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ABSTRACT 

This memorandum records the proceedings of a two-part seminar series 
sponsored by the Naval Undersea Warfare Center (NUWC) Division, Newport, Rl 
during 1994. The first part of the seminar series dealt with the hydrodynamics and 
aerodynamics of swimming and flying in nature; the second part dealt with several 
aspects of theoretical turbulence. 
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FOREWORD 

The Naval Undersea Warfare Center (NUWC) Division, Newport, Rl , 
sponsored a two-part seminar series in 1994 entitled "Swimming and Flying in 
Nature." The theme originated from a desire to find out what can be learned from 
the hydrodynamics of the biological world that can be applied to engineering 
vehicles. This series follows one held in 1992, entitled "Turbulence and Its 
Control", and another in 1993, titled "Microfabrication and Turbulence." The 
proceedings of these preceding series appear, respectively, in the NUWC-NPT TM 
922089 and 932089. 

The first part of the 1994 series, Swimming and Flying in Nature, 
comprised four seminars devoted to the hydrodynamics of swimming and the 
aerodynamics of flying in nature; the second part comprised two seminars that 
dealt with several theoretical aspects of turbulence. The seminars held in 
January, February, March, April and May were an activity of NUWC Newport's 
Hydrodynamics Sphere of Excellence, which is one of NUWC's leadership areas. 
The presentation materials used during the seminars, consisting mainly of 
viewgraphs, are reproduced in this report in their original form, with only minor 
reformatting having been done. 

In the first seminar, Professor Kashin gave the highlights of his lifelong 
experimental research on the biological aspects of fish locomotion, conducted in 
Russia and Sweden. He made many interesting connections between the 
physiology of a fish and its hydrodynamics. Most importantly, Professor Kashin 
examined the neural origin for the generation of locomotion. He closed his 
presentation with the videophotograph of a transacted eel, the lower part of whose 
body was performing continuous swimming movements when the interneural 
network was appropriately excited. 

In the second seminar, Professor Newman gave a glimpse of his long 
association with the aerodynamics of flight in nature, particularly of the flights of 
dragonfly and nocturnal owl. He brought attention to the many features of the 
leading edges and of the topology of the wing surface of these flying animals, 
which have no counterpart in engineering aerodynamics. Clearly, animals in flight 
adapt purposefully to their environment in ways that defy conventional engineering. 
It follows from Professor Newman's experimental studies that there are many ill­
understood mysteries in nature that are of interest to hydrodynamics and 
acoustics. 

v 



Professor Wu, in the third seminar, visited the so called Gray's Paradox on 
the energetics of fish locomotion. After equating thrust to drag, which is mostly the 
pressure drag for a fish, Professor Wu used potential flow analysis to conclude 
that the drag of a live undulating fish is significantly lower than that of a freshly 
dead fish, or the drag of a rigid fish model. Professor Wu proposed that the origin 
of this economical locomotion in a fish lies in unsteady hydrodynamics. It is 
tempting to think that the study of the unsteady hydrodynamics of aquatic animals 
might lead to the development of new concepts on the locomotion of engineering 
vehicles. 

The fourth seminar by Professor Lumley, unfortunately, was canceled due to 
the sudden illness of his wife. 

The second part of the seminar series was brief, consisting of only two 
lectures. In the first, Professor Walker dealt with the transport of turbulence vorticity 
away from a solid surface. He used inviscid vortex analysis to argue the existence 
of very thin shear layers that are normal to the wall in a turbulent boundary layer. 
Professor Walker's work suggests that, in a time-dependent viscous computation, 
very fine grid resolution is needed to capture any intermittent outward eruptions of 
vorticity from the wall. 

In the second seminar on theoretical turbulence, Professor Sreenivasan 
showed how one can build the synthetic time series of any turbulence variable that 
has the "right" statistical properties. He has distilled the knowledge of the fractal 
nature of turbulence to invent this method of creating a synthetic time series. The 
utility of his invention seems to lie in the time savings that might be derived from its 
use as the initial condition for generating a turbulence data base using the so­
called Direct Numerical Simulation method. 
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Part 1: 

Swimming and Flying in Nature 



1.1 Fish Swimming 

Sergei Kashin 
Northeastern University 

(Formerly of Moscow State University) 
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NUWC Division Newport 

SEMINAR NOTICE 

FISH SWIMMING: 

KINEMATICS, NEURAL AND MUSCULAR CONTROL 

Dr. Sergei Kashin 
Department of Biology and Marine Science Center 

Northeastern University 
(formerly with Moscow State University) 

20 000 fish species show great diversity in modes of swimming. 
The most common mode is the undulation of the body or/and fins. The wave 
of undulations travels along the body and usually low speed is controlled 
by the amplitudes of undulations whereas high speed is controlled by 
frequency of undulations. The fish musculature is divided onto a number of 
segments along the body. The number of segments is exactly equal to the 
number of vertebra and each segment or myotome is supplied with its own 
pair of sensory (dorsal) and motor ventral) nerve roots from spinal cord. 
The structural and functional organization to decrease the number of 
degrees of freedom of system is discussed. The nervous commands to the 
muscular system were investigated in fish. The functioning of "locomotor 
center" in fish brain is described as well as its relation to the spinal 
generators of rhythm. The behavior of molecular units of contraction 
(sarcomeres) was studied in intact fish with laser. 

Some applications to the understanding the hunting behavior as well 
as some problems in engineering a fish-like robot are discussed. 

Thursday, the 27th January 1994 
Conference Room, Bldg. 679 First Floor 

Time: 10:30 AM 

POC: Dr. Promodc R. Bandyopadhyay (Code: 8233; Bldg. 108/2) NPT x2588 
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lOP~CS 1"QfDA V 

Movements of the body to produce swimming 

Muscle architecture 

How muscle work to produce movements 

Nervous control of movements 

Molecular contractile activity in vivo 

Fish-like robots 

1.1-5 
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1. FOR:\f, FtJ:"CTIO:'Ii, A:'\D LOCO:\fOTORY HABITS 2 

panded, is followed here. ExamplE>~ offi~h displayin~-X these modes are 
shown in Fig. l. :\s Breder stated, the suffix "-form" le.g., in anguil· 
liforml refers to the types of movement and not to the hody forms, and 
is therefore not stricti~· parallel to words such a~ "fusiform." Indeed, 
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I c 
ANGUILLIFORM MODE 

CARANGIFORM MODE 

1.1 -7 

a -movement of aniomel 
forward 

b - movement of bending 
back. ward 
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• • • 

The evolution of locomotor system of fish could be considered as a process 
of multipliction of a number of joints (the degrees of freedom) or ... 

as reduction of it. 

1.1-8 
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Connective tissue 
(myosepts) 

Myotome (myomere)- all musle fibers between 
two neghboring myosepts. Each myotome has its own 
innervation from spina I cord - two dorsa I and two 
ventra I spina I nerves. 

1.1-9 
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Backbone Structure 

• Dimensions (1). Scaled to the 
bodylength (L).For mackerel or 
perch type 1=0.66L/N, where N is 
number of vertebras. And I= L/N for 
long fish like lamprey or eel. 

• Number. Equal to: 
- 24-30 for bass and perch 

- 30-40 for mackerel type (tuna-39) 

- 40-60 for cod, herring, salmon etc. 

- >100 for lamprey and eel 

• Shape. Short cylinders ( d/1= 1) with 
attached processes and arcs. In 
vertical plane - neural and hemal 
arches and processes. Processes 
are used as levers for rotarian. 
Horisontal - ribs - are also used for 
muscle attachment. Zygapophysis 
processes restricting rotation. 

• Material. Bone consists of 
polysaccharide and protein matrices 
where calcium phosphate is 
deposited. 

1.1-10 
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Ventrel 
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mov1e cemere 

fromes 

Experimental design 
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EMG 1 cine 

10 



11 

Kinogram of the swimming eel (bodylength 35.8 em). Speed 
of flow 32 cm/s. 1 00 frames pes second 

1.1-15 



-.. -----~-------o-------
~~--~--~---... _ __/ ....---- ~ -, / 

-~ .. -~- ----o.-.__ __ -<:. • • ·- ---··-- , ·' 

... ~ -· 
-· _ _.o--

.lf . ...,-· ...,. 
. •).. . ---· -..... .__----..- · 

- - ··· . <· 
..... 

. -· 

~----~ ---------o.----o---
·-~ 

f---:-:==: .-
~-~- ---<)..----
' " I .,_ - --

i _--o--

l"----<~------:>----~:r-­

~ -------co-------~>----­,_ 

·' 

', 

' \ 

he. 4. llo.a.-e !fO'Ielt C~l .1- lfU& B DOc.IQOJNlN&WIKX 

... ax ...-- yrpa. Tft • upon.,.., 1ftO • a pac. 4. 

1.1-16 



13 

-
~ -

eel. 
Lateral displacement of different parts of the body of the 

1.1-17 



14 

MC rEPU 

1600 8 

1400 

1200 6 

1000 5 

BOO 4 

600 3 

400 2 

200 I 

0.8 M/C 
0 

0 10 2.0 &..;c 

Speed of swimmind vs frequency and periodlength 

1.1-18 



4b 

·;/ 
• 0 

v/L 
0 

Frequency of undulations vs speed of swimming 

1.1-19 



.3 AIL 

0 
v/L 

0 1 2 J 

The tailfin ampl;wimming speed 

1.1-20 



100 A 

50 

Three types of the distribution od amplitudes along the 
fish bodv (1 - eel, 2 - trout, 3 - sculpin) 
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Velocity of bending wave along the body vs speed of 
swimming for three species (goldfish, eel and trout) 
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Electromyography of trout for three speeds of swimming. 
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Stimulation of the locomotor center in the midbrain. 
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Fig. 2. Propagation of EMG waves along the body of lamprey. Based on Williams et 
s:! 1. , 1989. All temporal and I inear parameters are normalized to the body length 
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MARINE SYSTEMS ENGINEERING LABORATORY -------... 

UNDULATING ROBOT PROGRAM 

BIOLOGICAL RELATIONSHIPS IMPORTANT TO 
ENGINEERING MODEL DESIGN 

• Time delay between activation of segments is always 
a fixed percentage of cycle time. 

• Frequency of oscillation is linearly related to speed. 

• Increasing stiffness is required to increase frequency 
hence speed. 

• Left and right sides of system are alternately activated. 

• Duration of excitation does not exceed 1/2 of cycle time. 

• Different muscles are used for slow and fast speed 

• Thrust is in form of pulses at twice the frequency. 

• Amplitudes of undulation are directly correlated to basic 
structure. ie Mass, cross section area, and areas of 
lateral projection. 

,.._ ___________ NORTHEASTERN UNIVERSITY 
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MARINE SYSTEMS ENGINEERING LABORATORY ------... 

• 

• 

UNDULATING ROBOT PROGRAM 

ROBOT VS FISH PROPULSION 

ROBOT: 

Local flexures propagate from front to rear pushing 
water back and thus . produces thrust. 

Movement of tail from side to side also produces thrust 

It will have 2 basic frequencies: 1 hz for slow swimming 
and 10 hz for fast swimming. 

FISH: 

Bending waves propagate along body from front to rear 
generating thrust. In good swimmers fish moves about 
0.8 bodylength in 1 cycle. 

The frequency of undulation varies smoothly from 
0.5 to 20 hz (25 em fish). Larger fish have lower maximum 
frequency. 

The amplitude of the trailing edge of the tail is maximal 
and equal to 0.2 bodylengths for all species and almost 
all ranges of speed. 

~----------- NORTHEASTERN UNIVERSITY 
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MARINE SYSTEMS ENGINEERING LABORATORY -----~ 

BIOLOGICALLY BASED UNDULATORY 
AUTONOMOUS UNDERWATER VEHICLE 

FISH VERSUS ROBOT MUSCLE ANALOGY 

Parameter: Fish 

Muscle Contraction ...... 2°/o 

Frequency . . . . . . . . . . . . 0.5 - 20hz 

N aminal efficiency ....... 30o/o 

Muscle Types . . . . . . . . . . slow/fast 

Force-velocity rei. . . . . . . . inverse 

Max. Cycles . . . . . . . . . . . lifetime 

Nitinol 

3°/o - So/o 

0.1 - 10 hz 

So/o 

slow/fast 
variable sizes 

inverse 

several million 

SOME MAJOR ENGINEERING ISSUES 
-----

* Optimize number of segments to achieve smooth motion 

* Minimize size and number of SMA wires to minimize energy needs 

* Control and coordination of multiple elements: maneuverability, 
rigidity, speed, and buoyancy 

* Control of temperature (heating & cooling) to maximize frequency 
response 

* Mechanical design & fabrication of skeleton, mass distribution 
system, & mechanism to transfer internal motive forces to 
external interface with water column 

~----------- NORTHEASTERN UNIVERSITY 

1.1-32 



- Complicated muscular morphology 
results from the necessity to bend the body in 
any particular point 

- Red muscle system functions in hydro­
static skeleton, whereas white muscle belongs 
to the lever type 

- Cinematically low speed is controlled by 
the tail amplitude and high speed by the 
frequency of undulations 

- Basic synergies are constant in phase. 
Only period length is controlled by the brain 
locomotor center. Recruitment (stiffness of 
the body?) and intersegmental phase lag are 
controlled by the frequencies perhaps on 
spinal level 

- All that simplifies the probl~m of 
designing the fish-like robot 

1 . 1-33/1 .1-34 
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1.2 Aerodynamics of Bird Flight 

Barry G. Newman 
McGill University 
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Newport Seminar Notice 

LOW-SPEED AERODYNAMICS: ANIMAL FLIGHT AND SKIN FRICTION 

Professor B. G. Newman 
Canadair Professor of Aerodynamics 
McGill University, Montreal, Canada 

As suggested by Dr. Bandyopa.dhya.y, three studies will be discussed: 

1. Large Dragonflies have a wingspan of 90 mm and an unusual wing section consisting 
of pleats near the leading edge. Hand-launched gliders with this section were tested 
at Re ~ 5 x 104 and showed that the maximum lift to dra1 ratio wa.s about 10, 
slightly better than that for arc aerofoils often used on model aircraft at this Reynolds 
number. The separation and reattachment of the flow in the pleats generates a. 
turbulent boundary layer which increases the ma.x.i..mum lift. 

Other aspects of wing geometry will be mentioned. 

2. Nocturnal owls have wings with at lea5t three unusual features that are thought to 
contribute to their quiet fiight. Two of these are leading-edge combs and downy 
surfaces. 

The combs axe formed by a. curved extension of the barbs on the exposed leading edges 
of primary feathers. They probably produce trailing vortices which inhibit separation 
near the leading edge (the common Alula also does this but o.n a. larger scale). Smoke 
tunnel studies show that a. single primary feather has separation suppressed for a.bout 
6° incidence due to the presence of the comb at Rt! ~ lOt. Suppressing the high 
pressure fluctuations near reattachment reduces noise propagation. 

Down {1 mm long hairs, 10 J.L diameter) is found on the top of the wing. Flat plate 
boundary layer measurements behind downy surfaces showed that the skin friction 
coefficient C 1 was increased by about 85% : however the downy surface was rough 
but never fully rough. In contrast the longitudinal turbulence was reduced very c.lose 
to the surface and with it the surface pressUI'e fluctuations. Thus down is an unusual 
type of roughness, not bluff and turbulent, but streamlined and laminar. 

3. An instrument has been developed for measuring skin friction on a. "rough" surface. 

Three pitot tubes are used to measure the velocity gradient ~~ a.t two places within 

y au 1 
the wall-low region where ---r !l = K a constant, independent of viscosity 

(r;)a uy 

and the geometry of the roughness. The origin for the wall distance y is uncertain, 
which explains why three pitot tubes are required. 

The final formula. for the skin friction rw is precise and the instrument does not 
require a.ny calibration. Measurements have been compared with a Dickinson akin 
friction balance. 

It could be used for ribletted surfaces as well a.s those with marine growth. 

Thursday, the lOth February 1994 
Conference Room, Newport Bldg. 679 First Floor 

Time: 10:30 AM 
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NUWC Seminar Feb. 10, 1994 Newport, R.I. 

Dr. Bandyopadhyay has asked me to review some past and present work on animal 
flight and the measurement of skin friction. 

Jl. 

I will first talk about dragonfying, the aerodynamics of anizoptera-odonata, and .. 
then describe a new robust way of measuring skin friction, which leads into the final 
topic, the aerodynamics of nocturnal owls. Presumably some of the "devices" which 
have worked (i.e. been developed on these animals) in air might be worth trying in water. 

The work I am going to describe is mainly curiosity-motivated. 

1. Dragonfly Hertel Structure, Form & Movement ( 1966) 

2 Slides - 1 overhead Pleated aerofoil 

Structure and model for smoke tunnel 

R == 104 very difficult to generate turbulent b.l. 
to keep the flow attached. 

2 Model gliders were tested 
Re 

{
Large 4 x 104 

Small 1 x 104 

plus McBride B7 

( 
40 chords travelled for every flap J 

: 25 Hz is frequency 

1.2-5/1.2-6 
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27. Model Tests on a Wing Section of 
an Aeschna Dragonfly. 

B G NEWMAN 

S B SAVAGE AND 0 SCHOUELLA 

ABSTRACT 

r he l·hord Re~ noJd, numhcr ''' il dra~onny "''"~ 11) tn,: ill hr)!h 'peed .- ol the 
order of 111• It " well ~"""'" that atwforl~ a! modcra!t r11ndem·e e~pc:ru::·n,·e an 
mnea'e ol dr .. g codTi,·ren! ;rnd a decrea~e of lift lOefl•••enl "' thC' Re\nuld~ numhC'r 
,, rC'dU(Cd hclow a .:riiK.il value or ahnu! 'i X ro• and !hal !hi\" ·""'nate.! v.·rth 
n•mplc:te 'ep;rralron ul1hc l.trnrnar houn.Jary l.t~cr 

l'hc aernlntl \Cl'IIOII t>llhC' .lril)!nnfly" tlllll'llal . '" tn.Jil·aled hy I 'I! l;r whll·h ''a 
'kcll h nf '' phnto~r.rph nf I he 'c::ctu•nr•"''"ho;rrd <•lthC' o~t•du' on the:: Willi>! ol -4,.,,.""" ,.,,,.,.,,., 

Allentrnn •~ dro~wn '"the rniiHlle \av.· . teC'th on ca•:h wC'h ol the 7 'e.-t•on whtch 
ft>rm' th.: leadmg edge teo-till. anJ the 'pur' on holh \ldt:\ ol lht: m;olrl\ ""'"'h 
\Upport' rhe rear memhranc. The ~aw·tecth vcr) hkc::l) al'l a< turhulator< to promot.: 
tran'ltiOn m the separated ~hear layer and suh,equcnt r.:altachmcnt or tht: tx>unJu) 
l.rycr '" a turhulent \late Smoke tunnel \lUdiC\ or the wrn~: ~CIIIlll \Upporl lhl\ 
hyptHhe"'· Tr<~ppctl vortu.:es arc oh,.:rvct.l in the 1/ sc::cltOII\ at low mcrt.lencc. ant.! <At 
hrt:h rnr:rt.len<·c tahout 10 I the now •~ oh,crve<l to re;att;u:h to the rc;ar r:amhcr~l 
mt:rnhranc. the lca<hll!!·Ctlt:c 'eparation huhhlc "then ~rc.rtcr thiln half a (hurt.! rn 
len~th . The purpose or the spurs which ilre roul!hly the hetteht or the vi\l'OUS sun-layer 
lor the reattached now. isles\ ubviou~. 

l'ht: averat:e llapp1n~ rrcquenq in rorw;ml ni~ht Ia ~'~out Ill m ~ 'I i~ rou(l!hl~· ~~ H1 
1 Na,·htiga11'' 1 ') ~o that in on.: cycle the wing move\ rorwutl a haul 411 .:hort.l lenteth,. 
It '' therefore postulate'-' that the aerod)·nctmi<·~ m11y he u,efull~ 'tuJted. at lea~t 
inrllally. on " static win!! in steady now. 

Indoor rree-fli~ht tests have heen made on two ~171':~ or moJcl teht.lt:r with ll Similar 
win~; ~ection. Unt.ler stroboscopic illumination nights h•ve heen photottr<tphed using 
a lont: time e1po~ure. With rcllectors plal-ed on the moJd anti ahove the horizontal 
nt>or the ni~hl altitmle. fli~hl-path anl!le and ~~ have t.een me;a~urtd m "lead\· 



PRACTICAL APPLICATIONS OF TWO-DIMENSIONAL 
MEMBRANE RESEARCH 

B.G. Newman 
Professor of Aerodynamics, McGill University 

Montreal. Canada 

ABSTRACT 

Theories, mainly inviacid, were developed several years ago 
for two dimensional lifting membranes. More recently experi­
ments have shown that the predictiona may be very inaccurate 
for medium-to-large camber ratioe. Local separationa of the 
fiow are the ca.tUe of these discrepancies. 

Although two-dimensional th.ia work haa some relevance io 
three-dimeiUional sails tacking obliquely into wind. For exam­
ple it emphasises the importance of eliminating !eading~ge 
sepua.tion on both head-and ma.in-sails. Prediction of the 
aerodynamic forces on a three-dimenaiona.l s&il wit.h sepa.r .. 
tion bubbles is very difficult and baa not yet been attempted. 

Sail efficiency can be improved by the judicioua &ddition 
of stiffness, ~Uually with battena. Membrane theory hu been 
e."<:tended to cases where the stiffness may vvy from leadinc 
to trailinc edge, so that design for a. particulu pre!a'I.U'e distri­
bution becomes pOISIIible. Again only fiattish nils give results 
which agree reasonably with the theory. 

Luffing instability is experienced on membranes as well as 
sails and is shown to be a function of incidence and camber. 
According to linear theory it ia a. divergent instability and oc­
curs ju_,t after the sail becomes S shaped at a slightly negative 
incidence. 

For square sail! and spinna.kers two-dimensional membrane 
theory indicates how to increase drag and reduce oscillationa. 
Flat sails a.re preferable although the increa.ses in teruion may 
be unacceptable. 
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NOMENCLATURE 

t: 

Ct 

c,. 
c, 
Cr 
E 
I 

l 

q 

R. 
s 

u 

" a 

v 

length between membrane supports 
L 

lift coefficient 
fplJ1c 

bue pressure coefficient 
le&ding~ge suction coefficient 
te:naion coefficient 
Younc's modulus of elasticity 
second moment of the crou section of 
a stiffened membrane 
length of membrane 
frequency of oscillation 
dynamic pressure of the free stream 

Reynoldan~ 
Ut: 
v . 

BUCtion force at the leadin1 edge izi 
appro:rimately the negative z direction. 
Cree stream velocity 
alone the chord 
perpendicular to the chord 
incidence 
camber ratio 

excess length ratio, 

kinematic viscosity 

l-t: 

t: 



BOOMERANGS 
by Barry G. Newman, FRAeS 
Professor of Aerodynamics 
McGill University, Montreal 

Dr Barry G. Newman was educated at 
Manchester Grammar School and 
Cambridge University. He completed his 
PhD at Sydney University in 1952. He 
has been the Canadair Professor of 
Aerodynamics at McGill University since 
1959. Previously he was Lecturer in 
Aeronautics at Cambridge University and 
before that he undertook flight research 
with both the Royal Australian Air Force 
and the National Aeronautical Estab· 
lishment, Canada. He has broad 
research interests in aerodynamics 
ranging from turbulent shear flows, 
wakes, jets and vortices, boundary layers 
and boundary-layer control, Coanda 
effect and the aerodynamics of animal 
flight, air-cushion vehicles, wind turbines 
and large-scale flexible membranes 
such as sails, parachutes and inflated 
buildings. He is currently a consultant to 
Pratt & Whitney Canada Ltd and the Pulp 
& Paper Research Institute of Canada. 
He is a Fellow of the Canadian 

Aeronautics and Space Institute, the 
Royal Aeronautical Society and the Royal 
Society of Canada. 

Returning boomerangs are used by 
certain tribes of aborigines in Australia 
and appear to have been invented by 
them. In this paper both aboriginal and 
"modern" aerodynamic boomerangs are 
described. The flight dynamics of return­
ing boomerangs is qualitatively ex­
plained with particular reference to the 
work of Walker, Lanchester and Hess. 
The non-dimensional parameters which 
determine the main features of each part 
of the motion are identified, and simplified 
analyses are presented. The predicted 
behaviour is compared with boomerang 
flights. The predictions include the 
connection between boomerang in­
clination and advance ratio at launch and 
the effect of scale and density on range 
and on the final hovering mode. 

1.2-11/1.2-12 
Reverse Blank 

:.r;:-...... 
. . ,~ ~.\., .. .... . . · . 

-· .... . 
. ~ . .. ... 

.. 
. . 

#'' '· 
l .. ~ ·~·· 

Photo: The Australian Information Service. 
London. 

Aboriginal Boomerangs 
There are three main types of Australian 
boomerang: the non-returning killer or 
war boomerang which is usually asym­
metrical with arms of different length, the 
returning boomerang which is usually 
lighter, and the ceremonial boomerang 
which is not thrown. Non-returning 
boomerangs are not peculiar to Australia 
and they are traditionally found on at least 
three other continents. Sometimes these 
non-Australian weapons are made of 
metal in the form of throwing knives and 
pictures of them may be found in Ref 1 . 
Although some of these weapons do have 
a tendency to return, the fully returning 
boomerang appears to have been an 
invention of the Australian aborigine.2·3 

Two examples of asymmetrical non­
returning Australian boomerangs are 
shown among the author's collection, Nos 
1 and 2 in Fig 1 . Sometimes a hook is 
added to the short end of the boomerang 
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[Reprimed from THE AERONAUTICALJOURNAL OF THE ROYAL AERONAUTICAL SOCIETY, february 1992] 

Incompressible flow past a flat plate 
aerofoil with leading edge 

separation bubble 
B. G. NEWMAN and M·C. TSE 

Department of Mechanical Engineering McGill University, Montreal 
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Nocturnal Ow Is 

as distinct from, say Snowy Owls 

Hunt by diving on rodents at night. 

Silent flight is usually attributed to 

(a) Downy surface on TOP and biggest near trailing edge of the 

downstream primary feather. 

(b) Shawl-like trailing edge. 

(c) Comb at exposed leading edge of the primaries. 
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. hl). Primary 
FIGURE 2 (rt~re~t Horned feather of a 
Owl 

i :._ ., 
t 

1 em 



Flat plate measurements 

downy surfaces surrounded by silk velvet (Figp. 2 adMl (l j;;i). 
Pitot and hot wire traverses. 

5.6 + - - - Figs. 3-5. 

UT ---+ c, 
Down increases c I by about 85%, but not independent of euT' i.e. 

v 
not "fully rough" . 

0 .K. for steep descent. 

Longitudinal turbulence (Fig.6), downy surface has reduced 

turbulence for yUr < 100. Similar to surface pressure fluctuations. 
v 

Down 'rough' due to laminar flow over the down in contrast to 

conventional roughness. 

Spectra shows a shift to higher frequencies. 10 x about. Fig. 7. 

This could then be attenuated by long grass and low shrubs. 
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Leading-edge comb. 

The leading edge of all exposed leading edges of primary feathers 

has a comb which is an extension of the barbs. 

We compared leading-separation bubble for such a feather with flat 

plate in a smoke tunnel. Slightly dependent on Reynolds number 

(based on feather chord). Fig. '.1 

Comb on feather suppresses the bubble by 6. oc= 6°. 

(note 

No comb 

XR 

c 
increases only slightly with roughness) 

trm~ = 0.12 at reattachment cf 0.03 no separation. 
2PUoo 

0.09 at reattachment if downy. 
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Table 1. Boundary layers on the large flat plate. 

ks mm 

u u flU Equivalent 
k u kmm 

6x T co - Sand S T Measured 
cf u UT SURFACE m/s mm co Roughness \) Roughness 

13.4 8.24 .0035 .042 -
SMOOTH 

N 
27.8 7.00 • 00 30 .039 -

I 
.J::>. ..... 

13.3 9.85 .0053 .051 5.40 .810 37 .57 
ROUGH 

27.1 9.58 .0052 .051 8.00 1.120 75 .57 

13.7 9.08 .0059 .054 6.00 .9 
DOWNY 

30.4 8.52 .0058 .054 8.35 • 9 

SILK VELVET 14.0 9.23 .0056 .053 5.35 • 7 
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(Reprillt£•clfrom TilE AERONAUTICAL JOUR:-IAL OF TilE ROYAL AERO!IlAIJTICAL SOCIETY, JANUARY /993) 

A pressure instrument to measure skin 
friction in turbulent boundary layers on 
smooth and non-smooth walls 

P. V. Storm and B.G. Newman 
Department of Mechanical Engineering, McGill University 
Montreal, Quebec, Canada 
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3. Measurement of Skin Friction 

An instrument consisting of 3 pitot tubes mounted in the wall law region of a 

turbulent B.L. can be used to obtain the skin friction for both smooth and non 

smooth walls. It is a sort of extension of Preston's method. 

Rotta 

Ur = ~ ~r ~~ ~ 
ind. of viscosity and all aspects of the roughness, geometry, size, if not too big. 

Number pitots 

1-2 

and 2- 3 Yt- Y2 

formula in terms of ~12, ~23 & a23 

Checked for smooth walls 

and #40 and #24 sandpaper roughness. 

Pitots project sufficiently ahead of support, and static tube is mounted to the 

side. Compared with skin friction measured on a floating element balance 

Null- LVDT linear voltage differential transducer 

i.e. variable reluctance transducer 

Possible error ai; O.K. 3D analysis using sources I unimportant 

Pressure difference ~ii Low Re Dynamic \ 8, 10, 11, 13 

Gaussian smoothing Barocel 590 Capacity type 

Fig. 10 
± · lPa ---+ < 1Hz sequential readings 

Possible use Hull roughness due to marine growth. 
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,_-Stainless Steel Hypodermic Tubing 
0.82 ± 0.01 mm dia. 

Bross Tubing 
1 .59 mm dia . 

J L 
6.1 mm 

a,2 
- 1.57 ± 0.01 mm -

0 23 
- 1.62 ± 0.01 mm -

Figure 2: Three Tube Instrument 
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/\.) 
I 

Ol w 

tollow1ng H.otta ( 1962), if the surface roughness is not too large, 

v au 1 
(2) ' K 

where Uf' = (rw/ p) ~ is the skin friction velocity and"'~ 0.41 is the von Karman 
constant. Approximating the velocity gradient at the midpoint between tubes 1 

and 2 by a linear interpolation of the velocity, 

1 
(3) 

provided y1 - y2 ~ y1 . Similarly, for tubes 2 and 3, 

(4) 

provided y2 - y3 ~ y2• The origin for the y-coordinate is difficult t o establish 
for a rough surface and therefore y is eliminated by taking the difference of these 
two equations. This leads to the expression 

(5) 

where a· 2 = y1 - y'i and a .... , = ", -yo . .&. -.J '-- ::'f ~r U 

Since pressures rather than velocities are measured, the velocities are ex-
pressed as 

(6) 



u 
y -4-------------1 
y _, ____________ _ 
2 

y -i-------------
3 

->X 

Figure 1: Three Pi tot Tubes in the Logarithmic Region 

Expanding the velocities to second order in ll.i;/{P2- p) and substituting into 
Eq. 5 gives 

{10) 
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1.3 Aquatic Locomotion 

Theodore Y. Wu 
California Institute of Technology 

1.3-1/1 .3-2 
Reverse Blank 



NUWC Division Newport 

SEMINAR NOTICE 

BIOHYDRODYNAMICS OF 
AQUA TIC LOCOMOTION 

Professor Theodore Y. Wu 

CALIFORNIA INSTITUTE OF TECHNOLOGY 

Generalized slender-body theory has been fruitfully applied to 
the bio-hydrodynamical analysis of modes of locomotion of elongated 
fishes by means of body undulation. Of interest are the highly 
efficient modes of carangiform (employing movements of only fish's 
posterior end), thunniform (marked by a lunatail caudal fin) , 
balistiform (propagating distally waves along dorsal and anal fins 
with body held rigid) and their derivatives . Studies of the vortex 
dynamics involved in these modes of swimming motion have 
elucidated the basic mechanism of interaction between the vortex 
sheets and the body-fin system, pointing out how thrust can be 
enhanced, loss of hydromechanical energy reduced. and biodynamic 
efficiency improved. Also discussed will be the problem of 
energetics of fish swimming from a mechanophysiological approach. 
From a series of comparative studies of the scale effects of fish 
locomotion , Gray's paradox appears to be substantially clarified. 

Thursday, the 17th March 1994 
* * NOTE NEW VENUE: Conference Room, Bldg. 1171 * * 

Time: 10:30 AM 

POC: Dr. Promodc R. Bandyopadhyay (Code: 8233: Bldg. 108/2) NPT x2588 
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Figure 13.. Dorsal and lateral views of mackerel (Scomber 
scomber) showing caudal £inlets, one of which is enlarged to show 
manner in which a layer of epitheliUIIl attaches the finlet along 
most of its length. 
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Figure 12. Diagrammatic section through integument of three 
fishes which have subdermal canals and associated pores directed 
obliquely rearwards. Ctenoid scales where present darkly shaded. 
Direction of movement of the fish indicated by arrow. a. Ruvettus. 
b. Tetragenous (an aberrant stromateoid where the scales form 
underlying channels). c. Schedolphilous. Ctenoid scales absent. 
The diagram at right indicates the manner in which the convex 
leading surface of the fish is supposed to eject sea water during 
the swimming cycle. 
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Fig. 11. The drcamlincs (in the laboratory 
!rame) o! a :;elf-propellin~ prolate :>phcroid 
o! eccentricity 0. CJ (upper) and o[ an extc rnally­
drivcn spheroid of the sar.1c :~hape {lower 
figure, with V ; V = 0). s n 

Fig. 12. Streak photographs of a freely 
swimming spccirr.ul of Paramcciutn 
C:\t1d;:~t11m (uppc r) ;;\;.;tl of a dead one sedimcn­
ting {towards right) under gravity (lower 
figure). 
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Hydro mechanics of swimming propulsion. 

Part 1. Swimming of a two-dimensional flexible plate at 
variable forward speeds in an inviscid fluid 

By T. YAO-TSU WU 
Cnlifomin In~tituto of Technology, 

Po.sndonn, Cnlifornin 

(Received 21 July 1 070) 

The most cfTcctivo movcmcnt.s of swimming aqua.tic a.nimo.ls of almost all sizes 
appear to have the form of a trnnsverscwa.vc progressing along the body from head 
to tail. The mo.in features of this undulatory mode of propulsion arc discussed for 
the caso of largo Reynolds number, based on the principle of energy conservation. 
The general problem of a two-dimensional flexible plate, swimming o.t arbitrary, 
unsteady forward speeds, is solved by applying the linearized in viscid !low theory. 
The la.rgo-timc asymptotic behaviour of an initinl-vo.luc harmonic motion shows 
the decay of the transient terms. For a flexible plate starting with a constant 
acceleration from at rest, the small-time solution is cvo.luntcd nnd tho initial 
optimum shape is determined for tho maximum thrust under conditions of fixed 
power and ncgligiblo body recoiL 

1. Introduction 

Aquatic animals propelling themselves in water, or in other liquid media, 
span a wido range in their sizes and speeds. Lo.rgo cctaccn.ns, such as porpoises 
and whales, may have lengths from 2 to 30m, and can s'vim at cruising speeds of 
from 6 to 10 mfs (Lang & Pryor 1 966). Microscopic organisms such ns paramecia 
and spermatozoa, ranging from 300 Jtm down to 50 Jtm in lci1gth with length­
diameter ratio from 20 to l 00, co.n swim at speeds from 1000 to 80 ;tm/s. In between 
these two extremities there aro many species of fishes and nquatic animnls of 
various sizes. Based on the charnctcristic length l of n body moving at velocity 

. U in a liquid ofkincmat.ic viscosity v, the Reynolds number, R = Ulfv, measures 
tho relo.tivo magnitude of the time average of inertial stress to viscous stress. 
The vnlue·of R is of order 108 for the most rapid cetaceans, lOG for migrating 
fishes, 105-103 foro. great variety of fishes, nbout I 02 for tadpoles, down to about 
1 for Turbatri:r:, 1 o-3 or less for paramecia and spcnna.tozoa (Gray 19138, p. 437), 
and to the extreme of IQ-G or less for bacteria.. Thus, the Reynolds number R 
covers practically the entire rnngo of interest known to hydrodyMmicistl:l. 
Lighthill (1 969) hall given nn excellent survey of tho hydromeclmnies of aquatic 
animal propulsion, which ho.s elucidated both the zoological and hydromcchn.nical 
nspects of the subject. 

Although R may var1 greatly from cuse to case, the most effective movements 

of swimmin.; propulsion employed by a largo numbor of aquo.tio animnls of 
drn.stically different sizes lmvo bcon obsorvcd to difTor vory littlo from o.n 
tmdulntory motion of tho body, in tho form of a transverse wavo propagating 
along the body from head to tail. A great majority of many species of fishes cn.n 
be singled ont n.s o. pre-eminent class of thi!J modo of 11ropulsion. Tho rcmarlmblo 
pcrform:mec of some cetaceans (dolphin, porpoises, whalc11, etc.) o.ml some well­
known gamo fish families (tuna, wahoo, marlin, swordfish, etc.), using strong 
tails of hu·ge aspoct ratio, is only a variation of this basic undulatory mode. 
In tho world of micro-organisms, an enormous variety of creatures, ranging 
from minuto bacteria, larger but still primitive protozoa, to higher level sperma­
tozoa., havo beon observed to employ cithor uniformly propn.gnting tro.nsverso 
''l'o.vcs, or whip-liko wn.vcs, or hclico.l w:wes along slender flagella as principal 
mco.ns of propulsion. The basic tmnsvcrso wa.vo mode thus seems to bo little 
affected by tho Reynolds num.bcr over such a wide range. Ilowover, tho funda­
mental principles underlying tho hydromeehanics of swimming propulsion do 
become vcr~· different for large or small values of the Roynolds number. 

For Reynolds number large, tho swimming propulsion depends primarily on 
the inertial o.ffect, since tho flow outside a thin boundary layer noxt to the body 
surface is irrotational. Viscosity of tho fluid is unimportant except in its role of 
rcnorat.ing tho vorticity sh~d int . .l the wake, o.nd of producing o. thin bounuary 
layer, n.nd hmcc a skin friction at tho body surface. As the body performs o.n 
undulatory wavo motion nnd nttains a forward momentum, tho propulsive 
force pushes tho fluid bn.ekwaru with a net Lota.l momentum equal and opposite 
to thnt of the action, while tho frietionn.l rcsista.nco of the body gives riso to o. 
forwnrd momcu!;um of tho Huid by cntmining somo of tho Iluiu surrounding tho 
body. Tho momentum of reaction to tho inertia.) forces is conccntrat.ed in tho 
vortox wako duo to tho small thickness and n.mplitudo of tho undulatory trn.iling 
vortox shcot; this backward jet of fluid expelled from t.ho.body can, however, be 
counterbalanced by the momentum in responso to tho viscous drng. When a self­
propelled body is cn1ising ata constant speed, the fonvard and bo.ckwnrd momenta. 
exactly balo.nce; they can nevertheless be evo.lua.ted separately. This mechanism 
of swimming motion at ln.rgo Reynolds numbers has been elucida.tcd by von 
Karman & Burgers (HJ43) for the simple case of n. rigid plate in trnnsYerso oscilla­
tion. Swimming of slender fish hns been treated by Lighthill ( 1 DGO); a.nd thowo.ving 
motion of n. two-dimensiona.l floxiblo plate hns been calculated by Wu (1061) . 

In tho other extremity, movements of microscopic bodies always correspond 
to sma.ll Reynolds numbers. The propulsion in tltis mnge depends almost ontircly 
on tho viscous stresses, since the inertin.l forces arc then extremely small, except 
possibly for tho motions at very high frequencies. Oscillatory motions in a 
viscous fluid were diseusscu n.s early n.s 1851 by Stokes. Various studies of tho 
swimming of microscopic orga.nisms have been led by Taylor (1951, 1952a, b), 
who discussed the propulsion of n propagating, monochromatic, t.ransvcrso 
wa.vo along a sheet immersed in n. very viscous fluid, n.nd la!Alr evalua.tecl tho 
notion of waving cylindrical tails of microscopic orgn.nisms. Further studios in 
this field hr.vo been contributed by Hancock (1953), .Gray & Hancock (1955), 
Reynolds (1965) and Tuck (1968). 
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Hydromccbanics of swimming propulsion. Part 2. 
Some optimum shape problems 
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The optimum shn.pc proulcmH consi<lm·ml in thiH part lll'fl for t.ho~e pwfik~ of a 
t\VO·dimcnsionn.l flcxiblo pln.t.c in tirne-hnrmonic motion l.lmt will minimize the 
energy loss mul<'r tho corulition of fixctl thrust, nml JHlssihly nhm unclrT ot.hcr 
isoperimctric constrnints. First, the optimum movement of n rigid plate i8 
complottlly determined; it iR necessary first to relhwe the original singular 
qmulratic form rcprcsent.ing t.ho ener~y loss to a regular one of n lnwer onlt·t·, 
which is then tra<:t1Lhle ),y mmnl v:trintionaiH!Ct.lwd:~. A favonm!.k l'tlllgl' of t.JH, 

rcducctl frequency i~ found in which the t-hrust cont.rilmt,ion (:oming from the 
lcading-edgo sm:tion is ns limall ns possihl<1 undt•r the pres•:ri!Je<l c!Jn<lit.imt);, 
outshle of which this contribution !Jccorncs so lnrgll ns tn he hard to rcali,-;t~ in 
practice without stalling. This optimum ~>olut.ion ill compared wit.h t.lac recent. 
theory of Lighthill (I !J70); these indepcndent.ly nrri\·ccl-at r.ont:lusions nrc 
found to ho virtually in agreement. 

Tho present theory is further applied to pn:dicL !.he lllO\'ernenf, of a porpoist! 
to.il of large nspect-rn.tio n.nd is found in sntisfnctory ngrccmcnt with t.hc ex pnri­
mcntnl measurements. A qunlitative disrussion of the win~ movement in 
flnppiug flight of uird.'l is n.lso given on the hasis of opt.imum efficiency. 

Tho optimum shape of a floxihlc plate i.'i n.nnlyscd for the most, general ~~asc 
of infinite degrees of freedom. It is shown !.hat the solution eau be clcturrnilll·d (.n 
n. certain extent, but the exuct slmpc is not. alwnJH uniquely dct.crrninaLc. 

1. Introduction 

One of the mollt inspiring qucstiomi eonceming the phcnommm of aqunl.ic 
nnimn.l propulsion nnd of flttpping flightll of uirds mul insect.s is im·r~.rial•ly 

connected with tho highcllt po!!.,ihle hy<lrnrlynamie effi1:it·ney. This prol•lcm 
hr~s l1een brought up from t.ime to t.iuw hy various nhst'n·t·r~ who hnv(' no!.l·<lt.lw 
impressive cn.pn.bilitil.y of these unimnls in gmwrat.iug fast rno\·ellii:Hts ut low 
energy co:~t. According to the first prim:iple of energy hnlancc or momcnt.um 
com.iderntion, sa hn.s been explained in part 1 of this paper (Wu I!J71), much 
can nlrea<ly bo sai<ln.hout tho desirn.hle shn.pes of l10dy movement: thaL nt IILrge 
Reynolds numbcrB, a thin two-dimensional }Jlnto gnin.s thrust hy sending n 
trnnsverso wt~ve from hend to tail, with amplitude slightly incrcn~ing towanlo; 
the rear, thereby achieving a fonvard swimming velocit•y somewhat lt~ss t.han 
the phn.<~e veloeit.y of t.he hocly w:w<: form . As for t.he t.ail of large :111per:t.-rat.io 

'· 
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of some high-pcrforrnnnr.c fish, t.lu: t;till!hould move nearly t:mgt:ntinlly t.o t.l~e 
path tmvcrs1~d in tho t~paco hy the body wnvc form. These bnsic features have 
hecn elegantly dueidatCil, wit.h pt•rhn.ps more physil'al rt~asunin~. in an oxcdlt•nt 
review by Lighthill (I !lti!l) . llowcver, it wool1l stillho of great int.erest t.o resolve 
n. qu:~ntitntivo dct .. nninat.ion of tlw optimum shape 11111ler sonw ;lpproprint.o 
con~tntints. 

Tlw prohlern of tho opl.imum shape i~ int.ercst.ing in il!! own right fwrn tho 
mathmnntic1tl point of view, sin co the effective methodll of solution do not 
seem to fnll into the lmnwn c:LtegoricH of the calculus of vnri:Ll.inu. Tho sp<:cinl 
cnse of •~ two-dimensional w1wing plato in harmoni<: motion hall heen treatl~d 
by Wang (I f)(ifi), who acloJ•tt'd a distrdizcd Fourier representation of the body 
rnot,ion, am! found that, hi~ solutions exi!lt only for n. sr.t of <,igenvalucll. ITow­
CVl'r, it is found in the prr.HtHlt 11tutly that t.his optimum t~hapc proulem is 
bnsicully not n.n cigenvulue pruhlcm, and t.hcn:furo merits n new discussion. 
On physien.l grounds, it would be indeed rlinlcult; to ~;ec !,he signifieancc of tho 
irlm~ that tlw shape funl!l.ion ean ha.ve eigcnsnlut.ions. 

In this part we Hhall consi1l•:1· t.lw optimum slmpt) prul•lem only for tho c::so 
of t.wo-dimcnsimuLI llcxiblc plate, of negligible f.hidulcss, in har10onic motion. 
(Some tlu·ec-dimeH"iona.l problcmR will he treat.cd in part 3 of this paper.) 
The two·Ilimcnsionnl theory is reelwm:~l to lmve u!.ility in pruhlems uf lifting 
surfa<:es of lnrge MJ!Cct·ratio, such ns the tails of somt: cntaceans am! high­
pcrform;mc:e gnmc fi~h (t.hr. lunatt: t.nik swordfish, tuan, nlh:teorc, porpoises, 
etc.), and even t.ho wingH of most l1ir<b and some insects. The optimum shn.pc 
problem is concerned wit.h those profile~ or movcmcnt.s that wi ll minimize t.he 
energy lo!!s under the condit.ion or fin~d thrust, (rccptircd to ovl'remne t,J.e viseous 
llrng), n.nd possibly nl~o muler ot.hcr isopcrimetric constraint.s. FirHt., I ltc optimum 
movement of a rigid plate is determined by reducing t.lw origin:ll singular 
problem t,o a rr.gulnr one of IL lower rnnlt. Thi~ optimum solut.ion i,., fmm1l to 
<kpcntl on two vn.riubles: one being Lhu retlucml fr<:<JIWIICY nnd the other u 
'proportional-loading puramcter ', defined ns the prescribed thru:;t cocllicient 
dividc:d uy tho dimmsionlcss heaving amplitude squu.rc'l. For given loading 
parn.mcter, n. fn.vouraLle range of the reduced frequency is found in which tho 
t.hnrst contribution coming from t.ho leading edge suction is ns :unall 11s possible 
umler the prr.scrillcd conditions. This consideration seeml:l to provide Ute 
optimum rnngo of the reduced frequency utilized in practice. 

Tlwsc theordi1:al result.s 11ru further applir•d to pr.,diet the movement of n. 
pnrpoi);r. tail, lltll! l'nmpnri,mns made wit.h the cxperimeut:d invcst.igntion of 
Lang & Dnybdl (I !IG:l). All a rdnted proLII:m of int<'rcst, the optimum movement 
of n 01~pping wing of wmc hircls or flatfish is discus.<;cd qualitatively. 

The gcncml problem of uptimum slmpe of a ilcxiulc sul'fa<:o having 1m infinite 
degree of freedom is fin;~lly analysed and discu:;srd. It, is found that the solution 
can be determined t,o a certain extent, and, with the :uldition:d degrecsoffreedom, 
the optimum effi<:i<lncy can be further improved from the rigid-plato value, hut 
the exact shape is not 1miqHcly determinate. 
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Hydromechanics of swimming propulsion. 
Part 3. Swimming and optimum movements of 

slender fish with side fins 
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This paper seeks to evaluate the swimming flow around a typical slender fish 
whose transverse cross-section to the re1tr of its maximum span section is of 
a lenticular shape with pointed edges, such as those of spiny fins, so that theso 
side edges are llhn.rp trailing edges, frorr which lm oscillating vortex sheet is 
shed to trail the body in swimming. The additional feature of shedding of 
vortex sheet mn.kes this problem a moderate gcncmlization of tho paper on tho 
swimming of slender fish treated by Lighthill ( 1 !>GOa). It is found here that tho 
propulsive thrust depends not only on the virtual mass of the tail-end section, 
Lut also on an integral effect of variations of the virtual mass along tho entire 
body segment containing the trailing side edges, and th:tt this latter effect can 
greatly enhance the thrust-making. 

The optimum shape problem considered here is to determine the trnnsvcrnc 
o~cillatory movements a slender fish cnn mu.kc \vhich will produce o. prescribed 
thrust, so as to overcome the frictionn.l drag, o.t the expense of tho minimum 
work done in maintaining the motion. The solution is for tho fish to send a 
wave down its body at a phn.se velocity c somewhat greater than the desired 
swimming speed U, with o.n umplitude nearly tmiforrn from the maximum !ipn.n 
section to the tail. Doth the ratio Ujc and the optimum efficiency arc found to 
depend upon two parameters: Lhe reduced wave frequency and~~ 'proportional­
loading parameter', the latter being proportiono.l to the thrust coefficient and 
to the inverse squo.ro of the wo.ve amplitude. The basic mechanism of swimming 
is examined in the light of the principle of action and reaction by studying the 
vortex wake gcncrntcd by the optimum movement. 

1. Introduction 

Lighthill ( 1960a) invc~t.igatcd the inviscid flow around a ~lendr.r fish which 
makes swimming movements in t~ direction transverse to it!l direction of loco­
motion, while it.~ cross-section varies along it only gmdually. llascd on the 
slend~r-body theory, Lighthill obtained the result of thrust produced by the 
fi~h, Ltmc-ro.tc of work done by it, n.ntl the rate of shedding of energy, ~;howing 
thn.t the mean values of these quantities all depend on the movement nnd body 
shape at the tail-end section only, o.nd that they will vanish with the virtual 
mass of the tail. What has primn.rily be<>n implied here is tha.t t.hc body cro~s-
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section varies so gradually, and it!i shape is so smooth (no sharp edges), that 
the cross-flow remains attached to body, leaving no vortex sheet until the tail­
end section is reached. This situation may represent, quite accurately, several 
wide classes of aquatic o.nimals, such as the eel Anguilla vulgaris, eel-like fishes 

. of the order Heteromi, ribbon fishes of tho order Allotriogno.thi, members of 
tho order Anaco.nthini like cod and similar fishes, o.s have been discussed in an 
interesting review article by Lighth.ill {I969). 

There exist, however, other cla.sses of fishes of more ndvnnced orders which 
are known n.s strong, activo swimmers, capable of putting on impressive per­
formances. This group of fish orders contains members of the order Isospondyli 
(such as salmon, trout, etc.) and those of the large order Ostariophysi, to which 
belong most of the successful freshwater fishes. As o.n indicative measure of the 
over-all performance, the swimming speed U is usually expressed by biologists 
in units ofbody-lcngthfscc, or n = Ufl. For instance, pike (E3ox luciw), salmon 
(Salmo salar), trout (Salmo gairdneri), dace (Lwci3W3 leuciscu.s), and herring 
(Clupea harengu.s) have been observed to range from n = 6/sec to I2fsec (see 
Hertel I963, chap. G; Gray I96S, chap. 3). Speeds considerably greater than 
I 0/sec, as high as 20/scc, ha vc also been recorded by W nl tcrs &; Ficrstcino (I 964) 
for tunny (Thunnu.s albacores) and wahoo in open water. By and large, the 
slenderness parnmc·~er, 8, defmcd d.3 the ratio of maximum depth (or height, or 
called span as in the wing theory) to body length, of this general group of fishes 
is moderate to small (about from 0·4 down to O·IS based on body depth including 
dorsal and ventrnl fins extended, the smallest o being rcprcsentcd by the fast­
swimming Pacific saury, Cololabi3 saira). Their thickness in the third dimension 
is yet smaller tho.n their span; the ratio of minor to major axis of cross-section 
of some slightly compressed species may be a.'> much ns O·G all t he way back to 
the caudal peduncle (point of minimum depth). As a general feature, the trans­
verse cross-sections of these fishes have rather rounded ·edges anterior to the 
section of maximum depth, turning to a more or less lenticular shape with 
fairly pointed edges to tho rear part of body in which may be found a great 
variety of dorso.l, ventral, pectoral, anal, o.ml po!isibly other smaller fms, to be 
followed by tho caudal fin. 

As for the detailed fmsha.pes and locations, there n.re perhaps n.s many different 
configurations as the number of species. However, as o. crude classification, the 
dorsal and ventral fins may be arranged for hydromcchan.ical reasons into two 
main types: the elongo.tcd 'ribbon fin' and the triangular or trape:r.oidal 'sail­
shaped fm '. Some pre-eminent families of fast fishes equipped with conspicuous 
ribbon-fin." nrc dolphin fish Coryphaena hipptzrtt:.,, which has a dorsal ribbon·fin 
nil the way from hcnd to caudal peduncle and a shorter ventro-anal one, yellow­
tail Seriola quinqueradiala, atka mackerel P lwrogrammU3 a::onus, porgies and 
breams (e.g. Pagru.' major, Dcntex tumifrcnt3). Examples of fo.st fishes having 
sail-shaped dor::1al and ventral fins arc mullet Muyil cephaltl.8, which is very fn.st 
and migrntcs widely, b1~rmcud1~ Sphyraena pingtzi3, trout, salmon, and herring. 
Also, many families of fishes have both types of fins, notably bluefin tuna 
Thunnu.s lhym,u.s, skipjack, o.nd some mackerels. Furthermore, several fishes 
(wahoo, tnnn., skipjaclc, mackerel and snury) have behind the mn.in fins n. series 
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This paper attempts to apply the principle o! control theory to investigate the 

possibility o{ extracting !low energy from a fluid medium by a !lexible hycro!oil 

moving through a gravity wave in water, or by an airfoil in gust. The present 

optimizfl.tion consideration has led to the finding that although the flexible hydrofoil 

may have an infinite number o! degrees o! freedom, the optimum shape ;lroblem ia 

nevertheless a finite -dimensional one. The optimum shape sought here h the one 

which minimize • the required power subject to the constraint of fixed thrust. A 

primary step towards the solution is to reduce the problem to one of minimizing a 

finite quadratic form; after this reduction the solution is determined by the method 

o! varia.tlonal calculation of parameters, It is !ound that energy extraction il 

impossible i! the incident !low ia uni!orm, and may be possible when the primary 

flow contains a wave component having a longitudinal distribution of the velocity 

component normal to both the mean direction o! !light and the wing span , Ylhen 

auch wavea o{ au!Ciciently larg;e amplitude are present,, not only !low energy but 

also a net mechanical power can be extracted !rom the aurrounding; !low, 

• Thll paper includes further extension to that which wao originally preaented at 

the Symposium, 

Lecture Notes in Physics 21. Optimization and Stability Problems 
in Continuum Mech~nics. Edited by P. K. C. Wang. Springer­
Verlag,. Berlin/New York (1973 ). 
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I. Introduction 

Some previous observations on !Ish swimming and bird !light seem to suggest 

that some species m;~y have learned, through experience, to ~cquire the key to 

high performance by executing the optimum movement that may be of great int~relt 

to control theory related to !luid mechanics. An especially intriguing aspect o( 

the optimization problem concerns with the possibility of extracting energy fro~ 

surrounding flow by an oacillating lifting surface ( such :u the !ish body and !ins, 

bird wings . and artificial wings like airfoil and hydro! oil ) and Its a .. ociated 

e!!ect on the control of mot ion. 

This general problem has been explored to various degrees of generality. 

Based on the approximation of potential !low with small amplitude , i t has beer: 

!oundby Ughthill (1960)!or slender bodies, and by Wu (l96l)!or two -dimension;~! 

plates , that if the basic flow is uniform, energy i s alway • imparted by an oscillat­

ing wing to the surrounding fluid, and an extraneous mechanical work must there­

fore be continuously supplied to maintain the motion. Even though it i s imponible 

In this case to extract energy !rom the !low field , the highest poss ib l e hydro• 

mechanical efficiency that can be attained by a wing, subject to de liv ering a given 

forward thrust, can be very high, as found by Wu ( 1971 b, c) !or the two-dimen­

sional plate a.nd a slender lifting surface. 

As was subsequently pointed out by Wu (1972 ), the situation becomes drastical­

ly di!!erent when the basic flow Is no longer uniform, but contains a wave compo• 

nent,such as gravity waves in water, or wavy gust in :~ir. The conten tion that the 

wave energy stored in a fluid medium can be utilized to assist propuls ion has been 

suggeLted by intuitive observations. Sea gulls a nd pelicana have been observed 

to skiM ocean wavea over a long dlatance without making noticeable Clapping 

motions (save some gentle twhting) o! their wings, In an extensive study o£ the 

migrating salmon, Osborne (1960) found that the increased !low rate in a swollen 

river did not slow the salmon down (!or known biochemical energy expended during 

the travel) by that much a margin as would be predicted by the law o! resistance 

in proportion to the square o! their velocity relative to the !lowing water. Several 

possible explanations were c.onjectured by Osborne, including the prospect that 

the !lo·.v energy :llaoc!ated with the eddies In river could be converted to generate 

thrust, To explore th i s possibility Wu (1972) introduced an energ y consideration 

to an ear ll e r study o! Weinblwn (1954) on the problem of heaving and pltchinc 

o{ a rigid hydro!oilln regular water waves, It waa found that the greatest 

possible rate o! energy extraction ls provided by the optimum modo oC heaving 

nnd pitching. Ylhen wave• o! au!!lc:lently large amplitude are preaent, not only 

Clow energy but t.ho a net mechanical power can be extracted (rom the wave 

lleld, 
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A BIDIRECTIOJ\AL LO:\"G-WA\'E rvlODEL 

Theodore Yao-tsu Wu 

ABSTRACT. For modeling weakly nonlinear and weakly dispersive long gravity 
waves of typical amplitude a and typical length .>., propagating in both direc­
tions in a straight, gradually varying channel of breath b(x) and mean water 
depth h(x), the Boussinesq equations provide a versatile model, with its valid­
ity based on the assumptions that o = a/h « 1, e ::: (h/>-)2 = O(o) and 
(d/dx) log(bh 112 ) = O(e312 ) . On this same basis, a new bidirectional long­
wave model is derived to evaluate the cross-sectional mean surface elevation 
((x, t) ::: (+ + (- + (t, where (+ and (- denote, respectively, right-going and 
left-going waves, both of O(e). and (t is a term of O(e2 ) representing the interac­
tion between(+ and(- · The evolution equations obtained for(+ and(- exhibit 
extensions of the Korteweg-de Vries equation to comprise the additional effects of 
slow variations in the admittance, (bh 112 ), of varying channels on evolving wa,·es. 
Main features of this model include: (i) For wave-and-channel-wall interactions, 
this model accounts for reflection 3.nd transmission of long waves in varying chan­
nels while maintaining both mass and energy conserved adiabatically. (ii) For 
wave-wave interactions, head-on collisions between right- and left-going solitary 
waves are shown to gain a total phase shift which is an algebraic function of the 
amplitudes of the colliding waves. (iii) For forced generation of nonlinear waves 
in varying channels, this model admits weakly resonant disturbances with both 
right-going and left-going components. 

1. Introduction 

The general subject of nonlinear and dispersive waves evolving in non-uniform media 
has been of strong interest and active development, the thrust being motivated by 
at tempts for the ultimate generality. For nonlinear long gravity waves, of typical 
amplitude a and length ..\, propagating in a straight , gradually varying channel of 
breadth b(x) and cross-sectional mean-water-depth h(x ), the various models of the 
Boussinesq family are based on the assumptions that 

a= a/h « 1, E = (h/ ..\)2 = O(a), (d/dx ) log(b ht) = O(t312
), (1) 

(see, e.g. Peregrine [12]; Whitham [22]; Miles [9. 10, 11]: \Vu [19, 20, 21]). The models 
in this class have been found by Teng and \Vu [17, 18] to be in broad agreement with 
existing experiment. 

Along a different approach, the additional assumption of unidirectional wave motion 
in \·arying channels has been applied to derive the Korteweg- de Vries (KdV) rlass of 
equations by Shuto [15], }.files [11], Teng and Wu [17, 18] and others. Similarly, 
variable-depth form of the Kadomtse\·-Pet\'iash\'ili (K-P) equation has been gi\'en by 
Liu et al. ['i]. \\.hilst Shuto's equation and similar models are known to be adiabatic 
in conserving energy, they ha\·e, hmve\'er, a crucial deficiency in not conserving mass, 
with an error which is first order and has a cumulati\·e effect. This effect has been 

ReceiYed October 12, 1993, revised 1\ovember 24, 1993 . 
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NUWC Division Newport 

SEMINAR NOTICE 

CONTROL OF THE TURBULENT 
BOUNDARY LAYER 

Professor John L. Lumley 

CORNELL UNIVERSITY 

The construction of the low-dimensional models of Aubrey et 
al. is briefly outlined. Motivated by a desire to control the turbulent 
boundary layer via feedback. we examine the effect on a naturally 
occurring streamwise vortex pair, of a perturbing pair produced by 
an actuator. We show how the resulting velocity field modifies 
coefficients in the above low-dimensional models and sketch a 
control strategy which reduces the bursting rate and hence the 
turbulent drag in the model problem. 

* * 
Thursday, the 9th June 1994 

NOTE NEW VENUE: Conference Room, Bldg. 
Time: 10:30 AM 

1171 * * 

POC: Dr. Promode R. Bandyopadhyay (Code: 8233; Bldg. l08/2nd) NPT x2588 
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The seminar by Professor Lumley was canceled at the last minute due to 
the sudden illness of his wife. 

1.4-4 



Part 2: 

Theoretical Turbulence 



2.1 Vortex Interactions with Wall 

J. David Walker 
Lehigh University 
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NUWC Division Newport 

SEMINAR NOTICE 

VORTEX INTERACTIONS WITH WALLS 

Professor J. D. A. Walker 

LEHIGH UNIVERSITY 
Bethlehem, PA 

Situations where an effectively irrotational freestream contains 
re~ions of concentrated vorticity are common in external aerodynamics. 
Vortices may arise as a consequence of sheddin~ from some upstream 
surface (e. ~· dynamic stall) or near certain three-dimensional 
boundary geometries which act to promote vortex formation. Geometry­
induced creation can occur in any situation where a flow alon~ a wall 
approaches a surface-mounted obstacle, such as at wing/body junctions 
and near computer chips mounted on electrical circuit boards. Similar 
geometries are encountered in a variety of internal flows, such as 
branchin~ pipes, and in turbine and compressor passages. The cited 
examples involve macroscopic large-scale motions, but important vortex 
motions are also prevalent at much smaller scale. Concentrated small 
vortices of the hairpin type are known to be an important influence in 
a boundary layer under~oing transition and appear to be the dominant 
feature in the production of turbul e nce near solid surfaces. 

In this presentation, recent experimental and theoretical work on 
the influence of vortex motion close to a solid surface will be discussed, 
with particular reference to the dynamics of turbulent boundary layers. 
When the flow is at high Reynolds numbers, boundary layers near a 
surface are found to respond in a generic way to the motion of the 
vortices above; in this process an abrupt and sharpl y focused eruption 
of the near-wall fluid invariably develops. Such an event may he 
characterized as an unsteady separation of the surface layer; it leads to 
a stron~ viscous-inviscid interaction with the external flow and 
culminates in the violent ejection of concentrated near-wall vorticity 
away from the surface. Generally, it is not possible to calculate the 
evolution of these ejections at high Reynolds number using 
conventional numerical approaches. Recent progress utilizing 
La~ran~ian methods will be discussed. 

Thursday, the 14th April 1994 
* * NOTE NEW VENUE: Conference Room, Bldg. 1171 * * 

Time: 10:30 AM 

POC: Dr. Pro modc R. Bandyopadhyay (Code : 8233 : Bldg. 108/2) NPT x2588 
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VORTEX INTERACTIONS WITH WALLS AND 

DYNAMICS OF TURBULENT BOUNDARY LAYERS 

J.D. A. WALKER 
DEPARTMENT OF MECHANICAL 
ENGINEERING AND MECHANICS 

LEHIGH UNIVERSITY 
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SOME APPLICATIONS 

1. VORTICES CREATED FROM SHREDDING FROM AN UPSTREAM SURF ACE .. 

• AIRCRAFT TRAILING VORTICES 

• DYNAMIC STALL ON AIRFOILS AND HELICOPTER BLADES 

• TURBINES 

2. GEOMETRY-INDUCED VORTEX CREATION 

• WING/BODY INTERSECTIONS 

• END-WALL BOUNDARY LAYERS IN TURBINES 

• COMPONENTS ON CIRCUIT BOARDS 

3. TURBULENCE AND TRANSITION 
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TURBULENT BOUNDARY LAYERS 

OBJECTIVES 

1. DETERMINE CAUSE AND EFFECT RELATIONSHIPS 

• RELATION OF FLOW STRUCTURE TO OBSERVED EVENTS 
(PRIMARILY NEAR THE SURF ACE) 

• ORIGIN OF THE "LOW-SPEED" STREAKS 

• CAUSE OF WALL-LAYER BURSTING 
(LOCAL WALL LAYER BREAKDOWN, INTERACTION) 

2. ESTABLISH DYNAMICAL PICTURE 

• CONTROL ISSUES? 

APPROACH 

• UNDERSTAND RELEVANT BASIC PHYSICAL PROCESSES 

• IDENTIFY MOST BASIC ELEMENT OF TURBULENCE NEAR A SURF ACE 

• ANALYSIS IS ASYMPTOTIC FOR LARGE RE 
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(a) Symmetric 

HAIRPIN VORTEX 

UNDERSTAND INTERACTIONS WITH 

(I) THE SURF ACE FLOW 

(2) THE BACKGROUND SHEAR FLOW 

(3) EACH OTHER 

(b) Asymmetric 

THEN IT IS POSSIBLE TO INTERPRET OBSERVED BEHAVIOR IN TRANSITION 
AND THE TURBULENT WALL LAYER 
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TURBULENT BOUNDARY LAYERS 

OBJECTIVES 

1. DETERMINE CAUSE AND EFFECT RELATIONSHIPS 

• RELATION OF FLOW STRUCTURE TO OBSERVED EVENTS 
(PRIMARILY NEAR THE SURF ACE) 

• ORIGIN OF THE "LOW-SPEED" STREAKS 

• CAUSE OF WALL-LAYER BURSTING 
(LOCAL WALL LAYER BREAKDOWN, INTERACTION) 

2. ESTABLISH DYNAMICAL PICTURE 

• CONTROL ISSUES? 

APPROACH 

• UNDERSTAND RELEVANT BASIC PHYSICAL PROCESSES 

• IDENTIFY MOST BASIC ELEMENT OF TURBULENCE NEAR A SURF ACE 

• ANALYSIS IS ASYMPTOTIC FOR LARGE RE 
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(a) Synrmetric 

HAIRPIN VORTEX 

UNDERSTAND INTERACTIONS WITH 

( 1) THE SURF ACE FLOW 

(2) THE BACKGROUND SHEAR FLOW 

(3) EACH OTHER 

(b) Asymmetric 

THEN IT IS POSSIBLE TO INTERPRET OBSERVED BEHAVIOR IN TRANSITION 
AND THE TURBULENT WALL LAYER. 

2.1-11 



REGENERATION 

• THE PRODUCTION OF NEW TURBULENCE 

• RELEVANT EVENTS IN TRANSITION AND TURBULENT BOUNDARY 
LAYERS ARE UNSTEADY SEPARATION OF THE SURF ACE LAYER 

VORTEX MOTION PROVOKES SURFACE LAYER ERUPTIONS => NEW 
HAIRPIN VORTICES 

BENEFITS 

1. MEAN-FLOW PREDICTION (WALL LAYER) 

ATTACHED FLOW ON EXTENDED SURFACES 

=> ALGORITHMS FOR (A) HEAT TRANSFER 

2. CONTROL 

(B) SUPERSONIC BOUNDARY LAYERS 
(C) 3-D BOUNDARY LAYERS 

• ENHANCEMENT (HEAT TRANSFE~ MIXING) 

• SUPPRESSION (DRAG AND NOISE REDUCTION) 
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SUMMARY 

1. GENERIC ERUPTIVE PHENOMENON 
(VORTEX-INDUCED SURF ACE-LAYER ERUPTIONS) 

=> VORTICITY CONCENTRATIONS NEAR SURF ACE 

=> AN ABRUPT, DISCRETE ERUPTION 

2. VORTICITY FIELD ABOVE THE SURFACE 

=> GROWTH TO LARGER SCALE 

3. WALL-LAYER STREAKS 

4. REGENERATION OF HAIRPIN VORTICES NEAR THE SURF ACE 
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VORTEX INTERACTIONS WITH WALLS 

• ALL VORTICES NEAR A SURFACE INDUCE AN ADVERSE 
PRESSURE GRADIENT IN THE NEAR-WALL FLOW 

• AT HIGH RE, TillS PROVOKES SEPARATION OF THE SURFACE 
LAYER 

=> A GENERIC EVENT IN TWO (OR THREE) DIMENSIONS 

VORTICITY NEAR THE SURFACE IS ABRUPTLY COMPRESSED 
ALONG A NARROW STREAMWISE BAND AND LEAVES THE SURFACE 
IN A SHARPLY-FOCUSED SPIKE (DOUBLE-SIDED SHEAR LAYER) 

=> A VISCOUS-INVISCID INTERACTION IN WHICH "PARCELS" OF 
VORTICITY ARE EJECTED INTO THE EXTERNAL FLOW 
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General Sequence of Events 

Stage 1- Triggering Phase 

An adverse pressure gradient leads to the evolution of 
recirculation in surface flow (1st MRS condition) 

=* zero vorticity line (2-D) 
zero vorticity surface (3-D) 

inviscid .,... .,.,.,. -- --------------

.... - .., --

Stage 2 - Separation 

""" . 
VISCOUS 

Non-interactive 

Focussing and concentration of surface layer vorticity 

=* outward moving spike 

I 
I ,. 

I I 
\ ----------------

developing narrow-band 
eruption (localized) 

2.1-15 

Onset of Interaction 

• sharp local 
pressure changes 



Stage 3 - Strong Interaction 

Double-sided vorticity layer leaves the surface; a window 
opens in boundary layer 

Stage 4 - lnviscid Interaction 

Roll-Up 

-----

Last three stages involve moving 
fronts of concentrated vorticity 
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2(c) 

Figure 2. 

cross-vortex plane 

.I 
core 

Instantaneous flow induced by a vortex near a wall in a frame of reference 
moving with the vortex core and in the cross-vortex plane: (a) instantaneous 
streamline patterns ( ... possible spiral motion), (b) flow speed, pressure, and 
pressure gradient induced near the surface, (c) the cross-vortex plane. 
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(a) The evolution of recirculation 
near the surface 

(b) Eddy growth 

____________ .,. 

s 
.. 7 

(c) Focussing and compression; solid lines denote the 
equi-vorticity contours in the surface layer; arrows 
indicate compression of the erupting spike 

Figure 3. Schematic diagram of the stages in the separation of a 

~:Wm~&~na:7• layer (not W scale). 

2.1-19 

) 



4 

y 

3 

t:. ().g.~ 2 

0 
-5 4 -3 -2 -I o: 2 3 4 5 

.X 

5 
(b) 

4 

y 

3 

t = 0. 'fS" 2 

0 
-5 -4 -3 -2 -I 0 2 3 4 5 

X 

5 
(d) 

4 

y 

t:. o.q 8, 3 

2 

2.1-20 



6----------------~-----------------, 

5 

t = 0.989 
4 

8* 

3 

2 

oL---~--~--~--_.--------~--~2--~3--~4--~5 
-5 -4 -3 -2 -1 0 

X 

FIGURE 4. Temporal development of the displacement thickness; plotted curves 
are at t = 0.25 (0.10) 0.95 and t5 = 0.989. 

(a) 

O(t,-t)-1 

II 

(b) y 

Fl:GCRE 5. Schematic of boundary·layer structure near a point of eruption. (a) Structure near 
x, (not to scale); (6) a typical velocity profile near x x, (for a stationary wall). 
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FIGURE 6. Evolution of the constant-vorticity contours. (a) t = 0.45; (b) t 0.75; (c) t = 0.95. 

2.1-22 



(c) 

(e) 

(d) 

(f) 

lateral motion of 
streamwise vortices 

(b) 

A temporal sequence of end-view photographs illustrating 
streamwise necklace vortex legs and associated surface eruptions 

Figure 5. End-view of necklace vortex legs and induced surface eruptions. 

,_ 
Q) 

'"0 c 
>. 
(.) 

Visualization using hydrogen bubbles and light-sheet illumination. 
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hairpin 
vortex 

streamwise 
vortex 

a) End-view, light-sheet photograph showing the breakdown of an eruptive 
spire (low-speed ridge) induced by a streamwise necklace vortex leg. 

train of asymmetric vie# 
hairpin vortices / 

~{( 
cylinder 

~treamwise 
necklace 

vortex legs 

Figure 20. 

" low-speed, 
eruptive ridge 

b) Schematic illustrating the general breakdown 
process for the low-speed, eruptive ridge. 

Characteristics of the breakdown of the eruptive spires induced by 
streamwise necklace vortex legs. 
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(a) 

Trailing 
Leg 

(b) (c) 

Figure 6. Evolution of a symmetric hairpin vortex in a shear flow. 
(a) initial distortion, (b) development of vortex legs and head, 
(c) evolution of subsidiary vortices and penetration toward the 
surface. 
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-2.0 

Figure 8. 

-1.0 0.0 

z 
1.0 2.0 

Evolution of a small "step" in a two-dimensional vortex convected in a 
uniform shear flow: (a) top view, (b) side view, (c) end view; E. = 0.00267, 
440 time steps with ~t = 0.034. The Torlex position is plotted every 40 
time steos. 
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(b) 

(c) 
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Initial vortex position 
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Figure 9 . . Evolution of an asymmetric hairpin for a reduced levd of uniform shear: (a) 
top view, (b) side view, (c) end view; f. = 0.00134, 640 time steps with 
At - 0.0067. The vortex position is nlotted eyerv 40 time •tens 
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(a) 

(b) 

(c) 

8 -

8 -
+ 0 
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Figure 10. Evolution of an asymmetric hairpin vortex in a tuxbulent mean profile: (a) 
top view, (b) side view, (c) end view; E = 0.0013, 400 time steps with 
~t = 0.016. The vortex position is plotted every 40 time steps. 
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Figure 11. Evolution of an asymmetric hairpin vortex in a turbulent mean profile: (a) 
top view, (b) side view, (c) end view; l = 0.0025, 380 time steps with 
At - 0 016 The vortex nasit.ian is nJatted everv 38 time stens 
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Initial vortex 
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Figure 12. Evolution of multiple hairpin vortices in a uniform shear: (a) top view, (b) 
side view, (c) end view; all three coordinates are plotted on the same scale. 
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Figure 13. Evolution of three vortices in a turbulent mean profile: (a) top view, (b) 
side vi~, (c) end view; E = 0.0013, vortices shown after 120 and 240 time 
steps_wtth _~t = 0.016. 
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...... 
I w 
w 

SUBCRITICAL 
LAMINAR FLOW 

SINGLE HAIRPIN 
VORTEX GENERATION 

MICRO· 
COMPUTER 

INJECTION 

TEST SECTION 

ONE-WAY/ 
CHECK VALVES 

LINEAR ACTUATOR 

CONSTANT LEVEL 
DYE/WATER 
RESERVOIR 

CALIBRATED 
INJECTION 

PI PETIE 
(SYRINGE) 

Figure 14. Experimental system for generating single hairpin vortices using controlled injection 
through a narrow streamwise slot into a suboriticallaminar boundary layer. 



-LEGS - PLAN-VIEW 
FLOW ...... 

HEAD 

SIDE-VIEW 

(a) 

Head 

Leg 

Injection Slot 

(b) 

Figure 15. illustration of experimental generation of a single hairpin vortex by 
surface injection using system shown in figure 14. (a) Dual-view picture 
of dye-marked single hairpin vortex. (b) Isometric schematic of single 
hairpin after generation. 
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N ... 
I 
w 
01 

BW 

(b) (c) (d) 

(a') (b') (c') (d') 

Figure 17. Dual-level, plan-view visualization of hydrogen bubble patterns generated by left-to-right 
passage of developing hairpin vortex (c.f. figure 16). BW denotes the position of the bubble wire, 
P the location of an initial "pocket" formation (Falco, 1991), L the location of the vortex legs, S 
the evolution of secondary hairpin vortices (see §5), and CL the plane of symmetry. Bubbles are 
generated at y/8=0.4 for upper row visualizations, and y/8=0.1 for lower row visualizations. 



view 

deformation of time lines 
indicating low-speed streak 

flow 

1 
streamwise vortex leg 

Plan-view photograph showing a streamwise necklace vortex 
leg (visualized by upstream hydrogen bubble wire) interacting 
with surface fluid (visualized by bubble wire near surface) to 

create low-speed streak at surface. 

Figure 18 Plan-view of necklace vortex leg interaction to create low-speed streak 
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Trailing Low-Speed 
Streak Regions 

Primary Hairpin 

Trailing Low-Speed 
Streak Region 

Trailing Low-Speed 
Streak Region 

(a) Symmetric case with 
wide separation oflegs 

(b) Symmetric case with legs 
closer together; the two 
streaks merge 

(c) Asymmetric case 

Figure 19. Schematic diagram of the processes whereby moving hairpin vortices 
induce low-speed streaks. 
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Surface 
Layer 

(a) Symmetric hairpin legs 

Focussed Eruptive 0 
Growth 

(b) Asymmetric hairpin legs 

Figure 21. Schematic diagram oflocation of vortex-induced separation of the 
surface layer for symmetric and asymmetric hairpin vortex legs. 
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b) Rapid Outward Movement of the Erupting 
Ridge Which Contains Concentrated Vorticity. 
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c) The Erupting Sheet Starts to Roll 
Over 
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d) Partial Roll-over Reached 
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e) Complete Generation of 
Secondary Hairpin Vortices 
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A HPH 

a) t=O.O Sec. b) 

B 

d) t=0.33 e) 
c 

c 
g) t=0.58 h) 

FLOW.,..,. 

B 

t=0.166 

t=0.416 

c 

c 
t=0.666 

c) t=0.25 

Ll 

0 
L2 

i) f 1=0.833 

Undisturbed Flow 

figure 23. Plan-view hydrogen bubble wire visualization sequence illustrEJting the development of 
secondary vortices near the surface as a primary hairpin vortex passes a fixed streamwise 
location. HBW denotes the position of the hydrogen bubble wire, HPH is the location ofhead 
of primary vortex, A the location of the trailing legs of primary vortex, B the development of 
a secondary vortex behind head of primary, C the development of secondary vortices 
adjacent to the legs of the primary vortex, and Ll,L2 the legs nearest the symmetry plane for 
the secondary vortices indicated by C. 
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a) The Onset oflnteraction -- Sharp, Crescent-shaped 
Ridge Develops in the Surface Flow Where the 
Induced Pressure Gradient Near the SurtLce is Adverse. 

b) Rapid Outward Movement of the Erupting 
Ridge Which Contains Conceptrated Vorticity. 

c) The Erupting Sheet Starts to Roll 
Over 

d) Partial Roll-over Reached 

e) Complete Generation of 
Secondary Hairpin Vortex 

Figure 24. The generation of secondary vortex via surface interaction for an asymmetric hairpin vortex 
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Hydrogen 
Bubble 
Sheet 

Laser 
Light 
Sheet 

Light Sheet 
Illumination of Bubble 

heet Cross-Section 

Figure 25. Schematic diagram oflaser sheet visualization technique employed 
to visualize eruptive events in a turbulent boundary layer. 
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N 

(a) tip penetration, y+=92 (b) tip penetration, y+=1 05 

Figure 26. End-view visualization, using a horizontal hydrogen bubble wire and laser light-sheet 
illumination (see figure 25), showing eruptive spires emanating from near-wall region of a 
turbulent boundary layer (Ree::::ll50). Lateral field of view"" 250 wall units, wire located y+ =7 
from surface, and x+ ,. 150 upstream of light sheet. Compare with eruptions induced by 
streamwise vortex as shown in figure 5. 



2.2 Synthetic Turbulence 

Katepalli R. Sreenivasan 
Yale University 

2.2-1/2.2-2 
Reverse Blank ~ 



NUWC Division Newport 

SEMINAR NOTICE 

SYNTHETIC TURBULENCE 
Professor K. R. Sreenivasan 

YALE UNIVERSITY 

We discuss schemes for generating stochastic signals that 
possess many properties of high-Reynolds-number turbulence. The 
use of such signals, designated "synthetic turbulence", in providing 
initial conditions for direct numerical simulations and tn the 
development of turbulence models will be discussed briefly. 

Thursday, the 12th May 1994 
* * NOTE NEW VENUE: Conference Room, Bldg. 1171 * * 

Time: 10:30 AM 

POC: Dr. Promodc R. Bandyopadhyay (Code: 8233; Bldg. 108/2) NPT x2588 
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SYNTHETIC TURBULENCE 

References 

"Synthetic turbulence" by A. Juneja, D.P. Lathrop, K.R. 
Sreenivasan and G. Stolovitzky, Phys. Rev. E. May 1994 

"A scheme for generating initial fields for the direct 
numerical simulation of box-turbulence", by A. Juneja, G. 
Erlebacher, and K.R. Sreenivasan, preprint, April 1994 

Synthetic turbulence (ST) =turbulence-like stochastic 
signals constructed from some simple rational "rules" 

Among other things: ST has the same energy spectrum, dissipation 
rate, single-point PDFs for velocities and velocity increments, 
intermittency characteristics, structure functions up to · some high 
order, fractal dimension, etc. as high-Reynolds-number turbulence 

Two practical goals 

Construct ST to provide efficient intial conditions for DNS 

Obtain subgrid-scale viscosity and a few other modeling 
constants (e.g., Kolmogorov constant, turbulent Prandtl 
number, some constants in the K-e model) 

1~~-T~IS IS POSSIBLE, THE "RULES" MAY. BE .THOUGHT-I 

i...=--- .. T~ .. ~ONTAI~_!_!!~!_IGHT PHYSICS I 

FOCUS ON PRINCIPLES BY CONCENTRATING ON ONE-
DIMENSIONAL TRACE OF VELOCITY 
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Generally, initial conditions are chosen to: 
(a) Satisfy continuity equation 
(b) Possess the desired energy spectrum 
(in particular, kinetic energy and energy dissipation rate) 

Shortcomings 
a. For homogeneous and isotropic turbulence, the decay 
history is set largely by the initial state 

b. Slow convergence of high-order statistics and large-scale 
properties 

For 1283 box, random initial conditions take about 2500 
iterations for convergence 

(each step ta·king about 3 sec on Cray-YMP). 

cf: about 300 iterations if started with ST 
(comparison) 

c. Total vorticity increases initially before decaying 
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log <t> 

Non-universal and quasi-universal aspects 
(a schematic) 

source of 
turbulence_. 
seal · O(L) 

non-universal--~~- quasi-universal--------
L~r~e " s ""-.Ll " 

~ •---- inertial ___ ....-,. 
range 

~energy ~as_cad~ without 4 
d tsstpatton 

logf(or log k) 

vortex-stretching 

successive break-up of eddies 

NOTATION 
c.: energy dissipation rate per unit n1ass 

Er: average of E over a box of size r 

~ur = ~u(r) = u(x+r) - u(x) 
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dissipative 
range , 

le: 0(11) 

(to heat) 
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Multiplicative Process 

Basis for the multifractal behavior discussed in: C. Meneveau & 
K.R. Sreenivasan, J. Fluid Mech. 224, 429-484 (1991) 

=L<E> 

(L/2)EL/2 (L/4)EL/4 
------·------ . ---------·- .... -------- . ------

L<t> (L/2)EL/2 

• • ••• 

4re4r 2rE2r 

r!L=2-n 

Identically distributed independent random variables 

f 
Not 4111\+&, b.f ih infl"'"'e. is l.t"i5"~ 

K· R· s,..,".'".S•f\ & t:· stolo,,·+zlty 
:r. st.t. P~y•· ( i" P''"t 1 t«t11f.) 
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total 
measure= 1 

s 
c s 
A I 
L M 
E ~ 

A 
R 
I 

T 

M,,, Mz.1 

• 

I I f I I I I I I I I I I I I I I each piece = O(L) 

Y ttlflfllllllllhll•'"''llllllllllrllllilll•ltllltlttllllltuunrrlllllllltluuuu~ each piece= 0(11) 

get p(Mi,j) for each level j 
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choose 

p(M) = 0.58[M-M0 ] + 0.58[M-(l-M0 )] 

and determine M0 by requiring that 

<Mq>model =<Mq>exp (l) 

for some values of q. 

q = 0: normalization condition 

q = 1: distribution average= 0.5 

2 [ 2 2] q = 2: <M >model= 0.5 Mo + (1-Mo ) 

2 
Computing <M > exp from previous figure, 
we get, using (1), the result that 

M0 = 0.7 
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Figure 3: A comparison between r.noments computed from the measured 
multiplier distributions and those computed for the different models 
considered in the text. Experimental data were obtained from a record 
length of 810,000 data points. The convergence of moments was 
reasonable; for example, in the last half decad·e of the record length, the 
variations observed were smaller (in the lo·g scale) than the symbol size. 
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Step 1: Generate Er by a multiplicative model 

C. Meneveau and K.R. Sreenivasan, Phys. Rev. Lett. 59, 1424,1987 
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Step 2: Obtain Llur from Er using KRSH 
A.N. Kolmogorov, J. Fluid Mech., 12, 82 

Llur = V (rcr)l/3 

\ 
already discussed 

V is a stochastic variable independent of r and rEr and is 
hence 'universal' 

1. Is V indeed universal? 
Appears to be so. 

G. Stolovitzky, P. Kailasnath and K.R. Sreenivasan, Phys. Rev. Lett. 
69, 1178 (1992) 

A. Praskovsky, Phys. Fluids A, 4, 2589 (1992) 
S. Chen, 0. Doolen, R. Kraichnan and Z.-S. She, Phys. Fluids A, 5, 

458 (1993) 
I. Hosokawa, J. Phys. Soc. Japan, 62, 10 (1993) 
S. Grossmann and D. Lohse, Phys. Fluids A, 6, 611 (1994) 

2. Why is V universal, and what are its properties? 

G. Stolovitzky and K.R. Sreenivasan, Rev. Mod. Phys. 66, 229-240 (1994) 

True for all processes resembling "anti-persistent" fractional Brownian 
motion; "conditioning" weakens the connection to the specificity of the 

process 
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I step 

II step 

Step3 

The construction of the velocity signal 

Alt _________ ., ___ j1At c ""o+~\lf ... _ ~u1 - v, (rt,.)1 _ 

-~~ .1. 2 

(N CDIIIAL) 

n1ismatch at 1/2 

a= 1/2: random additive process 
( '-1 m\tl-f•'"t ~-~~l~ceMtllt 

For all a, can show that: "'•t"..l) 

fo ifp = 2m+1 
<(~ur)k>~ 

f~m ifp =2m 

Ne·ed "structure" somehow 

Tertiary cascades provide such a structure 
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!low did the large scale behavior appear? 

Simply by allowing several largest inertial-range 
scales to co-exist 

Why does this simple scheme "work"? 
fl--

Because of the existing balance between the large 
and small scales set by the right dissipation rate 

Would it work in other flows as well? 

Probably not - certainly not where the large and 
small scales are not in equilibrium 
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Synthetic Turbulence Model in 3-Dimensions 
Generating a divergence-free artificial velocity field 

Generate 3 scalar fields u', v' and w' 

Define uF == ( u', v', w 1
). 

uF can be decomposed as 

where 

~-u==O, 

This decomposition can be accomplished 
1n Fourier space according to 

k ~F 
~ ~F . U k 
U==U ·- , 

k2 

Transform 0 back to physical space to define 
a divergence-free artificial velocity field. 

E fft.ct of 'Projediol'\ ? 
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The Kolmogorov constant and the 
intermittency exponent 

<I> (k) = Ck<E> 
213

k -51\kLf~ 
u /' \ 

Kol mogorov constant Intermittency correction 

~u(r) = u(x+r)- u(x) 
known from analysis and construction 

can therefore obtain the quantity <1>u(k), thus ck and J.l 

Ck = (2/rt) f(l+s2) sin(~sL./2) 

=0.51 
(cf: best experimental estimate .... 0.5) 

~ = s2 -2/3 

= 0.027 
(cf: best experin1ental estin1ate 0.025+0.005) 

For the p-model, 
2/3 2/3 s2 =log2 { [0. 7 +0.3 ]/2} 
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1. Typical scale ratio 

Llll = Re
314 

2. Subgrid scale models for -----~-_,_~~­

large-eddy simulations 

a. Resolve only scales rand above 

b. Incorporate effects of unresolved 

scales as an effective viscosity 

c. Rewrite NS=O in terms of ur, and the 

additional terms as <Ve(r)>;ur 

3. Computation of <Ve(r)> 

a. Write <Ve(r)> =a <l~url> r 
1/3 

b. Use ~ur = V(rEr) 

c. Use p-model or alternatives 

d. Impose the requirement that 

<Ve(r)>-+ v as r -+ viscous scale 
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Some results 

1. Subgrid scale viscosity 
( ) 0 039 1/3 4/3 ( /L)Jll-1/3 <V e r > = . <E> r r 

<[Ve(r)]q>I<Ve(r)> = <IVIq>/<IVI>q Req (r/L)Jlq+q, 

where the exponents Jlq are known exactly: 

J.!q =-1ogb <J.! q/3> 

2. The constant CJl in the K-E model 

As r approaches the large scale, v (r)-+ vT 
2 e 

where vT = 0.084 K 1<£> · 

3. Others 

a. Corrsin-Obukhov constant, c8 = 2.2/Ck 
(turbulent Prandtl nutnber = 0.9) 

b. Intermittency correction for the scalar, Jle = 0.039 

c. For uniformly sheared flows 

CJl- 0.084/(1 +bS2), 

where b can be computed. 

d. Log-law velocity profile can be generated for channel 
flows 
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1. Analysis of high-Reynolds-number turbulence 
data reveals much statistical ordero 

2. This order can be codified into some very simple 
''rules''. 

3. The "rules" can in turn be implemented to 
generate synthetic turbulence, which resembles real 
turbulence to a remarkable degreeo 

(Suggests that the abstraction of the "rules"and their 
implementation for creating ST are substantially 
correct at the level considered.) 

4. ST can be used for prescribing efficient initial 
conditions for DNS, leading to much saving in 
convergence time. 

5. ST can also be used to evaluate some turbulence 
modeling constants. 

6. Extension to scalars is quite straightforward. 
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B.A. -

M.S.E.­

Ph.D.-

Harvard College, 1952, Engineering Sciences and Applied Physics 

The Johns Hopkins University, 1954, Mechanical Engineering 

The Johns Hopkins University, 1957, Aeronautics. Particular emphasis on 
turbulence and stochastic processes. 

Haute Distinction Honoris Causa - Ecole Central de Lyon, 1987. 
Fellow, American Academy of Arts and Sciences. 
Member, National Academy of Engineering. 
Timoshenko Medal, American Society of Mechanical Engineers, 1993 
AIAA Fluid and Plasmadynamics Award, 1982. 
APS Fluid Dynamics Prize, 1990. 

Post-doctoral fellow, J.H.U., 1957-1959. The Pennsylvania State University at 
University Park, 1957-1977; Professor of Aerospace Engineering, 1963-74; Evan Pugh 
Professor of Aerospace Engineering, 197 4-1977. Cornell University (Sibley School of 
Mechanical and Aerospace Engineering), Willis H. Carrier Professor of Engineering, 
1977-present. Fulbright Senior Lecturer, Belgium; Guggenheim Fellow, France, 1973-74; 
Author, Stochastic Tools in Turbulence (1970); co-author, Structure of Atmospheric 
Turbulence (with H.A. Panofsky; 1964); A First Course in Turbulence (with H. 
Tennekes; 1971). Principal, Deformation of Continuous Media (1963), Eulerian vs. 
Lagrangian Frames in Fluid Mechanics (1968) (Motion Picture Films). Technical Editor, 
Statistical Fluid Mechanics (by A.S. Monin and A.M. Yaglom) (1971, 1975); Variability of 
the Oceans (by AS. Monin, V.M. Kamenkovich and V.G. Kort) (1977). Member, Johns 
Hopkins Society of Scholars, Sigma Xi, New York Academy of Sciences, Society for 
Natural Philosophy, American Association for the Advancement of Science; Associate 
Fellow, American Institute of Aeronautics and Astronautics; Fellow, American Physical 
Society (Division of Fluid Dynamics), American Academy of Mechanics. 

Research papers (Last Five Years) 

124. Shih, T.-H. & Lumley, J. L. 1986. Second order modeling of particle dispersion 
in a turbulent flow. J. Fluid Mech. 163: 349-363 

126. Shih, T.-H. & Lumley, J. L. 1986. A general form of the equations for turbulent 
flows with a passive scalar. Mathematical Modeling. 7: 353-370. 

128. Shih, T.-H., Lumley, J. L. & Janicka, J. 1987. Second order modeling of a 
variable density mixing layer. J. Fluid Mech. 180: 93-116. 

133. Lumley, J.L. 1986. Evolution of a non-self-preserving thermal mixing layer. 
Phys. Fluids 29 (12): 3976-3981. 

134. Leibovich, S. & Lumley, J.L. 1986. Complex fluid motions: Models and 
metaphors. Cornell Engineering Quarterly 20: 27-35. 

135. Lumley, J.L. 1987. Turbulence modeling. In Proceedings of the Tenth U.S. 
National Congress of Applied Mechanics, ed. J.P. Laub. pp. 33-39. New York: 
ASME. 
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136. Aubry, N., Holmes, P., Lumley, J.L. and Stone, E. 1987. The dynamics of 
coherent structures in the wall region of a turbulent boundary layer. J. Fluid Mech. 
In press. 

137. Aubry, N., Holmes, P., Lumley, J.L. and Stone, E. 1987. Models for coherent 
structures in the wall layer. In: Advances in Turbulence, eds. G. Comte-Bellot, J. 
Mathieu, pp. 346-356. Berlin/Heidelberg: Springer. 

138. Turbulent Shear Flows 5, eds. F. Durst, B.E. Launder, J.L. Lumley. F.W. 
Schmidt, J.H. Whitelaw. Heidelberg: Springer. 

139. Sarkar, S. & Lumley, J.L. 1987. Angular dispersion of material lines in isotropic 
turbulence. Phys. Fluids. 30 (5): 1269-1271. 

140. Lumley, J. L. 1987 The state of turbulence research. In Advances in Turbulence, 
eels. W. K. George & R. E. A. Arndt, pp. 1-10. New York: Hemisphere. 

141. Aubrey, N. Holmes, P.H., Lumley, J.L. and Stone, E. 1990. The behavior of 
coherent structures in the wall region by dynamical systems theory. In Near-Wall 
Turbulence eds. S.J. Kline & N.H. Afgan, pp. 672-691. Washington, DC: 
Hemisphere. 

142. Aubry, N., Holmes, P., Lumley, J.L. and Stone, E. 1989. A simple model for 
the wall region of a turbulent boundary layer. In International Symposium on 
Flow-Induced Vibration and Noise. (ed. M.M. Reischman, M.P. Paidoussis, 
R.H. Hansen). New York: ASME 53-62: Vol. 7. 

143. Aubry, N., Holmes, P. & Lumley, J. L. 1990. The effect of modeled drag 
reduction on the wall region. Theoretical and Computational Fluid Dynamics, 1: 
229-248. 

144. Berkooz, G. Guckenheimer, J., Holmes, P., Lumley, J.L., Marsden, J., Aubry, 
N. & Stone, E. 1990 Dynamical-systems-theory approach to the wall region. 
AIAA Paper No. 90-1639. 

145. Lumley, J. L. 1989. Low Dimensional Models of the Wall Region of a Turbulent 
Boundary Layer, and the Possibility of Control. In Proceedings, lOth Australasian 
Fluid Mechanics Conference, ed. A. E. Perry. pp. K54.1-K54.6 Melbourne, 
A us.: University of Melbourne. 

146. Lumley, J. L. 1989. Order and Disorder in Turbulent Flows. In Proceedings, 
1989 Newport Conference on Turbulence, ed. L. Sirovich. Heidelberg: Springer. 
In press. 

147. Ettestad, D.J. & Lumley, J.L. 1989. A Correction Term for the Swirling Jet. In 
Math/. Comput. Modelling. Vol. 12 No. 12, pp. 1583-1588. 

148. Ettestad, D.J. & Lumley, J.L. 1989. Modelling the Dissipation Transport Term. 
In Math. Comput. Modelling. Vol. 12 No.7, pp. 865-869. 

149. Lumley, J. L. 1990. Opening remarks. In Whither Turbulence? Turbulence at the 
crossroads. Lecture Notes in Physics Vol. 357 ed. J. L. Lumley. pp. 1-4. Berlin 
etc.: Springer. 
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150. Lumley, J. L. 1990. The utility and drawbacks of traditional approaches. 
Comment 1. In Whither Turbulence? Turbulence at the crossroads. Lecture Notes 
in Physics Vol. 357 ed. J. L. Lumley. pp. 49-58 Berlin etc.: Springer. 

151. Lumley, J. L. ed. 1990. Whither Turbulence? Turbulence at the crossroads. 
Lecture Notes in Physics Vol. 357. Berlin etc.: Springer. 

152. Berkooz, G., Holmes, P. & Lumley, J. L. 1990. Control of the boundary layer 
and dynamical systems theory: an update. In The Global Geometry ofTurbulence, 
Impact of Nonlinear Dynamics, ed. Javier Jimenez. pp. 211-220. New 
Yorlc/London: Plenum. 

153. Berkooz, G., Holmes, P. & Lumley, J. L. 1991. Intermittent dynamics in simple 
models of the turbulent wall layer. J. Fluid Mech. 230: 75-95. 

154. Lumley,J. L. 1992. Somecommentson turbulence. ThePhysicsofFluids.A 
4(2): 203-211. 

155. Panchapakesan, N. R. & Lumley, J. L. 1990. Turbulence measurements in an 
axisymmetric jet of air. J. Fluid Mech. Accepted for publication. 

156. Panchapakesan, N. R. & Lumley, J. L. 1990. Turbulence measurements in an 
axisymmetric jet of helium. J. Fluid Mech. Accepted for publication. 

157. Ristorcelli, J. R., Jr. & Lumley, J. L. 1990. Turbulence in the Czochralski crystal 
melt. Proceedings, ICHMT XX Materials Processing Symposium, Dubrovnik, 
Yugoslavia. Berlin, etc.: Springer. To appear. 

158. Lumley, J. L. 1991. Some comments on research support. Nonlinear Science 
Today 1(2): 5-6. 

159. Review of: Acheson, D. J. 1990. Elementary Fluid Dynamics. Oxford, UK: 
Clarendon. 397 pp. and Chorin, A. J. & Marsden, J. E. 1990 A Mathematical 
Introduction to Fluid Mechanics. (Second Edition). Heidelberg: Springer. 168 
pp. for Physics Today, November 1991. 

160. Review of McComb, W. D. 1990 The Physics of Fluid Turbulence. Oxford, UK: 
Clarendon. 572 pp. for Science, August 1991. 

161. Shih, T.-H. & Lumley, J. L. 1993. A Critical Comparison of Second Order 
Closures with Direct Numerical Simulations of Homogeneous Turbulence. AIAA 
Journal, 31(4): 663-670. 

162. Berkooz. G., Holmes, P. & Lumley, J. L. 1993. The Proper Orthogonal 
Decomposition in the Analysis of Turbulent Flows. Annual Review of Fluid 
Mechanics, 25: 539-575. 

163. Berkooz, G., Holmes, P. & Lumley, J. L. 1992. Low dimensional models of 
the wall region in a turbulent boundary layer: new results. Proceedings of JUT AM 
Symposium and NATO Advanced Research Workshop on the Interpretation of 
Time Series from Nonlinear Mechanical Systems, Coventry, UK. Physica D, in 
press. 
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164. Berkooz, G., Holmes, P., Aubry, N. & Lumley, J. L. 1992. Observations 
regarding "Coherence and chaos in a model of the turbulent boundary layer"(by X. 
Zhou & L. Sirovich). Physics of Fluids, submitted. 

165. Berkooz, G., Holmes, P. & Lumley, J. L. 1992. On the relation between low 
dimensional models and the dynamics of coherent structures in the turbulent wall 
layer. Theoretical and Computational Fluid Dynamics, in press. 

166. Ristorcelli, J. R. & Lumley, J. L. 1992. A second order turbulence simulation 
of the Czochralski crystal growth melt: the buoyantly driven flow. Journal of 
Crystal Growth, under review. 

167. Ristorcelli, J. R. & Lumley, J. L. 1991. Turbulence simulations of the 
Czochralski melt, part 1: the buoyantly driven flow. Repon No. FDA-91-04. 
Sibley School of Mechanical and Aerospace Engineering. Ithaca, NY: Cornell. 

168. Holmes, P., Berkooz, G. and Lumley, J. L. 1991. Turbulence, dynamical 
systems and the unreasonable effectiveness of empirical eigenfunctions. In 
Proceedings of the International Congress of Mathematicians, Kyoto 1990. pp. 
1607-1617. Hong Kong: Springer. 

169. Berkooz, G., Holmes, P., & Lumley, J. 1992. Dynamics and control of coherent 
structures in the turbulent wall layer- an overview. In Stability in Aerospace 
Systems, Report No. 789. Neuilly sur Siene, France: AGARD. 

170. Berkooz, G., Carlson, H., Holmes, P. & Lumley, J. L. 1993. Progress in 
understanding the dynamics of coherent structures in the wall layer, control and 
simulation. In Near-Wall Turbulent Flows, R. M. C. So, C. G. Speziale & B. E. 
Launder, eds. pp. 3-21. Amsterdam: Elsevier. 

171. Shih, T.-H., & Lumley, 1. L. 1993. Remarks on turbulent constitutive relations. 
NASA Technical Memorandum 106116, ICOMP-93-12, CMOTT-93-6. 
Cleveland: Lewis Research Center. 

172. Ristorcelli, J. R. & Lumley, J. L. 1992. A second order turbulence simulation of 
the Czochralski melt flow. J. Materials Processing & Manufacturing Science, 1(7): 
69-82. 

173. Ristorcelli, J. R. & Lumley, J. L. 1992. Instabilities, transition and turbulence in 
the Czochralski crystal melt. J. Crystal Growth., 116: 447-460. 
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Dr. J. David A. Walker 
Professor of Mechanical Engineering and Mechanics 
354 Packard Laboratory #19 
Lehigh University 
Bethlehem, Pennsylvania 18015-3085 
215-758-3789 

Education 

B.A., Honours Applied Mathematics, University of Western Ontario, Canada, 
1967 

M.Sc., Applied Mathematics, University of Western Ontario, Canada, 1968 
Ph.D., Applied Mathematics, University of Western Ontario, Canada, 1971 

Professional Experience 

Honorary Research Fellow (with K. Stewartson, F.R.S.) University College London, 
England, 1971-73 

Visiting Assistant Professor, Mechanical Engineering, Purdue University, 1973-74 
Assistant Professor, Mechanical Engineering, Purdue University, 1974-78 
Associate Professor, Mechanical Engineering, Lehigh University, 1978-83 
Professor, Mechanical Engineering and Mechanics, Chairman, Thermo-Fluids 

Division, Department of Mechanical Engineering and Mechanics, 1989-present. 

Honors 

Dillon Gold Medal in Applied Mathematics, 1967 
Pi Tau Sigma Teaching Award, "Professor of the Year", 1991 
Eleanor and Joseph Libsch Research Award, Lehigh University, 1991 
Fellow of American Physical Society, 1991 
Chairman of Fluid Dynamics Technical Committee, AIAA, 1992-1996. 
Associate Fellow of AIAA, 1993 
A. v. Humboldt Senior Scientist Award 1994 

Graduate Student Supervision 

• Fourteen Ph.D. students (F. P. Yau, R. K. Scharnhorst, A. T. Conlisk, G. G. 
Weigand, T. L. Doligalski, M. C. Ece, E. A. Bogucz~ S. Ersoy, T. L. Hon, H. D. 
Kim, V. Peridier, A. T. Degani, J. He, K. W. CasselJ 

• Fifteen M. S. students (A. J. Crisalli, T. L. Doligalski, M. C. Ece, L. J. Yuhas, 
W. V. Lee, U. Sobrun, K. Brinckman, S. He, K. Cassel, T.-W. Lou, R. Epstein, 
J. Geosits, B. Freed, L. Iannone, M. Demir) 

• Currently supervising six Ph.D. candidates, four M.S. students 

Biographical Sketch 

Dr. Walker is a Professor of Mechanical Engineering and Mechanics at Lehigh 
University, Bethlehem, Pennsylvania and is nationally recognized for his research in 
fluid mecha.nics and the thermal sciences. His principal research interests are associated 
with (1) the development of theoretical and computational models of physical systems 
and processes involving fluid motion, as well as heat and mass transfer and (2) the 
application and development of modern numerical and mathematical methOds to 
predict such processes. His major research contributions have been in the areas of 
computational fluid dynamics, boundary-layer turbulence, unsteady viscous flows, heat 
and mass transfer, gas centrifuge theory, electroplating processes and numerical 
methods. 
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Dr. Walker received his undergraduate and graduate degrees at the University of 
Western Ontario in London, Ontario, Canada. As an undergraduate he received the A. 
0. Jeffrey Award for the highest standing in third year Honors Mathematics and the 
Dillon Gold Medal in 1967 for the highest standing in Honors Applied Mathematics. 
During the summer of 1967, he was employed as a research assistant at the National 
Aeronautical Establishment in Ottawa, Canada, and was involved with compressible 
boundary-layer research in connection with the supersonic wind tunnel there. His 
studies toward the Master of Science and Ph.D. degrees were supported by fellowships 
from the National Research Council of Canada. The research was supervised by 
Professor S. C. R. Dennis and concerned the development of calculation methods for the 
viscous steady and unsteady flow past spheres. 

Upon completion of his Ph.D. studies in 1971, Dr. Walker won a National Research 
Council of Canada Postdoctoral Fellowship (the equivalent of a NATO Postdoctoral 
Fellowship) to work with the late Professor K. Stewartson, F.R.S. at University College 
London in the University of London, England. During the period from 1971 - 1973, he 
carried out research related to compressible unsteady boundary-layer flows in shock 
tubes, flow separation in rotating and magnetohydrodynamic flows, and heat transfer 
processes for low Reynolds number flows past spheres. 

In 1973, he joined the School of Mechanical Engineering at Purdue University as an 
Assistant Professor. During this period, he carried out research in the modeling of 
turbulence and heat transfer processes in boundary layers, in unsteady laminar flows 
and in the evaluation of the heat and mass transfer processes that take place in rapidly­
rotating gas centrifuges. 

Dr. Walker joined Lehigh University in 1978 as an Associate Professor and was 
subsequently promoted to Professor of Mechanical Engineering and Mechanics in 1983. 
His research at Lehigh has been associated with turbulence modeling, heat and mass 
transfer processes in turbulent boundary layers and in rapidly rotating gas centrifuges, 
unsteady viscous boundary-layer flows, numerical methods, the prediction of 
electroplating rates on metal surfaces, and hypersonic boundary-layer separation. He is 
nationa.lly recognized for his research in unsteady flows and turbulence and over the 
past several years has given several invited presentations at va.rious international 
meetings, workshops, and national scientific meetings. 

Over the years, Dr. Walker has been the principal or co-principal investigator on thirty­
one research grants and contracts totaling approximately $6,500,000. These include 
several grants and contracts from NASA, AFOSR, United Technologies and AMP 
Incorporated. Dr. Walker has served as the Project Director of a combined 
Industry /University NSF grant with United Technologies Research Center to study 
heat transfer effects on gas turbine blades and as a Principal Investigator on a recent 
AFOSR URI entitled "Computational and Analytical Methods in Nonlinear Fluid 
Mechanics". He is the author of over eighty refereed technical journal publications, 
conference proceedings and other publications in the areas of fluid mechanics, heat and 
mass transfer, and numerical methods. Twenty-nine graduate students (fourteen 
Ph.D.'s) have graduated with Dr. Walker as their major professor. He currently advises 
six Ph.D. ca.ndidates and four Master's students. 

He is a member of AIAA, the American Physical Society, Sigma Xi and ASME and was 
selected to the AIAA Fluid Dynamics Technical Committee in 1989. He is a Fellow of 
the American Physical Society and an Associate Fellow of AIAA. He was elected 
Chairman of the Fluid Dynamics Technical Committee in 1992 for the term 1993-1996. 
Dr. Walker is currently Chairman of the Therm~Fluids Division in the Department of 
Mechanical Engineering and Mechanics at Lehigh University. 
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Recent Representative Publications (Total Publications- 85) 

1. Doligalski, T. L., Smith, C. R. and Walker, J. D. A. 1994 "Vortex interactions 
with walls", Ann. Rev. Fluid Mechs. 26, pp. 573-616. 

2. Kerimbekov, R. M., Ruban, A. I. and Walker, J. D. A. 1994 "Hypersonic 
bounda.ry-layer separation on a cold wall", J. Fluid Mech. (in press). 

3. Degani, A. T., Smith, F. T. and Walker, J. D. A., "Asymptotic structure of three­
dimensional turbulent boundary layers", J. Fluid Mech. 2.50., pp. 43-68, 1993. 

4. Smith, C. R., Walker, J.D. A., Haidari, A. H. & Sobrun, U., "On the dynamics of 
near-wall turbulence", Phil. Trans. Roy. Soc. Lond. A .aati_, pp. 131-175, 1991. 

5. He, J., Kazakia, J. Y., Ruban, A. I. & Walker, J. D. A., "An algebraic model for 
dissipation in supersonic turbulent boundary layers", AIAA Paper 92-0311. 

6. Degani, A. T. & Walker, J. D. A., "Computation of three-dimensional turbulent 
bounda.ry layers using embedded functions", AIAA Paper 91-0440, submitted to 
AIAA J. 

7. Degani, A. T., Walker, J. D. A., Power, G. & Ersoy, S. "On the application of 
algebraic turbulence models to high Mach number flows", AIAA-91-0616. 

8. Degani, A. T., Smith, F. T. & Walker, J.D. A., "The three-dimensional turbulent 
bounda.ry layer near a plane of symmetry", J. Fluid Mech. 234, pp. 329-360, 1991. 

9. Peridier, V. J., Smith, F. T. & Walker, J. D. A., "Vortex-induced boundary-layer 
separation, Part I: The limit problem Re - oo", J. Fluid Mech." 232, pp. 99-131, 
1991. 

10. Peridier, V. J., Smith, F. T. & Walker, J. D. A., "Vortex induced bounda.ry-layer 
separation. Part II- Unsteady interaction boundary-layer theory", J. Fluid Mech. 
232, pp. 133-165, 1991. 

11. Hoyle, J. M., Smith, F. T. & Walker, J. D. A., "On sublayer eruption and vortex 
formation", Comp. Phys. Commun . .nQ, pp. 151-157, 1991. 

12. Walker, J. D. A., Ece, M. C. & Werle, M. J., "An embedded function method for 
turbulent flow prediction", AIAA Paper 87-1464, 19th Fluid Dynamics, Plasma 
Dynamics and Lasers Conference, Honolulu, Hawaii, June 1987; AIAA J . .29., pp. 
1810-1818, November, 1991. 

13. Hon, T.-L. & Walker, J. D.A., "Evolution of hairpin vortices in a shear flow", 
NASA Technical Memorandum 100858, ICOMP-88-9, NASA Lewis Research 
Center, Cleveland, Ohio, 1988; Comp. 8 Fluids .20., pp. 343-358, 1991. 

14. Walker, J. D. A., "Models based on dynamical features of the wall layer", Appl. 
Mech. Rev. 43, No. 5, Part 2, pp. 5232-5239, 1991. 

15. He, J., Kazakia, J. Y. & Walker, J. D. A., "Embedded function methods for 
supersonic turbulent boundary layers", AIAA Paper 90-0306, January 1990. 

A-17/A-18 
Reverse Blank 



~-- ... 

Curriculum Vitae: I~ATEPAJ~LI R. SREENIV ASAN 
Masun Labo•·atory, Yule Univcl'Sity, N~w Haven, CT 06!:20-lHi? 

Tel: (203) 432-4345, Fax: (203) 432-1054 
e-mail: krs@kolmogorov .eng.yale.edu 

rersonal Information: 
     

Acudemjc Degr;es: , 
B.E. (Mech. ~tlSS-) Bansalore Uni"ersity (I Rank.), 19G8; M.TI. (A71·o. Er1gg) Indu111 
Institute of Sctencc (1 Rank), 1970; Ph.D. (Aero. Etlr,g.) JndiuTl Instit.ut.c of Sctence 
(gold mcd~l), 1975; M.A. (I"rivathn) Yale University, 1986 

Current Posjtjon 
Harold W. Cheel Professor of Mcx:hanical Engineering (cOt'lCUM'C1'lt uppoinlments in the 
Dc)>artmcnts of Physics and Applied Ph)lsic~) 

Professional Socict)' Me.m.b.mhW: 
Amclican Academy ofM~dnmics; Am.cdcan ln::;titut~ of Aslronautic!O nnd AeroMuticf;; 
Amcii<.:l:ln MaLhemat.ical Society; Amedc.an :Physical Society; Americnn Society of 
Mechanic-al Ungineers; Society for Natural Philosophy; Sigma Xi 

Awards nn.d.Honan: 
Sir M. Visvesvaraya Memorial Priz.e, 1968; Jndumati Lalbai Memorial Gold Medal, 
1968; lnsrirution of Engineers Prize and Honorary Graduate Membership, 1968; J. R. 
D. Tata Pellow, 197~; P. S. Narayana Oold Mc<.htl fur 1l1c best Ph.D. thc~th ln 
~1echanical Sc.:iences, 1975; Humboldt Pellow, 1983; Pdlow, Amcri~,;i:iu Phy~ical 
Sodct:y, 198.5; Elected to the Connecticut Acad~my uf Scic:m.:c and Engineering, 1988; 
Guggenheim Fellow, 1989; lmlu~.:tiun tl> Socjety of Sd1olan, Johm Hopkins 
University, 1991; Distingubhcd Alum11i Awe~nl of the Aet(lSpace Depru·tment, Indian 
Institute of Science, 1992; Fellow, American Society ofMechanlcal Enslt'leers, 1993. 

A summary of professional and administrative actiyities: 
Publications relating to turbulent flows, soni~ bolllus, uudc::~l.iou of dn)plelso in 
~omlcu~atiuu, L:hi:los, fract.a1s, and !'tO forth, about 100. 

1\t variou~ times, associate edilor or a member of th~:: editorial board uf: Juurni:ill>f 
Applied Mechanics (ASME); Pl"Ucceding!i of tht: Indian Academy of Science, s~rics C 
(Sadhuna); American Scientist; Joumal of Nonlinear Science; Springer Book Series on 
lnterd.isciplinat)' Applied Mathematks; Journal ofTheurt:fica1 and Computational Fluid 
Dynamics; 'Physical Revlew Letters 

Delivered numerous invited lectures (including mini-~uurscs) in Universities, Institutes, 
and Government Laboratories in the U.S., Germany, Grcttt Drilcsin, Prance, Australia, 
India, l~oland, Norway, the Netherlands, Italy, e1c. Among them: Emerging Scholar 
Lecture, University of Notre Dame; the First Stanley Corrsin Memorial Lecture, Johns 
Hopkins Univer~ity; l'hillips Lec.ture, Haverford College; Sabita Choudhury Memorial 
Lccmfe, Indjan Institute of Science 

Invited speaker in many interniltional meetings and Wl>rk&hops on fluid dynam;cs and 
physics, turbulence, n~..mtineal' dynamical itnd fractnls 
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Organized several scientific workshops, meetings and dis:_u!>~i~n ~e~sions in meeti~~!\ 
S\lCh as IUTAM, SIAM, AP~. :~rd World Conference on Experunent.<tl Heat Transfer, 
Fluid Mechanic~ and Thel"modynamics, etc. 

At various times: R.eprcsem.auvc of the Division of.Fluid Dynamics of t!'le ~mcrican 
Physical Socicly for the Committee on the lntemanonal Freedom of Scle~ttsts;.mcmber 
of t.he Exec\ltivc Committ.ee of the Divi&iOl\; member of the Fluid Dynanucs Pnu 
Couunittce· member of the Frenldet Award Committee; Chairman (uud Lhe Past 
Chairman) ~f the Fluid Dynamics Division of the Am~lican Physit,;~l Society; mc.mbcr 
of the publications committee of the APS (JJFD); member llf the Fluidt-~ Engineering 
Vi vision of the American Sudety of Mechanical Engineers, etc .. 

Participated ill col\abonltive atmospheric und oceanic mcasul'ement expe.dition" ;n 
Australia, as wcllcts in field c:~tpcrunents on sonic booms in India 

At Yale: as Chainmm of the Mechanical Engineering Department, for five and one-half 
years generally responsible for its administration; specificnlly, fot' a.ppointt,'\C1'1t~ nnd 
prOJnotions and for renewing the ABET-accreditat3on of the Mechanical Engineering 
Curriculum; as acting Chairm.an of the Council ofEngineedng (Applied Physic~, 
Chemical Engineering, Electrical Engineeling and Mechanical Engineering) for half-a­
year, re~ponsible for the management of the Council Administration; member of the 
Advisory Committee for Phy:o;kctl Sciences and engineering 

MiscellanC<.lUS; 
Mentioned in "American Men and Women of Science", "Who is Who in the hast.,'' 
"Whll h Whv in the World", c:tt;. 

Vi¥iliu" vositioos he1d: 
~i~it.ir~g l'rofe~!:01·, Aerospace Department, University of Tucson, Arizona; Visiting 
Sctent1st, Center for Atmospheric Sciences, Indian Institute of Scien~~t:; Visiting 
Scientist, DFVLR, Ooettingen, West Ocnmmy; Visiting Professor of Aeronautks, 
Cal.iforn_ia lns!i~l~te l,f Technology; Visiting Prufcssor of Physics, Rockefeller 
Umvenaty; VtSJt.mg Professor, Jawaharlal Nehru Center for Advmu.:cd Sd~nt.1fic 
J·csearch, Dangalore, India. 

Qntduarc smdcnt:s supcryisccJ. um.ll,otst-doctoml fellows and visitors: 
Pourleen Ph.D.'s completed; aboul a dozen post-doctoral fellows and vi~itors to-date 
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