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Abstract Research in the Optics and Fluid Dynamics Department is performed
within the following two programme areas: optics and continuum physics. In optics
the activities are within (a) optical materials, (b) quasi-elastic light scattering and
diagnostics in solids, fluids, and plasmas, and (c) optical and electronic informa-
tion processing. Within continuum physics the activities are within (a) studies of
nonlinear ¢ namical processes in continuum systems, (b) investigations of prob-
lems with relevance to fusion plasma physics. The injection of pellets in fusion
experiments has been investigated and pellet injectors to European fusion exper-
iments are manufactured. The department is also responsible for the EURATOM
collaboration within fusion plasma physics. A summary of activities in 1993 is
presented.
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1 Introduction

The department performs basic and applied research within continuum physics
and optics. The scope is both understanding of physical phenomena and develop-
performed in collaboration with other research groups and industry. The training
of students at a graduate level is an integral part of the activities and o is the
dissemination of the results to research and industry. The results are important
for the understanding of the dynamics of fluids including fusion plasmas, as well
as for the understanding of optical diagnostic systems and new optical matenials.
Several of the resulits are exploited by industry.

The motivation for the combination of optics, fluid dynamics, and plasma physics
is that most of the activities lie within what can be called continuum physics. Sev-
eral of the basic theoretical tools are similar. In addition to this fact most of the
oplical work on diagnostics/measurement science is conceatrated on fluid appli-
cations.

The work described in this report falls within the following categories:

- Coniimuam physics is concentrated on basic physical phenomena with rele-
vance to fusion in plasmas as well as to other fluid dynamic systems. Coherent
structures, turbulent transport, and general nonlinear phenomena are inves-
tigated. Both theoretical, numerical, and experimental work is performed.
A significant effort is devoted to the development of efficient reliable spec-
tral models investigated on computers. Experimental work is performed in
turbulent plasmas and in shallow rotating water flows.

~ Pellet injection systems have been developed and are now delivered to other
fusion research laboratories. Work is also performed on the pellet plasma
interaction.

- Optical materials and light propegation are concentrated on nonlinear phe-
nomena, storage materials, and propagation in random media.

~ Diagnostic methods for probing the state of both fluid mechanical systems
and systems based on solids are investigated.

- Optical and electronic information processingincorporates work on two-dimen-
sional optical transforms applied to pattern recognition. Schemes for pattern
recognition for inspection and control are being developed.

Of major results in 1993 can be mentioned:

~ A nove] image processing scheme for processing of flexible objects (food)
was developed and is being implemented in connection with an EU-BRITE
project. A very fast neural network processing board was developed for the
application.

- A novel nonlinear opto-electronic method for texture recognition was devel-
oped.

~ The generation of spatial and temporal subharmonics in photorefractive crys-
tals was verified and modelled.

~ Phenomena related to speckle statistics with applications to dynamic mea-
surements within a very broad range of the electromagnetic spectrum were
discovered.

- A pellet injector for plasma fusion research was delivered to ENEA, Italy.

Riss-R-715(EN) 5



- Three companies associated with the department were established in the Cen-
ter for Advanced Technology.

— The experimental plasma investigations on the turbulence and transpott in
the Q-machine for plasma physics research were completed and the Q-machine
was dismantled.

2 Optics

2.1 Introduction

Three major themes form the basis for the work in the Optics Section, each of
which is nourished by the cutcome of the others. In this way the diversity of the
work field provides relations, bringing about new tools to related areas.

- Opticel meicriels

The work in this field serves as a common basis from which knowledge about
new relevant materials emanates. Many interesting appkceations in optical
processing await the arrnival of optical films with dedicated properties. Indus-
trial use of parallel processing, as it is inherent in optical processing, calls
for fast, nonlinear response in commercially available optical elements. The
study of such materials is conducted with a lazge effort in the section and
the progress is scrutinised for future use in optical processing and in future
optical sensor syslems.

- Diagnostics
The wotk in this field comprises industnal sensor development as well as
theoretical work on optimusing genetal optical measuring systems. With the
arrival of low-cost optical sources and array detectors, new optical systems
become of relevance to a broader range of the industrial market. Combined
with holographic optical elements, these building blocks open new areas in
mechanical measurements as well as for medical applications.

- Information processing

Information processing is pursued along two different directions. Electronic
processing of images is carried out by setting up a neural network algorithm
that has now been optimised by designing a PC-card dedicated to this task.
Several projects will benefit from the rate at which pattern recognition and
quality control can be conducted. A combination of electronic and optical
processing has been implemented. The inherent speed of the optical part of the
system is employed in a closed optical loop, whereas the computational power
of the electronic processor is devoted to updating electronically addressable
optical filters.

2.2 Optical Materials

2.2.1 Optical Storage Properties of Side Chain Liquid Crystalline Poly-
esters

(P.S. Ramanujam, S. Hvilsted (Solid State Physics Department), and F. Andruzzi
(CNR, University of Pisa, Italy))

Several side chain liquid crystalline (SCLC) polymer systems containing pendant
azo dyes exhibit permanent local polymer main chain conformational reorganisa-
tion in response to light due to trans-cis isomerisation resulting in local changes
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ia the refractive index. This system presents a flexible architecture with several
adjustable design parameters, such as the leagth of methylene sequence ia the
polyester main chain, the length of the flexible methylene spacers in the side chain,
and the molar mass of the polyester. Each parameter has been demonstrated Lo
affect the behavisur of the thin polyester films uader iradiation by hght from
an argon ion laser. We have investigated the implications dee to a change in the
leagth of the flexible spacer and that of the acidic constituent of the main chain for
optical storage through measurements of the optical anisotropy. The side chains
discussed here contaia 6, 8, and 10 methylene spacers and the main chain contains
3 to 14 methylene groups.

The films have been produced by dissolving 2 mg of the polyester ia 200 mi-
crolitres of chloroform and gravity settling on a glass substrate. The films are not
preorieated. The time dependent measurements of the optically induced anisotropy
were performed with the polyester films between crossed lincar polarisers. A HeNe
laser was used to measure the transmission through the films. A polarised argon
ion laser beam at 488 nm with its polarisation at 45 degrees to the linear polariser
orientation was used to induce the optical anisotropy in the film. It is shown that
the transmission through the films depends ou the laser intensity, and that the
polyesters with shorter flexible spacers respond more readily to low irradiation
intensities albeit with longer time constants. The time constants are typically be-
tween 10 and 100 s. The maximum transmission for these films lies between 60%
and 85% of the incident red light for irradiation times larger than 200 s. Polyesters
with short flexible spacers display only a small decay of the transmitted light af-
ter the argon laser has been switched off. We have found that in cerlain cases,
especially when the main chain contains 4 to 8 methylene spacers, the red laser is
capable of orienting the molecules even after switching off the writing laser. The
red laser aligns the azobenzene moieties parallel to its polarisation. These results
have been confirmed through polarised Fourier transform infrared spectroscopic
measurements. This points to hitherto unreported photophysics induced by red
light in azobenzene moieties.

2.2.2 Bacteriorhodopsin - a Holographic Recording Material Derived
from Bacteria

(L-R. Lindvold, H. Imam, and PS. Ramanujam)

Throughout the past 20 years a vast amount of effort has been devoted to holo-
graphic memories to demonstrate the scalability, compactness, and integratibility
of parallel optical technologies. One of the objectives necessary in order to meet
this aim is to implement a reconfigurable holographic memory. This is the topic
of a current research project, POPAM, supported by the European Union under
the Basic Research Programme. The material that has been chosen to function as
erasable storage material is bacteriorhodopsin.

Bacteriorhodopsin is a naturally occurring photochromic protein present in the
so-called purple membrane that partly constitutes the cell membrane in certain
halophilic bacteria. The photochromic cycle of the purple membrane is quite
unique; the ground state has a broad absorption band with a peak centred at
570 nm (light adapted bacteriorhodopsin), and a metastable state centred at 413
nm wit}; a thermal relaxation time of 10 ms. The metastable state offers two po-
tential advantages. First, it can be stimulated by either electrical fields or photons
to decay into the ground state in 200 ns. Secondly, the thermal relaxation time
of this state can be extended by 5 orders of a magnitude by suitable chemical
treatment of the purple membrane, without compromising the stimulated decay
of 200 ns.
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The work has 5o far Jeen aimed at establishing the sufficient handling procedures
as well as flm fabtication techniques for this material. ARhough the diffraction
efficiency, 0.5%. is modest compared with other real-time holographic recording
matetials, it exhibits high seasitivity (10 m\V/cm? @ 454 am) with a response
time of a few ms. Furthermore, the material can be recycled more than 100 tises
without fatigwe. Experiments cartied out so far have showa a flat spatial frequency
response up Lo 2500 limes /mun_ Through chemical modifications of the flm forming
matnx, gelatin, the lifetime of the M-state has been extended from 10 ms to
min.

The bacteriothodopsia films have also proved to possess highly nonlinear prop-
erties. Both formation of dark solitons and photoinduced anisotropy have been
demonstrated with a HeNe laser (= 632.8 nm) at few milliwatts of power.

350 400 450 500 550 600 650

Wanelength [nm)

Figure 1. Speciroscopic recording of the thermal decay from M- to B-staile. The
bacteriorhodopsin was immobilised in a gelstin film with ¢ thickness of 75 mi-
crons and a pF = 9. The bR film was photoezciled by flooding the semple in the
spectrophotometer with a spollight for I min. yust before starfing the fime-lapsed
Scans.

2.2.3 Photorefractive Subharmonics
(H.C. Pedersen and P.M. Johansen)

The generation of subharmonics in photorefractive media is a2 new and inter-
esting phenomenon. New basic knowledge about photorefractive effects emerges.
In dealing with photorefractive interaction it is common to assume that the in-
duced space-charge electric field grating reflects the period of the optical intensity
distribution incident to the crystal. Recently, however, it was shown that under
certain experimental conditions spatial subharmonics of the fundamental spatial
frequency, i.e. gratings with spatial period K/n, where n is an integer, may be
generated spontaneously in photorefractive media. In Fig. 1 the basic setup for
generating subharmonics is shown. The generation of such gratings relies on the
intrinsic nonlinearities of the equations governing the response of such materials
to the incident optical fields. Furthermore, it has been shown that the fundamen-
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tal space-charge field grating for certain regions of parameters becomes uastable
against the subharmoaic gratings. This effect can be seen from Figs. 1a and 1b.
The putpose of the present project is Lo investigate the spostancous generation of
subharmonic beams due to the inherent noalinearity of the photorefractive effect
itself_ It can be shown that only by iluminating with 2 moving interference pat-
tern or by applying an AC electric field can the subharmonics be observed. The
present project involves the basic study of such noaknear processes including the
stability conditions for the existence of subharmonics. The work is carried out ia
coanection with the Continuum Physics Section im the department.
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Figure 1a. Optical sciup for subkarmonic gencrulion in phelorcfraclive materi-
als. Figure 1b. Regions of instability of the fundamental grating ageinst the K/2
subharmonic.

2.2.4 Photorefractive Interference Filters

(C. Dam-Hansen, P.M. Johansen, and P.M. Petersen (The Technical University of
Denmark))

Photorefractive materials have been used for many diverse applications among
which the interference filters are a prominent member. Such filters generated in
photorefractive crystals have very high wavelength selectivity as compared with
ordinary dielectric mirrors, and offer several external control parameters. The fil-
ters are written by two coherent laser beams incident to the photorefractive crystal
of LiNbO3. The two laser fields induce a periodic change, with periodicity A, in
the refractive index of the material. A third beam incident to the crystal face
experiences varying layers of high and low indices of refraction. The situation ex-
perienced by this beam is analogous to that experienced in a multilayer dielectric
mirror with alternating quarterwave layers of high and low indices of refraction. In
the present situation, however, the layer thickness is Lambda/2. If the thickness
is equal to a quarter of 3 wavelength for the laser field, the reflected wave from all

Rise-R-715(EN) 9
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layers will interfere constructively at the fromt surface of the crystal and a strong
reflected signal from the filter is obtained. The theory for conventional interfer-
ence filters is extended to include the generic type of photorefractive filters!). It
is shown that the reflectivity can be controlled externally by changing the angle
between the two laser fields writing the periodic index variation, and by chang-
ing the relative streagth of these beams (changing the optical modulation). It is
shown that with such filters it is possible to oblain a reflectivity which approaches
unity and, furthermore, the filter characteristics can be adjusted in real time. In
the experiments performed here a close fit with theory is measured and a field of
view of € mrad has been found which cotresponds to a full-width-half-maximmin
bandwidth of 0.05 A. Furthermore, such filters provide a method for probing the
existence of higher spatial harmonics in the induced refractive index® . This work
is a joint project between Riss and The Technical University of Denmark.

1) Dam-Hansen, C., Johansen, P.M., and Petersen, P.M. (1993). Dynamics of Pho-
torefractive Interference Filters, submitted to JOSA B: Optical Physics, November
1993

2) Petersen, P M. and Johansen, P.AS. (1993). Higher Spatial Harmonics in Noa-
lincar Photorefractive Interference Filters, presented at "The First International
Symposium on Lasers and Optoelectronics Technology and Applications™, held in
Singapore, 11-14 Xovember 1993.

0 -10 -5 o S 10
Angle of incidence {mrad]

Figure 1. Comparison of meassred (points wilh error bars) and theoretical (solid
line) reflectance for a photorefractive filier writlen in & 2 cm long lithism niobale
crystal versns the internal angle of incidence. The filter has e maximam reflectance
of {3% and & ficld-of-view of approzimately 6 mred.
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225 Photorefractive Interactions in the Presence of a Magnetic Field
{PM. Johansen)

The cxnting formmlation of two-beam coupling in photorefractive media has been
extended to include the effects of an external magnetic field via the introduction
of the Faraday effect which rotates the state of polarisation of the incident laser
fields proportsonal to the magnitude of the magnetic field component aloag the
direction of propagation of the ficlds. The effect of the magnetic ficld on the ma-
terial refractive index is also taken into account. It s shown that the presence of
such a magnetic ficld causes cscillations ia the two-beam coupling streagth of the
material even in the case of materials with mo optical activity. Furthermore, it is
shown that the direction of the Faraday efiect can be controlied by controlling the
direction of the externally apphed magnetic field and, hence, in very favourable
situations cancel the cffect of optical activily amd thereby strengthen the optical
coupling between the two beasss mteracting in the photorefractive material. The
sumerical results obtained based on the formulated theory agree well with the
experimental results reported for diluted magnetic semiconductors of CdMnTe
where oscillating two-beam coupling was found. Moreover, the emergy coupling is
found to be strongly dependent on the polarisation of the pump beam.

1) Johansen, P.M. Two-Wave Mixiag with Externally Applied Magwetic Field and
Faraday Efiect in Photorefractive Media, to be published in IEEE J. Quant. Elec-
trom.

Intensity of Probe Beam
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Figure 1. Intensily of the probe beam in CdMnaTe a3 & fanclion of the distance
in the crystal for a 10 mm crysial. The applied clectric field is E, = 10° V/m.
The grating spacing is A = 38 pmn, the applied frequency shifl is Q@ = 9f rad/s.
The angle between the 1-axis and B, is § = 45°, and the angle between the grating
wave veclor and the applied clectric field is @ = 20°. The dashed curve shows the
silsation with B, = 0 T whereas the solid line represents the B, = 2 T siluslion.
The aptiral artinily is zero so the oscillstions are due only o the Faraday effect.
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2.2.6 Fundamental Laser Ablation of Simple Materials
(3. Schou, W. Svendsen, A. Nordskov, and O. Cllegaard (University of Odense))

Laser ablation of solids, i.e. erosion by an intense laser beam, has gradually become
one of the most important methods for depositing thin film and for investigating
the mass composition of complicated organic mixtures. In particular, epitaxial
films of high Tc-superconductors have been produced by UV-laser ablation depo-
sition at many laboratories. Mass spectrometry of organic matrices doped with
small amounts of bioorganic materials can be carried out in a fast and convenient
manner by UV-laser irradiation.

However, the success of these methods does not mean that the basic processes
are known. In most of the cases the studies have been performed in an empirical
manner. In contrast to the main areas of physics, most of the materials investigated
so far are fairly complex, whereas the simple ones have been studied to a relatively
small extent.

The first step of an erosion of an insulator by laser ablation is the production
of defects. The defects are typically strong absorbing centres so that the photon
energy is efficiently converted to kinetic energy of the target molecules or heat.
Obviously, the production rate of the laser-induced defects plays an important
role for the ablation of insulators in the initial stage. In metals the photon energy
is directly absorbed by the free electr ‘ns. In later stages an absorbing plume of
ejected material develops in front of the target for insulators as well as metals.

These partly unexplored phenomena have stimulated a programme in which
the basic processes of laser ablation from simple materials will be studied. The
setup is shown in Fig. 1. The laser beam from a pulsed Nd:YAG laser strikes
the target and produces a plume of material that leaves the target within a few
nanoseconds. The ablated material will be collected on microbalances so that the

VUV-
monochromator

Toioidal ————
—

Quartz
window

UV laser

i target
I biased
grid

chamber

Quartz
crystal
microbalances

Figure 1. Schematic drawing of the setup for fundamental laser ablation.
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erosion and deposition yield can be determined as a function of intensity and
wavelength. Simultaneously with these measurements, the plume will be studied
optically with a VUV-monochromator, and the emission of positive ions from the
biased target will be estimated from the collected current.

Silver will be studied since there exist a few measurements of ablation from
thin silver films and massive targets. Furthermore, silver surfaces develop com-
paratively little contaminants in vacuum. Water ice will be studied as well since
this is one of the simplest oxides. Many of the electronic transitions are known for
the water molecule. Water ice has recently been utilised as a matrix for sequences
of DNA-dopants. With respect to the vacuum conditions, films of water ice are
relatively easy to produce in situ and can, therefore, be kept comparatively clean.

2.2.7 Applications of Intense UV-Laser Irradiation and Ablation of
Solids

(3. Schou, A. Nordskov, P.M. Johansen, P.S. Ramanujam, and L. Lindvold)

Laser irradiation of solids with intense UV-light leads to the production of defects
as well as direct erosion by ablation. The precise excitation by monoenergetic
photons can be utilised in many fields (Fig. 1). Even though the specific processes
for the defect production and the ablation are relatively unexplored for many
materials, the applications become increasingly important. The studies of funda-
mental laser ablation partly provide the basic programme necessary for successful
achievement of the applications.

INTENSE UV-LASER
IRRADIATION OF SOLIDS
LASER LASER-INDUCED
ABLATION DEFECTS
J
< Fundamenta!
"7: laser ablation
] processes |
s i
< Laser-induced
% mass speciromelry H
o i Laser {| Laser
© | aoiaion | | abiatin | | ;eblaion | procuced
deposition of dep. of : of "'°'.t : dpfecls n
high T, optical | | :or@anic i bicorganic
superconduct.| |materials ’malenals R materials
a | Laser ! Medical
o sirradiation; applications
=5 - of
a : polymers ! laser
% heeerenenesd 4 irradiation
SURFACE SOLID

Figure 1. Schematic survey of possible applications of intense laser irradiation of
solids.
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A straightforward application of irradiation by a beam of monoenergetic photons
is patterning of bacteriorhodopsin. A beam of sufficient intensity in the UV-regime
may destroy the bonds selectively, whereas those in the areas covered by masks
are intact. In the following steps it is possible to remove the material that contains
these laser-produced effects with other methods. This procedure is well suited for
patterning.

InSnOx has the particular property that it is a transparent electrical conductor.
This material has apparently not yet been produced by laser ablation deposition.

Film deposition of photorefractive materials such as BaTiO3 may be controlled
in such a manner that films can be grown on an appropriate substrate. Then it is
possible to study how the nonlinear effects on the refractive index change from a
few monolayers up to continuum distances. This transition may be studied with
two-wave mixing.

Another important issue is the influence of a strong magnetic field on the re-
fractive index of GaAs. The coupling of the magnetic field to the index has been
studied theoretically, but precise measurements have not been performed yet. The
changes of the refractive index will be investigated with two-wave mixing from the
Nd:YAG laser in a strong magnetic field at liquid helium temperature.

2.3 Diagnostics
2.3.1 Speckle Statistics and Interferometric Decorrelation effects

(S.G. Hanson, H.T. Yura (Electronics Technology Center, The Aerospace Corpo-
ration, USA), and B. Hurup Hansen)

Complex ray-matrix techniques combined with the paraxial approximation of the
Huygen-Fresnel formulation of wave optics are a useful tool in the analysis of the
performance of a rather general class of optical systems. This method expresses
the complex optical field in the observation (or output) plane as an integral over an
initial (or input) plane of a given source distribution multiplied by a propagation
kernel. The propagation kernel is a function of the ABCD matrix elements of the
complete optical system between the input and the output planes and properties
of the intervening medium through which the light propagates. By using such
methods it is possible to obtain in a straightforward manner expressions for all
the statistical correlation functions that pertain to the optical system, the source
distribution, and the intervening medium under consideration.

The use of complex ABCD matrix elements permits the modelling of limiting
apertures (e.g., thin lenses, field stops, and finite-sized measurement apertures) as
soft (i.e. Gaussian) apertures. In many applications such modelling yields useful
engineering analytical approximations to system performance that can be used for
designing, sizing, and scaling of optical systems.

We have considered the situation for homogeneous media!). Expressions for the
following quantities have been obtained: the mean, the variance, and the corre-
sponding correlation function of the irradiance distribution resulting from an inco-
herent source that has propagated through a complex, axially symmetric ABCD
optical system. We have obtained general expression for the mutual coherence
function, which can be regarded as a generalisation of the Van Cittert-Zernike
theorem to complex paraxial ABCD systems. In the same manner expressions
have been achieved for the number of speckles and the maximum number of inde-
pendent intensity measurements permitted by the optical system. Analytical solu-
tions to the problem of decorrelation in holographic interferometry and electronic
speckle interferometry (ESPI) related to the fringe visibility have been obtained.
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Figure 1, Various degrees of decorrelation observed in an electronic speckle inter-
ferometer from an vbject ezperiencing various degrees of in-plane tilt.
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The decorrelations considered for the object are in-plane tilt, in-plane translation,
and translation along the optical axis.

1) Yura, H.T., Hanson, S.G., and Grum, T.P. (1993). Speckle: statistics and in-
terferometric decorrelation effects in complex ABCD optical systems, Journal of
the Optical Society of America A 10, No. 2, February 1993, pp. 316-323.

2.3.2 Speckle Noise in Laser Velocimetry

(S.G. Hanson, L. Lading, H.T. Yura (Electronics Technology Center, The Aero-
space Corporation, USA), and R.V. Edwards (Case Western Reserve University,
Cleveland, Ohio, USA))

Two fundamental random processes appear to provide the fundamental limits to
the uncertainty with which measurements can be performed: the photon shot noise
process and the speckle process associated with the scattering. The speckie process
modulates the photon process. It is from the detected modulation that the velocity
is inferred.

We have considered the problem in connection with scattering from surfaces
and especially in connection with the time-of-flight (two-spot) configuration. It

Log{var{T,}0/0,,)
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Figure 1. Minimum variance of the estimated time-of-flight versus the signal-1o-
noise ratio. The 'standard’ limit in the case of no noise is one (log 1 = 0).
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appears that the standard expressions for the statistical uncertainty, which may
be obtained by considering the number of degrees of freedom over which the
temporal averaging takes place, do not represent fundamental limits.

The effects of speckle decorrelation in connection with the absolute spatial
bandwidth of the system set the lower limits to the measuring uncertainty. The
speckle decorrelation has been analysed by the use of a complex ABCD matrix
formulation). In this analysis all apertures are assumed to be Gaussian. This
appears to give legitimate results for speckle correlation effects. However, for the
analysis of the actual measuring uncertainty, it appears that the limits are given
by the fact that the transmitted and/or received beams ar~ inevitably truncated
by an aperture. Qutside the aperture the light is blocked. Thus the spatial band-
width is absolutely limited. It is this bandwidth that defines the ultimate lower
limits to measuring uncertainty. A Gaussian beam would allow for arbitrarily high
spatial frequencies - albeit attenuated but not elinrinated.

If photon noise or thermal noise plays a significant role, the Gaussian beam
analysis may still be valid?.

1) Yura, H.T. and Hanson, S.G. (1993). Laser-time-of-flight velocimetry: analyti-
cal solution to the optical system based on ABCD matrices, Journal of the Optical
Society of America A 10, No. 9, September 1993, pp. 1918-1924.

2) Lading, L. and Edwards, R.V. (1993). Laser velocimeters: lower limits to un-
certainty, Appl. Opt. 32, pp. 3855-3866.

2.3.3 Optical Measurements of Ocean Waves

(S.G. Hanson, J. Churnside (Wave Propagation Laboratory, NOAA, Boulder, Col-
orado, USA))

An investigation of the possibility of optical measurem=nts of ocean waves has been
conducted in cooperation with Wave Propagation Laboratory, NOAA, Boulder,
USA. Several techniques have previously been proposed for such measurements.
The first one uses natural light reflected from the surface as a measure of the tilt of
the surface. Stereophotography was later used to measure the height distribution
of the surface, and lately a method has been introduced in which a laser beam
penetrates the water-air interface from beneath. The beam position above the
surface thus depicts the local slope.

Two new methods have been investigated. The first method is based on the
delta-k lidar technique in which the backscattered light from one laser beam scat-
tered from particles embedded in the water is analysed®). The laser beam consists
of two different frequencies which set up a fringe pattern along the optical axis
moving at the velocity of light as shown in Fig. 1. The fringe pattern is subse-
quently projected on the ocean surface, and resonance backscattering is observed
from surface waves having a wavelength equal to half the period of the projection
of the fringe pattern. The detected signal will be modulated with the difference
frequency of the two laser beams and the wave velocity. This facilitates the probing
of the phase velocity of a surface wave with known wave number. The calibration
factots have been investigated with special emphasis on the linearity of the signal
as a function of the wave height and as a function of the polarisation of the ra-
diation. Further, the effect of measurement on waves riding on a large-scale swell
wave has been addressed. When the swell intercepts the lidar beam at some other
azimuthal angle, the situation is more complex and a horizontally or vertically
polarised beam will no longer be perpendicular or parallel to the plane of refrac-
tion, and a mixed polarisation must be considered. Moreover, the effect of finite
penetration depth of the light in water has been treated. As light penetrates water
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Figure 1. Geometry for a delta-k lidar system for measurements on the ocean
surface.

and is scattered back to the surface, the projected fringe pattern may have moved
thus creating echoes back to the detector, echoes which are out of phase with the
signal coming from just beneath the surface. It is consequently important that
the fringe period exceeds the penetration depth of the radiation. Finally, the wave
number sensitivity and the angular sensitivity of the system have been considered.
A second method of interest is based on backscattering of incoherent light from
particles suspended in water?). The ratio of backscattered intensity from two or-
thogonal polarisations will solely depend on the angle of incidence of the light and
will be independent of the intensity and the amount of scattering particles as long
as the particles are randomly oriented. Two images recorded with a CCD-camera
will provide the necessary information for determination of the angle of incidence
pixel by pixel. The spatial distribution of surface tilt can therefore be deduced
from the imagery. The method has been verified in laboratory measurements.
1) Churnside, J.H. and Hanson, $.G. Effect of penetration depth and swell-generat-
ed tilt on delta-k lidar performance, accepted for publication in Applied Optics
primo 1994.
2) Churnside, J.H., Hanson, S.G., and Wilson, J.J. Determination of ocean wave
spectra from images of backscattered incoherent light, submitted to Applied Op-
tics.

2.3.4 Polarisation Dependency of Radar Backscattering from the Ocean
Surface

(S.G. Hanson and V.U. Zavarotny (Wave Propagation Laboratory, NOAA, Boul-
der, Colorado, USA))

The influence of forwardly reflected radiation from gravity waves on the backscat-
tered radiation from a sea surface has been analysed!). Special emphasis has been
given to the observed difference between imagery obtained for equal polarisation
for the transmitter and receiver, i.e. horizontal and vertical. The basic scattering
mechanism for the radiation is assumed to be Bragg scattering from matching
capillary waves riding on trochoidally shaped gravity waves as shown in Fig. 1.
For large angles of incidence, the back of the gravity wave will primarily act as
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Figure 1. Scaitering geomeiry for a iriangular wave model. The plane of incidence
is y = 0, and the angle of incidence is 8y. Polarisaiion in the plane of incidence
is denoled V-polarisation, while perpendicularly polarised radiation ts denoted H-
polarisation.

a reflector causing the radiation on the forward slope of the wave to consist of a
coherent superposition of the directly incident wave and the reflected wave.

It has therefore been argued that probing of the spatial change of the shape of
the gravity waves can be deduced from the backscattered intensity of microwaves
of {ar lower wavelengths. Imagery obtained with horizontally polarised radiation
will especially reveal these features. The multipath backscattering is identical to
"enhanced backscattering” as it is known in the optical regime. This formalism
will contribute to the explanation of "sea spikes” well-known in radar scattering
from the sea surface and specially observed for horizontally polarised radiation.

The theory has shown that multipath backscattering may account for larger
backscattering cross sections than the cross section from Bragg scattering itself.
1) Hanson, S.G. and Zavorotny, V.U. Polarization dependency of enhanced multi-
path radar backscattering from the ocean surface, submitted to IEEE Transactions
on Antennas and Propagation.

2.4 Information Processing

2.4.1 A Q-State Mean Field Annealing Algorithm for Filtering of Grey
Level Images Suited for Optoelectronic Implementation

(3. Glisckstad and T.M. Jorgensen)

Algorithms for extraction of features within noise are important as a preprocess-
ing stage for automatic image recognition. It is important that such algorithms
are fast and parallel schemes are therefore preferable. The so-called mean field an-
nealing algorithms have proved to be preferable to simulated annealing algorithms
since less iteration steps are needed. We have considered a mean field annealing
algorithm that corresponds to a Q-state spin-Ising model. The algorithm is used
for nonlinear noise filtering of images into Q grey levels. Each iteration of the spe-
cific scheme involves a bius field addition, a convolution operation, and a nonlinear
operation corresponding to a multilevel threshold operation (see Fig. 1).
Software implementations of the algorithm have produced convincing results,
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even for signal-to-noise ratios well below one (see Fig. 2).

Since the convolution operation corresponds to an averaging procedure over
neighbouring pixels, it can be performed in parallel by the use of a defocusing
camera. We have implemented the scheme by the use of a spatial light modulator,
a camera, and a frame grabber. The image is displayed on the light modulator and
the nonlinear operations are performed by the use of the frame grabber. Due to
inhomogeneities in the illumination of the light modulator the operational number
of levels of the threshold curve is limited. However, our results act as a proof of
principle with respect to an optoelectronic parallel implementation (see Fig. 3).

The low-pass filter used in the loop can be considered to be an example of
a simple wavelet filter which determines the features we are looking for in the
noisy image. By changing the size of the filter th: scale of the specified structures
changes. A possible application of such filters would be in the area of defect de-
tection.

Multilevel thresholds
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Figure 1. The multilevel thresholding functions used in the loop. The sleepness is
increased during the iterations corresponding {o the annealing scheme.
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Figure 2a. Noisy image. Figure 2b. Resulting image afier cight iterations (com-
puler simulation).

Figure 3a. Noisy image. The standard deviation of the Gaussian noise corresponds
1o 1.5 times the step size between two neighbouring grey levels of the underlying
image. Figure 3b. Resulting image afier four iterations through the oploelectronic
loop.
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2.4.2 Nonlinear Noise Filtering and Texture Recognition by an Op-
toelectronic Neural Network that Implements a Mean Field Annealing
Algorithm

(T-M. Jorgensen and J. Glackstad)

Instead of extracting coherent pixel clusters, structures from noisy images as de-
scribed in the above section may be cbtained by considering the more general task
of texture recognition. Texture analysis is of importance in many areas. Some of
the most common applications are: classification of aerial images, medical image

Figure 1a. Two test leztures. Figure 1b, Test lextures with added Gaussian noise.
Figure Ic. Local energy map corresponding to one of ihe {wo feztures. Figure 1d.
Resulting image after eight slerations with image Ic as input (computer simula-
tion).
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processing, and process control.

In order to deal with textures we make use of the fact that most textures can
be characterised by their energy distribution in a set of windows of the spatial
frequency space. The concept is therefore to make use of the so-called Jocal energy
maps of specific spatial frequency regions. These emergy maps can be consdered
to be the result of filtering the textures with quadratic Gabor-like filters, and
squaring and surnming the resulting quadrature filter outputs. Optically the local
energy map can simply be obtained by situating a simple bandpass filter in the
Fourier plane of the setup. An appropriate combination of these cnergy maps is
then used as input to a loop similar to the one presented above. To illustrate
this concept consider the two textures (from Brodatz album) in Fig. 1a. Adding
Gaussian noise with a standard deviation equal to the modulation depth of the
texture signal we obtain the image shown in Fig. 1b. Using a bandpass filter
around the basic frequency of the left texture the local energy map becomes as
shown in Fig. 1c (computer simulation). The local energy map is then processed
by a loop which basically cotresponds to the one described above. The resulting
image after eight iterations is shown in Fig. 1d (computer simulation). It is seen
that the algorithm determines the region of interest quite well in spite of the noise.
We have also tried to use multiplicative noise and combinations of additive and
maltiplicative noise. Using signal-to-noise ratios of the size cotresponding to that
of Fig. 1b the results for these cases become similar to the one given by Fig. 1d.

This work was supported by the National Research Councils under the CON-

NECT programme.

2.4.3 Optical Processing in Industrial Applicatios.s
(A. Skov Jensen, E. Rasmussen, B. Hurup Hansen, and E. Eilertsen)

The ESPRIT project, NAOPIA 11, was started in January 1993 with partners from
Thomson-CSF, PSA, 10TA (France), University of Erlangen, DASA, JenOptik
(Germany), Alenia (Italy), and Rise. The objective of the project is Lo demonstrate
an industrial application utilising optical technology for the industrial partners in
the project (PSA, DASA, Alenia, and JenOptik).

Risg is responsible for the following two tasks:

- To build an XY-traversing work cell with camera and computer controller
interface for the purpose of making a demonstrator for the assembly of com-
posite materials (airplane parts). An operator is supposed to lay plies of
composite materials in a prescribed order to build the wanted part. The
camera-computer system must check whether the operation has been per-
formed correctly. Originally it was planned that the control should be done
with an optical joint transform correlator, but experiments and simulations
have shown that this is not feasible. The application of optics in this task is
limited and consists mainly of the illumination system produced by University
of Erlangen. The work cell is shown in Fig. 1.

- To produce a double, electrically addressed, active matrix spatial light mod-
ulator (SLM) with the assistance from a subcontractor from Minsk Radio-
engineering Institute (MRI), Republic of Belarus. The SLM is supposed to
be used as an input SLM to the optical joint transform correlator built by
Thomson-CSF. The specifications of the SLM are:

- The SLM is a double 480*480 pixel device with a distance of 3 mm.
- The speed of the SLM is TV-frame rate.
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- The active hquid crystal display (LCD) matrix is fabricated on a silicon
substrate.

- The pixel size and the pitch are 50 pm.

- The comtrast ratio should be better than 160.

- The clectronic drivers are attached o the sikicon substrate.

- The optical quality of two SLMs should be better than A/10.

- The efficiency of the SLMs should be better than 80%.

MRI is prodeciag the LCD matrix with the electronic drivers, and Risg is re-
task have been the clectronic drivers om the SLM. Despite the availability of data
sheets on components from Japanese producers, it has not been possible to pur-
chase any such components. It has therefore been necessary to design a special
driver configuration where the SLMs are sphit imto four parts each drives ia par-
allel. The design will fulfil the specifications and, whea more advance components
are available, can be wsed to get higher video input rates than the wnial TV-frame
rale. A second problem has been the optical quality of the SLM. For display pur-
poses this is not a major problem, bt for Founier space applications the quality is
critical. The LCD substrate will be covered and index matched to a planar glass
plate (1/10 quality).

2.4.4 Machine Stereo Vision
(A. Skov Jensen, E. Rasmussen, and E. Eilertsen)

Stereodepth perceplion (stereopsis) was explained and invented by Wheatstone in
1838 and has since been used in various optical instruments. Stercopsis relies on
the shift along the line of sight between local areas in the two eyes. The aim of this
project is to propose a 3D stereoscopic machine vision system based on a simple
correlation scheme that can be implemented oplically or electronically and works
in real time, i.c. at TV frame rate or faster. Two images have to be recorded with
two displaced CCD camweras. The relevant information m the two images is local
shifts that can be found by detecting the shift in the peak of the loc2l correlation
function.

The present work is performed in cooperation with Alexander G. Sobolev, In-
stitute of Cybernetic Problems (ICP), The Russian Academy of Science Russia,
and s supported by a small NATO grant. ICP is working on acousto-optic (AO)
correlators later to be interfaced with the stereo videocameras. Cakulations show
that stereo images can be converted to 3D images at TV frame rate or faster by the
use of AO-correiators. A prototype of an AQ-correfator has been tested on stereo
images by V. Volkov (ICP) at Ris¢. The experiments were carried out without the
proper interface to the videocameras, by the use of video frame grabbers. Approx-
imately ten delays were available in the correlator due to a low input speed of the
signals to be correlated. Despite this, ressonable results were obtained. This work
will later be reported in detail.

Very convincing results have been obtained by computer simulation, where the
parameters for the correlation process can be chosen more freely. Figure 1a shows
the 3D results from a set of recorded stereo images of five pencils displaced along
a line. Local correlation has been done on the vertical lines in the two images
in local segments of 32 pixels. Each correlation is shifted one pixel relative to
cach other giving considerable overlap. The correlation between two segments can
be performed in vatious ways. Here, one of the segments has been truncated in
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order to avoid boundary problems and to separate the correlation scale and in-
crease the depth resolution of the system. This can also be implemented in an
AO-correlator. For each correlation function the maximum peak position is found
and thresholded. If the peak exceeds the threshold, the 3D image is given a colour
(grey tone) equal to the detected shift and, otherwise, the colour is set to the
background colour. The thresholding and the truncating technique in Fig. 1b give
an edge enhanced 3D image of the pencils.

Figure 1a. One of the stereo images. It is seen that a large number of substructures
is present besides the images of the five pencils. Figure 1b. The resull of the local
correlation of the two stereo images. The image is a screen dump from a 16-colour
screen. The aclual grey levels are difficult to see in this representation, but they
cover a range of 16 levels from left 1o right in the image. The steps in the levels
are approrimalely linearly distributed. Compared with Fig. 1 it is seen that the
contour of the pencils is well represented.

2.4.5 Automatic Pig Evisceration - 3D Image Analysis
(S. Sloth Christensen)

The department participates in an EU BRITE project together with the Danish
Meat Research Institute, DK (co-ordinator of the project), Siemens AG, D, Ri-
cardo Hitec, GB, and University of Bristol, GB. The purpose of the project is to
develop an automatic pig evisceration system. It is the task of Risg to develop and
implement the required image processing methods.

The large biological variations between pigs complicate the recognition task
considerably. The image processing is therefore based upon an artificial neural
network in order to obtain the required precision and noise immunity.

3D information is generally required in order to generate control signals for a
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robot. This information is obtained by a 3D sensor system produced by Siemens.

Risg has extended the neural network image processing model to incorporate
the 3D information. A number of features are only recognisable if 3D information
is present, e.g. a tilted white square on a white background. It is, however, not
sufficient to use only the 3D information. Risp has therefore developed a model
for sensor fusion that enables the neural network to integrate 3D and 2D image
information. This concept provides a fiexible and reliable method for identification
of feature points in 3D space.

The 3D/2D image processing method has been integrated with the Siemens
equipment and is used to generate control signals for the robot.

2.4.6 Neural Network Hardware for Image Processing
(S. Sloth Christensen and A. Andersen (Engineering and Computer Department))

A neural network PC expansion board has been developed in collaboration with
the Engineering and Computer Department. The board is among the fastest neural
network implementations in the world. It is possible to perform 5,000 classifica-
tions/sec with 32 output classes using the standard configuration. It is possible to
configure the board to perform 10,000 classifications/sec if the task is simple.

The high classification speed provided by the hardware implementation makes it
feasible to apply neural networks to image processing tasks. The enormous amount
of data has been one of the major obstacles in applying neural network methods to
image processing tasks. The availability of a fast neural network implementation
is therefore a crucial step forward in the application of neural networks to real
world problems.

The neural network board has already been successfully applied to the recog-
nition of feature points on pig carcasses (BRITE B/E 4152). The capability of
performing a large number of classifications within a short time frame has in-
creased the precision and reliability of the system.

3 Continuum Physics

3.1 Introduction

The research areas of the Continuum Physics Section cover studies of fundamental
problems in fluid dynamics and aerodynamics as well as studies of plasma physics
relevant to fusion energy research. All the fusion relevant research is done under
the EURATOM-Risg association. The description of all the scientific contributions
is in the following divided into two research areas, (1) nonlinear dynamics of
continuum systems and (2) fusion plasma physics. The separation is somewhat
artificial since the two fields have a high degree of overlapping.

- Nonlinear dynamics of conlinuum systems
This research area is concerned with theoretical, numerical, and experimental
investigations of nonlinear continuum systems. The emphasis of these inves-
tigations has been on studies of coherent structures in two-dimensional flows.
The nonlinear dynamic evolution of these structures, which can be charac-
terised as localised and long-lived vortices, was studied by a combination
of theoretical, numerical, and experimental investigations. A detailed under-
standing of the physical properties of two-dimensional coherent structures is
of great importance to the description of plasma confinement in magnetic fu-
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sion experiments as well as to many fundamental problems in aerodynamics
and fluid dynamics.

- Fusion plasma physics
This research area includes fusion relevant research which has not already
been mentioned under the previous heading. The topics are turbulent trans-
port, nonlinear evolution of instabilities, plasma equilibria, and diagnostics
based on coherent scattering. During 1993 the Risp Q-machine, which has
been in operation since 1967 and used for experimental studies of fundamen-
tal plasima physics, was dismantled.

3.2 Nonlinear Dynamics of Continuum Systems
3.2.1 Simulation of Viscoelastic Fluids
(Bo Gervang)

A Newtonian fluid (e.g. water) shows a linear relationship between stress and
rate of deformation. The proportionality constant is the viscosity of the fiuid. All
other fluids are denoted non-Newtonian fluids of which the viscoelastic fiuids are
of particular interest in this study. These fiuids behave as a Hookean solid when
processed at short time scales but as a Newtonian liquid when processed at long
time scales.

The flow past a sphere in an infinite expanse of fluid is simulated. This example
was suggested at the Sixth International Workshop on Numerical Methods in Non-
Newtonian Flow as a benchmark problem for test of different computer codes.
The governing equations are discretised using spectral methods, and a domain
decomposition is used in order to resolve the steep gradients in the boundary layer.
Both the Eulerian and the Lagrangian formulations are tested when solving the
hyperbolic stress equations. Conventional discretisation methods (finite difference,
finite volume, and finite element) have only solved the equations for small values
of the Deborah number whereas we can, by use of spectral methods, solve the
equations for larger values of the Deborah number. The Deborah number may be
interpreted as the ratio of the magnitude of the elastic forces to that of the viscous
forces.

Formulating the problem in primitive variables - u,p, T (velocity, pressure,
stress) - gives rise to the solution of the time dependent Stokes operator at each
time step. Optimal spaces are sought for both velocity and pressure fields in or-
der to obtain globally solenoidal velocity fields. The associated discrete matrix is
singular and new techniques are developed to solve singular systems arising from
spectral discretisation of PDEs with domain decomposition.

3.2.2 Studies of Boundary Layer Formation and Detachment in Two-
Dimensional Flows

(E.A. Coutsias (University of New Mexico, USA), J.S. Hesthaven, and J.P. Lynov)

One of the most difficult problems in industrial flow control lies in determining
the effects caused by the extremely complex flow patterns generated near material
boundaries. Here, boundary layers with high vorticity concentrations are usually
formed, and through very irregular bursting events these boundary layers detach
from the walls and enter into the main flow leading to turbulence. In most engi-
neering designs these processes are treated in a rather crude, statistical manner.
However, through the evolution of high power supercomputers and the develop-
ment of new analytical and computational techniques direct and detailed studies
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of the fundamental flow processes near walls are beginning to be possible.

In our numerical studies of two-dimensional, wall bounded flows we have de-
veloped accurate spectral algorithms for various nonlinear, dynamic problems.
During the past year several quantitative tests have been carried out in order
to test the accuracy of these algorithms. One such test was the solution of the

T=10.00

Figure 1. Numerical simulation of shear layer roll-up in a periodic channel with
oppositely moving, no-slip walls at Reynolds number 20,000,
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Orr-Sommerfeld equation. This is a linear eigenvalue problem which describes the
onset of unstable fluctuations in a plane, pressure driven channel flow. In order to
solve the eigenvalue problem, our new spectral methods described in section 3.2.3
were employed. As a result of these well-conditioned operators, we were able to
determine the eigenvalues with a couple of orders of magnitude higher accuracy
than those previously cited in the literature. The results from the eigenvalue prob-
lem were subsequently used to check the dynamic behaviour of our full dynamic
code with excellent agreement. Similar comparisons between theoretical eigenvalue
calculations and fully dynamic simulations were performed for the forced, annular
shear layer problem described in section 3.2.4.

Theoretical studies of boundary layer evolution caused by isolated vortical struc-
tures have been initiated. The goal of these studies is to provide good, theoretical
estimates of the vorticity production and boundary layer detachment caused by
vortex-wall interactions. Our initial investigations have been concerned with com-
parisons between theoretical estimates of idealised, vortex sheet production by
incoming point dipoles and the complete boundary layer formation by incoming
dipoles with distributed vorticity. These studies have led to the development of
new schemes for the initial projection of the vorticity field necessary in order
to satisfy the no-slip boundary conditions at the walls at the very start of the
simulations.

An example of complex boundary layer behaviour is shown in Fig. 1. Here
results from a high resolution simulation (342 Chebyshev and 684 Fourier modes)
are shown for a shear layer roll-up in a periodic channel with oppositely moving
walls at Reynolds number 20,000. The contour plots show instantaneous vorticity
distributions. Boundary layer formation and eruption is clearly seen when main
flow vorticity approaches the channel walls.

3.2.3 Development of Accurate and Efficient Numerical Algorithms
for the Solution of Problems with Sharp Variations

(E.A. Coutsias®, T. Hagstrom®. and D. Torres® (* University of New Mexico, USA))

‘The numerical studies pursued in connection with our fluid dynamics research rely
critically on certain innovative algorithms that have been developed at Risg and
allow the exceedingly accurate solution of boundary value problems for various
differential equations.

The dynamics of vortices near walls, the filamentation occurring in the evolu-
tion of shear layers or during vortex-vortex interactions, and the analysis of flows
exhibiting sharp gradients in flow properties all require the accurate integration
of highly nonlinear partial differential equations for very long time. Due to the
exponential instabilities and the potential occurrence of chaotic events in such
problems, very high accuracy must be maintained throughout the computations.

In our efforts to maintain a very high standard of accuracy and reliability in
our simulations, we have relied on the excellent approximating power of spectral
families, such as Chebyshev polynomials. The general idea in these methods is the
expansion of the quantities involved in terms of classical orthogonal polynomials.
Then, differential operators are expressed as matrices acting on the expansion
coefficients. In general, these matrices are full and ill-conditioned, and the resulting
discretisation of the field equations is quite cumbersome and hard to manipulate,
despite its "infinite ord. ' ~ccuracy”. Such manipulations tend to be prohibitively
expensive in terms of computer time.

By taking advantage of certain simple recursion relations and other, apparently
not widely known algebraic properties of orthogonal polynomials!), we are able
to solve large classes of problems, including all the problems occurring in onr
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various hydrodynamic codes, by computationally simple and well-conditioned al-
gotithms which scale linearly with the number of computational nodes employed
in our discretisations. Several test problems that demonstrate the power of the
new techniques have been solved. For example, in a problem including an internal
shock wave our method allows the same accuracy to be obtained by the use of as
few as 64 modes as a traditional approach would by using = 32,000 modes?).
Special attention needs to be given to the analysis of problems in geomectries
involving coordinate system singularities. In this direction we have been successful
in overcoming the difficulties associated with the spectral solution of the Poisson
equation in a disk, an essential first step towards developing a fast and accurate
Navier-Stokes solver for flows in circular domains. This will be needed for our
studies in connection with the projected parabolic rotating tank experiments that
are in the construction phase at Riss.
1) Coutsias, E.A. (1993), submitted to SIAM J. of Sci. Stat. Comp.
2) Coutsias, E.A ., Hagstrom, T, and Torres, D. (1993), submitted to Math. Comp.

3.2.4 Numerical and Analytical Studies of Transitions in Circular Shear
Layers

(K. Bergeron®, E.A. Coutsias®, J.P. Lynov, and A.H. Nielsen (* University of New
Mexico, USA))

The evolution of circular shear layers provides a rich backdrop for investigations of
the transition to turbulence in fluids and plasmas. A better understanding of the
processes involved can lead to finer methods for influencing, even controlling, this
complex phenomenon. The Kelvin-Helmholtz instability of shear lavers offers a
generic pathway for the formation of coherent vortical structures which in recent
years have become recognised as the main actors in many situations in which
traditional analyses of turbulence have proved inadequate. An interesting example
is offered by the problem of vortex shedding from structures that are responsible
for such common phenomena as jet airplane noise, catastrophic failures of large
structures under strong wind loads, and transonic flight control.

The quantisation inherent in circular g~ometry leads to the formation of well-
defined vortical braids, unlike the incessant pairing and scale evolution of planar
shear layers. Both cylindrical, magnetised, electrostatic plasma experiments and
rotating fluid experiments have produced rich bifurcation sequences of different
symmetries, as well as oscillating, quasi-periodic, or chaotic states. We have pur-
sued numerical and analytical studies which demonstrate that such transitions can
be accurately described by reducing the governing slightly viscous, forced Navier-
Stokes equations to a system of ordinary differential equations of few degrees of
freedom. The simplest case studied in detail so far leads to an equation of the Lan-
dau type describing the saturation of the Kelvin-Helmholtz instability in terms of
the amplitude A(7) of the most unstable mode, with r a slow time scale. In this
case the dynamic equation assumes the form:

aA, = A+ v7AA".

The (complex) coefficients of the reduced equations are computed by numerical
solution of appropriate eigenvalue problems; the resulting time evolution is in ex-
cellent agreement with direct simulations of the flow, and both sets of calculations
faithfully reproduce experimental observations of circular shear layer transitions
in the split annulus experiment?),

The two approaches supplement each other in predicting the transition to states
of ever increasing complexity, even beyond the regimes that have so far been
experimentally accessible.
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A direct practical application of this work, besides the understanding that it
will produce the transition mechanism in circular shear layers, can be better un-
derstanding of flows in computer disk drives. Similar bifurcation phenomena have
been observed in circular flames?) and it will be interesting to carry out a com-
parison of the transition mechanisms at work in the two problems.

Ultimately, this extremely accurate reduction of the phenomenon to low dy-
namic system behaviour offers the promise of controlling the transitions by proper
application of external forcing. An investigation of various methods of applying
controlling forces to this flow is planned.

1) Chomaz et al. (1988). J. Fluid Mech. 187, 115-140.
2) Bayliss, Leaf, and Matkowsky (1993). Comb. Sci. Tech. to appear.

Re=78.45 Re=91.19 Re=103.93

Figure 1. Numerical simulation of an annular shear layer with slowly increas-
ing forcing. The conlour plots show instantaneous vorticity distributions. A small
amount of noise was added to the initial, rolationally symmetric, vorticy distribu-
tion. At the critical Reynolds number, the flow makes a {ransition to a state with
azimuthal mode number m = 7. As the Reynolds number is increased further, the
Jlow undergoes a sequence of symmetry breaking bifurcations {o states with lower
values of m.
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3.2.5 Multidomain Spectral Simulation of Unsteady, Compressible Flow
Around a Circular Cylinder

(J.S. Hesthaven, W.S. Dons®, D. Gottlieb* (* Brown University, Division of Ap-
plied Mathematics, Providence, RI 02912, USA), and M.D. Salas®* (** ICASE,
NASA Langley Research Center, Hampton, VA 23665, USA))

The behaviour of compressible flow past a circular cylinder has been used as a
model for fundamental studies of external flows. In spite of the simplicity of the ge-
ometry, this simple flow embodies a variety of interesting flow phenomena, ranging
from steady Stokes flow to viscous wake flow and fully developed turbulence.

During the last decades the dynamies of unsteady, compressible wake flows past
a cylinder have been studied intensively - experimentally as well as theoretically.
Recent experiments seem to indicate that coupling to acoustic waves propagat-
ing upstream may have a significant impact on the overall dynamics of the flow.
These acoustic waves may appear in wind tunnel experiments, where the turbine
generates sound waves which propagate downstream, reflect at the end of the
wind tunnel and, finally, propagate upstream where they may interfere with the
experiment.

In order to study this phenomenon, we have developed a pseudospectral Fourier-
Chebychev code, where the computational domain is split into several nonover-
lapping subdomains. This allows larger flexibility in choice of grid, grid mappings,
and filtering. The artificial outer boundary is treated by employing the method
of characteristics for Lyperbolic systems of conservation laws, thereby assuming
that the flow may be considered inviscid at the outer boundaries. Matching of
characteristic waves has also been employed as a patching scheme between the
nonoverlapping subdomains. The code can handle flows with Mach number < 0.6
and Reynolds number < 200, where three-dimensional effects become important.

As an example, in Fig. 1 we see the full computational domain, consisting of
three nonoverlapping subdomains used for simulating the flow past a cylinder at
M = 0.4 and Re = 108. In Fig. 1 we also show a contour plot of the relative density
p/poo- The formation of the Von-Karman street is clearly demonstrated and the
Stroudal number for the shreading is found to be St = 0.186, in full accordance
with experimental findings. These results clearly demonstrate the applicability of
the domain patching and the outer boundary conditions.

The formulation of the scheme as a multidomain approach lends itself to parallel
implementation of contemporary parallel coarse-grained architectures. Indeed, we
observe a speedup of 1.8 at a two-processor system, illustrating the effectiveness
by which such problems may be solved when employing modern computational
approaches.

In accordance with the experimental findings, we observe that acoustic waves
corresponding to a relative pressure perturbation as low as 0.1 % may indeed have
a significant impact on the shedding dynamics. However, we also find that heating
the cylinder may have an even greater impact on the dynamics. These results ate
of importance to understanding measurements obtained in wind tunnels by using
hot wires.

We plan to conduct a thorough investigation of the effects of the acoustic waves
and the heating of the cylinder in order to uncover these new phenomena. We
also intend to improve the computer code by employing recent theoretical results
which ensure temporal stability of the computational scheme, thus allowing for
longtime integration of the governing equations.
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