on fluid transport and examine the scales at which

swimming animals have a significant impact. This e"ect can either be investigated experimentally,

theoretically or numerically given su!cient resources. We have recently become aware of an exper-

imental facility at Woods Hole Oceanographic Institution operated by the Schmitt Fluid Dynamics

group in Quissett, MA [111]. The facility includes a tank with vertical dimensions of 10 m and a cir-

cular cross section with a diameter of 2 m. The tank has the added capability of being temperature

or salt stratified, controlled by internal sensors to set the degree of stratification. Measurements of

Rf can be conducted on single or multiple translating bodies in a three-dimensional array configu-

ration. Combining PIV measurements (to measure wake energy due to the translating bodies) and

CTD profiles (to determine changes in the vertical density profile), we can experimentally measure

Rf due to translating bodies. A more complex measurement would be to replace passive translating

bodies with swimming animals.

The interaction of multiple bodies can be investigated theoretically as well. Based on the analyt-

ical solution of a sphere moving in either Stokes or potential flow, we can add multiple bodies and

vary parameters (such as separation distance and translation speed) to determine their e"ect on fluid

transport and drift. In the other limit (of minimum drift volume), we can simulate a self-propelled

swimmer (by modeling a swimming animal by a point force) and add multiple swimmers. These

simulations will cover a wide spectrum of animal swimming modes (by varying wake type; passive

versus active swimmers) and animal sizes (by varying e"ects of viscosity; inviscid and non-inertial

limits). Finally, we can simulate a stratified fluid using the first-order approximation proposed in

section 5.2 to determine whether multiple swimming animals delay the onset of restratification and
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allow for complete mixing of stirred fluid by di"usion alone.

Finally, we can use statistical methods to determine the e"ects of animal schooling character-

istics on fluid transport. This analysis will be based on data from the literature on morphology,

swimming behavior, and population size of di"erent migrating animals [59, 35]. These migration

characteristics will be incorporated into computational models combined with encounter rate theory

[136]. Depending on the animal density, swim speed, and motility characteristics, the encounter rate

of animals with the drift volume of adjacent animals can impact the time scales at which biogenic

mixing is active. Through this research, we can estimate the global impact migrating animals have

on their environment with application to climate change and carbon sequestration by the biological

pump.
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Appendix A

Axisymmetric Assumption for
Jellyfish-Generated Flows

To determine the error associated with assuming axisymmetry in jellyfish-generated flows, we will

evaluate the continuity equation for a representative data set. In an incompressible flow, the conti-

nuity equation can be rewritten such that

! · u =
du

dx
+

dv

dy
+

dw

dz
= 0, (A.1)

where u, v, and w correspond to velocity in the x-, y-, and z-directions, respectively. In the case of

axisymmetric flow, out-of-plane motions of particles are negligible or dw
dz " 0. Therefore, in order

for a flow to be considered axisymmetric, equation (A.1) can be simplified to

du

dx
+

dv

dy
= 0. (A.2)

Equation (A.2) must hold for all points if a flow is to be considered axisymmetric. Using the velocity

fields acquired from DPIV analysis (figure A.1(a)), equation (A.2) can be evaluated at each data

point, resulting in a contour plot with values for continuity (in units of s!1; figure A.1(b)).

To quantify the error associated with using the axisymmetric assumption in real flows, the value

of continuity is averaged over the entire field of view, yielding a value of the error for each time step

(figure A.1(c)). To be sure, defining the error in this fashion results in a dependence on animal size

(since regions of high velocity will correspond to wake structures generated by the swimming animal)
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and field of view (the larger the field of view, the smaller the influence of wake structures on the

error). Therefore, we expect the error to decrease as animal size (and velocities in wake structures)

decreases and field of view increases. We find that the error reaches a maximum near 2.5%, which

is well within the error of DPIV measurements.

Finally, the error resulting from the axisymmetric assumption for the entire data set can be found

by averaging the error over all time steps (indicated by the black dashed line in figure A.1(c)); the

error is approximately 0.2%. Therefore, applying the axisymmetric assumption in flows created by

swimming jellyfish is substantiated.
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(a)

(b)

(c)

Figure A.1. Analyzing the axisymmetric assumption using a representative DPIV data set of flow
surrounding Aurelia labiata in the laboratory. (a) Representative velocity field with the velocity
vectors set to zero inside the animal body (indicated by black outline). (b) Contour field showing
the value of continuity (equation (A.2)) using the velocity field in (a). (c) The variation of the
axisymmetric assumption error (mean value of the continuity equation averaged over the field of
view) for multiple swimming cycles of Aurelia labiata. Solid black line indicates no error; dashed
black line indicates the mean value of error averaged over multiple swimming cycles.
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Appendix B

SCUVA Design Iterations

B.1 SCUVA Senior

Figure B.1. First-generation design of SCUVA with components, acrylic underwater housings and

arm (Sexton Photographics) shown in the laser-stowed position. The components within the camera

housing include a high-speed camera (Photron APX-RS), timing electronics (Signal Forge 1000),

SLA battery and camera controller (Photron). The waterproof seal is maintained by a single o-ring

and four marine-grade clasps. The laser housing is attached to the camera housing via two rigid

acrylic arms at the front of the camera housing. Within the laser housing is a solid-state, battery-

operated laser (300 mW, 532 nm). The waterproof seal of the laser housing is maintained by a single

o-ring and two marine-grade clasps. Drawings are courtesy of Ken Sexton (Sexton Photographics).
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Figure B.2. Dimensions of the underwater camera housing for the first-generation design of SCUVA.

Dimensions are shown in inches. Drawings are courtesy of Ken Sexton (Sexton Photographics).
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Figure B.3. Dimensions of the underwater laser housing for the first-generation design of SCUVA.
Dimensions are shown in inches. Drawings are courtesy of Ken Sexton (Sexton Photographics).
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Figure B.4. Dimensions of the attached laser and camera housings for the first-generation design of

SCUVA, where the laser housing is in its deployed position. Dimensions are shown in inches (and

millimeters in parentheses). Drawings are courtesy of Ken Sexton (Sexton Photographics).
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A B

Figure B.5. First-generation design of SCUVA in the laboratory (A, with laser turned on) and

during testing at the Caltech pool (B). Scuba diver shown in B is the author. Lead weights were

added to the housing to ensure neutral buoyancy and balance during underwater operation.

B.2 SCUVA Junior with Wickedlaser Housing

A B

Figure B.6. Second-generation design of SCUVA in the laboratory (A) and in the field (B, Mjlet

Lake in Croatia) with the laser turned on. Scuba diver shown in B is the author.
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B.3 SCUVA Junior with Laserglow Housing

A B

Figure B.7. Diagram showing a third-generation design of SCUVA using a small commercial video

camera housing (Amphibico Dive Buddy) and two di"erent laser configurations. The small camera

housing is attached to a (A) green and (B) red laser housing containing Hercules and Orion lasers

(Laserglow Technologies), respectively. Drawings are courtesy of Ken Sexton (Sexton Photograph-

ics).
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A

B

Figure B.8. Diagram of the Hercules laser housing from the (A) ISO and (B) top views. Drawings

are courtesy of Ken Sexton (Sexton Photographics).
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Figure B.9. Dimensions of the Hercules laser housing from the (A) side, (B) top, and (C) front views.

Dimensions are shown in inches. Drawings are courtesy of Ken Sexton (Sexton Photographics).
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Figure B.10. Dimensions of the Orion laser housing from the (A) side, (B) top, and (C) front views.

Dimensions are shown in inches. Drawings are courtesy of Ken Sexton (Sexton Photographics).
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Figure B.11. Dimensions of a third-generation design of SCUVA using a small commercial video

camera housing (Amphibico Dive Buddy) and Laserglow laser housings. Dimensions are shown in

inches and correspond to the Hercules laser housing (quantities in parentheses correspond to the

Orion laser housing). The telescoping arm can be extended from 38.15 to 23.31 in. Drawings are

courtesy of Ken Sexton (Sexton Photographics).

A B

Figure B.12. Third-generation design of SCUVA that incorporates a small commercial video camera

housing (Amphibico Dive Buddy). Front (A) and backward views (B) show the arrangement of foam

(black and pink cubes) used to obtain neutral buoyancy and balance of the housings underwater.
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B.4 SCUVA Autoclave with Laserglow Housing

A B

Figure B.13. Diagram showing third-generation design of SCUVA using a large commercial video

camera housing (Amphibico Phenom) and two di"erent laser configurations. The large camera

housing is attached to a (A) green and (B) red laser housing containing Hercules and Orion lasers

(Laserglow Technologies), respectively. Drawings are courtesy of Ken Sexton (Sexton Photograph-

ics).
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Figure B.14. Dimensions of a third-generation design of SCUVA using a large commercial video

camera housing (Amphibico Phenom) and Laserglow laser housings. Dimensions are shown in inches

and correspond to the Hercules laser housing (quantities in parentheses correspond to the Orion laser

housing). The telescoping arm can be extended from 38.15 to 23.31 in. Drawings are courtesy of

Ken Sexton (Sexton Photographics).

A

B

C

Figure B.15. Third-generation design of SCUVA that incorporates a large commercial video camera

housing (Amphibico Phenom model). A, Configuration of apparatus when the laser and camera

housings are attached. B and C, The foam arrangement is clearly shown on the camera and laser

housings (black and pink cubes), which were used to obtain neutral buoyancy underwater.
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Appendix C

Previous Research and
Publications

Transport and stirring induced by vortex formation

Shawn Shadden, Kakani Katija, Moshe Rosenfeld, Jerrold E. Marsden and John O. Dabiri (2007).

Journal of Fluid Mechanics, 593: 315-331.

The purpose of this study is to analyze the transport and stirring of fluid that occurs due to

the formation and growth of a laminar vortex ring. Experimental data was collected upstream and

downstream from the exit plane of a piston-cylinder apparatus by particle image velocimetry. This

data was used to compute Lagrangian Coherent Structures to demonstrate how fluid is advected dur-

ing the transient process of vortex ring formation. Similar computations were performed from CFD

data, which showed qualitative agreement with the experimental results, although the CFD data

provides better resolution in the boundary layer of the cylinder. A parametric study is performed to

demonstrate how varying the piston-stroke length-to-diameter ratio a"ects fluid entrainment during

formation. Additionally, we study how regions of fluid are stirred together during vortex formation

to help establish a quantitative understanding of the role of vortical flows in mixing. We show that

identification of the flow geometry during vortex formation can aid in the determination of e!cient

stirring. We compare this framework with a traditional stirring metric and show that the framework

presented in this paper is better suited for understanding stirring/mixing in transient flow problems.
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Real-time field measurements of aquatic animal-fluid interactions using a

Self-Contained Underwater Velocimetry Apparatus (SCUVA)

Kakani Katija and John O. Dabiri (2008). Limnology and Oceanography: Methods, 6: 162-171.

We describe the development of a Self-Contained Underwater Velocimetry Apparatus (SCUVA)

that enables a single SCUBA diver to make in situ digital particle image velocimetry (DPIV) mea-

surements of animal-fluid interactions in real time. The device is demonstrated in a study of the

dynamics of Aurelia labiata jellyfish swimming in the coastal waters of Long Beach, California. We

analyze the DPIV measurements by computing the kinetic energy in the flow field induced by an

animal’s swimming motions. As a proof-of-concept, we compare these results with an existing theo-

retical model and find that the results are consistent with one another. However, SCUVA provides

details regarding the temporal evolution of the energetics during the swimming cycle, unlike the

model. These results suggest the usefulness of SCUVA as a method to obtain quantitative field

measurements of in situ animal-fluid interactions.

Circulation generation and vortex ring formation in static conic nozzles

Moshe Rosenfeld, Kakani Katija and John O. Dabiri (2008). Journal of Fluids Engineering, 131:

091204.

Vortex rings are one of the fundamental flow structures in nature. In this paper, the generation of

circulation and vortex rings by a vortex generator with a static converging conic nozzle exit is studied

numerically. Conic nozzles can manipulate circulation and other flow invariants by accelerating the

flow, increasing the Reynolds number, and by establishing a two-dimensional flow at the exit. The

increase in the circulation e$ux is accompanied by an increase in the vortex circulation. A novel

normalization method is suggested to di"erentiate between two contributions to the circulation

generation: a one-dimensional slug-type flow contribution and an inherently two-dimensional flow

contribution. The one-dimensional contribution to the circulation increases with the square of the

centerline exit velocity, while the two-dimensional contribution increases linearly with the decrease in

the exit diameter. The two-dimensional flow contribution to the circulation production is not limited
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to the impulsive initiation of the flow only (as in straight tube vortex generators), but it persists

during the entire ejection. The two-dimensional contribution can reach as much as 44% of the total

circulation (in the case of an orifice). The present study o"ers evidences on the importance of the

vortex generator geometry, and in particular, the exit configuration on the emerging flow, circulation

generation, and vortex ring formation. It is shown that both total and vortex ring circulations can

be controlled to some extent by the shape of the exit nozzle.

A viscosity-enhanced mechanism for biogenic ocean mixing

Kakani Katija and John O. Dabiri (2009). Nature, 460: 624-626.

Recent observations of biologically generated turbulence in the ocean have led to conflicting

conclusions regarding the significance of the contribution of animal swimming to ocean mixing.

Measurements indicate elevated turbulent dissipation – comparable with levels caused by winds and

tides – in the vicinity of large populations of planktonic animals swimming in concert. However, it has

also been noted that elevated turbulent dissipation is by itself insu!cient proof of substantial biogenic

mixing, since much of the turbulent kinetic energy of small animals is injected below the Ozmidov

buoyancy length scale, where it is primarily dissipated as heat by the fluid viscosity before it can

a"ect ocean mixing. Ongoing debate regarding biogenic mixing has focused on comparisons between

animal wake turbulence and ocean turbulence. Here, we show that a second, previously neglected

mechanism of fluid mixing – first described by Sir Charles Galton Darwin (grandson of the Origin

of Species author) – is the dominant mechanism of mixing by swimming animals. The e!ciency

of mixing by Darwin’s mechanism is dependent on animal shape rather than fluid length scale

and, unlike turbulent wake mixing, is enhanced by fluid viscosity. Therefore, it provides a means of

biogenic mixing that can be equally e"ective in small zooplankton and large mammals. A theoretical

model for the relative contributions of Darwinian mixing and turbulent wake mixing is created and

validated by in situ field measurements of jellyfish swimming using a newly developed SCUBA-based

laser velocimetry device. Extrapolation of these results to other animals is straightforward given

knowledge of the animal shape and orientation during vertical migration. Based on calculations of
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a broad range of aquatic animal species, we conclude that biogenic mixing via Darwin’s mechanism

can be a significant contributor to ocean mixing and nutrient transport.

Direct observation of optimal vortex formation by jellyfish

John O. Dabiri, Sean P. Colin, Kakani Katija and John H. Costello. Journal of Experimental Biology,

213 (8): 1217-1225.

It is generally accepted that animal-fluid interactions have shaped the evolution of animals that

swim and fly. However, the functional ecological advantages associated with those adaptations are

currently di!cult to predict based on measurements of the animal-fluid interactions. We report the

identification of a robust, fluid dynamic correlate of distinct ecological functions in seven jellyfish

species that represent a broad range of morphologies and foraging modes. Since the comparative

study is based on properties of the vortex wake – specifically, a fluid dynamical concept called

optimal vortex formation – and not on details of animal morphology or phylogeny, we propose that

higher organisms can also be understood in terms of these fluid dynamic organizing principles. This

enables a quantitative, physically-based understanding of how alterations in the fluid dynamics of

aquatic and aerial animals throughout their evolution can result in distinct ecological functions.

Comparison of flows generated by Aequorea victoria: A coherent structure

analysis

Kakani Katija, Sean P. Colin, John O. Dabiri and John H. Costello. Marine Ecological Progress

Series, submitted.

Cruising-foraging medusae use flow generated during swimming to capture prey. Quantifica-

tion of their interactions with surrounding fluid is necessary to understand their feeding mechanics

and to develop models to predict their predatory impact. The fluid interactions of the cruising-

foraging hydromedusa, Aequorea victoria, were quantified in the laboratory using digital particle

image velocimetry (DPIV) measurements. The laboratory DPIV data supported previous qualita-

tive studies by indicating that regions of maximum flow speed exist adjacent to the bell margin and
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in the trailing vortices circulating through the tentacles of the medusae. Velocity vector and shear

fields also suggest that the velocity and shear of fluid motion created by Aequorea victoria may be

more suitable for capturing copepods than previously thought. The measured velocity fields were

used to compute finite-time Lyapunov exponent (FTLE) fields, and Lagrangian coherent structures

(LCS) were extracted from the FTLE fields. The presence of upstream LCS lobes in the laboratory

measurements indicate well-defined regions of fluid that are transported past feeding surfaces and

entrained into the wake. These lobes occupy 30% of the fluid located upstream of the medusa’s bell.

In situ DPIV measurements indicate that ambient flows distort the LCS lobes and a"ect the ability

of cruising-foraging medusae to transport prey to capture surfaces.
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