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Abstract

The recruitment of leukocytes to the endothelial walls is intensively investigated both
experimentally and through three dimensional computer simulations. The shear depen-
dent viscosity has been obtained from measured values in post-capillary venules of Whis-
tar rats cremaster muscle. Localized velocity fields and shear stresses on the surface of
leukocytes and near vessel wall attachment points have been computed and discussed
for a cluster of recruited leukocytes under generalized Newtonian blood flow with shear-
thinning viscosity. We have observed one region of maximum shear stress and two regions
of minimum shear stress on the surface of the leukocytes close to the endothelial wall.
This suggests that the accumulation of selectins attains a minimum value in two regions,
rather than in one region, on the surface of the leukocytes. We have also verified that
the collective hydrodynamic behavior of the cluster of recruited leukocytes establishes a
strong motive for additional leukocyte recruitment. The study suggests that the influence
of the leukocytes rolling on the increase of the endothelial wall shear stress may support
the activation of more signalling mediators during inflammation [1,2,3].
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rita.ervilha@gmail.com

Miguel Abreu Almeida Mendes
Department o Mechanical Engineering, Instituto Superior Técnico, Thecnical University of Lisbon, Portugal.
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Abstract

The uncertainty is a permanent reality everytime one wants to understand or char-
acterize some physical aspect. In the present work we intent to present and analyse the
uncertainty quantification in several cases and with the recourse to different techniques.

Being that Monte-Carlo methods are very expensive and time consuming, namely
for a high level of confidence, we use the Polynomial Chaos expansions to simulate the
uncertainty propagation along the time and the physical space. Analytical and numerical
projections of the stochastic equations into an orthogonal basis of the polynomials are
computed leading to different kinds of methods, the intrusive and non-intrusive methods,
respectively.

Several cases concerning the different approaches are presented and some numerical
and physical aspects analysed. Also, both Hermite and Laguerre polynomials are consid-
ered, associated to the Normal and Gamma probability density functions.

Particularly, we have considered three different cases: - Time and space evolution
of a 2D Lamb-Oseen vortice and a pair of vortices in cross flow where the viscosity is



a random input as a way of simulate a range of Reynolds numbers. - One-Dimensional
reacting flows inside porous burners with stochastic physical parameters as the convection
coefficient or the medium porosity is one example of dealing with properties which can
substancialy vary from each manufacturer. - Propagation of forest fires with the classical
Rothermel method affected by uncertainty in several input variables. This type of physical
modelling is one of the most affected by the uncertainty in the relevant parameters. Here,
the moisture and wind direction and intensity are some of the stochastic variables that
must be considered.

Keywords: Uncertainty Quantification, Polynomial Chaos, Intrusive/non-Intrusive Meth-
ods, Stochastic Equations.
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Adélia Sequeira, Abdel Monim Artoli, Euripides Sellountos
Dept. of Mathematics and CEMAT / IST, Portugal.

{adelia.sequeira; artoli; esell@math.ist.utl.pt

Abstract

Experimental investigations conducted over the years have shown that blood can ex-
hibit non- Newtonian characteristics like shear-thinning, viscoelasticity and thixotropy.
The ability to describe the complex rheological behaviour of blood, which is determined
by numerous physiological factors like plasma viscosity, rate of shear, haematocrit or level
of red blood cell aggregation and deformability, among others, is of major importance
in many clinical applications, where local hemodynamics plays a determinant role. A
detailed discussion of different models and methods can be found in [4].

In some districts of the vascular system, like in large vessels, blood viscosity can be
considered as a constant and blood flow is well described by the Navier-Stokes equations.
In smaller vessels, the non-Newtonian effects are not negligible and more complex models
must be used. A constitutive law, involving a nonlinear relation between the stress and
the deformation gradient, is added to the system of equations.

The mathematical and numerical analysis of these complex problems can become a
formidable task, both from the theoretical and the computational view points. In our
presentation we show some results of blood flow simulations, using different numerical
techniques, to study hemodynamical and hemorheological circulation effects [1, 2, 3, 5].
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Abstract
Medical imaging modalities, such as computed tomography (CT) and magnetic res-

onance (MR), provide 3D anatomophysiological data that allow clinicians and surgeons
to carry out important medical decisions. For the biomechanical engineering community,
medical images are perceived as the input signal for a geometric modeling pipeline that
outputs accurate 3D CAD and mesh models. These models are extensively used for finite
element (FE) analysis in order to study several biomedical phenomena. Our framework
for 3D anatomical modeling starts by filtering image data to reduce noise and artifacts:
an anisotropic diffusion filter plays here an essential role. The structures of interest are
then partitioned into voxelized images, using, for instance, a 3D snake segmentation al-
gorithm with a contour evolution equation solved by a level set method. To convert this
type of image data into surface data, mesh-based or CAD-based geometric modeling re-
construction approaches may be adopted. The most usual mesh-based techniques rely on
extracting a polygonal isosurface by the marching cubes algorithm. The isosurface needs
then to be smoothed and decimated, so that unwanted features are removed. CAD-based
methods rely on point cloud extraction with further cubic spline curve or surface patch
interpolation. In this manner a mathematical representation of the anatomical geometry,
or solid model, is created. And, whenever a volumetric analysis is required, tetrahedral or
hexahedral meshes can be generated from an isosurface or a CAD model. The 3D models
created by either modeling approach can also be utilized for medical visualization and
rapid prototyping purposes. Several finite element models developed at ICIST–IST are
presented (cf. Figure 1) together with the sequence of image processing and geometric
modeling techniques applied in each case: the pelvic floor muscles [1], the thoracic di-
aphragma, the long bones of the upper and lower limbs [2], a bovine calf femur diaphysis
[3], the femuroacetabular articulation. A vast range of software tools were used for mod-
eling the geometry of these biomechanical structures, namely: MATLAB, ITK–SNAP,
ParaView, Blender 3D, Rhinoceros, CUBIT, ABAQUS.

Keywords: Medical Image, Isosurface, Solid Model, Computer-Aided Design, Finite Ele-
ment Analysis, Biomechanics.
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Figure 1: FE models developed at ICIST: A) female pelvic floor; B) thoracic diaphragm; C) isosurface,
smoothed and decimated meshes of ulna’s proximal epiphysis; D) bovine femur diaphysis with interlocking nail.
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Abstract

The refinement criterion used in adaptive Finite Volume methods has not been subject
to as much attention as in Finite Element methods, mainly because theoretical treatment
and error analysis place more difficulties. In this communication, we propose a statistical
approach to obtain a local anisotropic error indicator suitable for use in Finite Volume
methods. By performing a specification analysis on the order of the Taylor Series for the
local profiles, we obtain an error indicator which detects simultaneously large-scale and
small-scale flow phenomena. A 1D analysis is performed, and results are presented for
the the analytical and lid-driven cavity flow.

Keywords: h-refinement, anisotropic, error estimation, regression diagnostics
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Abstract
This work presents a numerical study of the stabilisation diagram of premixed flames

in a finite porous media inert ceramic foam. A set of steady computations are considered,
using a 1D numerical model which takes into account solid and gas energy equations as
well as chemistry and radiation models. The present results show that both stable and
unstable solutions, for upper and lower flames, exist either at the surface or submerged
in the porous matrix.

A linearised version of Discrete-Ordinates radiation model is included in the linear
stability analysis to discuss the influence of radiation in the stability of the flames. The
full stabilisation diagram and the linear stability analysis provide information on the
stability of the flames, pointing to the existence of surface and submerged flames that can
be unstable. The analysis of the slope of the power as well as the eventual existence of
flashback windows can help us to understand not only the locus of the real flames but
also its behaviour in some situations.

The stability analysis was done to premixed methane/air flames and ultra-lean H2/CO
mixtures, and a simplified reaction kinetics (2-step mechanism) was employed in order to
perform a linear stability analysis. This results are used to investigate the stability of the
steady solutions as a function of burning velocity and flame location for a set of different
inlet conditions.

From the linear stability results it can be concluded that the insertion of inert porous
media for premixed combustion promotes the stability of the analysed flames.

Keywords: Premixed combustion, Inert porous media, Linear stability analysis, Radiation,
Flame stabilisation.
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Abstract

Aerosol dispersion and deposition inside an idealized mouth-throat has been numer-
ically simulated using a stochastic Lagrangian model accounting for Brownian motion
and particle-wall interaction. Delivery of nanoparticles to the lungs is extremely difficult,
mainly due to their low inertia, and for this reason they are often loaded into larger carrier
particles. Bearing in mind the potentialities of nanoparticles in advanced drug delivery,
a set of monodisperse particles with diameters in the nanosize range, as well as in the
respirable and carrier ranges, were considered in the present simulations. Deposition pat-
terns were obtained by tracking a total of 16,000 particles for each diameter. The results
have shown that similar patterns were obtained in the mouth-throat for 400 nm particles
and larger. A clear correspondence between secondary flow structures in the fluid and
these deposition patterns was observed, demonstrating the role of the convective trans-
port processes for this size range. In contrast, a much more uniform distribution of the
particles adhering to the walls was noted for a size of 200 nm. It was also found that a very
large amount of these particles (nearly 80%) is lost by deposition on the mouth-throat,
thus recommending the use of (larger) carrier particles.
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Abstract

Over the last years, mathematical modelling and numerical simulations of blood flow
have gained a great relevance in the understanding of the human cardiovascular system, in
particular the origin and development of cardiovascular diseases [1]. However, modelling
the human circulatory system remains a very difficult and challenging task because of its
complexity and heterogeneity, both geometrically and functionally. In particular, realistic
numerical simulations of blood flow in arteries can not be performed without taking into
consideration the link between local and global phenomena [1, 2]. Moreover, blood flow
is characterized by pulse waves due to the fluid-structure interaction (FSI) between blood
and the vessel wall, which should be properly captured by the numerical model [2, 3].

The geometrical multiscale modelling of the cardiovascular system was introduced to
deal with this complexity and diversity. It consists of a hierarchical description, in which
the different parts of the circulatory tree are approximated at different dimensional scales,
3D, 1D and 0D, corresponding to different levels of desired accuracy [2]. At the higher
level are the three-dimensional (3D) models. They describe very accurately the blood
flow velocity and pressure fields, but in practice they are applied only to relatively small
computational domains. This fact is linked to their computational cost, the impossibility
(at least for now) of representing the whole 3D geometry of the circulatory system, and
the fact that detailed information is usually needed only in specific regions of interest,
such as bifurcations or stenosed vessels. On the artificial sections generated by the 3D
domain truncation, one can account for the remaining parts of the cardiovascular system
by using measured data or by means of simpler, reduced one-dimensional (1D) or lumped
parameter (also called 0D) models. They are usually obtained by making simplifying
assumptions and performing averaging procedures on the 3D model. In particular, the
1D models are described by hyperbolic systems of PDEs and, despite having a lower
level of accuracy compared to the full 3D model, are still able to capture effectively the
pulse waves characteristic of blood flow. Coupled to the 3D detailed problem, the 1D
models can act as absorbing (or far field) boundary conditions. Moreover, due to their
low computational cost, they can be used to simulate large parts of the arterial tree.



One of the challenging tasks in using the geometrical multiscale approach is the setting
of proper coupling conditions to exchange quantities such as the flow rate or the mean
pressure at the interfaces between different models. When using compliant geometries for
the 3D simulation there is the additional request of having an appropriate condition for
the arterial wall deformation at the interface [2, 3].

In this study we focus on the coupling between the three different types of models,
with particular emphasis on the coupling between 3D and 1D models [2, 3]. The 3D
model consists of the Navier-Stokes equations for incompressible and Newtonian fluids,
since we apply it in medium to large vessels where blood is assumed to be Newtonian,
coupled with a model for the vessel wall. We discuss different strategies to impose the
continuity of the flow rate, mean pressure and area at the interface between the 3D and
1D models. Furthermore, we consider an anatomically 3D realistic compliant model of
a human carotid bifurcation coupled with reduced models at the downstream sections,
including a 1D network representation of the circle of Willis [2, 4].

Keywords: mathmatical models, numerical simulations, geometrical multiscale approach,
fluid-structure interaction (FSI), 3D FSI - 1D coupling.
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carlos.silva@ist.utl.pt
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Abstract

Several direct and large-eddy simulations (DNS & LES) are performed using a pre-
viously validated pseudo-spectral code [1] to analyze the kinematics and topology of the
primary coherent structures and the entrainment rate during acceleration. The Reynolds
number ranges from ReD = 5 × 102 to ReD = 2 × 104 and the constant acceleration rate
ranges from α = 0.04 to α = 0.06. Figures 1 and 2 show results for Q criteria and an
acceleration map which along with spectra of various quantities are used to study the
kinematics [2] and topology of the three-dimensional coherent structures confirming that
these are quite different during the acceleration phase as the Kelvin-Helmholtz vortex
rings are much smaller and more stable. These also show an higher shedding frequency as
shown in Figure 3. Contrary to previous ideas [3] [4], the jet’s entrainment rate is higher
during the acceleration phase, even though the jet spreading rate is reduced.

Keywords: DNS, LES, unsteady, turbulent, jet, coherent, structures, entrainment.
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Abstract

Every year millions of people die due to cardiovascular diseases, which are one of
the main causes of death in industrialized countries. The study of blood flow dynamics
through mathematical models and numerical simulations constitutes an important, non
invasive, tool to help the prediction of pathologies, as well as the consequences of surgery.
In particular, the application of mathematical simplified models have proved to give useful
information at a fair computational cost [1, 2].

In this work two types of reduced one-dimensional (1D) models for blood flow in
arteries are studied. The 1D models describe the evolution in time and one dimensional
space coordinate, of the mean pressure, flow rate and area. These models describe very
well the wave pressure propagation, which is a characteristic of blood flow in arteries.

First we consider a purely 1D hyperbolic model [3]. This model has already been
used in several applications [1, 2]. Each vessel of the arterial network is described by
a one dimensional system of two partial differential equations plus a closing pressure-
area algebraic relation. Considering each artery as a straight cylinder, the basic nonlinear
hyperbolic model is derived assuming axial symmetry, radial displacements, fixed cylinder
axis, constant pressure on each axial section, no body forces and dominance of axial



velocity [3]. The system is discretized using a second order Taylor-Galerkin scheme and
the Lax-Wendroff scheme[3].

Afterwards we take an hybrid 1D model, where the arterial pressure and flux are sep-
arated into wave and reservoir components [4, 5]. The time-varying reservoir component
is described by a Windkessel model [4, 5] and the wave component is described by the 1D
hyperbolic model mentioned above. This way, the pressure at the beginning of systole is
given by the reservoir pressure. The model is derived assuming that the pressure fall-off
in diastole is fitted to an exponential function and that the flow and the wave pressure,
as well as the local reservoir velocity and reservoir pressure, are proportional.

The pressure and flux distributions of both models in the considered vessel are com-
pared also using patterns reported in literature. Properties and strengths of the models,
regarding the numerical simulations in view of clinical applications are analyzed and their
limitations and drawbacks commented.

Keywords: 1D models, artery, blood flow, wave pressure, hyperbolic model, Windkessel
model.
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Abstract

Recently, interest has been growing in studying insect flight and applying its knowl-
edge to the development of micro air vehicles (MAV) that could be used for surveillance
or search and rescue. Some authors indicated that insect flight could be a very suc-
cessful design for MAVs because they have much better aerodynamic performance than
conventional wings and rotors.

To study the unsteady flows and forces on flapping wings at Reynolds number in
between 10 to 104, biologists developed experiments of mechanic wings scaled up from a
hawkmoth and a fruit fly. In parallel, computer codes were developed to solve the Navier-
Stokes equation around a moving wing. Several three dimensional numerical techniques
have been applied to insect flight, however a two-dimensional (2D) slice of the problem
is relevant to study the basic mechanisms in flapping flight before the detailed three
dimensional calculations that require huge computing requirements.

Insect flight performance depends on the way that the wing interacts with its wake
and with the shed vortices. This fact is even more relevant during hovering, as the
wing-wake interaction is even more emphasized. The complex interaction between the
wing and its wake is an aerodynamic characteristic of the insect flapping flight and any
successful aerodynamic model must be able to capture these complex interactions. The
CFD software Star-CD was selected and forward flapping flight and ragonfly and hovering
will be predicted to validate the present predictions of the flapping flight. To the authors
knowledge, the dragonfly hovering flapping wing aerodynamics was only considered in free
flight without the ground effect. Insects do all flight modes near the ground and MAVs
are expected to do so. The main objective of the present study is to predict the flapping
dragonfly hovering characteristics under ground effect.

Keywords: Flapping flight , Hovering, MAV, insect flight.
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Abstract

The flow in porous media have been an intensively explored field since Henry Darcy
in the nineteenth century From the reservoir rocks, petroleum engineering, geology, to
porous membranes or combustion in porous foams, a lot of work have been developed.
However most of the numerical simulations concerning the real flow in porous media was
related to packed bed of spheres. In the present work we simulate and analyse the flow
inside SiSic Porous foams.

The SiSic porous foams is one of the porous materials used to fill combusters so that
burners can be more compact and the combustion more complete and with less polutants.
This, among other applications.

With the increase of resolution and easiest acess to comercial facilities of CAT, it is
now feasible to get the real computational geometry of porous media.

Starting from a 3D CAT scan of a SiSic foam, and after due geometrical treatments,
we replicate the sample in order to get a desired geometry. Note that, even in the real
applications, most of times the porous blocks are made from slides joined together. From
the computational model of the porous foam, the generation of a fluid space grid was the
next step.

The numerical simulations was done for pore Reynolds numbers ranging from 1 to 2000
to characterize the influence of the Reynolds in the flow field and different geometries was
also taken into acount.

In this work we fully characterize the flow inside the foam in terms of the relevant
parameters. The pressure drop, the residence time, the normal and viscous forces as well
as the pdf’s of the velocity field and energy are some of the physical parameters taken
into acount in this study.

Keywords: SiSic Foams, Flow in porous media, Pressure drop.
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Abstract

Medical image segmentation has been extensively explored in recent years, but the in-
terlaced dependence on the resulting fluid dynamics still needs to be explored. In imaging
processing, it is important to select an adequate threshold for extracting desired objects
from their background, and in our case we require to extract the arterial lumen. Several
thresholding techniques have been evaluated in [2], for images containing text or shapes,
with the conclusion that clustering methods yield consistently superior results. No con-
clusive studies of medical image segmentation exist, that relate the different reconstructed
virtual models with the resulting flow field, indicating the extent of the variations from a
physiological viewpoint.

Arterial fluid dynamics depends on the conduit geometry [1], furthermore it is also
postulated that the locations of atheroma in coronary arteries are linked to regions of low
wall shear stress and flow recirculation in steady flow [1]. In this study we use a stack of
medical images obtained from magnetic resonance imaging (MRI), from a planar, small
graft-proximal angle (GPA) anastomosis, located on the popliteal artery, below the knee
[1, 3]. Four different techniques for image segmentation were used in order to reconstruct
a virtual model for fluid dynamic numerical simulations. The aim is to devise measures
that characterize morphological variations and the corresponding changes in flow field.



The clustering methods used are automatic and iterative: Kittler [4], Otsu [5], Ridler
[6] and Local Mean (LM). Figure 1 shows the variation of the threshold values along the
stack of cropped medical images, for the each of the proposed methods.

Figure 1: Threshold variation along the stack of cropped medical images.

The Kittler method, found in [2] to yield consistent superior results, considers thresh-
olding as a classification problem of the background and object, and is based on fitting
Gaussian distributions to the histogram of the grey scale values of the image pixels. The
Otsu method also uses the histogram distribution of the grey scale values, once again
dividing the image into background and object, however the approach here is to maximise
the standard deviation of the grey scale of each region. The Ridler method works once
again by dividing the image into background and object, associating to each an average
grey scale value, with the delineating threshold given as the mean of the background and
object grey scale values.

The LM method is a novel approach, based on the Ridler idea. In this technique, each
image is again divided into two classes, the background and the object, however the mean
threshold value associated with each of these classes is now found locally, at the region of
interface between the two classes. The main advantage is that the segmentation is based
on local information and not global as in [6], hence the sensitivity increases as can be
seen in the reconstructions and threshold value selection. Increased sensitivity however
implicates a greater influence from noise.

All images are cropped around the region of interest. This is done to reduce the effect
of noise and increase the sensitivity of the methods. The scale space filter [7] is then also
used to reduce the effect of noise on the image segmentation.

A three dimensional surface definition is obtained interpolating the segmented stack
of closed contours using implicit functions with cubic radial basis functions (RBF) inter-



polation [8], that minimizes the curvature of the function. Given the size of the data set
to reconstruct, the partition of unity approach [9] is used to resolve the linear system.
Furthermore, the desired iso-surface that defines the geometry is triangulated using the
marching tetrahedra method [10]. This is all performed using in-house codes.

Figure 2: Geometry reconstruction after segmentation with Ridler method.

Morphological comparison of the reconstructed geometries using the four segmentation
methods is performed by observing where the greatest difference in the surface definition
occurs. This is obtained in a variety of measures, including: the closest distance between
the different surface definitions, the volumes, surface areas, amongst others.

Numerical simulations of the fluid dynamics are performed using the commercial soft-
ware Fluent. The mean velocity was measured using Doppler ultrasound in vivo. Blood
was assumed to be an incompressible Newtonian fluid. The Reynolds number based on
the bypass conduit inflow diameter was found to be Re =135, low enough for the flow to
be considered laminar, with a 40% proximal and 60% distal outflow split. The flow was
considered steady and a Poiseuille flow velocity profile was used at the inflow. The mesh
contains approximately 1.5 million cells, with a fine near wall region of wedge shaped
elements and a unstructured tetrahedral core [3].

To compare the flow field of the different virtual models, the wall shear stress is used
as the key parameter, given its postulated link to atherosclerosis.



Figure 3: Wall shear stress distribution in the anastomosis virtual model, segmented using the Ridler method.

We report that using different methods of medical image segmentation can yield no-
ticeably altered wall shear stress distributions, which can lead to varied interpretation
of the healthcare of the subject. This study identifies a research topic that has a high
impact in the field of patient-specific studies performed from medical images; indicating
a need to obtain more robust methods of medical image segmentation and a measure of
uncertainty associated to the results obtained for patient-specific studies.

Keywords: medical image segmentation comparison, arterial fluid dynamics, uncertainty
estimation.
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Abstract

One trend in large-eddy simulations (LES) involves the use of a transport equation for
the subgrid-scale (SGS) kinetic energy. For problems involving active or passive scalar
fields a SGS scalar variance transport equation is also used. The terms from these equa-
tions involve sub-filter scale quantities that are not accessible during LES and thus require
modelling. By far the greatest challenge for modelling in these equations comes from
the viscous and the molecular SGS dissipation terms that represent the final (dissipa-
tion) stages of the ”energy cascade mechanism” whereby the SGS kinetic energy and SGS
scalar variance are dissipated through the action of the molecular viscosity and diffusivity,
respectively. In this work direct numerical simulations (DNS) of statistically stationary
(forced) homogeneous, isotropic turbulence are used to (i) analyse the topology and spa-
tial localisation of the viscous and the molecular SGS dissipation terms, (ii) assess three
models currently used for these terms and, (iii) present some guidelines to improve or
develop future models for these terms. The models analysed here are (a) the classical
model [1, 2], (b) the model used in hybrid RANS/LES [3, 4], and (c) the model for the
molecular SGS dissipation of SGS scalar variance from Jiménez et al. [5]. The analysis
uses correlation coefficients, joint probability density functions (PDFs), several one point
statistics such as the variance, skewness, and the flatness factors, as well as spectra from
the exact and modelled molecular SGS dissipations. Results show that the classical mod-
els for the molecular SGS dissipation give very good results in terms of their topology,
spatial localisation (in the physical space), statistical behaviour, and spectral character-
istics. Moreover, the model constants approach asymptotically the theoretical values as
the Reynolds number and filter sizes increases, which supports the use of a constant value
in engineering and geophysical applications, instead of using a dynamic procedure for
their computation as in reference [6]. For the molecular SGS dissipation of SGS scalar



variance the model from Jiménez et al. [5] performs even better than the classical model
and should be the preferred model for this term when the Schmidt number is close to 1.0.
Finally, all the tests showed that the models used in hybrid RANS/LES tested here give
very poor results either in terms of its topological, statistical or spectral characteristics.
The reason behind this is connected with the deficient spectral representation of the exact
molecular SGS dissipation term. More details are given in [7]

Keywords: Subgrid-scale modelling, Viscous/molecular SGS dissipation, Isotropic turbu-
lence, Direct Numerical Simulations.
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Abstract

All shear layer flows (like boundary layers, mixing layers, wakes and jets) have two
diferent regions: a high enstrophy region and an irrotacional region. Separating the two
an interface can be define, through which irrotacional fluid chunks gain vorticity and are
absorved into the turbulent flow. The mechanism responsible for this governs the rate of
mass, momentum, temperature, etc, transfers from the irrotacional to the rotacional flow
and, as such, is of primordial interest [2].

Contrary to the accepted theory since the 60/70s, it has been proven, in the last
decade, that the physical process governning this transfers is related to small scale activity
(nibling) (see [1]). Meanwhile the presence of intense vorticity structures near the interface
indicate that the last is shaped by them and they account for important effects to it’s
phenomenology (see fig. (2)) .

The topology of intense vorticity structures (ISV) is characterized near the rota-
cional/irrotacional interface of plane jets has in [4],[3] for isotropic turbulence. The results
were obtained from a plane jet Direct Numerical Simulation. The radius, length and vor-
ticity of these structures is in average bigger in the plane jet than in isotropic turbulence
(see figs. (3), (4) and (5)). These parameters were also characterized in relation to their
distance to the interface, has their preferred orientation related to the interface tangent
(see fig. (6))

Keywords: turbulence, rotacional/irrotacional interface, plane jet, intense vorticity struc-
tures
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Figure 1: Plane jet, side view, vorticity contours



Figure 2: Interface and ISVs

Figure 3: ISV R/η



Figure 4: ISV ω0/(ω′Re
1
2 )

Figure 5: length/η of ISVs



Figure 6: ABS(cos) of angle of vorticity and interface surface tangent
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Laser Scanning Fluorescence Confocal Microscopy (LSFCM) is nowadays one of the most important tools in
biomedicine research. In fact, it makes possible to accurately study the dynamic processes occurring inside
the cell and its nucleus by following the motion of fluorescent molecules along the time. Due to the small
amount of acquired radiation and the huge optical and electronics amplification, the LSFCM images are
usually corrupted by a severe type of Poisson noise. This noise may be even more damaging when very low
intensity incident radiation is used to avoid phototoxicity during long time acquisition processes.
In this paper a Bayesian algorithm is proposed to remove the Poisson multiplicative noise corrupting the
LSFCM images. The observations are organized in a 3D tensor where each plane is one of the images
acquired along the time of a cell nucleus using the Fluorescence Loss In Photobleaching (FLIP) technique.
The method removes the noise by considering simultaneously different spatial and temporal correlations.
This is done by using an anisotropic 3D filter that may be separately tunned in space and time dimensions.
Tests using real data are described and presented to illustrate the application of the algorithm.

1 Introduction

The answer to the question ‘How do living cells function?’ has been a matter of intensive study all over the
years. For a long time biologists have had their work based on dehydrated and chemically fixed specimen,
to guess what processes could be found in living cells and how they were supposed to occur.
The fortunate combination of the use of fluorescent proteins with the invention of the confocal microscope
in 1988 by M. Minsky, triggered an important change in the course of the biomedical research.
Fluorescence was already known for quite a long time. It was on 1852 when Stokes reported it for the first
time, referring to the now well known, Green Fluorescent Protein (GFP) Aequorea Victoria. The GFP’s
can be incorporated into a cell as protein marker by a process of fusion with the gene encoding the protein
of interest, followed by a stable or transient transfection into the cell. This way, tagged proteins can be
visualized in living cells in an almost non-invasive manner, without the need for prior fixation.
When a photon of energy E = �c/λ (λ is the photon wavelengths in vacuum) is absorbed by the fluorophore
all its energy is transferred to the fluorescent molecule, forcing it into an excited state. The return to the
fundamental state can be accomplished by the emission of a photon with a larger wavelength. This particular
manner of disposing energy gives rise to the phenomenon of fluorescence.
When another photon is absorbed, the fluorophore, with high probability, will go through forbidden tran-
sitions to attain very unstable states and consequently showing high predisposition towards photochemical
reactions with the surrounding molecules, causing irreversible destruction of the fluorescence. This phe-
nomenon is called the photobleaching effect. This is in general an undesirable effect. Since all the fluophores
will eventually photobleach upon extended excitation, the image acquisition becomes more and more diffi-



cult as time goes by. Due to the small amount of detected radiation and the huge optical and electronics
amplification, the LSFCM images exhibit a severe type of noise Poisson noise, typical of low photon count
processes.
Nevertheless, some techniques such as Fluorescence Recovery After Photobleaching (FRAP) and Fluores-
cence Loss In Photobleaching (FLIP), take advantage of this not always sole damaging effect to study some
dynamic processes occurring inside the cells [1].
The Confocal Microscope was invented in 1988 by M. Minsky. It consisted of two lenses located in each side
of the specimen (the illumination objective and the detection objective) and two pinholes, one in front of
the illumination and the other in front of the detection. The ensemble shows an elegant symmetry, as can
be seen in scheme of Fig. 1.

Figure 1: Sceme of M. Minsky Confocal Microscope.

The name Confocal comes from the fact that the illumination and the detection objectives form an image of
their respective pinholes onto the same spot. The great novelty of this system is that the pinhole prevents
the light emanating from the out-of-focus points from reaching the detector, which gives the microscope the
capability to illuminate a thin plane of the specimen to be observed.
The Florescence Confocal Microscope presents a slight difference from the previous one. The wavelength of
the incident light is shorter then the one emitted by the fluorescent proteins. The fluorescence emission is
separated from the excitation by a beam splitter and an emission filter.
The Laser Scanning Fluorescence Confocal Microscope (LSFCM) is basically a Fluorescence Confocal Mi-
croscope with a coupled scanning device to allow the acquisition of 2-D images.
Due to the advances in the LSFCM [2], to the development of synthetic probes and proteins and improve-
ments in the production of a wider spectrum of laser light sources coupled to highly accurate acoustic/optic
controlled filters, the fluorescence confocal microscopy has became one of the most powerful tools in medical
and biological research [3].
In human cells, after being released from th transcription sites which are distributed throughout the nucle-
oplasm, messenger ribonucleoproteins (mRNP) must reach the nuclear pore complexes (NPC) in order to
be translocated to the cytoplasm. The aim of this work is to study the nature of this transport, whence
quantitative Photobleaching methods were developed in order to investigate the mobility of mRNP’s within
the nucleus of the human living cells.
Photobleaching techniques such as FLIP are employed to selectively destroy fluorescent molecules within a
region of interest (ROI) with a high intensity laser, followed by monitoring the recovery of new fluorescent
molecules into the bleached area, over a period of time with a low intensity laser. The resulting information
can then be used to determine the kinetic properties, including diffusion coefficients, mobile fraction and
transport rate of the fluorescently labeled molecules.
In a FLIP experiment, a selected region in the cell expressing fluorescently tagged proteins is illuminated
with repetitive bleach pulses of a high intensity focused laser beam within the ROI and imaged between



pulses. The fluorescence loss is then measured in a region further away from the bleached area. The rate
of fluorescence recovery is related to the mobility of the molecules inside the cell and can be the result of
diffusion processes, chemical reactions and associations or transport processes [2].
For the FLIP experiment in the present work, RNP complexes were made fluorescent by transient expression
of GFP fused to two distinct mRNA- binding proteins: PABPN1 and TAP. The HeLa cell was used.
Cells were repeatedly bleached at intervals of 3.64s and imaged between pulses. Bleaching was performed
by 279ms bleach pulses on a spot of 1.065μm radius (30 pixels diameter). A series of 350 images 512 × 512
pixels was collected for each studied cell.
In this work a denoising algorithm is proposed for LSFCM images where the FLIP technique is used.
The denoising algorithm is formulated in the Bayesian framework where a Poisson distribution models the
observation noise and a Gibbs distribution, with log-Total variation and log-quadratic potential functions,
regularizes the solution, defining the field to be estimated as a Markov Random Field (MRF). These potential
functions have shown to be more appropriated to deal with this type of optimization problems in RN

+ [4].
The regularization is performed in the image space and in time (time courses) using different priors and
different prior parameters. The denoising iterative algorithm involves an anisotropic 3D filtering process to
cope with the different smoothing effects performed in the space and time dimensions.
Tests using real data are presented to illustrate the application of the algorithm. In the next section the
problem is formulated from a mathematical point of view.

2 Model

The sequence under analysis, Y, is the result of a FLIP experiment. Data can be represented by a 3D
tensor, Y = {y(i, j, t)}, containing a stack of L laser scanning fluorescence confocal microscopy (LSFCM)
images with 0 ≤ i, j, t ≤ N − 1,M − 1, L − 1. Each image at the discrete time t0, y(i, j, t0), is corrupted
by Poisson noise as well as each time course associated with the pixel (i0, j0), y(i0, j0, t). In this paper the
image sequences correspond to L observations of HeLa nucleus in FLIP experiments as described above. The
goal of this study is to estimate the underlying cell nucleus morphology, X, from the noisy observed images,
Y, exhibiting a very low signal to noise ratio (SNR).
A Bayesian approach is adopted to estimate X by solving the following optimization problem

X̂ = arg min
X

E(X,Y) (1)

where the energy function is a sum of two terms, E(X,Y) = EY (X,Y) + EX(X). EY (X,Y) is called
the data fidelity term and EX(X) is called the prior term. The first term pushes the solution toward the
observations according to the type of noise corrupting the images and the prior term smooths the solution
[5, 6]. Under the assumption of independence of the observations, the data fidelity term is defined as

EY (X,Y) = − log

⎡
⎣∏

i,j,t

p(y(i, j, t)|x(i, j, t))

⎤
⎦ . (2)

Since the images are corrupted by Poisson noise, p(y|x) = xy

y! e
−x, the log data fidelity term is

EY (X,Y) =
∑
i,j,t

x(i, j, t) − y(i, j, t) log(x(i, j, t)) + C (3)

where C is a constant term .



Here an anisotropic prior term is used, in the sense that the penalization between neighboring pixels is
one value for pixels at the same image (spatial correlation) and another for neighboring pixels from different
images (time course correlation). Both priors in space and in time are Gibbs distributions with log-Euclidean
potential functions in time (to smooth the time courses) and log-Total variation potential functions in space
(to preserve edges). These log potential functions are the more appropriated when the unknowns to be
estimated are all positive [4, 7],

p(X) =
1

Z
e−U(X) (4)

where

U(X) = α

√
log2

(
x(i, j, t)

x(i − 1, j, t)

)
+ log2

(
x(i, j, t)

x(i, j − 1, t)

)
+ β log2

(
x(i, j, t)

x(i, j, t − 1)

)
(5)

The prior term is − log EX(X) and therefore the overall energy function to be minimized is

E(X,Y) =
∑
i,j,t

[x(i, j, t) − y(i, j, t) log(x(i, j, t))]

+ α
∑
i,j,t

√
log2

(
x(i, j, t)

x(i − 1, j, t)

)
+ log2

(
x(i, j, t)

x(i, j − 1, t)

)

+ β
∑
i,j,t

log2

(
x(i, j, t)

x(i, j, t − 1)

)
(6)

The minimization of this energy function (6) is not a convex problem and its optimization using gradient
descendent or Newton-Raphson based methods is difficult. However, performing an appropriate change
of variable z(i, j, t) = H(x(i, j, t)), it is possible to turn it into convex. Let z(i, j, t) = H(x(i, j, t)) =
log(x(i, j, t)) or x(i, j, t) = ez(i,j,t). The function H(x) is monotonic and therefore the minimizers of E(X,Y)
and E(Z,Y) are related by Z∗ = log(X∗). The new energy function becomes

E(Z,Y) =
∑
i,j,t

[
ez(i,j,t) − y(i, j, t)z(i, j, t)

]

+ α
∑
i,j,t

√
(z(i, j, t) − z(i − 1, j, t))2 + (z(i, j, t) − z(i, j − 1, t))2

+ β
∑
i,j,t

(z(i, j, t) − z(i, j, t − 1))2 (7)

where α and β are prior parameters to tune the level of smoothing across the images and across the time
courses respectively.
The minimization of (7) is performed by finding its stationary point according to the first order condition

∇E(Z,Y) = 0 (8)

To solve this huge optimization problem we use a Newton’s algorithm and reweighted least squares based
method where the weights are updated in each iteration and are obtained by using a specific MM algorithm



proposed in [5, 8]. The approximate solution to this problem is then computed by iteratively calculating:

z(i, j, t)(k+1) = z(i, j, t)(k) −
F (z(i, j, t)(k)

W (z(i, j, t)(k)
(9)

where k stands for the iteration number and

F (z(i, j, t)) = ez(i,j,t) − y(i, j, t) + [α (2w + wa + wc) + 4β] z(i, j, t)

− α [w (z(i − 1, j, t) − z(i, j − 1, t)) + wa (z(i + 1, j, t)) + wc (z(i, j + 1, t))]

− 2β (z(i, j, t − 1) − z(i, j, t + 1)) (10)

where

w =
1√

(z(i, j, t) − z(i − 1, j, t))
2

+ (z(i, j, t) − z(i, j − 1, t))
2

(11)

wa =
1√

(z(i + 1, j, t) − z(i, j, t))
2

+ (z(i + 1, j, t) − z(i, j − 1, t))
2

(12)

wc =
1√

(z(i, j + 1, t) − z(i − 1, j + 1, t))
2

+ (z(i, j + 1, t) − z(i, j, t))
2

(13)

W (i, j, t) = ez(i,j,t) + α (2w + wa + wc) + 4β (14)

Reversing the change of variable, the final solution is

X̂ = eZ (15)

3 Experimental results

The sequences of real data under analysis, Y, are the results of FLIP experiments as described above. The
3D tensor Y = {y(i, j, t)} represents the stack of laser scanning fluorescence confocal microscopy (LSFCM)
images where no background was subtracted. The only preprocessing performed on the acquired data was a
simple alignment procedure to correct for cell nucleus displacement during image acquisition, that consisted
of a set of rigid body transforms driven by the maximization of the correlation between images.
In order to estimate X, the aligned images were then processed using the denoising methodology described
above. The CPU time of the algorithm was 1.2s per iteration in a Centrino Duo 2.00GHz, 1.99 GB RAM
processor. The results for three images of each stack are shown in Figs. 2, 3 and 4 where each row represents a
time instant. The first column stands for the raw data, the second column shows the results for the described
denoising algorithm and in the third column results for a similar denoising algorithm using a log-Euclidean
prior in space (instead of log-Total variation) are presented for comparison. As can be seen in these figures
there is a great deal of improvement in the quality of the representation when using the presented algorithm.
The blurr present in the denoised images in the third column results from the log-quadratic prior used to
remove the noise. This undesirable effect is attenuated by using the log-Total variation prior which is edge
preserving.



3  FLIP cell nucleus images denoised with logTV−logQ and logQ−logQ algorithms

t=32

t=112

t=193

Noisy image logTV−logQ Denoised image logQ−logQ Denoised image

Figure 2: Raw data and filtered data of HeLa immortal cell nucleus for t=32, 112, 193.

3  FLIP cell nucleus images denoised with logTV−logQ and logQ−logQ algorithms

t=32

t=100

t=150

Noisy image logTV−logQ  Denoised image logQ−logQ Denoised image

Figure 3: Raw data and filtered data of HeLa immortal cell nucleus for t=32, 100, 150.

Improvements can also be noticed in the time dimension. Results for two time courses of one of the nucleus
are shown in Fig. 5. Both plots show noisy and denoised time courses outside (left) and inside (right) the
bleached region.
A graph-cuts segmentation procedure was performed on the denoised data in order to display the propagation
of the fluorescence loss that occurs inside the nucleus with time. The segmentation results for instants
t = 10, 75 of the denoised images of one of the cells nucleus are shown in Fig. 6 (a) and (c); results for
the companion segmentation can be see in Fig. 6 (b) and (d). As shown in the figure, the fluorescence
loss spreads inside the nucleus from a region around the bleached area toward the edges of the nucleus,
particularly on the left side, since the bleach area is not standing in the center of the nucleus.

4 Conclusions

In this paper a new denoising algorithm is proposed to Laser Scanning Fluorescence Confocal Microscopy
(LSFCM) imaging with photobleaching. The sequence of LSFCM images taken along the time, in this
microscopy modality, are corrupted by a type of multiplicative noise described by a Poisson distribution.
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t=32

t=112

t=250

Noisy images logTV−logQ Denoised images logQ−logQ Denoised images

Figure 4: Raw data and filtered data of HeLa immortal cell nucleus for t=32, 112, 250.

0 20 40 60 80
0

5

10

15

20

25

30

35

40

45

50

time

In
te

ns
ity

y−filt(136,183,t)
y(136,183,t)

0 20 40 60 80
0

5

10

15

20

25

30

35

40

45

50

time

In
te

ns
ity

y−filt(105,85,t)
y(105,85,t)

Figure 5: Time courses outside the bleach region (a) and inside the bleached region (b).

Furthermore, the global intensity of the images decreases along the time due to permanent fluorophore loss of
its ability to fluoresce, caused by chemical reactions induced by the incident laser and by other surrounding
molecules. The decreasing on the image intensity is ”associated” to a decreasing on the signal to noise ratio
of the images, making the biological information recovery a difficult task [9].
In this paper a Bayesian algorithm is proposed to perform a simultaneous denoising procedure in the space
(images) and in time (time course) dimensions. This approach, conceived as an optimization task with the
maximum a posteriori (MAP) criterion, leads to a filtering formulation involving a 3D (2D+time) anisotropic
filtering procedure. The energy function is designed to be convex and its minimizer is computed by using
the Newton’s algorithm and a reweighted least squares based method which allows continuous convergence
toward the global minimum, in a small number of iterations.
Tests using real data have shown the ability of the methodology to reduce the multiplicative noise corrupting
the images and the time courses.



(a) (b)

(c) (d)

Figure 6: Photobleaching propagation across the nucleus from the bleached area. Raw data (left) and
segmentation results (right) for images t = 10 and t = 75.
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Abstract

The Boundary Element Method (BEM) is presented for the solution of the generalized
Navier - Stokes equations. The velocity - vorticity formulation is adopted, where the
kinematics and kinetics aspects are seperated from the pressure computation. In the
present formulation no derivatives are involved in the coupling between the kinematics
and kinetics. The convective parabolic - diffusion fundamental solution is used resulting
on a very effective upwind scheme for the transport equation. The results are compared
with FEM solutions and show good agreement.

Keywords: Boundary Element Method (BEM), velocity-vorticity, non-Newtonian flow.
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alberto.gambaruto@yahoo.com
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Abstract

The use of critical point theory in fluid mechanics has arisen from a necessity to
interpret and analysing complex fluid flow patterns, and well adapted for the study of high
resolution data of from CFD [1]. The present work applies critical point theory to the
computational study of fluid dynamics where atherosclerosis diseases typical occur. Three
different geometries are used and shown in Figure 1; two are idealisations of physiological
geometries, namely an elbow and a stenosis, while the third geometry is a peripheral
bypass graft obtained from in vivo MRI. The stenosis of the simplified geometry has
the same characteristics as the stenosis in the peripheral bypass graft geometry. The
flow structures are characterized using critical point theory and are relate to the typical
occurrence locations of atherosclerosis.

The flow is modelled as Newtonian, steady, incompressible and laminar, and the com-
putations are performed using Fluent. Segmentation and reconstruction methods used for
the bypass graft geometry are described in [2] and the same geometry as G100

u is used in
their work for our simulations.



Figure 1: Surface boundaries of considered for numerical simulations: a) elbow geometry; b)
stenosis geometry; c) peripheral bypass graft geometry

A critical point is defined as the location in the flow field where the streamline slope
is indeterminate and at least two of the velocity components ui are zero relative to an
appropriate observer, hence

ui

uj
=

0
0

, where i �= j (1)

According to [3], if the velocity field ui(xj , t) of a uniform-density and incompressible
flow is known, then an arbitrary point P can be chosen so that it is possible to expand,
using a Taylor series, the velocity ui in terms of the space coordinates xj , where the origin
of xj is located at P. It follows that:

ui(xj , t) = Ai + Aijxj + Aijkxjxk + Aijklxjxkxl + .... (2)

From the critical point definition, if P is a critical point then the zeroth order term
Ai, i = 1, 2, 3, is zero. Therefore, the topological features describing the flow field are
given by the properties of the first non zero term in the Taylor series expansion and are
valid in the vicinity of the critical points.

Critical points can be divided into two different types: free-slip critical points, which
are characterized by the properties of the first order derivative term in Equation (2);
and no-slip critical points, which are characterized by the properties of the second order
derivative term. An example of a no-slip critical point is a separation point on a no-slip
boundary. The identification and characterization of the flow structures are given by the
eigenvalues of the derivative terms of Equation (2). As described in [4], the presence of
complex eigenvalues indicates a vortical structure; while the exclusive presence of real
eigenvalues indicates a saddle and/or a node structure.



Figure 2: Contour plots of the elbow geometry cross-section as indicated in Figure 1. a)
Velocity field; b) pressure field; c) magnitude of complex eigenvalue from critical point theory;
d) magnitude of λ2; e) normalized helicity



Following the work of [5],[6], as well as substantial supporting literature, we observe
the regions of the flow with low wall shear stress (WSS) to be correlated to preferential
sites of atherosclerosis formation. We note that for the elbow geometry, atherosclerosis
occurs preferentially along the inner wall of the bend, and for the stenosis geometry it
occurs preferentially in the region of slow recirculation downstream of the stenosis. In the
case of the bypass graft geometry the regions at risk are considered to be the toe, heel
and floor of the anastomosis.

Vortical structures identified using critical point theory are compared to those pro-
vided by two other methods: the λ2 criterion [7] and normalized helicity [8]. The results
obtained for the elbow geometry, shown in Figure 2, reveal good agreement of the Dean
vortices between the different approaches, acknowledging the use of critical point theory
to characterize flow structures.

Critical point theory furthermore yields a greater insight into the behaviour of the flow
field which other methods do not provide. This is firstly due to the fact that critical point
theory can also identify node/saddle structures in the flow field. Secondly, the eigenvec-
tures of the derivative terms can give information on the principal axes of the vortical
structure or node/saddle configurations. Thirdly the eigenvalues of the derivative terms
yield the relative spacing of the streamlines around a critical point as well as identify the
direction of the streamlines, hence if the vertical structure or node/saddle configurations
are stable or unstable.

Keywords: Critical point theory, flow field characterisation, CFD, flow structures, flow
patterns linked to atherosclerosis.
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Abstract

Skin friction drag on an aircraft wing has a significant impact on specific fuel consump-
tion, pollution and noise emissions. In the EU-funded project SUPERTRAC (SUPERsonic
TRAnsition Control), various concepts are explored to achieve viscous drag reduction on
supersonic aircraft wings (Arnal et al., 2006). The problem has been widely studied for
both subsonic and transonic flows but information on the feasibility of laminar flow control
techniques at supersonic speeds is still scarce. Two-dimensional Euler simulations have
been used to design ”infinite” swept wing models with the aim of testing the concepts
in a wind tunnel. It was found that good agreement with experiments occurs in cases
characterized by a supersonic leading-edge, i.e. for low sweep angles or a conjunction
of high Mach number and high sweep angle. However, it was also found that significant
discrepancies occur for a subsonic leading-edge. This observation triggered the need for
additional numerical simulations with the objective of clarifying the role of viscous effects
and the validity of the ”infinite” swept wing approach.
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