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The Best Practice Guidelines (BPG) were commissioned by
ERCOFTAC following an extensive consultation with
European industry which revealed an urgent demand for such a
document. The first edition was completed in January 2000 and
constitutes generic advice on how to carry out quality CFD
calculations. The BPG therefore address mesh design;
construction of numerical boundary conditions where problem
data is uncertain; mesh and model sensitivity checks;
distinction between numerical and turbulence model
inadequacy; preliminary information regarding the limitations
of turbulence models etc. The aim is to encourage a common
best practice by virtue of which separate analyses of the same
problem, using the same model physics, should produce
consistent results. Input and advice was sought from a wide
cross-section of CFD specialists, eminent academics, end-users
and, (particularly important) the leading commercial code
vendors established in Europe. Thus, the final document can be
considered to represent the consensus view of the European
CFD community.

Inevitably, the Guidelines cannot cover every aspect of CFD in
detail. They are intended to offer roughly those 20% of the
most important general rules of advice that cover roughly 80%
of the problems likely to be encountered. As such, they
constitute essential information for the novice user and provide
a basis for quality management and regulation of safety
submissions which rely on CFD. Experience has also shown
that they can often provide useful advice for the more
experienced user. The technical content is limited to single-
phase, compressible and incompressible, steady and unsteady,
turbulent and laminar flow with and without heat transfer.
Versions which are customised to other aspects of CFD (the
remaining 20% of problems) are planned for the future.

The seven principle chapters of the document address
numerical, convergence and round-off errors; turbulence
modelling; application uncertainties; user errors; code errors;
validation and sensitivity tests for CFD models and finally
examples of the BPG applied in practice. In the first six of
these, each of the different sources of error and uncertainty are
examined and discussed, including references to important
books, articles and reviews. Following the discussion sections,
short simple bullet-point statements of advice are listed which
provide clear guidance and are easily understandable without
elaborate mathematics. As an illustrative example, an extract
dealing with the use of turbulent wall functions is given below:

e  Check that the correct form of the wall function is being
used to take into account the wall roughness. An
equivalent roughness height and a modified multiplier in
the law of the wall must be used.

e  Check the upper limit on y+. In the case of moderate
Reynolds number, where the boundary layer only extends
to y+ of 300 to 500, there is no chance of accurately
resolving the boundary layer if the first integration point is
placed at a location with the value of y+ of 100.

The ERCOFTAC Best
Practice Guidelines for
Industrial Computational

Fluid Dynamics

e  Check the lower limit of y+. In the commonly used
applications of wall functions, the meshing should be
arranged so that the values of y+ at all the wall-adjacent
integration points is only slightly above the recommended
lower limit given by the code developers, typically
between 20 and 30 (the form usually assumed for the wall
functions is not valid much below these values). This
procedure offers the best chances to resolve the turbulent
portion of the boundary layer. It should be noted that this
criterion is impossible to satisfy close to separation or
reattachment zones unless y+ is based upon y*.

e  Exercise care when calculating the flow using different
schemes or different codes with wall functions on the
same mesh. Cell centred schemes have their integration
points at different locations in a mesh cell than cell vertex
schemes. Thus the y+ value associated with a wall-
adjacent cell differs according to which scheme is being
used on the mesh.

e Check the resolution of the boundary layer. If boundary
layer effects are important, it is recommended that the
resolution of the boundary layer is checked after the
computation. This can be achieved by a plot of the ratio
between the turbulent to the molecular viscosity, which is
high inside the boundary layer. Adequate boundary layer
resolution requires at least 8-10 points in the layer.

All such statements of advice are gathered together at the end
of the document to provide a ‘Best Practice Checklist’. The
examples chapter provides detailed expositions of eight test
cases each one calculated by a code vendor (viz FLUENT,
AEA Technology, Computational Dynamics, NUMECA) or
code developer (viz Electricité de France, CEA, British Energy)
and each of which highlights one or more specific points of
advice arising in the BPG. These test cases range from natural
convection in a cavity through to flow in a low speed
centrifugal compressor and in an internal combustion engine
valve.

Copies of the Best Practice Guidelines can be acquired from:

ERCOFTAC (CADO)

PO Box 53877

London, SE27 7BR

United Kingdom

Tel:  +44 203 602 8984

Email: magdalena.jakubczak@ercoftac.org

The price per copy (not including postage) is:

ERCOFTAC members
First copy Free
Subsequent copies 75 Euros
Students 75 Euros
Non-ERCOFTAC academics 140 Euros
Non-ERCOFTAC industrial 230 Euros
EU/Non EU postage fee 10/17 Euros
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1 Introduction
Motivation and objectives.

In 1989 Prof. J. Lumley organized a symposium at
Cornell University to address key fundamental ques-
tions in Turbulence. Researchers from around the world
gathered to engage in and debate of fundamental ques-
tions about the field of turbulence (See Lecture Notes in
Physics Whither Turbulence? Turbulence at the Cross-
roads, Proceedings, Ithaca, NY 1989, and Editor: John
L. Lumley). This volume provides a compendium of the
state of the art in our understanding of turbulence as at
1989. It consists of six themes:

1. The utility and drawbacks of traditional approaches

2. Future directions in turbulence research and the role
of organized motions

3. Can dynamical systems approach turbulence?

4. The potential and limitations of direct and large
eddy simulations

5. What can we hope for from cellular automata?
6. Phenomenological modeling: present and future

Each theme was led by an internationally respected
researcher from the USA| India and the UK who provided
a “state-of-the-art” lecture and within each theme, other
well respected researchers provided different perspectives
on and complementarity to those lectures. Each theme
was then opened for discussion, and these discussions
were dutifully recorded.

While the 1989 meeting was a forum for researchers,
it was also one for funding agencies. For the 2015 sym-
posium, it can be definitively stated that with advances
in High-performance-computing (HPC) and experimen-
tal techniques and theoretical analysis, the field has ad-
vanced well beyond what was envisioned 1989 both in
the science, and globally in how it is funded. However,
the meeting planted seeds in those assembled, which led
to the explosion of significant advances since that meet-
ing. We have witnessed the extraordinary insights gained
from large numerical databases, how control was improv-
ing the efficiencies of what were considered intractable
flows (e.g. noise in jets), the emergence of lattice Boltz-
mann methods as a replacement to cellular automata for
multicomponent DNS calculations, and significant ad-
vances in LES as a standard for more traditional RANS
modeling.

Aims of the event: The 2015 Symposium.

The 2015 Symposium followed the successful work-
shop at Cornell in 1989 by assembling world leading
researchers to discuss turbulence in the 21st century.
The 2015 congress was dedicated to the 70th
birthday of Professor W.K. George.

Turbulence and Intensive Data Management:
Research into the flow physics of turbulence has grown
drastically over the last 25 years mainly in part due
to the advances in computational fluid dynamics and
new experimental capabilities. Yet, it is growing but
not at rate one would like especially in terms of societal
impacts. The importance of turbulence is evident in
many of the areas that impact our daily lives. For
example, energy, weather forecast, bio-fluids, aerospace
industry and micro-climate modelling for urban flows.
The advent of supercomputers and time resolve PIV
have led us to new understanding of turbulence (mainly
of turbulence structure), and with that new challenges
and opportunities to impact society will emerge. One
challenge is clearly the amount of data generated that
is in the order of Terabytes (e.g. DNS of thermal rough
turbulent boundary layers at high Reynolds numbers
or in tomography PIV at high Reynolds numbers in
Turbulent Boundary Layers). Moreover, the problem
of turbulence is not only present in our daily lives, but
is one of multiple scales in nature, ranging from micro
to scales of the order of kms in the case of atmospheric
flows.

Not only we still have the challenge of spectrum
of scales, but we also have the challenge of how one

integrates such multiple scales in a way we can make

accurate prediction of large-scale motions while resolving

with high fidelity the dissipative scales.

A case in point is in simulations of atmospheric tur-
bulence from meso-scale to LES in micro-scale turbu-
lence boundary layers using Weather Research Forecast
(WRF). Existing models are unable to handle proper
parameterization to account for large-scale motion and
dissipative scales at the wall; this is imperative in wind
hazard applications of urban flows and in our design of
the cities of the 21st century (mega cities). In applica-
tions of military missions or in emergency response situ-
ations it is imperative to predict large-scale events while
provide highly resolution simulations of velocity field and
particle dispersion.
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In 2015, and following the Cargése congress, we seek
to extend the legacy of Prof. Lumley’s symposium to
address key pressing problems still facing the field and
to project where the field is going in the next 25 years.

Objectives and Goals of the event.

First, the symposium sought to bring awareness and
basic knowledge on the state-of-the-art fluid dynamics
research including: modeling, experiments, and simula-
tions.

Second, the symposium provided a cross-disciplinary
environment for identifying the current issues and chal-
lenges of turbulence for the next quarter century.

Third, the symposium fostered collaborations and
students exchange between the USA, Canada, Europe
(incl. UK) and Australia.

The goal of symposium was to promote intense
discussions to elucidate the grand challenges associated
with whither turbulence and big data in the 21%¢ century.

2 Discussion/ Contents of Talks/
Highlights of Presentations and
Discussions

Brief outline of the presentations and key discussions
points.
Broader Questions:

e What new problems should the community be solv-
ing and how we will manage/reduce highly data in-
tensive from numerical and experimental research;

e How to make these data accessible for a broader
community in a secure but straightforward manner.

Fundamental Research Questions: There were several
key fundamental questions we addressed during the five-
day event in Corsica, France, e.g.

e How fundamental knowledge from High Perfor-
mance Computing Simulations and laboratory ex-
periments can be interrogated to uncover new sci-
ence for high Reynolds number flows?

e How do we fuse these extensive data and their high
fidelity from experiments and simulations for the
turbulence community to elucidate new flow physics
leading to an enhance ability for societal needs (e.g.,
energy, emergency response, under water maneu-
vering and stealth, turbulence noise generation and
propagation, military missions in complex terrains)?

e How do we integrate large scale with micro scale
flows in micro-climate situations (e.g., urban flows,
weather predictions, and wind hazard, wind energy
applications)?

e What are the promising avenues to employ advance
flow control strategies (flow loop control tools) in
aerospace, energy security, and environment sec-
tors?

The organizing committee and participants also
addressed the long-standing problem of modeling inflow
boundary conditions for developing boundary layers.

In terms of turbulence and wall-bounded flows, the

following pressing questions were addressed:

Figure 1: Picture of the participants to the congress,
Cargése, Corsica, April 2015

e Increase basic understanding of turbulent boundary
layers based on results on scaling variables and dy-
namic parameters that govern the downstream de-
velopment of boundary layers under various condi-
tions including the near the wall region.

e Fidelity between simulations and experiments with
same external boundary conditions will enable us to
further increase our fundamental understanding of
the multiscale approach and the interaction between
the inner/outer regions of the flow at a large range
of Reynolds numbers for under water applications.

Information where the completed proceedings
can be found. This will appear in a forthcoming
publication in Springer Verlag format (see details here-
after).

3 Summary/Conclusions/Follow-
up Meetings

The outcome from the proposed meeting will be a hard-
cover volume similar in content to those produced by
IUTAM-sponsored meetings. It will contain all papers
with verbatim transcriptions of the discussion sessions.
The papers will be limited to about 15 pages each. A
searchable PDF version will also be produced. The book
production will require administrative assistance which
is requested as part of the proposal. The volume will be
published through Springer-Verlag. The volume will be
produced at the beginning of 2016.

Forward of the volume Whither turbulence
and big data’

It is often said that advances in most fields of endeav-
our result from “standing on the shoulders of giants”,
and this meeting is no exception. In 1989 John Lumley,
who needs no introduction to readers and researchers in-
terested in turbulence, brought together leading thinkers
and doers in turbulence to discuss the then current con-
troversies in the subject as well as to consider the role of
public policy (and therefore funding) decisions that help
to steer the field in either a direct way or through de-
cisions which have unintended consequences. The meet-
ing was international in scope and attendance and there
resulted from this meeting a volume entitled “Whither
turbulence? Turbulence at the crossroads.” The present
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volume considers the broad question of “Whither Tur-
bulence” in the context of the ubiquitous network of
computers and networks, to which John Lumley was in-
vited and indeed enthusiastically supported: “I am hon-
ored...you have my blessing, for what it is worth®. This
simple statement is a testament to his kind demeanor.
Unfortunately, John could not attend due to illness and
sadly he passed away in late May 2015.

In the intervening years or so between Lumley’s vol-
ume and the present one, much has happened and new
giants have emerged in this, the oft-said ”last unsolved
problem in classical physics“. While it is unfair to point
to anyone in particular, a significant disrupter to and
leader in our field is Professor W. K. "Bill“ George who
was also Lumley’s student. From George there have
emerged many academic children and now grandchildren,
each of whom continue to provide leadership and impact
on the field. Given his 5-decade long career, the meet-
ing, details of which are provided within these pages, was
dedicated to Bill on the occasion of his 70t" birthday.

In 25 years, the world of research in turbulence has
changed to where computation and simulation has grown
to become the third leg of the scientific stool. In fact,
with the web/internet, commodity computing, high per-
formance computing and significant advances in exper-
imental tools, especially particle image velocimetry, it
could be said that what was a dream in 1989, say active
control of turbulence, is now becoming a reality because

the three legs of the stool (theory, simulation and experi-
ment) have each advanced, and Bill has been leading the
charge on at least two of those.

However, it remains to be seen what state we will be
in 2040, say. The meeting in Cargese began 50 years
after Gordon Moore predicted the future of the semicon-
ductor: a doubling of computer processing speeds every
two years. A look at Bill Reynolds’ paper in the Lumley
volume (figure 1, pg. 342) suggests similar growth such
that petaflops are now reachable (as at 2008), with exas-
cale computing on the near horizon (expected by 2020).
One can imagine even further ubiquitous computational
infrastructure, new even more exciting methods, algo-
rithms and most importantly ideas. But a significant
issue now is data and this will continue to grow. In
1989, again with reference to Reynolds paper, computer
memory sizes were of order gigabytes, while in 2015, ter-
abyte drives are ubiquitous and cheap. An example of
drivers for increased data storage and bandwidth is the
square kilometer array (radio telescope) that will pro-
duce about 30 exabytes of data per month, which will
require a doubling of the current internet traffic band-
width, worldwide! One can imagine while the turbulence
community will continue to push the Reynolds number
envelope, it will be in combination with other physico-
chemical processes (e.g. high Schmidt number turbulent
mass transfer) over the full spectrum of scales (nano to
full scale, including planetary-scale).
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YouNG ERCOFTAC WORKSHOP ON THERMOACOUSTIC
INSTABILITIES

A. Morgans!, S. Bagheri? and P. J. Schmid?

Department of Aeronautics, Imperial Col lege London
2Department of Mechanics, Royal Institute of Technology, Stockholm
3Department of Mathematics, Imperial Col lege London

12 — 18 April 2015, Montestigliano, Italy

Abstract

A specialized workshop for young ressearchers on ther-
moacoustic instabilities has taken place in the spring of
2015 in Montestigliano, as part of the ongoing workshop
series under the auspices of the Young ERCOFTAC ini-
tiative. This workshop, as part of the series, is intended
to bring together 10-15 doctoral students and postdoc-
toral researchers and expose them to relevant and in-
teresting issues in thermoacoustics. The speaker for the
2015 workshop has been Prof. Aimee Morgans from the
Department of Aeronautics of Imperial College London.
This report gives a brief introduction to the underlying
idea of the workshop series, a motivation for the study
and importance of thermoacoustic systems and analyses,
and a representative exposé of the students? work during
the workshop.

1 The Young ERCOFTAC
Workshop Series

Starting in 2007 with an initiative by ERCOFTAC to
reach out to and foster interactions with young re-
searchers in the fluids, turbulence and combustion com-
munities, a workshop series for mainly doctoral students
and but also postdoctoral researchers has been organized
in Montestigliano, Italy. The workshops have attracted
a great number of graduate students over the years and
have resulted in impressive scientific accomplishments as
well as the establishment of an associated research com-
munity and student network.

The establishment of this workshop series has also
been based on the observation that multi- and interdis-
ciplinary skills become increasingly important in many
engineering fields, while a standard curriculum of en-
gineering education often fails short in training gradu-
ate students adequately in advanced and modern tech-
niques. Doctoral research, i.e., on-the-job training, is
often expected to close this gap, but it is difficult and
time-consuming to gain expertise by working through
advanced literature. What is often needed is a peda-
gogical exposure to advanced concepts, combined with a
hands-on demonstration by working through small-scale
yet meaningful examples.

The Young ERCOFTAC workshop series in Montes-
tigliano aims at accomplishing this task by introducing
15-20 graduate students to modern topics in fluid dy-
namics. While working alongside peers, they are closely
supervised by a specialist in the chosen field. The di-

rect involvement in a time-limited project and the im-
mediate access to guidance and expertise is meant to
yield a more long-lasting result than a passive lecture se-
ries. The workshop typically takes place in beginning to
mid April in Montestigliano, a small and remote azienda
agricola located about 20 km southwest of Siena. The
estate has been an old farm and olive press which has
been converted into a cluster of attractive country houses
and mansions. It features a quiet and rural surrounding
that is ideal for work in a secluded, yet pleasant environ-
ment. The remote nature of the accommodation requires
the active participation of each and every student in the
daily activities, such as the preparation of the communal
meals. These activities further contribute to the quick
and lasting bonding of the participants that often lasts
beyond the duration of the workshop.

The format of the scientific program is laid out to
introduce the students (which often have very different
backgrounds and are a various stages of their scientific
career) to the topic and to set the stage for group work
in the days ahead. After the plenary invited lectures and
presentations, the organizing committee and the invited
speaker will divide the workshop participants into groups
of three to four students according to their skill level, ex-
perience and scientific maturity. Each group will be pre-
sented with a limited yet interesting topic which covers
a particular aspect of the invited lecture. The scope of
the projects will be limited to typical laptop problems.
In the choice of topics, a maximal spread and range will
be attempted to illustrate the diversity and applicability
of the learned technique. Although each student group
will concentrate on one aspect of the technique, they all
benefit from an exposure to the other projects during
the final presentation of the results; in this manner, the
students will, at the end, be proficient in one particular
aspect, but knowledgeable in other related details.

The workshop series in Montestigliano has been initi-
ated in 2007 as an attempt to generate interest of young
researchers in the core disciplines of fluid mechanics, tur-
bulence and combustion. The topic of the first workshop
was Flow control, with the lecture given jointly by Profs.
F. Gallaire (EPFL Lausanne) and Peter Schmid (Ecole
Polytechnique Paris). A second workshop followed in
2008 on the topic of Model reduction, with the same
speakers. In 2010 a third workshop was held on Ad-
vanced stability and sensitivity analysis. In 2011 the
fourth workshop covered the topic of Derivative-free op-
timization with Prof. T. Bewley (UC San Diego) and
Dr. P. Belitz as principal speakers. This was followed
by workshops in 2012 on Fast methods in scientific com-
puting presented by Prof. G. Martinsson (U Colorado
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Figure 1: Left: combustion instability mechanism.

Right: turbine blade damage caused by combustion in-
stability

Boulder) and in 2014 on Radial basis function meth-
ods for scientific computing with Prof. G. Wright (Boise
State University). The most recent workshop in 2015 had
Thermoacoustic instabilities as the central topic, with
Dr. A. Morgans (Imperial College London) as the main
lecturer.

Over these years, the workshop series has established
itself as a visible component of ERCOFTAC, reaching
out to young scientists in the early stages of their careers
by generating interest in the issues and topics of flow
physics, by providing specialized training opportunities
and by encouraging the formation of collegial networks
and connections. With this most basic and fundamental
level of activity, it is hoped to encourage, educate and
foster the next generation of scientists and engineers in
the field of fluid dynamics, turbulence and combustion.

2 Topic of 2015 workshop:
Thermoacoustic instabilities

Combustion of fossil fuels currently account for 80% of
worldwide energy production and meet almost all of the
world’s aviation power needs. Perhaps surprisingly, the
IPCC predict that over the next 20 years, the share of
fossil and bio-derived fuels in the overall energy mix will
grow, despite anticipated increases in the use of renew-
able and nuclear energy. Indeed, gas turbines are viewed
as a long-term ingredient essential to the overall energy
mix, their fast start-up time making them an ideal com-
panion to inconsistent renewable sources, such as wind
turbines. A side effect of gas turbine operation is emis-
sions, including NOx gases, which deteriorate air quality.
There is a clear need to operate gas turbines as cleanly as
possible, in order to harness their benefits while minimis-
ing their impact. Recognising this, the aircraft industries
in Europe have signed up to an ACARE (Advisory Coun-
cil for Aeronautic Research) agreement, which commits
to reducing NOx emissions by 80%, CO2 emissions by
50% and perceived noise by 50% by 2020, compared to
2000 levels.

Combusting flows are inherent to the operation of all
gas turbines. They are complex and multi-physics, with
both time and length scales varying over many orders of
magnitude, providing a major challenge for the science
and engineering communities. According to gas turbine
industrialists, one challenge stands above all others as
having persisted despite research efforts over many years:
combustion instability (or thermoacoustic instability).
The flow mechanisms causing this are often complex, but

are always underpinned by a two-way coupling between
acoustic waves and unsteady heat release [1, 2], shown di-
agrammatically in Figure (1). It has the potential to af-
fect all combustion devices, with gas turbines and rocket
engines having been particularly susceptible. Gas tur-
bines operate under lean premixed conditions in order to
achieve ultra-low NOx emissions. However, these con-
ditions show a real propensity to combustion instabil-
ity. Achieving ultra-low NOx emissions without incur-
ring damaging combustion instability (see Figure (1)) is
therefore a real and immediate environmental problem.

One of the main hurdles to understanding, predicting
and preventing combustion instability in gas turbines is
the lack of analysis tools available. It is extremely dif-
ficult to perform experiments and simulations of ther-
moacoustic instability which are sufficiently representa-
tive of gas turbines combustors to be useful in the design
process. Full-scale, high pressure and temperature annu-
lar test rigs are extremely expensive with limited mea-
surement access, while full CFD simulations incorporat-
ing acoustic waves, turbulent hydrodynamics, combus-
tion chemistry and heat transfer, all over long instability
timescales, are prohibitively time consuming. It is for
this reason that attention has turned to low order ther-
moacoustic network models [7, 4]. These describe the
combustor as a network of connected simple geometry
modules, and exploit the fact that one of the two phe-
nomena key to the combustion instability mechanism,
the acoustic waves, are very well modelled using simple
analytical approaches. Their first important property is
that they behave linearly with respect to the mean flow.
Thus a steady flow simulation can be efficiently obtained,
and flow fluctuations considered as superimposed on this.
The acoustic wave behaviour is then well-captured using
a linearwavemodelling approach [3]. At the lowfrequen-
cies of interest, longitudinal combustors need only have
plane waves modelled, while in annular-shaped combus-
tors both plane waves and circumferential (azimuthal)
waves need to be modelled. The change in behaviour of
acoustic waves from one component to another is tracked
using the flow conservation equations, while at system
boundaries, acoustic impedances or pressure reflection
coefficients can be employed. The effect of the acous-
tic waves on the unsteady heat release of the flame is
achieved via a flame model [5]. The flame model should
be linear at low amplitudes, but non-linear at higher am-
plitudes: flame non-linearity is now established as being
the dominant effect which causes saturation into a limit
cycle [6].

The scientific aim of this workshop was to explore
low order modelling of combustion instabilities in sim-
ple combustors. The acoustic wave behaviour was mod-
elled using linear plane-wave methods, while the flame
response was captured via a variety of models, some an-
alytical, some based on simulation/experimental data,
some linear, some non-linear. Matlab and Simulink cal-
culations of the combustor eigenmodes and oscillation
time-histories were be obtained. These were used as the
basis for more advanced investigations, including feed-
back control [2], whereby a loudspeaker actuator sig-
nal was made to depend upon combustor pressure mea-
surements in order to inhibit instability, and sensitivity-
based methods for systematically investigating changes
in combustor stability in response to combustor param-
eter changes.
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Motivations and Objectives

This workshop is in line with the previous one, labelled
W2014-2, co-organized by Pierre Sagaut and Claude
Cambon in the same place, similar conditions, last year.

As a continuation, a part of the meeting was devoted
to an ‘EDQNM festival’ with related topics, but other
approaches, often very different or far beyond the mul-
tipoint closures, were addressed as well, with opening
towards long-time perspective studies, dealing with in-
ternal intermittency, analogies with statistical physics,
topology, mathematical challenges, and a special empha-
sis on engineering models: from fundamentals to appli-
cations. About new insight on passive and active scalar,
transport of passive scalar by an isotropic velocity field
has been extensively studied. However, what happens
when the velocity flow is rendered anisotropic by various
effects, as mean shear and mean stratification (see [14]),
is not well known. In that case, triadic closures, with
quantitative comparisons to high resolution DNS’s, are
particularly well suited for a systems approach to such
anisotropic turbulence. In addition, it is informative to
compare the passive scalar and the active one, such as the
density, temperature or concentration fluctuation with
a feedback to fluctuating velocity via buoyancy effects.
The case of near-wall turbulence, also discussed during
the workshop, enters more explicitly in the themes of
SIG 35 (e.g. [15, 17].)

The following list of themes are addressed:

e Extension of spectral theory towards anisotropic
shear flows, with passive and active (buoyant here)
scalar field. Application to practical (simpler) mod-
els for engineering and environment,

e Contribution of spectral appoach to turbulence con-
fined by solid boundaries.

e Connections with analyses in terms of multipoint
pdf’s, and with dynamical, statistical and structural
approaches of the perceived fluctuating velocity gra-
dient, density gradient.

The workshop gathered about 30 participants, with
three doctoral students. It is labeled W2015-3, and
ERCOFTAC sholarships are acknowledged.

Contents of The Talks

Claude Cambon (LMFA, CHB, SIG 35, Lyon) intro-
duced the workshop and gave an overview of the pro-
gramme.

Vincent Mons (IJLRA, Paris) presented ‘A new
spectral model for shear-driven flows’ [12]. A fully non-
linear spectral model is derived for predicting homo-
geneous turbulence dynamics in the presence of arbi-
trary mean velocity gradients. The governing equa-
tions for the Fourier transform of the two-point second-
order correlation tensor, are first closed by an anisotropic
Eddy-Damped Quasi-Normal Markovian (EDQNM) pro-
cedure. Truncation at the first relevant order of spectral
angular dependence allows to derive from these equa-
tions in vector k our final model-equations in terms of
the wavenumber modulus k only. Analytical spherical in-
tegration results in a dramatic decrease in computational
cost. Besides, the model remains consistent with the irre-
ducible decomposition in terms of directional anisotropy
and polarization anisotropy,with a spherically averaged
anisotropic spectral tensor for each contribution, improv-
ing [4]. Restriction of anisotropy to spherically averaged
descriptors, however, entails a loss of information, and
realizability conditions are considered to quantify the
upper boundary of anisotropy that can be investigated
with the proposed model. Numerical exploitation con-
firms both versatility and low cost of the model. Sev-
eral flow configurations are considered to assess the va-
lidity of the present model. A satisfactory agreement
with experiments of grid-generated turbulence subjected
to successive plane strains is observed, which confirms
the capability of the model to account for production of
anisotropy by mean flow gradients. The nonlinear trans-
fer terms of the model are further tested by considering
the return to isotropy (RTI) of different turbulent flows.
Different RTT rates for directional anisotropy and polar-
ization anisotropy allow to correctly predict the apparent
delayed RTI shown after axisymmetric expansion. The
last test case deals with homogeneous turbulence sub-
jected to a constant pure plane shear. The subtle inter-
play between linear and nonlinear effects is reproduced,
yielding the eventual exponential growth of turbulent ki-
netic energy.

Antoine Briard (IJLRA, Paris) presented ‘Passive
scalar and cospectrum in homogeneous isotropic turbu-
lence’ ([1, 2]). The passive scalar dynamics in a freely de-
caying turbulent flow is studied. The classical framework
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of homogeneous turbulence without forcing is considered.
Firstly, both low and high Reynolds number regimes are
investigated for very small and very large Prandtl num-
bers in isotropic turbulence. The long time behaviours
of integrated quantities such as the scalar variance or
the scalar dissipation rate are analyzed by considering
that the decay follows power laws. The Comte-Bellot
and Corrsin (CBC) dimensional analysis for the tempo-
ral decay exponents is extended to the case of a passive
scalar when the permanence of large eddies is broken.
Secondly, using numerical simulations based on eddy-
damped quasi-normal markovian (EDQNM) model, the
time evolution of integrated quantities is accurately de-
termined for a wide range of Reynolds and Prandtl
numbers. These simulations show that, whatever the
Reynolds and the Prandtl numbers are, the decay fol-
lows an algebraic law with an exponent very close to the
value predicted by the CBC theory. The possibility of
a new spectral range at small scales for the scalar spec-
trum for very low Prandtl numbers was discussed as well.
Secondly, the anisotropic EDQNM closure [2] extended
from [12] is briefly presented to investigate the effects of
both mean velocity and scalar gradients on the passive
scalar field. Some comparisons are presented, along with
new decay laws for the cospectrum in isotropic turbu-
lence with a mean scalar gradient.

Benoit-Joseph Gréa (CEA, Paris-south) presented
‘Challenging mix models on transients to self-similarity
of unstably stratified homogeneous turbulence’ [10]. The
spatio-temporal development of the turbulent mixing
layer induced by the Rayleigh-Taylor instability was the
object of several studies; the understanding of its spa-
tial growth rate vs. elapsed time remains ellusive, in
spite of many computations, experiments and empir-
ical models. Very relevant to statistics and dynam-
ics of the ‘homogenized’ turbulent mixing layer, or un-
stably stratified homogeneous turbulence, was recently
developed a generalized EDQNM model, which com-
pared very well with very high resolution DNS [3]. The
present work aims at expanding the set of buoyancy-
driven unstable reference flows — a critical ingredient
in the development of turbulence models, — by consid-
ering the abovementioned ‘Unstably Stratified Homoge-
neous Turbulence’ (USHT) in both its self-similar and
transient regimes. The previously established accuracy
of an anisotropic Eddy-Damped Quasi-Normal Marko-
vian Model (EDQNM) on USHT has allowed us to (i)
build a data set of well defined transient flows from Ho-
mogeneous Isotropic Turbulence (HIT) to late-time self-
similar USHT, and (ii) on this basis, calibrate, validate,
and compare three common RANS mixing models (two-
equation, Reynolds stress, and two-fluid). The model
calibrations were performed on the self-similar flows con-
strained by predefined long range correlations (Saffman
or Batchelor type). Then, with fixed constants, valida-
tions were carried out over the various transients defined
by the initial Froude number and mixing intensity. Sig-
nificant differences between the models are observed, but
none of them can accurately capture all of the transient
regimes at once. Closer inspection of the various model
responses hints at possible routes for their improvement.

Fabien S. Godeferd (LMFA, Lyon) presented ‘Strat-
ified turbulence, role of the Ozmidov scale and advances
towards mixing’. Recently, an analysis of rotating tur-
bulence based on high resolution DNS was carried out
in order to identify the role of a Zeman’s scale for de-
lineating, scale-by-scale, both directional anisotropy and
polarization anisotropy [7]. This approach is applied to
stably-stratified turbulence, and confirms the role of the

Ozmidov wavenumber ko = /N3/e (N stratification
frequency, € dissipation rate) as a threshold for restoring
isotropy for the smallest scales [8]. New results are found
for the angle-dependent (both ring-to-ring and shell-to-
shell distribution) spectra of toroidal, poloidal and po-
tential energies. In addition, promising analyses are in
progress to show the analogies and differences between
the Thorpe’s scale and the Ozmidov one, in collaboration
with Louis Gostiaux (LMFA), with future applications
to actual mixing in non-homogeneous oceanic turbulent
flows.

Laurent Nottale (LUTH, CNRS, Observatoire de
Paris-Meudon) presented (with Thierry Lehner) ‘La-
grangian intermittency and quantum mechanics anal-
ogy’. It has been recently suggested by L. de Montera to
apply the theory of scale relativity, expressed in velocity-
space, to turbulence. We use here this framework to
address the question of intermittency, in particular as
regards the large tails experimentally observed in the
acceleration PDF’s [13]. A new component of acceler-
ation is identified, which becomes divergent on the lo-
cal minima of the velocity probability distribution and
creates 1/a* tails in the acceleration PDF (in the K41
regime). Then we take into account the transition to the
small (dissipative) time-scales, which involves two kinds
of corrections to this 1/a* law, at small and large ac-
celerations. Finally we compare the corrected PDF to
experimental Lagrangian data and we find an excellent
agreement with the observed one, including its very large
tails.

Christophe Josserand (IJLRA, Paris) presented
‘Wave turbulence in vibrating plate: can one hear a Kol-
mogorov spectrum?’ [9]. In this talk, he presented how
wave turbulence can manifest in vibrating plates. In-
deed, because of the dispersivity of the linear waves for
an elastic plate, the usual weak wave turbulence can ap-
ply giving rise to the existence of turbulent spectra, the
so called Kolmogorov-Zakharov. Interestingly, the ex-
periments exhibit slightly different spectra. Different ex-
planations can be developed for this discrepancy, some
coming from the experimental conditions (always differ-
ent than the theoretical framework), or from the model
limitations and others from the dissipation in plates. We
have shown, using both experiments and numerical sim-
ulations that the specific dissipation in the plates, not
concentrated at small scales, provide the consistent ex-
planation of the main differences between experiments
and theory.

Marc Massot (Ecole Centrale de Paris) presented
‘Eulerian models for DNS and LES relying on kinetic-
based moments methods’. A very large review of disperse
multi-phase flows was offered, from theory (both prob-
abilistic, with pdf, and with moments), modelling, and
numerical approach with dedicated schemes [18, 5].

Remi Zamanski (IMFT Toulouse) presented ‘Tur-
bulent thermal convection induced by heated particles’.
The heating of a dilute suspension by an external source
(for instance by radiation) leads to local temperature
fluctuations in the fluid due to the non-uniformity of the
dispersed phase. In presence of a gravity field, the fluid
is set in motion by the resulting buoyancy forces.

When the particle density is not the same as the fluid’s
one, the fluid motions alter the spatial distribution of the
particles and possibly lead to a strengthening of its non-
uniformities. Direct numerical simulations in the Boussi-
nesq limit, show this feedback loop. Various regime
are identify according to the particle inertia. For very
small particle inertia, the macroscopic behavior of the
system is the result of thermal plumes generated inde-
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pendently of each other, while above a critical inertia
clusters of particles are observed and their dynamics con-
trol the flow. Concerning the energy density in the spec-
tral space, it is observed that the turbulent energy and
temperature spectra present power law with exponent
varying continuously with the Stokes number.

John Christos Vassilicos (Imperial College, Lon-
don) presented ‘The streamwise turbulence intensity in
the inertial layer of a pipe channel flow’ [17]. The spec-
tral model of Perry et al. (J. Fluid Mech. 165, 1986, pp.
163-199) predicts that the integral length scale varies
very slowly with distance to the wall in the intermedi-
ate layer. The only way for the integral length scale’s
variation to be more realistic while keeping with the
Townsend / Perry attached eddy spectrum is to add a
new wavenumber range to the model at wavenumbers
smaller than that spectrum. This necessary addition can
also account for the high-Reynolds-number outer peak
of the turbulent kinetic energy in the intermediate layer.
An analytic expression is obtained for this outer peak in
agreement with extremely high-Reynolds-number data
by Hultmark et al. (Phys. Rev. Lett. 108, 2012, 094501;
J. Fluid Mech. 728, 2013, pp. 376-395). Townsend’s
(The Structure of Turbulent Shear Flows, 1976, Cam-
bridge University Press) production / dissipation bal-
ance and the finding of Dallas et al. (Phys. Rev. E 80,
2009, 046306) that, in the intermediate layer, the eddy
turnover time scales with skin friction velocity and dis-
tance to the wall implies that the logarithmic derivative
of the mean flow has an outer peak at the same loca-
tion as the turbulent kinetic energy. This is seen in the
abovementioned data of Hultmark et al. (2012,2013).
The same approach also predicts that the logarithmic
derivative of the mean flow has a logarithmic decay at
distances to the wall larger than the position of the outer
peak. This qualitative prediction is also supported by the
aforementioned data.

Stephane Zaleski (IJLRA Paris) presented, with
Yue Stanley Ying, ‘Statistical analysis of a two-phase
atomizing shear layer’ [11].

Current simulations of atomization using Volume of
Fluid or Level Set method show impressive complex
structures in three dimension and often match theory
and experiment quantitatively and qualitatively.

However, doubts are rampant about the fully resolved
character of these simulations and for good reason.

The talk describes these simulations, their successes
and failures, and discuss which features are fully resolved
and which are not. Perspectives for future improvements
are given.

Laurent Jacquin (ONERA, DAFE, Meudon) pre-
sented, with Romain Courtier, ‘Dynamics of streamwise
vortices in an axisymmetric mixing layer under excita-
tion”. This study involves the best techniques for measur-
ing turbulence, from hot wire to the most recent versions
of time-resolved PIV. The contribution of the latest tech-
niques to the analysis and to the interpretation of turbu-
lent fields has been illustrated on the case of axisymmet-
ric jet and mixing layer. Following [6], the new Ph.D.
work of Romain Courtier yields effects of forcing and
identification of structures under a very large range of
Reynolds number. It appears that, even if the flow struc-
ture without forcing is very different at low and large
Reynolds number, the high-Reynolds-number structure
becomes very similar to the low-Reynolds-number one,
when the axisymmetric mode (m = 0) is selectively
forced.

Round Table and General
Discussions

A final round table took place. It was particularly in-
spired by a recent essay of Philippe Spalart, on ‘philoso-
phies and fallacies in turbulence modeling’ [16], first
mentioned in the talk by Benoit-Joseph Gréa, and was
particularly animated by Antoine Llor, Laurent Jacquin
and Pierre Sagaut, among other ones.
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1 Introduction

The bi-annual series of Workshops on Direct and Large
Eddy Simulation (DLES) started in 1994 focusing on
modern techniques to simulate turbulent flows based on
the partial or full resolution of the instantaneous tur-
bulent flow structure. With the growing capabilities of
modern computers, this approach has been gaining more
and more interest over the years and will undoubtedly
be further enhanced and applied in the future.

The Ercoftac Workshop “Direct and Large-Eddy Sim-
ulation 10”7 DLES10, was hosted in Limassol, Cyprus.
The workshop was organized locally by the Department
of Mechanical & Manufacturing Engineering of the Uni-
versity of Cyprus, from the 27" to the 29t" of May 2015.

The goal of the workshop was to establish a state-
of-the-art on DNS, LES and related techniques for the
computation and modelling of turbulent and transitional
flows. This gathering of specialists in the field was a
unique opportunity for discussions about recent advances
in the prediction, understanding and control of turbulent
flows both in academic and industrial applications.

2 Topics and Scientific Program

The featured topics for the 10th edition of DLES in
Cyprus covered a broad range of topics including,

e LES Fundamentals & modeling

e Quality of LES

e Numerical techniques

e Heat & Mass transfer

e Biological flows

e Multiphase flows

e Industrial applications

e Environmental and geophysical applications

e Reacting flows and combustion
Based on the submitted contributions, the scientific pro-
gram was divided in those nine thematic areas organized
in two parallel sessions of oral presentations covering the

three days of the workshop. A total of 85 persons par-
ticipated including 37 PhD students.

Figure 1: Picture of the participants to the workshop

3 Highlights of Presentations and
Discussions

Nearly all aspects of the current state of the art for LES
& DNS of turbulent flows have been covered from the
contributors. After a careful review process, a total of 76
contributions were accepted for oral presentation. Those
covered a wide variety of problems ranging from flows
in biological systems and the environment, to external
aerodynamics, domestic and centralized energy produc-
tion, combustion and propulsion as well as aaplications
of industrial interest.

Several contributions focused on fundaments stud-
ies dealing with physical scaling and proper invariants,
stochastic models, uncertainty quantification and coher-
ent structures. Following the advances on increased com-
putational power and efficiency, a large portion of the
contributions was devoted to LES & DNS of challeng-
ing applications, mainly in the areas of combustion and
turbomachinery, including flame modeling, combustion
processes and aeroacoustics.

4 Keynote lectures

During the workshop, the invited speakers delivered the
following keynote lectures:

e “LES quality & benchmarking®, by Professor Maria
Vittoria Salvetti, (University of Pisa) who discussed
the increasing interest on the assessment of the qual-
ity and reliability of LES results. Nonlinear inter-
actions were demonstrated by interesting, counter-
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intuitive results for cases where increased numerical
resolution can lead to deterioration of the accuracy.

“LES modeling: a scale by scale picture® by As-
soc. Professor Elisabetta De Angelis (University of
Bologna) focusing on the scale modeling for LES.
Starting from the physical insight on the energy
transfer phenomena in turbulent flows, it was shown
how modeling of the subgrid stresses can be im-
proved in LES simulations. Moreover, it was high-
lighted how such a scale-by-scale analysis approach
could be applied to other cases such as thermally
driven flows by analyzing how thermal energy is pro-
duced, transferred and dissipated between different
regions and flow-scales.

“DNS & LES of biological flows“, by Professor Elias
Balaras, (The George Washington University) who
presented interesting methodologies and numerical
methods applied for biological flows. Character-
istic examples included applications from biology,
physiology and animal locomotion, characterized by
complicated multi-physics, multi-scale phenomena.
The role of turbulence as a common characteris-
tic in pathologic situations for blood flow in the
heart, large arteries and bio-prosthetic devices was
discussed.

“Application of combustion LES within industry*
by Dr. Ruud L.G.M. Eggels, (Rolls-Royce Deutsch-
land Ltd & Co KG) for the role of CFD on the
design process of aero engines. Modeling efforts for
the spray, combustion and emissions processes were
presented. The advantages of using LES for flows
with strong intermittencies were clearly identified.
The need for further developments on modelling the
mechanisms of spray break-up and soot prediction
was demonstrated.

“DNS & LES of transitional and two-phase flows*
by Professor Dominique ThAlvenin, (University of
Magdeburg) who discussed the connection between
DNS, LES and POD for a variety of transition-
related applications. Three main issues were pre-
sented in detail: the efficient implementation of -
reacting or not- disperse particles or droplets in
DNS, the impact of the disperse phase on the tur-
bulence properties and transition and the possibility
of quantifying transition to turbulence using a POD
analysis.

“DNS & LES of Atmospheric boundary layers® by
Professor Maarten Van Reeuwijk, (Imperial College
London) who clearly demonstrated the non-linear
interactions and the substantial diurnal and sea-
sonal variability of the involved processes within the
Atmospheric boundary layers. The state-of the art

in the simulation of Direct and Large-eddy Simula-
tion of atmospheric boundary layers was given with
emphasis on turbulent entrainment and stratifica-
tion effects.

e “Large-scale compressible flow DNS computa-tions*
by Professor Richard D. Sandberg (University of
Southampton) who presented challenging DNS in-
vestigations of compressible flows in realistic con-
figurations for problems related to turbomachin-
ery and aeroacoustics. Impressive results were pre-
sented for the significance of various noise sources
for a pipe-jet configuration, the flow through a lin-
ear high-pressure turbine cascade and the sensitivity
of low-pressure turbines to inflow disturbances.

5 Follow-up Meetings

The next meeting on Direct and Large-Eddy Simula-
tions, DLES11 (www.dlesll.org) will be hosted at the
University of Pisa, Italy, 27" - 30" May 2017, organized
by Prof. Maria Vittoria Salvetti.

6 Book of proceedings

Continuing the DLES series of proceedings, the book of
Proceedings for DLES10 will be published as a book by
Springer in 2016, providing a comprehensive coverage of
the state of the art on the physical and numerical aspects
of turbulent flow simulation.

7 Organizing Committee

The organizing committee of DLES events consists
of Vincenzo Armenio (Trieste, Italy), Jochen FrAfih-
lich (Dresden, Germany), Bernard J. Geurts (Twente,
Netherlands) and Hans Kuerten (Eindhoven, Nether-
lands).
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Introduction

The SPHERIC workshops are the only worldwide
events which exclusively focus on the Smoothed Particle
Hydrodynamics (SPH) methodology and related simu-
lation approaches. SPH has recently gained enhanced
attention in the area of scientific computing. Exemplary
applications refer to the development of galaxies in
astrophysics, environmental engineering, applied solid
mechanics, marine and coastal engineering, nuclear
power engineering, medical engineering or geotechnical
problems.

The successful concept of SPHERIC is due to a
methodological focus in an interdisciplinary application
environment, integrating the know-how of physi-
cists, mathematicians, IT experts and engineers from
academia and industry. On behalf of the organizing
team, it is a pleasure and honor to us to invite scientists
to the 10th International SPHERIC Workshop at
University of Parma, in Parma, Italy.

Dedicated to the aim of stimulating an enhanced di-
rect exchange of ideas between the community of SPH
researchers, there will be no parallel session during the
Workshop.

1 Discussion/ Contents of Talks/
Highlights of Presentations and
Discussions

The workshop once again proved to be a very popular
event with a record 84 abstracts submitted from which
57 were chosen to be presented during the event. 120
delegates attended this tenth consecutive workshop
held from June 16" to June 18" 2010, preceded by a
training day June 15*". The workshop began with a
training day attended by 36 participants. 59 Students
attended the workshop. They took advantage of a
reduced fees (330euro instead of 550euro for regular
fee) thanks also to the ERCOFTAC funding. Trayning
day: After an introduction to the SPH method by Prof.
Stefano Sibilla (University of Pavia, Italy) taking both

beginners and experienced practitioners through the
basics of SPH, Prof. Antonio Souto-Iglesias (Technical
University of Madrid, Spain) gave a stimulating lecture
on the comparison between SPH and MPS meshless
methods. In the afternoon participants have being
introduced to the open-source code DualSPHysics,
under the guidance of A.J.C. Crespo, J.M. Dominguez
University of Vigo, Spain), B.D. Rogers, G. Fourtakas
University of Manchester,UK).

Three days workshop: Over the next three days, the
15 workshop sessions on various topics gave an excellent
overview of the varied SPH activity occurring around
the world. To assess the progresses of the SPH meth-
ods over the years the same two keynote speakers of the
first edition of the workshop were invited. Prof. J.J.
Monaghan (Monash University) presented the “Evolu-
tion of SPH” whereas Prof. R.A. Dalrymple demon-
strates how the method is being successfully applied
to simulate Breaking Water Waves. At the end of the
second day, the banquet took place at the "Fondazione
Magnani Rocca" where a presentation was made by new
Chair of SPHERIC Benedict D. Rogers (The University
of Manchester, Italy) of the Steering Committee to thank
David Le Touzé (ECN, France) for his outstanding work
as Chair of SPHERIC during the last five years. During
the Banquet the Joe Monaghan Prize has been awarded
to Dr. Andrea Colagrossi for the paper "Colagrossi, A.,
Antuono, M., Le Touzé, D. (2009) Theoretical consider-
ations on the free-surface role in the smoothed-particle-
hydrodynamics model, Physical Review E 79:056701"
which make outstanding advances in SPHERIC Grand
Challenges of convergence and boundary conditions.

2 Summary/ Conclusions/
Follow-up Meetings

During the closing ceremony, the Libersky student
prize was awarded to Philip Kunz of the University of
Stuttgart. Dr. X. Hu announced that the XI SPHERIC
workshop will be organized by the Technische Univer-
sitdt Miinchen (TUM) in Munich from 13" to the 16"
of June 2016.
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Figure 4: Welcome cocktail at the "Circolo di Lettura'
at the end of the first day workshop

Figure 1: First day workshop coffee break at Casa della
Musica

Figure 5: Discussion at the end of a session during the
third day workshop

Figure 2: Andrea Colagrossi receiving the Monaghan
Prize for for the paper "Colagrossi, A., Antuono, M.,
Le Touzé, D. (2009) Theoretical considerations on the
free-surface role in the smoothed-particle-hydrodynamics
model, Physical Review E 79:056701"

Figure 3: General discussion on Incompressibility during

the first day workshop Figure 6: Banquet at the “Fondazione Magnani Rocca®
on the second day workshop.
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11" WORKSHOP ON SYNTHETIC TURBULENCE MODELS
SYNTHETIC FLOW STRUCTURE - CLUSTERING AND MODELLING

F. C. G. A. Nicolleau!, C. Cambon?, A. F. Nowakowski!, and T. Michelitsch?

ISheffield Fluid Mechanics Group, The University of Sheffield,
Department of Mechanical Engineering, UK
2LMFA, Ecole Centrale de Lyon, Ecully, France
SIJLRDA, CNRS UMR 7190 Université Pierre et Marie Curie, Paris, France

29" and 30" June 2015, LMFA, Ecole Centrale de Lyon, Eculy, France
http://www.sig42.group.shef.ac.uk/SIG42-11 . htm

Introduction

The workshop was the 11th of the ERCOFTAC Special
Interest Group on Synthetic Turbulence Models (SIG42).
It took place at Ecole Centrale de Lyon, Ecully, France.
It was co-organised with the SIG 35 dedicated to Multi-
point Turbulent Structure and Modelling.

The workshop particular theme was ‘Synthetic flow struc-
ture - clustering and modelling’

About 20 participants attended from different Euro-
pean countries (France, Germany, Poland, Spain, United
Kingdom) and beyond the European Community (Saudi
Arabia and USA) and 10 different institutions. It was
an opportunity for the KS community to strengthen the
links between the different institutions involved in the
SIG. Abstracts from the main contributions are reported
below. An Ercoftac Book Series that will publish more
detailed contributions is in preparation (to appear early
2016)

Abstracts of Talks

The streamwise turbulence intensity in
the inertial layer of a pipe/channel flow

J. C. Vassilicos

Department of Aeronautics, Imperial College, London,
UK.

The spectral model of Perry et al. [1] predicts that
the integral length scale varies very slowly as a func-
tion of the distance to the wall in the intermediate layer.
The only way for the integral length scale’s variation
to be more realistic while keeping with the Townsend-
Perry attached eddy spectrum is to add a new wavenum-
ber range to the model at wavenumbers smaller than
those of that spectrum. This necessary addition can
also account for the high-Reynolds-number outer peak
observed in the turbulent kinetic energy in the interme-
diate layer. An analytic expression is obtained for this
outer peak in agreement with extremely high-Reynolds-
number data [2, 3]. Townsend’s (The Structure of Tur-
bulent Shear Flows, 1976, Cambridge University Press)
production/dissipation balance and the finding of Dal-
las et al. [4] that, in the intermediate layer, the eddy
turnover time scales with skin friction velocity and dis-

tance to the wall implies that the logarithmic derivative
of the mean flow has an outer peak at the same location
as the turbulent kinetic energy. This is seen in the data
of Hultmark et al. The same approach also predicts that
the logarithmic derivative of the mean flow has a log-
arithmic decay at distances to the wall larger than the
position of the outer peak. This qualitative prediction is
also supported by the aforementioned data.

References

[1] Perry et al., J. Fluid Mech., 165, 163-199, 1986.

[2] Hultmark et al., Phys. Rev. Lett., 108, 094501, 2012.
[3] Hultmark et al., J. Fluid Mech., 728, 376-395, 2013.
[4] Dallas et al., Phys. Rev. E, 80, 046306, 2009.

Convective didactic thermoelectric
devices

J.D. Tellez V2, J.M. Sanchez?, J.M. Redondo*, T. Vila'

Department of Applied Physics, Universitat Politecnica
de Catalunya, 08034 Barcelona, Spain
2Department of Research, BEROTZA, Pol.
Eskirotz, Nave 1, 31191 Eskirotz, Navarra, Spain

e-mail: berotza@berotza.com, redondo@fa.upc.edu

Noain-

Design and operation of thermoelectric coolers and
heaters that may be used in detailled laboratory ex-
periments of buoyancy driven turbulence, as well as in
the general fluid mechanics of convection is important,
there seems to be a lack of comparison between numerical
models of turbulent flows ( Including Kinematic Simula-
tion and DNS) and non-homogeneous experiments. We
present the results of a university-industrial collabora-
tion that developed a Fluid Dynamic Didactic Appara-
tus able to model steady and transient thermoelectric
driven convective models based on the control of thermal
boundary conditions and also optimized to perform flow
measurements inside a closed enclosure. The Thermo-
electric Convection Didactic Device (TCDD) presented
here is basically designed for a range of didactic uses, but
a wide range of innovative research options are available,
both in the small 4x4 device shown in figure 1 and in
larger and higher power equipments. We present here
both the thermoelectric and the fluid flow description
of the TCDD. The coupling of heat transfer and electric
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conduction within the semiconductor thermal assemblies
is important and takes into account the local thermoelec-
tric effects, including Joule and Seebeck heating, Thom-
son effect, Peltier effect and Fourier’s heat conduction.

Figure 1: Set up of the TCDD.
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Sweeping FErrors In Kinematic

Simulations

N. A. Malik,

Department of Mathematics and Statistics, King Fahd
University of Petroleum & Minerals, P.O. Box 5046,
Dhahran 31261, Saudi Arabia

nadeem_malik@cantab.net, namalik@kfupm.edu.sa

The effectiveness of KS [1, 2] in pair diffusion studies has
been questioned in recent times [3, 4, 5]. Most scientists
in the field believe that locality is effective in real turbu-
lence but not in KS owing to the sweeping of the small
inertial scales by the large energy containing eddies in
KS which, it is claimed, distorts the scaling away from
locality scaling.

However, through a novel analytical derivation based
upon the pairs of nearby particle trajectories, it is shown
that KS yields physically reliable scalings provided that
we work in the natural sweeping frame of reference in
which the large scale energy spectra are set to zero,
E(k) =0, for k < ki, and E(k) = k7P, for k1 <k < ky,
and 1 < p < 3, in extended inertial subranges, k,/ki >
1.

It is shown that the relative error in the turbulent
pair diffusivity e = |[Kxg/K| < 1, where K is the real
diffusivity and K¢ is it equivalent calculated using KS,
provided that the numerical time step At is much smaller
than the timescale 75(A) for sweeping to cut through
local eddies, At < 75(A) - this conditions is always met
in any KS simulation.

References
[1] Kraichnan, R. Diffusion by a random velocity field.
Phys. Fluids, 13, 22-31, 1970.

[2] Fung F.C., Hunt J.C.R., Malik N. A. and Perkins R.J.
J. Fluids Mech., 236, 2817318, 1992.

Figure 2: Set up of a Thermoelectric driven flow with
PIV, and the resulting velocity /vorticity plot using pro-
gram DigiFlow.

[3] Thomson D. & Devenish B. Particle pair diffusion in
kinematic simulations. J. Fluids Mech., 526, 277-302,
2005.

[4] Nicolleau, F. C. G. A. & Nowakowski, A. F. Presence of
a Richardson’s regime in kinematic simulations. Phys.
Rev. E, 83, 056317, 2011.

[5] Eyink, G. L. & Benveniste, D. Suppression of particle
dispersion by sweeping effects in synthetic turbulence.
Phys. Rev. E, 87, 023011, 2013.

A Lévy walk Model for Turbulent
Diffusion

T.M. Michelitsch', G.A. Maugin', F.C.G.A. Nicolleau?,
A.F. Nowakowski*

UInstitut Jean Le Rond d’Alembert, CNRS UMR 7190
Université Pierre et Marie Curie, France;
28FMG University of Sheffield Sheffield, UK

We develop a Lévy walk model for anomalous diffusion
which yields scaling laws of the form (r?(t)) ~ t* indi-
cating a scale-free (self-similar) diffusional law. Whereas
1 = 1 describes Brownian motion, p < 1 subdiffusion,
we especially focus on pu > 1 of chaotic stochastic mo-
tions (“superdiffusion”) which includes turbulent diffu-
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sion with Richardson’s law u ~ 3 [1, 2]. We demonstrate
by means of discrete self-similar Laplacians of the form
of Weierstrass-Mandelbrot functions that by application
of the fractional continuum limit which we introduced
earlier [3], stochastic distributions of self-similar motions
can be obtained which include turbulent diffusion. The
approach opens a wide field of applications in turbulent
diffusion, finance and stochastic motions characterized
by statistically self-similar erratic motions.

References

[1] W. Chen, A speculative study of 2/3-order fractional
Laplacian modeling of turbulence: Some thoughts and
conjectures, CHAOS 16, 023126 (2006).

[2] J. Klafter, M.F. Shlesinger, G. Zumbhofen, Beyond
Brownian Motion. Physics Today, 49 (2), 33-39 (1996).

[3] T.M. Michelitsch, G.A. Maugin, F.C.G.A. Nicolleau,
A..F Nowakowski, The fractional laplacian as a limiting
case of a self-similar spring model and applications to

n-dimensional anomalous diffusion. Fract. Calc. Appl.
Anal., 16(4), 827-859 (2013)

Effect of Gravity on Clustering
Patterns and Inertial Particles
Attractors

F.C.G.A. Nicolleau and N.M. Sangtani Lakhwani

Sheffield Fluid Mechanics Group,
Department of Mechecanical Engineering, The Univer-
sity of Sheffield, UK

Clustering could be defined as the propensity of an ini-
tially uniformly distributed cloud of particles to accumu-
late in some regions of the physical space. This is an im-
portant phenomenon to understand in order to explore,
identify and possibly monitor some natural or hand-
made mixing processes such as those causing rain for-
mation sediments transportation, fuel mixing and com-
bustion.

In this contribution we study the clustering of inertial
particles using a periodic kinematic simulation. The
systematic Lagrangian tracking of particles makes it
possible to identify the particles’ clustering patterns for
different values of particle’s inertia and drift velocity.
The different cases are characterised by different pairs
of Stokes number St and drift parameter . For the
present study 0 < St < 1 and 0 < v < 2. The main
focus is to identify and then quantify the clustering
attractor - when it exists - that is the set of points
in the physical space where the particles settle when
time goes to infinity. Depending on gravity or drift
effect and inertia values, the Lagrangian attractor
can have different dimensions varying from the initial
three-dimensional space to two-dimensional layers and
one-dimensional attractors that can be shifted from an
horizontal to a vertical position.

The particles initially uniformly distributed in the flow
field are allowed to evolve until an asymptotic clustering
pattern - also referred to as Lagrangian attractor - is
achieved.

The shape of this cluster varies from clear one-
dimensional structures to three-dimension distributed
structures or two-dimensional layer-like structures
(Fig. 3).

The main focus of this study is to evaluate the dimen-
sion of these attractors in a synthetic stationary field

and to quantify them. The is done by using a nearest-
neighbour distance analysis.
References

[1] M. Farhan, F. C. G. A. Nicolleau and A. F.
Nowakowski. Phys. Rev. E., 91(4):043021, 2015.

[2] A. Abou-El-Azm and F. Nicolleau. Phys. Rev. E,
78(1):0616310, 2008.
[3] F. Nicolleau and A. ElMaihy. Phys Rev. E,

74(4):046302, 2006.

Vortices in Synthetic
Multicomponent Flows

A. F. Nowakowski*, F.C.G.A. Nicolleau' and T. M.
Michelitsch?

LSFMG, Department of Mechanical Engineering, The
University of Sheffield Sheffield, UK
2Institut Jean Le Rond d’Alembert, CNRS UMR 7190

Université Pierre et Marie Curie, France

A compressible multiphase model together with its nu-
merical solution were presented to expose the role of the
baroclinic source of vorticity generation. The numeri-
cal procedures, accounting for pressure non-equilibrium
and resolving interfaces separating compressible fluids,
were designed to take advantage of the numerical diffu-
sion generated in the computational simulation of mul-
ticomponent flows with shock waves. Several examples
of shock-bubble interaction problem were investigated.
The interaction of a shock wave with a cylinder (2D bub-
ble) was examined for incident shock Mach numbers of
1.2 to 3 and for various Atwood number ratio of con-
stituents. In all cases the bubble interface evolution,
vorticity generation due to the misalignment of the pres-
sure and the density gradients and mixing with an am-
bient fluid were monitored. The simulations reveal the
complex phenomenological transition in which compres-
sion and distortion of the bubble and the formation of a
vortex pair occur.

References

[1] A. F. Nowakowski, A. Ballil, and F. C. G. A. Nicol-
leau Passage of a shock wave through inhomoge-
neous media and its impact on gas-bubble deformation"
Phys. Rev. E, 92(2):023028, 2015. doi: 10.1103/Phys-
RevE.92.023028

Comparison of two Techniques to
Analyse Turbulence in the Inertial
Range

T. Moller

Institute of Physics, Carl-von-Ossietzky University Old-
enburg, Germany

Understanding the phenomenon of turbulence is a prob-
lem yet to be solved in detail. Increasing the knowl-
edge in this field will enable us to enhance the standard
of technology in many fields. To learn more about this
complex matter we use a water channel to measure the
velocity of a fully develop ed turbulent flow at various
positions. In particular within the channel free flow and
its boundary-layer. The channel has a 48.6 cm? cross

ERCOFTAC Bulletin 105

19



Figure 3: Different Lagrangian attractors

section and a 16 m length. It is capable to generate a
flow speed of up to 20 cm.s'. Measurements are done
by a Laser-Doppler-Anemometer, which has a sampling
rate of up to 1.5 kHz. Two different techniques are ap-
plied to the recorded data and results get compared.
One technique is the so-called Four-Quadrand method
which divides the data in four categories. Categories are
low velocity with low degree of turbulence, high veloc-
ity with high degree of turbulence and the two possible
mixed versions. This analysis works well with quite small
data sets and gives a good first impression of the turbu-
lence. The other method is the Markovian analysis, it
holds the complete information about the turbulent cas-
cade process. The cascade process is analysed in the
so-called inertial range, bounded by integral length scale
L and Taylor micro length scale A\. The turbulence’s dy-
namics are captured by velocity increments defined as
Uiner (1) = u(r + Ar) — u(r) which can be expressed as
Markov chain, at length above Markov length (~ A).
By this approach the whole stochastic information in
terms of conditional probability densities p(u|u’), and
their change within the inertial range can be expressed.
With those approaches and their comparisons a deeper
understanding of free stream turbulence and turbulent
boundary layers is to be achieved.

The ‘N S > Approach to
Geophysics and Astrophysics

C. Cambon
LMFA, Ecole Centrale de Lyon, Ecully France

Very rich dynamical, statistical and structural aspects
of a turbulent flow can be investigated in the presence
of ‘distorting’ linear effects induced by the three con-
stant parameters N (stratification frequency), S (shear
rate) and f (Coriolis frequency). The linear effects are
studied individually and then possibly combined, e.g.
via spectral linear theory (so-called ‘rapid distortion’),
and their interplay with basic nonlinearity is investigated
by DNS, and by statistical triadic closures (generalized
EDQNM, possibly matching wave turbulence theory) in
some cases. Application to geophysics is very promising,
with for instance the baroclinic context recovered for a
large range of the Richardson number N2/S2, in which
the baroclinic parameter Sf/N? is related to tilted mean
isopycnes (Pieri et al. 2013, 2014). The ‘shearing box
approximation’ allows applications to astrophysical ob-
jects, such as stratified accretion discs, even magnetized
(N S f B parameters, Salhi et al. 2012, 2013, 2014), with
extended use of sheared pseudo-spectral DNS (Rogallo
1981, Lesur 2007). In addition to new insights on tur-
bulence subjected to rotating shear (S, f) and rotating
stably stratified turbulence (N, f), the study of unsta-
bly stratified turbulence yields more recently a new suc-
cess story: generalized EDQNM is quantitatively com-

pared with very high resolution DNS, and allows us to
revisit the homogenized mixing zone that results from
the Rayleigh - Taylor instability from moderate to huge
Reynolds numbers (Burlot et al. 2013, 2014).

Turbulence Under Internal
Solitary Waves

Peter J. Diamessis', Takahiro Sakai® and Gustaaf B.
Jacobs?

L School of Civil and Environmental Engineering, Cor-
nell University, Ithaca, NY 14853.

2 Department of Aerospace and Mechanical Engineer-
ing, University of Southern California, Los Angeles, CA.
90089-1191.

3 Department of Aerospace Engineering and Engineer-
ing Mechanics, San Diego State University, San Diego,
92182

Internal solitary waves (ISWs) are O(1lkm) long inter-
nal waves that are ubiquitous in the shelf regions of the
coastal ocean and lakes. The interaction of ISWs and the
bottom boundary layer and the resulting turbulence and
particulate resuspension are of particular importance to
shelf energetics, ecology, water-quality, acoustics and op-
tics. It has regularly been hypothesized that the turbu-
lence under ISWs results from a transition founded in
the global instability of the separated near-bed vortex
wake occurring in the lee (front) of a wave of depression
(elevation).

This talk begins with a presentation of the relevant
motivation and a review past, theoretical, numerical
and laboratory work on ISW-bottom boundary layer
(BBL) interaction. The latest progress on ongoing well-
resolved massively parallel spectral multidomain-based
Large Eddy Simulations (LES) of the turbulent under
a mode-1 ISW of depression at Reynolds numbers typi-
cal of the laboratory is then shown. The computational
cost of the LES of the ISW-driven BBL at even such rel-
atively modest Reynolds numbers is linked to the non-
negligible challenges that originate from the disparate
scales involved: the long wave with its significant pycn-
ocline depression vs. the considerably smaller scales of
turbulence within the BBL. To this end, the major driver
of computational cost is the need to sufficiently resolve
the 2-D vortices of the globally unstable separated BBL
and, thereby, capture the subsequent turbulent transi-
tion and ultimate fully developed turbulence.

A presentation of the most recent analysis of LES re-
sults focuses on the 3-D near-bed coherent structures,
the bottom shear stress field and near-bottom turbu-
lence spectra in the along-wave direction. Differences, in
terms of the transition process and the potential for self-
sustained turbulence, between the case of an ISW prop-
agating into quiescent waters vs. that of a wave encoun-
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tering a model barotropic current are highlighted. The
perplexing disagreement with recent laboratory experi-
ments of the no-current case are also discussed. Finally,
while exploring connections with oceanic observations,
the need for reliable and faster-turnaround LES model-
ing at coarser resolutions and higher Reynolds numbers
values (closer to their oceanic counterparts) is addressed.

Stratified Turbulence and Mixing

L. Gostiauz
LMFA, Ecole Centrale de Lyon, Ecully, France

Stably stratified homogeneous turbulence is known to ex-
hibit quasi-horizontal structures organized in vertically
sheared layers. The thickness of these layers seems to
scale according to a unit value of a related Froude num-
ber. In the ocean, the Thorpe Scale analysis is commonly
used to determine the characteristic size of overturns.
This contribution discussed the statistics of Thorpe’s dis-
placements both in in situ measurements and high reso-
lution DNS.

Finite Size Particle Transport by
Turbulent Channel Flow

1. Vinkovic, W. Yu and M. Buffat

Université Claude Bernard Lyon LMFA UMR CNRS
5509

Particle transport by turbulent wall flow is a crucial issue
in many environmental problems such as erosion, particle
deposition and sand saltation. Despite great technologi-
cal advances in measurement techniques as well as in nu-
merical simulations, the understanding of the transport
mechanism close to the wall is still incomplete. Many

numerical studies have been devoted to this issue. By
direct numerical simulations (DNS) of a turbulent chan-
nel flow coupled with Lagrangian tracking of pointwise
particles, Zamansky et al. (2011) found that contrary to
what is observed in homogeneous isotropic turbulence,
close to the wall pointwise particles cluster in regions of
high streamwise rms acceleration. The aim of the present
study is to explore if this is still the case when size ef-
fects are taken into account in the DNS. Therefore, a
pseudo-spectral DNS code is coupled with an immersed
boundary technique (Uhlmann 2005). Finite-size parti-
cles with different Stokes numbers and density ratios are
tracked at each time step. The velocity and acceleration
statistics are analyzed. Particular attention is given to
acceleration PDF of the solid phase, the fluid phase and
the fluid in the vicinity of particles. The results are com-
pared to the pointwise model and to other experimental
or numerical studies on this topic.

Towards Particle Dispersion Mod-
elling in Wall-Bounded Turbulence

Jacek Pozorski
IMP Gdansk, Polish Academy of Sciences, Poland

Modelling particle dispersion in wall-bounded turbulence
involves challenging problems. The particle velocity dif-

fers from that of the surroundinﬁ fluid owing to particle
inertia or gravity which affects the fluid velocity Huctua-

tions along the particle trajectory. The underlying phe-
nomena also include particle-fluid, particle-surface and
particle-particle interactions. These issues are not only
important from a physical point of view but also have
implications in many practical applications. The presen-
tation developed a comprehensive insight into our under-
standing of particle deposition and discussed still open
modelling issues.
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MULTISCALE-FORCED TURBULENT FLOWS: FUNDAMENTALS AND
APPLICATIONS
CO-ORGANISED BY SIG 44 AND 42

W. Brevis'?, S. Laizet? and F. C. G. A. Nicolleau®*

ISheffield Fluid Mechanics Group, University of Sheffield, UK
2Department of Aeronautics, Imperial College London, UK
3Department of Civil and Structural Engineering
“Department of Mechanical Engineering

7th and 8" September 2015, Sheffield, UK

1 Introduction

The workshop was co-organised by ERCOFTAC Special
Interest Groups SIG44 and SIG42. It took place in the
Department of Civil and Structural Engineering at the
University of Sheffield, UK.

About 30 participants attended from different Euro-
pean countries (Germany, Italy, Netherlands, Spain,
United Kingdom) and beyond the European Commu-
nity (Canada, Japan and USA) and 11 different in-
stitutions. It was an opportunity for the different
groups working on theory and applications of multi-
scale-forced flows to strengthen their links and introduce
their work. Details of the programme can be found at
https://sites.google.com/a/sheffield.ac.uk/seefm/events .
Abstracts from the main contributors are reported be-
low.

2 Abstracts of Talks

The space-scale unfolding (SSU) mechanism in
multiscale-forced turbulence

S. Laizet, J.C. Vassilicos
Imperial College London, UK

The stirring of a passive scalar by grid-generated turbu-
lence in the presence of a mean scalar gradient is studied
by Direct Numerical Simulations (DNS) for six different
grids: one fractal square grid with three fractal itera-
tions, one fractal square grid with four fractal iterations,
one fractal I grid and three different regular grids. Our
results can be summarised as follows. (i) For all these
grids, the turbulence intensity averaged over time and
over a plane parallel to the grid takes its peak value
when the streamwise position of this plane is between
0.75M¢¢y and 1.5M. ;¢ where M,y is the effective mesh
size introduced by Hurst & Vassilicos (2007). (ii) Down-
stream of the location of this peak, the turbulence in-
tensity averaged in this way is greatly enhanced by the
fractal grids relative to the regular grids even though
the fractal grids have comparable or even lower blockage
ratios. The novelty of this result lies in the fact that
it concerns turbulence intensities averaged over lateral
planes (as well as time). (iii) The pressure drop is about
the same across grids of same blockage ratio whether
fractal or not, but the pressure recovery is longer for the

fractal grids. (iv) Even so, the fractal grids enhance tur-
bulent scalar fluxes by up to an order of magnitude in the
region downstream of the aforementioned peak and they
also greatly enhance the streamwise growth of the fluctu-
ating scalar variance in that region. (v) We demonstrate
on a simple planar model problem that the cause of this
phenomenon lies in the fractality of the grids. (vi) The
turbulence scalar flux coefficient is constant far enough
downstream of all the present grids and is significantly
dependent on the nature and details of the turbulence-
generating grid.

Reynolds number dependence of decaying
multi-scale grid-generated turbulence

G. Melina, P.J.K. Bruce, G.F. Hewitt, J.C. Vassilicos
Imperial College London, UK

Heat transfer enhancement due to static turbulence pro-
moters is a relevant topic in power generation and pro-
cess, automotive and aerospace engineering applications.
Within this context we experimentally measure the con-
vective heat transfer coefficient around the circumference
of a circular cylinder in crossflow which is heated un-
der uniform heat flux (UHF) conditions. The cylinder
is placed in a wind tunnel at several downstream dis-
tances, x, from three different perturbing grids: a regu-
lar bi-planar grid (RG60), a fractal square grid (FSG17)
and a single square grid (SSG). The flow downstream
of the grids is first characterized without the cylinder in
place via hot-wire anemometry in terms of mean veloc-
ity, turbulence intensity, T'u, and turbulence time scales.
For both FSG17 and SSG a protracted turbulence pro-
duction region exists and this is followed by a turbulence
decay region where T'u is considerably higher than RG60,
despite RG60 having a greater blockage ratio.

For the same inlet velocity, Uy, at large distances from
the grid in the turbulence decay region, the enhancement
in the circumferentially averaged Nusselt number, Nug,
with respect to its value under laminar free-stream con-
ditions, Nujam, is always higher for FSG17 and SSG.
Fractal and single square grids can be used to efficiently
augment heat transfer since they are able to create pro-
tracted regions of high turbulence intensity, while main-
taining a low blockage ratio and therefore a low pressure
drop. The geometrical design of this type of grids can be
optimized according to the specific needs: the ratio to/Lg
indicatively sets the value of the maximum heat transfer
enhancement whereas the wake-interaction length scale,
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x, = L%/ty sets the position where this peak occurs,
where Lg is the distance between the largest bars of the
grids and tq is their thickness.

For both FSG17 and SSG clear differences exist be-
tween the angular heat transfer profiles measured in the
production and in the decay region of turbulence, in po-
sitions where turbulence intensity is almost the same.
Work investigating these differences is currently under
way.

Investigation of a flow field generated by a
fractal grid based on experimental data and
CFD simulations

A. Fuchs', N. Reinke', W. Medjroubi', G. Guelker*, J.
Peinke?

L ForWind, Institute of Physics, University of Olden-
burg, Oldenburg, Germany

Fractal grids generate turbulence by directly excit-
ing many length-scales of different sizes simultaneously,
rather than using the nonlinear cascade mechanism to
obtain multiscale excitation, as it is the case for classi-
cal grids. These scales influence each other and show
very different properties compared to all previously doc-
umented turbulent flows [1, 2, 3, 4].

In this work we present experimental wind tunnel and
computational fluid dynamics (CFD) studies of the tur-
bulent flow generated by a fractal grid under the same
conditions. We did an extensive statistical study and a
direct comparison between the experimentally and nu-
merically acquired time series in order to investigate and
compare one-point- and two-point-statistics. In addi-
tion we present an application of a stochastic method,
so-called Langevin approach, to the experimentally ac-
quired velocity increment time series to examine three-
point-statistics in terms of Kramers-Moyal coefficients.
These analyses will provide an enhanced insight on the
turbulence generated by fractal grids and the suitability
of CFD models (DDES: Delayed Detached Eddy Sim-
ulation with a Spalart-Allmaras background turbulence
model [5]) to characterize this turbulence.
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Reynolds number dependence of decaying
multi-scale grid-generated turbulence

J. Hearst
University of Southampton, UK

Three facets of the Reynolds number dependence of
multi-scale grid-generated turbulence are investigated:
(i) the inlet Reynolds number dependence of the de-
cay of turbulent kinetic energy; (ii) the local Reynolds

number dependence of spectra in the non-equilibrium re-
gion compared to spectra in the far-field; and (iii) rela-
tive turbulence levels and local Reynolds numbers for
regular grids and a multi-scale grid at the same inlet
Reynolds number. A square-fractal-element grid, featur-
ing a 12 x 8 array of three iteration square fractal ele-
ments mounted to a background mesh, is compared to
two regular grids with the same blockage. In the far-field
of the square-fractal-element grid, the decay of the tur-
bulent kinetic energy follows a power-law with an expo-
nent of n = —1.07 £ 0.05, independent of inlet Reynolds
number. With respect to the spectra, it is found that
if a spectrum with < uv ># 0 is compared to a spec-
trum at the same Re) with < uv >= 0, the spectrum
with Reynolds shear stress has a scaling range that more
closely matches k—%/3. If two spectra are compared with
the same Re) and < uv >= 0, even if one of these spec-
tra is taken from the inhomogeneous, non-equilibrium
region of a different grid, then they are approximately
collapsed at all wavenumbers in the dissipative and scal-
ing ranges. Finally, when the three grids are compared
at the same inlet Reynolds number, both regular grids
produce higher Re) sufficiently far from the grid (in both
non-dimensional and physical units). Dye injected as a
plume in the centre of the largest opening of each grid
shows that the plume has spread over a greater area for
the two regular grids at a downstream location 6 times
the length of the largest element of a particular grid.

Flow field topology of free and impinging jets
with fractal turbulence generators:
a tomographic PIV study

G. Cafiero', S. Discetti"?, T. Astarita®, J.L. Summers®
Y Universita degli Studi di Napoli Federico II, Italia
2 Undversidad Carlos III de Madrid, Spain

In a recent work (Cafiero G, Discetti S, Astarita T (2014)
Heat transfer enhancement of impinging jets with fractal-
generated turbulence. International Journal of Heat and
Mass Transfer 75:173- 183), the authors proposed the
use of fractal grids to increase the turbulence level of
jets with the final aim of enhancing their mixing and
heat transfer capabilities when impinging on a wall. The
driving idea was the possibility to obtain high turbu-
lence intensity at the desired location through proper se-
lection of the fractal geometrical parameter. While the
heat transfer measurements provided outstanding results
at short nozzle-to-plate distance measurements provided
outstanding results at short nozzle-to-plate distance (up
to 60% enhancement of the heat transfer rate in corre-
spondence of the stagnation point with respect to a jet
without turbulence promoter), the spatial distribution
of the convective heat transfer coefficient opened new in-
terrogatives, which needed to be addressed by flow field
investigations.

Owing to the complex turbulent interaction between
the wakes of the grid bars and the outer jet shear layer, in
this work we propose a full volumetric flow field investi-
gation of free and impinging jets with a square space-
filling fractal grid placed at the nozzle exit. The in-
stantaneous flow field measurement highlight the pres-
ence of streamwise vortices, generated by the curvature
changes of the inner and outer cross-shaped shear lay-
ers. In agreement with the behavior of jets with stream-
wise vortices generators (such as tabbed or chevron jets),
such structures enhance the jet entrainment. Further-
more they have deeper streamwise penetration than the
vortices generated by the Kelvin-Helmholtz instability
of the outer shear layer, so they are able to survive and
reach the wall before being dissipated. Additionally, if
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compared to the widely discussed fractal grids in wind
tunnel experiments, the position of the maximum of the
turbulent intensity is actually anticipated. This is to be
addressed to the blockage effect of the outer shear layer
that pushes the wakes of the largest bars of the grid to
merge along the streamline direction.

Real-time turbulent flow simulation using GPU-
based lattice Boltzmann method

M.A.I. Khan', N. Delbosc*?, C.J. Noakes', J.L.
Summers?

LSchool of Civil Engineering, University of Leeds, UK
2School of Mechanical Engineering, University of Leeds,
UK

A novel lattice Boltzmann method (LBM)-based 3D
computational fluid dynamics (CFD) technique has been
implemented on the graphics processing unit (GPU) for
the purpose of simulating turbulent flows in real-time.
We study the time evolution of the turbulent air flow
and temperature inside a test chamber and around wall
mounted obstacles. The predicted results from LBM are
compared with traditional CFD-based large eddy sim-
ulations (LES). Good agreement between LBM results
and LES method are observed with significantly faster
computational times. Efficient use of visualisation tech-
niques allows the results of the simulation to be seen con-
currently in real-time. The developed solver is validated
against mechanically and thermally driven 3D cavities
and flow around obstacles.

Analytical roughness models for turbulent flow
over rough surface and generalizations to
multiscale surfaces

C. Meneveau, X. Yang, J. Sadique, R. Mittal
Johns Hopkins University, USA

We conduct a series of Large-Eddy-Simulations (LES)
to examine the mean flow behavior within the rough-
ness layer of turbulent boundary layer flow over rough
surfaces. We consider several configurations consisting
of arrays of rectangular-prism roughness elements with
various spacings, aspect ratios and height distributions.
The results provide clear evidence for exponential be-
havior of the mean flow with respect to the wall normal
distance. Once established, the generic velocity profile
shape is used to formulate a fully analytical model for
the effective drag exerted by turbulent flow on a surface
covered with arrays of rectangular-prism roughness ele-
ments. The approach is based on the integral method
by von-Karman Pohlhausen in which a shape function
is assumed for the mean velocity profile and its param-
eters are determined based on momentum conservation
and fundamental constraints. In order to determine a re-
quired attenuation parameter, wake interactions among
surface roughness elements are accounted for by using
the concept of flow sheltering. The model transitions
smoothly between “k” and “d” type roughness condi-
tions depending on the surface coverage density and the
detailed geometry of roughness elements. Comparisons
between model predictions and experimental/numerical
data from the existing literature as well as LES data from
this study are presented. It is shown that the analyti-
cal model provides good predictions of mean velocity and
drag forces for the cases considered, thus raising the hope
that analytical roughness modeling based on surface ge-
ometry is possible, at least for cases when the location of
flow separation over surface elements can be easily pre-
dicted as in the case of wall-attached rectangular-prism
roughness elements. The approach is then generalized

to the case of multiscale, fractal surfaces with finite and
infinite number of roughness element generations. The
infinite case relies on the concept of Renormalized Nu-
merical Simulation.

The coupling between inner and outer scales in
a zero pressure boundary layer evaluated using a
Holder exponent framework

C. Keylock', B. Ganapathasubramani®, J. Monty®, N.
Hutchins®, I. Marusic®

L Unidversity of Sheffield, UK

2 University of Southampton, UK

2 University of Melbourne, Australia

There has been significant research effort in the last
decade attempting to understand the manner by which
large scales modulate the behaviour of small scales in
a boundary-layer. This work makes use of an existing
dataset, obtained in the High Reynolds Number Bound-
ary Layer Wind Tunnel at the University of Melbourne
(Ganapathisubramani et al. 2012. Journal of Fluid Me-
chanics 712, 61-91). We introduce the idea of considering
the modulation in terms of the pointwise Holder expo-
nents of the velocity time series and discuss the connec-
tions between this approach and the turbulent multifrac-
tal spectrum, structure functions and models for turbu-
lence with intermittency. The advantage of this formu-
lation is that the measure of the modulation is continu-
ous in time, permitting the adoption of forms of analysis
such as cross-correlation and phase differences (derived
from the Hilbert transform of the data). We show how
the sign of the maximum absolute cross-correlation be-
tween the large scale velocity and small scale intermit-
tency changes with height from the wall, being signifi-
cantly negative below y™ & 500 and significantly posi-
tive above 1 ~ 3000. This change is explained in terms
of the removal of a negative peak in the phase difference
histogram as one moves further from the wall. Close
to the wall, it is noted that these phase difference his-
tograms are invariant to conditioning on the sign of the
large scale fluctuating velocity or the sign of the small
scale fluctuating Holder exponent. However, joint con-
ditioning on these variables results in clear differences
between the phase difference histograms as a function of
the velocity-intermittency quadrants. Consequently, the
behaviour of these quadrants is studied as a function of
distance from the wall. Away from the wall, the impor-
tance of quadrant 2 (slow large scale velocity decreases.
This quadrant has a clearly expressed bimodality for the
phase differences. Quadrant 3 (slow large scale veloc-
ity with great small-scale velocity variation) becomes of
increasing importance far from the wall. Hence, a re-
fined model for the small scale modulation of the flow by
large scales should incorporate information on the chang-
ing dependence between the two scales in the flow as a
function of distance from the wall. The quadrant-based
approach provides a means for formulating this depen-
dence.

Generation of High Re number isotropic
homogeneous turbulence in a wind tunnel by
multi fans with simple input signals

K. Takamure®?, S. Ozono', Y. Sakai®

L Department of Mechanical Design System Engineering,
University of Miyazaki, Japan

2 Department of Mechanical Science and Engineering,
Nagoya University, Japan
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We try to generate high Reynolds number isotropic ho-
mogeneous turbulence in a multi-fan type wind tunnel.
Total 99 fans are equipped and a flow with disturbances
is generated by complicating the input signals for the
fans. In the previous study, a signal which 40 sinusoidal
waves with different frequencies (f = 0.024—0.96H z) are
superposed is applied to the fans with random phases.
The generated flow is quasi isotropic homogeneous tur-
bulence with Rey =~ 650. This time, we try to gen-
erate such a flow using a signal with only 1 or 2 fre-
quency components to understand the transition pro-
cess of turbulence. Sinusoidal waves with frequencies
of f =0.34Hz and/or f = 0.75Hz are tested. The re-
sults show that, in the 1 frequency cases, the input and
its harmonic frequency components remain in flow even
in the downstream region. On the other hand, in the
2 frequency case, such peaks almost disappear and the
spectral shape for velocity fluctuation becomes relatively
smooth. Turbulence characteristics such as turbulence
Reynolds number, intensity, homogeneity, and isotropy
in the 2 frequency case are almost the same as those in
the 40 frequency case, although development of turbu-
lence is much slower.

Multiscale trailing edges on lifting wings

S.L. Prigent, O.R.H. Buzton, P.J.K. Bruce
Imperial College London, UK

Serrations have been studied on trailing edges with the
main purpose of reducing noise, with most studies focus-
ing on serrated extension plates. A more recent approach
has been the use of cut-in geometry for trailing edges, i.e.
serrations that are directly cut into the wing’s trailing
edge and therefore exhibit both bluntness and sharpness
along the spanwise evolution of the pattern. The partly
blunt result has the structural advantage to avoid ex-
tension plates. Acoustic benefits were reported, but the
exhibited bluntness induced vortex shedding which mit-
igates the possible acoustic improvement and generates
coherent structures developing in the wake. The use of
fractal patterns has proven to reduce this induced vor-
tex shedding as well as presenting improved aerodynamic
performances. Better understanding is still needed on
the effect of multi scale patterns on the vortex shedding
and span-wise coherence close to the trailing edge (e.g.
source of noise, or base drag on the blunt parts) and fur-
ther downstream where it could impinge on a secondary
blade or a fixed object.

The work presented here focuses on the use of sinu-
soidal shapes, first single tone then multiscale patterns
obtained by adding sinusoidal iterations orthogonally to
the previous ones. The points of interest are the mean
properties of the wakes as well as both vortex shedding
and span-wise correlation. It is observed that using sinu-
soidal cut-in serrations creates a strong span-wisely in-
homogeneous wake. Compared to a straight blunt wing
the sinusoidal patterns offer up to 52% reduction in vor-
tex shedding energy, defined as the total energy in the
shedding band in the PSD. The main drawback is the
increase of coherence at low frequencies. The multiscale
shapes are found to further reduce vortex shedding inten-
sity and associated correlation while reducing spanwise
correlation at low frequencies. Indeed, by integrating
the spectral span-wise correlation over frequencies lower
than the shedding band, up 57% reduction is observed
close to the trailing edge, compared to the single tone
case.

Challenges of modelling multi-scale flows in

Wind Engineering applications

Z.T. Xie
University of Southampton, UK

Owing to the rapidly increasing computer power
and decreasing cost, along with the recently devel-
oped new technology, Computational Fluid Dynam-
ics (CFD) is becoming increasingly attractive in mod-
elling environmental flows. However, some challenges
remain to be tackled. One among these is modelling
multi-scale physical/chemical processes in the urban at-
mospheric boundary layer. The time scale of trans-
port /dispersion /reaction of gas and particulate matter
(PM) pollutant in urban environments varies from micro-
seconds (1076 s) to days (10° s). It is not feasible to
resolve all of these scales in the foreseeable future. One
option perhaps is to segment the full spectrum of these
scales (such as the inertial sublayer of turbulence) and
resolve one or more segments, whereas the other scales
are to be modelled or to be synthetically generated using
a sort of stochastic procedure [1].

In the first part of the talk, we used four case studies
to demonstrate the importance of modelling muti-scale
flows using our recently designed Numerical Environ-
mental Wind Tunnel Of Newtonian fluid (NEWTON|2]-
basically a comprehensive tool which uses CFD to
primarily model physical wind tunnel scale, i.e. O(1 m)
problems, but not limited to, such as considering the
effects of weather-scale wind variation). The case
studies are: a) the effect of unsteadiness of weather scale
variation of wind on point/line source dispersion in the
DAPPLE site — central London; b) effects of freestream
turbulence on heaving/pitching response of a long-span
bridge; ¢) locally generated large-scale motions by tall
buildings (= O(100 m) ) which could have a significant
impact on the European cities with low rise buildings;
d) flows over a large geometry (> 10 km) in which
the small scales (= 1 m) are of crucial interest as well
as large scales, such as a long span bridge sitting in
a valley. In the second part of the talk, we tried to
identify some key issues: a) whether a generic slope/or
separation of the spectrum exists at scales of O(hour);
b) how to assess and reduce the modelling uncertainties
due to the coupling of the weather scales and street
scale motions. At the end of talk, we suggested one
potential solution to these — add correlated fluctuations
at the nest interface.
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Multiscale turbulence manipulation for enhanced
heat and mass transfer

B.J. Geurts, S. van Melick, A. Verbeek, T. van der Meer,
T. Cardoso de Souza, A. Tyliszczak
University of Twente, Netherlands

An immersed boundary method was adopted to solve
flow through a cylindrical pipe in which an orifice with
complex perimeter was mounted. It was shown that lam-
inar mixing can be increased seven-fold when adopting
a fractal-derived perimeter, compared to a circular ori-
fice with the same blockage. The upstream modulation
of flow for process intensification was further exploited
for turbulent pre-mixed combustion. We showed both
experimentally and numerically that passage of the flow
through an appropriate grid can be used to double the
turbulence intensity and corresponding flame velocity.
This was illustrated using Beltrami deflection patterns
at the inflow as well as a fully resolved immersed bound-
ary representation of complex orifices.

Flow field characteristics and energy injection in
a tank stirred by regular and fractal blades
impeller

K. Steiros, P. Bruce, O. Buxton, J.C. Vassilicos
Imperial College London, UK

A flat-blade turbine and two fractal modifications were
experimentally compared in an unbaffled octagonal
stirred tank (7' = 0.45m), producing a highly turbulent
regime. Shaft torque was monitored in order to assess the
differences in power injection of the different impellers.
Fractal blade impellers showed a decrease of power num-
ber Np of over 12%. Angle-locked PIV measurements in
the impeller discharge region and spectral analysis of the
radial velocity component revealed that the tip vortices
produced by the regular blades are more coherent and
have higher kinetic energy, being advected by a stronger
radial jet compared to their fractal counterparts. This
implies that the reduction in torque can be attributed to
the differences in the vortex formation mechanism. PIV
measurements in the bulk of the flow show an increase
of over 20% of turbulence intensity for the fractal blades
suggesting higher mixing efficiency.

Mixing enhancement behind multi-scale bar
arrays

P. Baj, P. Bruce, O. Buxton
Imperial College London, UK

It has been previously observed that fractal generated
turbulence is beneficial to mixing performance. This is
the motivation for our research whose objective is to ex-
plore the origins of this mixing enhancement, believed to
be intrinsically linked to the multi-scale nature of frac-
tal generated turbulence. Flows behind several different
multi-scale bar arrays, having almost identical blockage
ratio, are extensively studied (velocity field and concen-
tration field are measured), in addition to single-scale ar-
rays for comparison. Since the chosen arrangements can
be viewed as the simplest examples of multi-scale obsta-
cles one can think of, it is believed that the results will
be symptomatic for a broad range of multi-scale flows.

The interest is focused in areas around wakes’ inter-
section points, as these are highlighted by an earlier hy-
pothesis explaining the nature of mixing behind multi-
scale obstacles, namely the Space Scale Unfolding (SSU)
mechanism. The triple decomposition is used through-
out the study to distinguish between stochastic fluctu-

ations of the fields and coherent structures associated
with wakes of different sizes. This enables analysis con-
ditioned on phases of different wakes, which means the
phenomena occurring at the intersection points can be
tracked both in physical and phase space. Some kind of
phase locking between wakes, that occurs downstream
of the intersection point, has been identified. Veloc-
ity structures depending on phases of different shedding
have been revealed as well. As for the concentration
measurements, it has been observed that dye spread is
considerably faster behind a multi-scale array compared
to a single-scale one. The next objective is to perform
a simultaneous measurement of concentration and veloc-
ity fields which would allow a further insight and help
collapsing the observed phenomena into a single theory.

Drag and wakes of isolated 3D groups of
obstacles in turbulent flow

S. Taddei, C. Manes, B. Ganapathisubramani
University of Southampton, UK

The interaction between isolated groups of obstacles and
turbulent boundary layers is often encountered in na-
ture: wind farms, tall buildings and patches of forest
in atmospheric boundary layers, turbines in tidal chan-
nels, offshore structures and patches of vegetation in ma-
rine boundary layers. The main aim of this research is
to characterize the properties of the wake and the drag
forces on a 3-dimensional group of obstacles immersed in
a boundary, focusing on the influence of the density of the
obstacles within the patch. Particle image velocimetry
(PIV) measurements and drag measurements on differ-
ent patches have been carried out, focusing on how the
wake of the patch changes with the density of the obsta-
cles.The flow behind a porous patch of canopies is not
affected by the free end as much as a solid case, behaving
similarly to a high AR solid body. The free end effects
only affect the upper third of the height, where entrain-
ment from the free-stream flow starts to develop. The
entrainment is less intense compared to the solid case,
and this allows the wake to develop for a longer distance
downstream of the patch. All these phenomena result in
a higher drag coefficient for porous patches, with respect
to a solid case, whose drag coefficient is comparable with
the one of a patch with ® = 0.05(Cy). Bleeding along
different directions due to the porosity of the patch leads
to different effects on the wake, which are enhanced or
diminished with respect to the patch density.

Drag and wakes of isolated 3D groups of
obstacles in turbulent flow

D. Wise
University of Sheffield, UK

The wake developed behind arrays of cubes is examined
via Acoustic Doppler Velocimetry (ADV) and Particle
Image Velocimetry (PIV). A single pattern is utilised,
based on different iterations of the Sierpinski carpet frac-
tal, and in each case the flow behind single and multiple
carpets is investigated. In each case wall-normal profiles
of the mean and rms velocities, and Reynolds stresses
are presented. The point-wise measurements reveal that
the obstacles have an unexpected effect on the slope of
the energy spectra immediately downstream of the ar-
rays. In particular spectral short-circuiting is observed,
whereby the injection of energy at wavelengths associ-
ated with the obstacle arrays results in a ’bump’ in the
energy spectra which is immediately followed by a -7/3
decay. It is shown that for the case of the wake behind
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a single Sierpinski carpet this lengthscale is comparable
to the horizontal lengthscale of the smallest obstacles
present. However deviation from this behaviour occurs
in the case of the flow behind multiple Sierpinski carpet
arrays, and the wavelength of the energy injection is no
longer simply related to any of the obstacles.

Self-affine fractal bed roughness design

M.T. Stewart, V. Nikora, S. Cameron
University of Aberdeen, UK

Many natural and man-made surfaces exhibit self-affine
fractal properties such as the wind-driven ocean surface
(Belcher and Vassilicos, 1997), the topography of the
ocean floor (Bell, 1975) and even the surface of the
planet Mars (Nikora and Goring, 2004). The talk
provides an overview of the design and manufacture of
rough surfaces that possess self-affine fractal features
and thus resemble real-life surfaces. Two types of rough-
ness design are considered, termed one-dimensional
and twodimensional. In the one-dimensional case, the
rough surface is a function of streamwise position only,
while for the 2D case the rough surface varies in both
the streamwise and transverse directions. Self-affine
roughness patterns are generated using the method of
spectral synthesis (e.g., Saupe, 1988; Anderson and
Meneveau, 2011) and a detailed account of the steps
involved to implement this method are given for both
the one- and two-dimensional cases. Bed roughness
based on continuous self-affine fractal patterns has to
date received little attention and marks a departure
from more traditional approaches that typically adopt
discrete roughness elements, such as cubes and spheres.
In addition, through control of statistical properties of
the surface, in particular the scaling exponent of the
power spectrum, the method of spectral synthesis affords
a robust technique for regulating and systematically
varying the roughness.
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A systematic study of the effect of fractal
geometric parameters on the heat transfer
features of circular impinging jets

G. Cafiero', S. Discetti®, T. Astarita'
L Universita degli Studi di Napoli “Federico II”, Italy
2 Universidad Carlos III de Madrid, Spain

Cooling of turbine blades, electronic components and
outer walls of combustors, paper and film drying, an-
nealing and tempering of glass are just a few examples
of applications in which the high local heat transfer of
impinging jets is exploited. Several solutions have been
proposed over the last decades to increase the heat trans-
fer rate of impinging jets (acoustic excitation, applica-
tion of swirl, introduction of perforated plates between
the nozzle and the target plate or installing mesh screens
within the nozzle). In all cases the heat transfer enhance-
ment is obtained by exciting/altering the structure and
organization of large scale turbulence, which is widely
recognized to be the main agent in heat and mass trans-
fer mechanism of impinging jets. Tampering with the
large coherent turbulent structures is the key to achieve
a significant heat transfer enhancement.

In a recent work (Cafiero G, Discetti S, Astarita T
2014 Heat transfer enhancement of impinging jets with
fractal-generated turbulence) we demonstrated the effec-
tiveness of fractal turbulence promoters to enhance the
heat transfer of circular jets impinging onto a normal
wall. The effect of introducing a square fractal grid in
correspondence of the nozzle exit section 0.5d and 1d
(being the nozzle exit section diameter) is such that the
heat transfer rate increases up to 63% in the stagnation
region with respect to the well-known circular jet under
the same power input. However, a systematic analysis
of the effect of the singular geometric parameters of the
fractal grid (such thickness ratio and length ratio) onto
the spatial distribution of the Nusselt number has not
been proposed yet.

In this work we propose the analysis of the heat
transfer enhancement produced by a class of turbulence
promoters (square fractal grids, semi-fractal grid, cross
grids) located in correspondence of the nozzle exit
section of a circular jet. A scaling of the stagnation
point Nusselt number with the geometric parameters is
presented. Moreover the upward shift of the turbulence
intensity profile due to the blockage effect induced by
the growing shear layer on the wake developing behind
the fractal grid is discussed in terms of heat transfer
enhancement.

Fractal experiments to test turbulent flow
theories

J.C. Vassilicos', S. Goto?, T. Dairay*, M. Obligado
! Imperial College London, UK
2 University of Osaka, Japan

In the first part of the talk, Direct Numerical Sim-
ulations of unsteady spatially periodic turbulence with
time-dependent rms velocity u'(¢) and integral length-
scale L(t) show that not only the instantaneous energy
dissipation rate but also the instantaneous energy flux
at intermediate wavenumbers scales as Uy Lou’(t)/L(t)?
where Uy and Ly are velocity and length scales char-
acterizing initial or overall unsteady turbulence condi-
tions. These high Reynolds number scalings are qualita-
tively different from the well-known w’(t)*/L(t) corner-
stone scalings of equilibrium turbulence where the energy
flux and dissipation are exactly balanced at all times.

In the second part of the talk, we present a combined
Direct Numerical Simulation and Hot Wire Anemom-
etry study of an axisymmetric turbulent wake. The
data lead to a revised theory of axisymmetric turbu-
lent wakes which relies on the mean streamwise mo-
mentum and turbulent kinetic energy equations, self-
similarity of the mean flow, turbulent kinetic energy,
Reynolds shear stress and turbulent dissipation profiles,
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non-equilibrium dissipation scalings and an assumption
of constant anisotropy. This theory is supported by the
present data up to a distance of 100 times the wake gen-
erator’s size which is as far as these data extend.

DNS of the interaction of a wall-mounted cube
with a turbulent boundary layer

C. Diaz Daniel, S. Laizet
Imperial College London, UK

The fundamental study of turbulent boundary layers has
been a topic of great interest in the last decades, due to
the complexity of the flow and its importance in many
engineering applications. For this numerical study we
are interested in the influence of a wall-mounted cube
placed in a fully turbulent boundary layer. The present
investigation starts with a DNS of a fully turbulent zero-
pressure gradient boundary layer with Reynolds numbers
up to 2000 based on the momentum thickness. After-
wards, a wall-mounted cube is included in the compu-
tational domain using an immersed boundary method.
The cube, located at a streamwise position correspond-
ing to Re=750, has dimensions comparable to the bound-
ary layer thickness.

A highly complex flow is generated downstream of the
cube with unstable recirculation regions on the top, sides
and rear of the cube. As a result, sharp peaks are pro-
duced in the noise signature of the flow. Comparisons
between the flow with and without the cube confirm the
presence of several peaks for the velocity and pressure
signals close to the cube. Far away from the cube and
outside the boundary layer, we observe a well-defined
low-frequency peak corresponding to a Strouhal number
of around 0.05.

On the Large Scale Dynamics in the Wake of a
Fractal Obstacle

J. Higham, W. Brevis
University of Sheffield, UK

In a water flume at the University of Sheffield (UK),
three-dimensional Particle Tracking Velocimetry is used
to capture the turbulent wake of two full-width and wall-
mounted obstacles: The first obstacle is a uniformly
spaced array of square cylinders of same length-scale;
the second is a three-iteration pre-fractal based on a the
deterministic Sierpinski Carpet. Both obstacles emerged
from the water surface and had the same porosity.

It is found that whilst the largest length scales of the
pre-fractal dominated the vorticity field in the wake, the
smaller length-scale within the obstacle caused intense

vortical structures within the near field of the wake. To
further investigate the spatio-temporal behaviour of the
wake a simple and integrated use of the Proper Orthog-
onal Decomposition (POD) and Dynamic Mode Decom-
position (DMD) is introduced. POD is used to rank
the spatial structures relatable to the total variance (i.e.
vorticity) while DMD is used to identify their dominant
oscillation frequencies and spatial characteristics. From
the POD it is clear that the largest length-scale creates
spatially dominant structures, whilst the DMD extracted
a set of oscillatory frequencies relatable to each of the
pre-fractal length-scales.

Alignments and small scale statistics in the
production region of grid turbulence

1. Paul, G. Papadakis, J.C. Vassilicos

Imperial College London, UK

Direct Numerical Simulation (DNS) of turbulent flow
generated by a single square grid is investigated using an
unstructured finite volume method. The maximum value
of the Taylor length-based Reynolds number throughout
the computed flow field is about 40. The main focus
of this study is on the production region which lies in
the lee of the grid where turbulence builds up. Statis-
tics of vorticity and of eigenvalues (\;, where i = 1,2,3)
and eigenvectors (e;, where ¢ = 1,2,3) of the fluctuat-
ing strain rate tensor (.5;;) are analyzed. It is observed
that the PDFs of all the eigenvalues in the production re-
gion are highly non-gaussian. The PDFs of the compres-
sive (A3) and intermediate (A2) eigenvalues are strongly
skewed to negative and positive values respectively. The
energy spectrum of the streamwise fluctuating velocity
has a well-defined power law with an exponent around
—2 or —5/3 over more than one decade depending on the
position in the production region. It is also observed that
the most extensive eigenvector (e1) and the intermediate
eigenvector (ey) align significantly with vorticity vector
in the production region, which in turn increases average
enstrophy production.

3 Follow up meeting

There is a plan to publish the contributions as a special
theme.

A follow up meeting is also planned for next year (2016)
at Imperial College London, UK.

Details will be announced soon. Please contact the or-
ganisers if you are interested.

28

ERCOFTAC Bulletin 105



WORKSHOP ON "NEW CHALLENGES IN INTERNAL WAVE
DYNAMICS", CO-ORGANISED BY HENRI BENARD PILOT CENTRE
AND SIG 35

L. Gostiaux!, C. Muller? and A. Venaille?

Y LMFA, Ecole Centrale Lyon, France
2 LadHyX, Ecole Polytechnique, Paris, France

3 LabPhys Ecole Normale Superieure de Lyon, France, antoine.venaille@ens-lyon.fr

Oct 14-16, 2015, Centre Blaise Pascal, ENS Lyon, France

Abstract

The workshop "NewWave: new challenges in internal
wave dynamics" was held from Oct 14 to Oct 16 in ENS
Lyon. The aim of the meeting was to bring together re-
searchers from different scientific communities interested
in internal wave dynamics. The meeting included intro-
ductory lectures, long review talks, short talks and poster
presentations. We summarise here the main results that
have been presented during the workshop.

1 Motivation and Objectives

Owing to density stratification and rotation, the ocean
and the atmosphere support internal waves. Either
through direct turbulent mixing following wave break-
ing, or through other non-linear effects, internal gravity
waves play a key role in momentum and energy bud-
gets. Yet the scale separation between wave dynamics
and the large scale circulations makes their numerical
and theoretical study very challenging. Indeed, current
resolutions of general circulation models can not resolve
internal waves, whose effect must therefore be parame-
terised.

On the one hand, physical properties of internal wave
dynamics are often addressed in idealised numerical or
laboratory experiments that isolate the salient features
of the dynamics. On the other hand, parameterisations
in realistic settings have to address different issues re-
lated to the full complexity of the dynamics and of its
numerical implementation. Finally, in situ observations
offer both new problems for idealised studies and proxies
to be compared with numerical models, with the inher-
ent difficulty that such measurements are sparse in time
and space.

Our goal in this interdisciplinary workshop was to fa-
miliarise physicists and atmosphere/ocean scientists with
ongoing research outside of their field, and fertilise new
work between those groups. The half-day sessions were
organised as follows :

e Internal waves : physical properties (2 sessions)
e Internal waves in the ocean (2 sessions)
e Internal waves in the atmosphere (1 session)

This three day workshop gathered around 70 partici-
pants, with introductory lectures allowing for a thorough

discussion and understanding, long review talks, as well
as short research talks and poster sessions for informal
scientific discussions.

2 Summary of the Lectures

G.K. Vallis (Exeter) gave an opening talk on the
process that give rise to stratification in the ocean and
the atmosphere, focusing on the large-scale structure of
the two fluid systems [1, 2, 3]. Using phenomenological
analytical models and numerical experiments of inter-
mediate complexity models for the large scale dynam-
ics, he presented a recent shift of paradigm concerning
the role of internal waves on the large scale stratifica-
tion and meridional overturning circulation. In this new
paradigm, wave-induced mixing play a weaker role as
previously expected. More precisely, the upper cell of
the meridional overturning circulation may be under-
stood as mostly wind driven, independently from small
scale mixing. Although the role of internal wave mixing
on the lower cell of the meridional overturning circula-
tion remains to be addressed, it seems fair to say that
there is neither a "missing mixing problem" nor a "miss-
ing energy problem" in our current understanding of the
oceanic circulation.

A.C. Naviera Garabato (Southampton) reviewed
recent evidence from a major UK-US observational pro-
gramme (the Diapycnal and Isopycnal Mixing Experi-
ment in the Southern Ocean, DIMES) pointing to a sig-
nificant role of internal waves in the zonal and merid-
ional circulations of the Southern Ocean. The meridional
overturning circulation and stratification of the global
ocean are shaped critically by processes in the South-
ern Ocean. This influence is exerted via a set of special
dynamics that couple the eastward flow of the Antarc-
tic Circumpolar Current with the meridional overturning
circulation across the Southern Ocean. Efforts to unravel
the dynamics of this coupling have to date emphasised
the large-scale circulation’s control by wind, buoyancy
forcing, and by mesoscale eddies.He showed that the im-
pingement of mesoscale flows onto rough seafloor topog-
raphy generates internal waves that contribute signifi-
cantly to dissipating the regional eddy field, arresting
Antarctic Circumpolar jets, and mixing and upwelling
water masses across density surfaces.

J. Vanneste (Edinburgh) discussed some of the prop-
erties of near-inertial waves. Those waves are highly en-
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ergetic and play a significant role in the slow dynamics
of the ocean at large and mesoscales. Indeed, wind forc-
ing generates a spectrum of inertia-gravity waves that is
sharply peaked near the local inertial (or Coriolis) fre-
quency. Using an asymptotic model originally derived by
Young and Ben Jelloul [4], he studied the interactions of
near inertial waves with the mesoscale flow to explain
their observed vertical propagation and their concentra-
tion in anticyclones [5]. He then introduced a new cou-
pled model which captures the two-way interaction be-
tween near inertial waves and mesoscale flow. The model
is derived using generalised Lagrangian mean theory and
preserves energy and an action [6]. Using these conser-
vation laws, he showed how near-inertial waves act as an
energy sink for the mesoscale flow through a process of
" stimulated wave generation".

U. Achatz (Berlin) discussed some challenges and
steps towards possible solutions concerning atmospheric
gravity waves modelling. A major source of uncertainty
in current climate-chemistry models are internal grav-
ity waves represented by oversimplified parameterisa-
tions, e.g. [7]. One focus were on the theory and
numerically stable modelling of the two-way interac-
tion between subgrid-scale waves, either internal grav-
ity waves or geostrophic modes, and the resolved flow,
e.g. [8,9, 10]. Another were on the spontaneous emis-
sion of gravity waves from large-scale flow, with a special
eye on the reproducibility of this process in the labo-
ratory [11]. mathematically consistent way, and where
these will be tested by implementation into a state-of-
the-art numerical-weather-prediction and climate model,
and by reference to data from dedicated measurement
campaigns and laboratory experiments.

T. Dauxois (Lyon) discussed three fascinating phys-
ical properties of internal gravity wave, with illustrations
from laboratory experiments: internal wave reflection
[12], mean flow generation [13, 14, 15], and parametric
subharmonic instabilities [16, 17]. He showed recent the-
oretical advances for all these problems, using instability
theory and multiple scale analysis. He pointed out to a
mysterious cancellation of non-linear terms that remains
yet poorly understood.

3 Summary of The Talks

The oral and poster presentations covered important is-
sues concerning internal wave observation in the atmo-
sphere (through balloons and SAR imagery) and in the
the ocean (through in situ measurements or altimetry),
the parameterization of their effects in general circulation
models, the study of mechanism coupling those waves
with "balanced" motion (vortex, jets), their role in sev-
eral routes to energy dissipation and in global energy
or momentum budgets. Substantial advances have also
been achieved in laboratory experiments, either for ho-
mogeneous rotating fluids, for purely stratified fluids, or
for both. Recent theoretical progress have been obtained
either through asymptotic analysis, or statistical me-
chanics approaches. Those aspects were also addressed
in several oral presentations.

Many features of the atmospheric motion involve inter-
nal wave dynamics. R. Plougonven (Paris) reviewed
analytical results on spontaneous gravity wave emission
from atmospheric "balanced motion" (jets and fronts),
and numerical evidence that the background flow plays
a key role in determining the characteristics of the waves
that are emitted [18]. The confrontation of these re-
sults to gravity waves in real atmospheric flows reveals
some additional surprises, emphasising for instance the

role of moisture in the generation of waves from fronts
[19]. V. Jewtoukoff (Paris) showed observation of
gravity waves in the southern hemisphere derived from
balloon, allowing for a new evaluation of the ability of a
widely used operational model (ECMWF analyses) to ac-
curately describe the atmospheric gravity wave field [20].
J. Magalhaes (Porto) presented observation from syn-
thetic aperture radar (SAR) imagery revealing the pres-
ence of atmospheric gravity waves above the red sea and
discussed possible generation mechanisms.

By contrast with the atmosphere, much of the ocean
interior remains poorly observed. New technics of ob-
servations bring new problems to be addressed, both
for the interpretation of the measurements and for the
understanding of the physical mechanism at stake. D.
Bourgault (Rimouski) presented a variety of field ob-
servations of nonlinear internal waves collected in the
Saguenay Fjord (Canada) with the goal to identify and
discuss some challenges we are facing in terms of measur-
ing and understanding the behaviour of internal waves in
natural environments. J. Da Silva (Porto) gave a com-
prehensive view of the generation mechanisms and evo-
lution of internal waves on the upstream side of a large
sill of the Mascarene Ridge [21]. A. Ponte (Brest)
presented recent efforts to develop methodologies that
achieve the distinction between the sea level signatures
of low-mode internal waves and mesoscale eddies, which
will be a major challenge to interpret altimetry measure-
ments collected by SWOT in 2020. These methodologies
rely on a combination between observations of sea level
and sea surface temperature and on the fundamental dif-
ference of dynamics between these two processes. High
resolution numerical simulations of the propagation of
an idealised internal tide through a turbulent eddy field
provide testbeds for these methodologies [22].

Several new physical mechanism responsible for inter-
nal wave emission and dissipation have been proposed.
N. Grisouard (Toronto) presented an analytical study
of internal gravity waves reflection on density fronts
within the oceanic mixed layer [14]. He showed the ex-
istence of critical reflections of such inertial waves off
the sea surface, after which incident wave energy can-
not escape. This is analogous to the classical critical re-
flection of internal gravity waves in a quiescent medium
off a sloping bottom. An important consequence of this
result is an irreversible energy exchanges between inter-
nal gravity waves and geostrophically-balanced frontal
flows. He showed that a tidal wave passing over an ir-
regular bottom is for a substantial part trapped to this
irregularity, and only partly converted into freely prop-
agating internal tides. P. Diamessis presented large
eddy simuations on the surface reflection of the internal
wave field emitted by a localized submerged stratified
turbulent source. D. Whitt (Cambridge) proposed
a resonant generation mechanism for wind-forced near-
inertial motions in a geostrophic flow. This provides a
sink of geostrophic kinetic energy which preferentially
damps flows with anticyclonic vorticity and thus could
contribute toward shaping the positively skewed vortic-
ity distribution observed in the upper ocean [23]. O.
Richet (Plaiseau) presented a numerical study on the
enhanced energy dissipation observed at the critical lat-
itude 28.8°, presumably due to parametric subharmonic
instability, and addressed the role of a mean flow on
the location of this critical latitude. C. de Lavergne
(Paris) compared deep water mass transformation by
internal wave-driven mixing and geothermal heating. Us-
ing parameterisations of lee wave and internal tide en-
ergy dissipation combined with two different models for
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the mixing efficiency, he showed that near-field mixing
by breaking internal tides and lee waves cannot ount for
the full strength of the abyssal overturning and argued
this abyssal overturning can be explained by taking into
account geothermal heating [24].

The interaction between bottom topography and large
scale fluid motion is an important source of internal
waves in the ocean and the atmosphere. C. Staquet
(Grenoble) proposed a resonant-interaction mechanism
to explain the growth of inertial oscillation eventually
leading to momentum deposit and mixing when lee waves
are generated by barotropic currents above bottom to-
pography, as for instance in the Southern Ocean. This
mechanism contrasts with previous explanations based
on a dissipative process. L. Maas (Nioz) presented ex-
perimental and theoretical results on tidal wave above
topographic features: tidal wave passing over an irregu-
lar bottom is for a substantial part trapped to this irreg-
ularity, and only partly converted into freely propagating
internal tides. R. Chassagne (Paris) studied the fate
of topographically-trapped internal tides by considering
the case of Rockall bank (N-E Atlantic ocean), with a
combination of numerical simulations and observations.
Y. Dossman (Lyon) reported results from laboratory
experiments with a topographic ridge towed through a
stratified fluid. Full field density measurements provide
the depth-dependence of energy loss to turbulent mix-
ing, allowing separation of the local mixing in the turbu-
lent wake and remote mixing by wave radiation. Remote
mixing is significant only for a narrow band of forcing pa-
rameters where the flow speed is resonant with internal
waves; in all other parameter regimes local mixing close
to the topography is dominant. The results suggest that
mixing by local nonlinear mechanisms close to abyssal
ocean topography may be much greater than the remote
mixing by lee waves. Another peculiar property of oro-
graphically generated internal waves is the possible for-
mation of rotors, horizontal vortex rolls located beneath
the wave crests which are very turbulent. D. Etling
(Hannover) presented observational and experimental
studies on the emergence of such coherent structures [25].

The breaking of internal waves occurs on scales too
small to be resolved explicitly in ocean climate models.
A. Melet (Toulouse) presented parameterizations of
internal-wave driven mixing for ocean models. Classi-
cal parameterisation for the local effect of internal tides
and lee waves on vertical mixing rely on prescribed ver-
tical (bottom intensified) profile of turbulent diffusivity
whose amplitude depends on the local amptitude of bot-
tom topography fluctuations, mean flow, stratification
and mixing efficiency [26, 27]. Climate simulations of
1000 years are used to assess the sensitivity of the ocean
state to these parameterizations. She especially focused
on the sensitivity of the thermohaline circulation, ocean
ventilation, temperature field and of steric sea level to
parameterizations of local and remote internal-tide dis-
sipation and of lee-wave driven mixing [28]. A. Koch-
Larrouy (Toulouse) presented a local study on the ef-
fect of changing the prescribed vertical profile for the
vertical diffusivity in Indonesian archipelago, with en-
hanced diffusivity below the thermocline [29]. This pa-
rameterization changes significantly properties of water
mass transformations, with strong climatic impact, e.g.
[30], and its main hypothesis are consistent with in situ
observation from the INDOMIX campaign [31].

Independently from applications, peculiar physical
properties of inertial-gravity waves are still an active sub-
ject of theoretical, experimental and numerical investiga-
tions, with important questions concerning their propa-

gation, their dissipation, and their interactions through
non-linear effects, leading to large scale flow motion or
direct wave cascades. N. Mordant (Grenoble) re-
viewed weak turbulence theory and his previous experi-
mental studies on wave turbulence, e.g. [32]. He then
presented his research program on the study internal
gravity wave turbulence. C. Brouzet (Lyon) showed
recent experimental observation of a direct cascade of in-
ternal waves through triadic resonances within an inter-
nal wave attractor, which eventually leads to small scale
turbulent mixing. M. Mercier (Toulouse) presented
an experimental study of the wave pattern observed in
the wake of an object towed at the surface of a two-layer
fluid, and discuss a transition from Kelvin to Mach an-
gle when the Froude number is varied. P.-P. Cortet
(Orsay) presented theoretical and experimental results
on the far-field decay of the (inertial) wave amplitude
in the presence of multipolar sources in rotating flows
[33]. N. Shmakova (Grenoble) presented experimen-
tal and theoretical results on the geometric focusing of
internal waves, including the description of non-linear ef-
fects which eventually leads to overturning and turbulent
motion. S. Le Dizes (Marseille) presented an exact
viscous solution of the linear wave field generated by a li-
brating disk (harmonic oscillation of the rotation rate) in
a stably stratified rotating fluid, which includes the de-
scription of a zonal mean flow, using asymptotic analysis
[34].

Most often, internal gravity waves co-exists with tur-
bulence motion. K. Winters (San Diego) showed
three-dimensional numerical simulation of the near-
boundary flow induced by a low-mode internal tide im-
pinging on a sloping boundary, considering a ‘deep-
ocean’ case relevant to continental slopes where the to-
pography is supercritical, i.e. steeper than the inclina-
tion angle of energy propagation for internal tides, and
compared those results with observations. He also re-
viewed classical results on mixing efficiency and indirect
estimates of vertical turbulent diffusivities inferred from
in situ measurements. A. Delache (Lyon) presented
analysis of direct numerical results on turbulent mixing
in a freely evolving confined stratified fluid. He clari-
fied the range of validity of the Dillon’s relation, which
is widely used in oceanic context, and which relates the
Ozmidov length scale (below which isotropic turbulent
motion occurs) to the Thorpe scales (characterising over-
turning). A. Renaud (Lyon) presented a statistical
mechanics approach that predicts energy partition be-
tween inertia-gravity waves and vortices in a freely evolv-
ing shallow water flow [35].

4 Conclusion

The aim of the meeting was to identify open questions
that may be addressed by the different scientific com-
munities interested by internal wave dynamics. Several
issues have emerged at the end of the meeting:

e A clear and complete understanding of wave-
topography interaction is still lacking. In particular,
what is the effect of topography on wave scattering,
wave dissipation and wave emission 7 What are the
consequences in term of energy and momentum bud-
get 7

o Wave-mean flow interactions remains an active sub-
ject of research, in particular when studying the
interplay between geostrophic motion and internal
gravity waves. This will become even more impor-
tant with new observations from altimetry and high
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resolution numerical models that begin to simulate
inertia gravity waves.

Can the empirical parameterization used in oceanic
climate modelled be derived from physical princi-
ple in limiting cases (i.e. what sets the prescribed
vertical profile) ?

Can we observe internal wave turbulence in the lab-
oratory and natural flows ?

We hope that those points will be be addressed in the
coming years with a combination of theory, experiments,
simulations and observations.
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REPORT OF THE ERCOFTAC GREEK PI1LoT CENTRE 2010-2015

M.A. Founti' and A. Tomboulides?

! National Technical University of Athens

2 University of Western Macedonia

1 Introduction

The ERCOFTAC Greek Pilot Centre was founded in
2000, and is coordinated by Prof. M. Founti since 2013.
This report describes the research activities undertaken
in the last five years by six laboratories from four Greek
Universities that have been involved with ERCOFTAC
activities. The reported research covers a wide variety
of scientific and engineering applications and highlights
the diverse research interests of the Greek PC. A good
part of the ongoing research in fluid flow in Greece has
been presented at the “FLOW-2014: 9th Pan-Hellenic
Conference on Fluid Flow Phenomena” that took place
in Athens, 12-13 December 2015.

2 Members

2.1 Academic Members

A. National Technical University of Athens, School of
Mechanical Engineering

L1. Laboratory of Heterogeneous miztures and
Combustion Systems
Director: Prof. Maria Founti
Email: mfou@central.ntua.gr

L2. Parallel CFD and Optimization Unit- Labora-
tory of Thermal Turbomachines
Responsible: Prof. Kyriakos Giannakoglou
Email: kgianna@central.ntua.gr

B. Aristotle University of Thessaloniki, Department of
Mechanical
Engineering

L3. Laboratory of Applied Thermodynamics
Director: Prof. Zissis Samaras
Email: zisisQauth.gr

L4. Laboratory of Heat Transfer and Environmen-
tal Engineering
Director: Prof. Nicolas Moussiopoulos
Email: moussio@eng.auth.gr

C. University of Patras, Department of Mechanical and
Aeronautics Engineering

L3. Laboratory of Applied Thermodynamics
Director: Assoc. Prof. Panagiotis Koutmos
Email: koutmos@mech.upatras.gr

D. University of Western Macedonia, Department of
Mechanical Engineering

L3. Laboratory of Thermodynamics and Combus-
tion Engines
Director: Prof. Ananias Tomboulides
Email: atompoulidis@uowm.gr

2.2 Industrial Members

There is no current membership from the Industry.

3 Research Activities of Greek
PC members

3.1 National Technical University of
Athens, School of Mechanical
Engineering

L1. Laboratory of Heterogeneous miztures and Combus-
tion Systems
Contributed by: Prof. Maria Founti, Dr. Christos
Keramiotis, Dr. Dionysis Kolaitis

HMCS - the laboratory of Heterogeneous Mixtures
and Combustion Systems of NTUA (http://hmcs.
mech.ntua.gr//) is an accredited laboratory of the
School of Mechanical Engineering of the National
Technical University of Athens, established in 2002.
The main research activities of the HMCS labora-
tory focus on the experimental investigation and nu-
merical modelling of the fundamental momentum-
, heat- and mass-transfer phenomena and chemical
kinetics, occurring in multiphase and reactive flows
(e.g. technical combustion systems, industrial burn-
ers, fire in buildings, high-temperature behaviour of
building elements, pollutant formation, dispersion
and control, fuel cells, erosion, drying).

The HMCS personnel comprise five permanent fac-
ulty members; one professor (Director of the lab.,
Prof Maria Founti)and four post-doctoral perma-
nent teaching staff, five postdoctoral research as-
sociates, four doctoral candidates, fifteen graduate
students on an annual basis and three members of
staff for administrative and technical support.

Teaching at under- and post- graduate level covers
Combustion Theory and Applications, Transport
Phenomena, Radiative Heat Transfer, Numerical
Methods in Multi-phase-Multi-component-Reacting
Systems and Energy Systems in Buildings and
Industry. HMCS has an abiding research expertise
on a variety of research areas covering:

Combustion technologies and thermo-

chemical systems

e Investigation of multi-phase, multi-component,
chemically reacting flows and systems.

e Combustion in ovens, burners, prototype com-
bustion processes, physic-chemical processes
(e.g. evaporation / burning droplets).
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e Detailed chemical kinetic mechanism develop-
ment, implementation and analysis of the heat
release and pollutant formation processes.

e Thermo-kinetic modelling of fossil and alter-
native (bio-) fuels. Development of reactor
networks for estimating environmental perfor-
mance of industrial combustion equipment.

e Fuel reforming modelling. Application in high
temperature fuel cells

Fire research

e Simulation tools for prevention and control of
fire propagation in enclosed spaces (buildings,
ships, aircraft, and tunnels) and building fa-
cades.

e Experimental and numerical investigation of
combustion and two-phase flow phenomena in
fires.

e Investigation of fundamental physical phenom-
ena related to flames exiting a building.

e Study of material behaviour at high tempera-
tures

Integrated evaluation of energy systems

e Evaluation of energy technologies with multi-
criteria analysis methods and life cycle analy-
sis. Overall methodology for supporting energy
system selection.

e Modelling energy systems and performance op-
timization of production line processes.

e Integrated assessment of energy technologies
by incorporating the overall environmental im-
pact, the technical efficiency and economic vi-
ability.

Building and district energy saving and stor-
age

e Improvement and evaluation of energy proper-
ties of building materials.

o Assessment of the impact of Phase Change Ma-
terials integration on energy storage and build-

The research infrastructure of HMCS includes pi-
lot scale units such as mills for ultra-fine pulveriza-
tion of materials and fuel flexible boilers and fur-
naces. HMCS has a variety of prototype burner
and reactor configurations (e.g. multi-fuel swirled-
stabilized flame burners, cool-flame and C-POX re-
actors). HMCS has largely investigated a diverse
range of off-gas burners particularly designed for
low calorific value fuels, such as a model diffusion
flame and porous burners. The flame/burner char-
acterization is performed in terms of (a) velocity
profiles using LDA /PDA and hot-wire anemometry,
(b) gaseous and surface temperature measurements
using fine thermocouples and infrared thermome-
try and (c) exhaust speciation realized by gas chro-
matography and continuous state-of-the-art analy-
sers. The laboratory emphasizes on the applica-
tion of the aforementioned diagnostic tools for ex-
perimental campaigns assisting in optimizing the in-
house detailed kinetic schemes.

ing efficiency.
e Experimental and numerical investigation of

energy performance of buildings, districts and
historic buildings.
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tures. Figure 1: Mechanism performance against experimental

major species profiles in formaldehyde (up) and acetalde-
hyde (down) flame [1]

e Improving energy efficiency of systems through
management automation systems.

During the past years a number of numerical tools
have been developed to support the combustion re-
search, such as in-house CFD codes for two-phase,
reactive flows using Eulerian-Lagrangian and multi-
fluid approaches, combustion chemistry models for
thermal process optimization (e.g. Diesel auto-
ignition, cool flames), tabulated chemistry tools for
combustion of primary reference fuels in novel fuel
processing devices. These were supported by ve-
locity - temperature - species quantification experi-
mental campaigns in prototype configurations (e.g.
stabilised cool flame vaporizers and semi-industrial
pilot furnaces).

CFD work within the ERCOFTAC framework is
mainly directed towards the numerical modelling of
thermo-chemical systems, supported by experiments
conducted in fundamental experimental configura-
tions. This reflects on the continuous effort for the
development and validation of a comprehensive de-
tailed chemical kinetic model for the pyrolysis, oxi-
dation and combustion of conventional and alterna-
tive (e.g. ethanol) fuels.

Particular focus is given on describing the chem-
istry of gaseous species crucial for molecular growth
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processes, such as Cy, C3 and benzene [1, 2, 3, 4].
Moreover, key oxygenated intermediates have been
studied (see 2). In this respect, the model is uti-
lized for the analysis of the gas phase chemistry of
combustion pollutants (UHCs, PAHs, NO,, SO,,
VOCs, dioxins) and soot, as well as for thermal
and catalytic partial oxidation reforming of various
conventional and alternative fuels. In addition, an
ideal reactor network approach has been formulated
for the analysis of practical thermo-chemical sys-
tems (e.g. fuel cells, gas turbines) and the holistic
thermo-chemical optimization of fuel flexible CHP
systems, predominantly for domestic scale applica-
tions [4, 5].
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Figure 2: Flame visualization via OH-LIF measurements
inside porous media for varying thermal loads [6]

The HMCS has developed and utilized intrusive
and nonintrusive combustion diagnostic techniques
in combustion systems of varying complexity. Con-
figurations with moderate degree of complexity, such
as plug flow reactors have been tested via gas chro-
matographic measurements so as to quantify in de-
tail the gaseous products up to toluene, assisting in
this respect the optimization of the performance of
the in-house detailed kinetic mechanism [7]. Fur-
thermore, potential drop-in fuels, which may origi-
nate from natural gas or coal feedstock through the
Fischer-Tropsch process, have been tested in a pre-
mixed laboratory flame burner via temperature and
emission measurements which were combined with
an analytical methodology that allowed the system-
atic evaluation of combustion trends to fuel con-
stituent compounds [8]. Finally, a fruitful combi-
nation of computational and experimental tools has
been realized in applied research fields directly rel-
evant to engine combustion [9, 10, 11].

A significant research effort has been placed in de-
scribing the combustion in porous media [6, 12,
13, 14]. Intrusive and nonintrusive tools are com-
bined to characterize stable species as well as rad-
ical concentrations from a random foam porous
burner. OH - LIF experiments were performed in
order to parametrically examine the burner operat-
ing regimes, through flame the visualization inside
porous media, and subsequently, the burner stabil-
ity, emission characterization and fuel interchange-
ability with conventional as well as alternative fuels,
has been thoroughly tested with respect to operat-
ing conditions.

HMCS is additionally active in fire research fo-
cusing on the experimental and numerical inves-
tigation of transient effects of Externally Vent-
ing Flames (EVF) in under-ventilated compartment
fires [15, 16, 17]. In a compartment fire, Externally
Venting Flames may significantly increase the risk
of fire spreading to adjacent floors or buildings, es-
pecially today that there is an ever-increasing trend
of using combustible materials in building facades.
The main scope of the ongoing work is to investigate
the fundamental physical phenomena governing the
transient development of EVF, employing both ex-
perimental and numerical simulation methodologies.

A series of under-ventilated compartment-facade fire
experiments, employing a 1/4 scale model of the
ISO 9705 room, equipped with an extended facade
(see 3), has been performed. An “expendable” fuel
source, i.e. n-hexane liquid pool fire, is used to ef-
fectively simulate realistic building fire conditions.
Experimental results provided a detailed insight re-
garding the transient nature of the EVF and the ef-
fect of varying the investigated parameters. Record-
ing of the dynamic behaviour of the EVF is car-
ried out using an extensive sensor network that al-
lowed monitoring of important physical parameters,
such as flame envelope geometry, gas and wall sur-
face temperatures, facade heat flux, fuel mass loss
and gas species concentrations. A dedicated image-
processing tool has been developed, aiming to mon-
itor the dynamically changing shape of the flame
envelope (e.g. height, width, projection). The EVF
geometry and duration were found to be mainly af-
fected by the opening dimensions, whereas the fuel
load has a significant impact on the heat flux to the
facade.

Figure 3: Schematic of the experimental facility and
measurement setup (left) and predictions of flame en-
velope (middle), velocity vectors and heat flux on the
facade (right)

The Fire Dynamics Simulator (FDS) CFD tool,
which utilizes the Large Eddy Simulation approach,
was used for the numerical simulation of the turbu-
lent, multi - component and reactive flow field de-
veloping in the medium scale compartment-facade
configuration. Numerical results of the temporal
evolution of gas velocity, gas and wall temperatures,
heat flux on the facade wall and flame shape were
obtained at both the interior and the exterior of the
compartment. Predictions were compared to respec-
tive experimental data; good qualitative, and occa-
sionally quantitative, agreement was observed for all
the considered test cases.
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Current research of HMCS is financially supported
mainly through EU - funded research projects. In-
dicatively:

and 56 GB GPU RAM. A third cluster with 32
nodes (80 cores, 105 GB RAM in total; some of
them equipped with GTX 280, 285, 580 GPUs) is

used by the BSc/MSc students.

e ECCO-MATE: Experimental and Computa-

tional Tools for Combustion Optimization

in Marine and Automotive Engines (FP7-
PEOPLE, 2013-2017)

e HELMETH: Integrated High-Temperature
Electrolysis and Methanation for Effective
Power to Gas Conversion (FCH JU, 2014-2017)

e AMANAC-CSA: Advanced Material And
NAnotechnology Cluster (H2020, 2015-2016)

e ELISSA:  Energy efficient lightweight-
sustainable-safe-steel construction, (FP7-EeB,
2013- 016)

e DAPHNE: Development of adaptive Produc-
tioN systems for Eco-efficient firing processes
(FP7-FoF.NMP, 2012-2015)

e MESSIB: Multi-source Energy Storage Sys-
tem Integrated in Building (FP7-NMP-2007-
LARGE, 2009-2015)

o GtoG: Gypsum to gypsum from cradle to cra-
dle - a circular economy for the European gyp-
sum industry with the demolition and recycling
industry (Life+, 2013- 015)

e FIRE-FACTS: Basic and applied research in
multi-scale compartment fires (GSRT, 2012-
2015)

Figure 4: Two-objective design of a Francis runner at
three operating points yielding desirable outlet velocity
profile and blade loading. Computed pressure distribu-
tion on the optimal runner. Since this problem involves
372 design variables, the PCA-driven dimensionality re-
duction techniques of EASY were used to handle it with
affordable computational cost. Industrial application by
Andritz-Hydro [18]

L2.

e FC-DISTRICT: New pu-CHP network technolo-
gies for energy efficient and sustainable dis-
tricts (FPT7 - EeB, 2010-2014)

The HMCS is also actively involved in the European
Cooperation in Science and Technology (COST)
network though actions CM0901: Detailed chemi-
cal kinetic models for cleaner combustion and its
follow-up action CM1404: Chemistry of Smart En-
ergy Carriers and Technologies (SMARTCATS).

Parallel CFD and Optimization Unit
Contributed by: Prof. Kyriakos Giannakoglou

The Parallel CFD and Optimization Unit (PCOpt)
of the Fluids Dept. of the School of Mech. Engi-
neering of NTUA develops modern CFD-based op-
timization methods, for aero/hydrodynamic shape
and topology optimization problems [18, 19, 20, 21,
22]. These include gradient-free (stochastic) and
gradient-based methods coupled with the adjoint
approach, based on CFD s/w. As such, either Open-
FOAM or the in-house GPU-enabled RANS solver
which may predict incompressible up to transonic
flows, are used. The in-house code runs on modern
NVIDIA GPUs by making use of the CUDA paral-
lel computing architecture, with a speed-up of about
x60 compared to the corresponding CPU code. De-
velopment and computations are performed on the
PCOpt computational platform. This comprises
three clusters with 44Teraflop computing power in
total. The basic cluster consists of 58 Dell Pow-
erEdge nodes with 528 cores and 1.4TB RAM in to-
tal (each node has either 2xQuad or 2xSix core Xeon
CPUs and 8 to 48 GB RAM). The GPU cluster con-
sists of 4 HP SL390s servers (with 12 NVIDIA Tesla
M2050, in total) and 4 Dell PowerEdge C8220X
nodes (with 8 K20/K40 NVIDIA GPUs, in total)

Regarding gradient-free optimization (stochastic,
population-based), current research focuses on the
further development of the Cluster- and Grid-
enabled optimization platform EASY (Evolution-
ary Algorithm SYstem, http://velos0.1ltt.mech.
ntua.gr/EASY ), developed and brought to market
by the PCOpt in 2000. EASY is based on mul-
tilevel, distributed, metamodel-assisted EAs and is
appropriate for single- and multi-objective problems
with computationally demanding evaluation (CFD)
tools. To make EASY a viable tool for use in real-
world applications with many design variables, tech-
niques for dimensionality reduction (through a prin-
cipal component analysis) are employed. EASY is
used by several academic groups and companies in
a variety of applications.

Regarding gradient-based optimization, emphasis is
laid on the development of continuous (occasion-
ally, discrete too) adjoint methods. This has led
to new continuous adjoint formulations for the com-
putation of first-, second- (required by any “exact”
Newton method) and third-order (for solving design
problems under uncertainties based on the method
of moments) sensitivity derivatives. The developed
adjoint methods run with both OpenFOAM and
the in-house GPU-enabled RANS solver, for a va-
riety of objective and constraint functions. Among
other, three novel contributions can be reported: (a)
new, exact continuous adjoint methods for RANS
turbulence models; the most widely used one- and
two-equation turbulence models are differentiated,
avoiding thus the usual assumption of neglecting
turbulence variations (“frozen turbulence” adjoint);
the latter might become detrimental since it may
produce wrongly signed sensitivity derivatives and

ERCOFTAC Bulletin 105

37



mislead the search algorithm, (b) a new continu-
ous adjoint method for RANS models based on wall
functions, which can be used for low-CPU-cost in-
dustrial problems such as those encountered by the
car industry and (¢) a new continuous adjoint for-
mulation which, for the first time, takes into ac-
count mesh sensitivities, with the minimal compu-
tational cost. Apart from shape and topology op-
timization, the optimization of active flow control
systems (steady and pulsating jets) is also carried
out using the developed methods. Regarding the
computation of higher-order sensitivities, research
focuses on the reduction of the design turnaround
time, i.e. on keeping the cost of solving the addi-
tional PDE systems (resulting from the direct differ-
entiation of the flow and adjoint equations) almost
independent from the number of design variables.
Recent activities are also directed towards the use
of polynomial chaos for uncertainty quantification
and the corresponding adjoint-based optimization.

Next to the above methods, various mesh displace-
ment techniques (Laplacian models, models using
linear and torsional springs, RBF models, volumet-
ric NURBS, harmonic coordinates, etc) are available
to support the optimization loop and avoid remesh-
ing; some of the above tools are also used as mor-
phing techniques, in order to get rid of the direct
shape parameterization.

Figure 5: Sensitivity map of the VW Polo car targeting

min.

drag force, computed by the continuous adjoint

method of PCOpt. To reduce drag, red areas should
be displaced inwards and blue areas outwards. Research
funded by Volkswagen AG

All the aforementioned methods have been used
in internal/external aerodynamics (including tur-
bomachinery and automotive) applications; two in-
dicative applications are shown in 4 and 5. PCOpt
has longstanding collaborations with European
companies such as Volkswagen AG and other au-
tomotive industries, Andritz Hydro, Schlumberger,
NUMECA. In addition, PCOpt participates/has
participated in several EU-funded projects such
as HISAC, ACFA2020, RBF4Aero, AQUAGEN,
ABOUTFLOW, IODA, HYDROACTION.

A detailed description of the modern research activ-
ities of the PCOpt/NTUA can be found in the ER-
COFTAC Bulletin (vol. 102, March 2015) dedicated
to the activities of the ERCOFTAC Special Interest
Group (SIG) 34 on Design-Optimization which is
chaired by Prof. K. Giannakoglou.

3.2 Aristotle University of Thessaloniki,

Department of Mechanical
Engineering

L3. Laboratory of Applied Thermodynamics

Contributed by: Prof. Zissis Samaras, Assoc. Prof.
Leonidas Ntziachristos, Assoc.  Prof.  Grigoris
Koltsakis.

The Laboratory of Applied Thermodynamics
(http://lat.eng.auth.gr) is part of the Energy
Department of the School of Mechanical Engineer-
ing, in the Aristotle University of Thessaloniki,
Greece. LATs educational and research activities
cover the following fields:

e Applied Thermodynamics and Combustion

e Internal Combustion Engines and Emissions
Control

e Emissions Inventories and Forecasts

e Energy Policy and Renewable Energy Sources

The main focus of LAT activities is on applied as
well as basic research, regarding exhaust emissions
control of Internal Combustion Engines [23, 24, 25,
26, 27, 28, 29, 30, 31, 32]. LAT possesses state-of-
the-art equipment and know-how on both testing
and simulation methodologies in the field of engine
emissions characterization and exhaust after treat-
ment. LAT also provides R& D services in both
these fields of automotive exhaust emissions and af-
ter treatment technology.

&

Figure 6: Simulation of reacting flow and thermal field
in a 3-way catalyst under full-load operation using 3-d
CFD/axisuite coupling

LAT is associate member of EARPA (European Au-
tomotive Research Partners Association), EGVIA
(European Green Vehicle Initiative Association) and
ERTICO-ITS (European Road Transport Telem-
atics Implementation Co-ordination Organisation).
LAT is also certified by QMS, as conforming to the
requirements of ISO 9001:2008. The head count of
LAT involves 1 professor, 2 assoc. professors, 1
emeritus professor, 6 post-doctoral researchers, 14
PhD candidates and also 3 technical and 2 admin-
istrative staff. Since 1990, LAT faculty staff has su-
pervised more than 30 PhDs, has published more
than 150 scientific papers and counts more than
3000 citations.

LAT facilities stretch over an area of 650 m? within
the Aristotle University Campus. 400 m? are oc-
cupied by laboratory facilities, while the remaining
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Figure 7: Gas velocity vectors in a Stoneridge soot sensor
(visualization performed in uETA)

250 m? are office space. The main testing facilities
in LAT include one chassis dyno for vehicle emis-
sions testing, 3 fully equipped engine benches for
emissions testing of gasoline and diesel engines, one
fuel injector test rig and a mobile biomass gasifica-
tion demonstration unit for electricity production.
In addition LAT operates a complete synthetic gas
bench test rig for detailed catalyst characterization.
Its instrumentation consists of, among others, 15
gas analysers including a portable emission measure-
ment system (PEMS), 18 particle measurement de-
vices, a “clean roo” and two precision balances for
PM filter weighing, a Thermogravimetric analyser,
a 20kW fluidized bed reactor.
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e Soot sensor prototyping
e Effect of fuel properties and fuel additives

e Renewable energy production from agro-
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Figure 9: Impact of cycle-to-cycle variation on NO emis-
sions from a spark-ignition engine

Mathematical modeling of complete exhaust sys-
tems is supported by the commercial software ax-
isuite (Exothermia SA) originally developed at LAT.

The 3-D modeling work is supported by commer-
cial software for 3-D Fluid Dynamics Calculations
(Star-CD and CCM+ and ANSYS FLUENT) and
advanced geometry meshing (BETA CAE ANSA &
IjETA). Coupling of CFD codes with axisuite is also
possible and is frequently used to study the effects
of exhaust system design on emissions performance

> 11 of fiow temer >

Figure 8: Pegasor dummy sensor geometry mounted on
the exhaust (left) and temperature contour during oper-
ation (right) Figure 10: Iso-surface of 50% sand volume fraction in a
bubbling fluidized bed reactor (visualization performed

in uETA)

LAT carries a 35-year long tradition in the field of
characterization & control of automotive exhaust
emissions. Valuable experience has been gained
through close collaborations with the automotive
and fuel and the supplier s industry. Currently, the
focus research areas include:

e Diesel and gasoline-engine after-treatment
technologies (including diesel particulate fil-
ters, oxidation catalysts, lean NOx traps, SCR
systems, three-way catalytic converters, gaso-
line particle filters)

e Particulate matter and number measurement
techniques

Other examples of LAT modeling activities include:
a) Development of physical models of prototype soot
sensors (7,8) b) Combustion modelling for the pre-
diction of in-cylinder pollutant formation using de-
tailed chemical mechanisms and accounting for the
impact of cycle-to-cycle variability (9) ¢) 2D and
3D transient fluidization of biomass gasification in
a fluidized bed reactor (10).

LAT has coordinated and participated in several
projects providing experimental and modeling ser-
vices. A sample of modeling-oriented projects in-
cludes:
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L4.

e LESCCYV - Large-Eddy Simulation and System
simulation to predict Cyclic Combustion Vari-
ability in gasoline engines (EU funded)

e Validation of SCR Control Systems through
modeling (funded by PSA Peugeot Citroen)

e Development and Evaluation of a particulate
sensor for OBD (funded by Pegasor Oy)

e Developing a New Concept Rotary Engine
(funded by Honda R& D Europe)

e Technical Support for the development of a
Soot Sensor (Stoneridge Inc)

o HiCEPs — Highly Integrated Combustion Elec-
tric Propulsion System (EU funded)

LAT has founded Exothermia S.A. (2007) and
EMISTA S.A. (2008), two spin-off companies special-
ized on software engineering for exhaust aftertreat-
ment applications and emission inventorying, emis-
sion modelling and impact assessment studies of en-
vironmental policies, respectively.

Laboratory of Heat Transfer and Environmental
Engineering

Contributed by: : Prof. Nicolas Mousiopoulos, Dr.
Fotios Barmpas, Dr.George Tsegas

The Laboratory of Heat Transfer and Environ-
mental Engineering (LHTEE) belongs to the En-
ergy Section of the Mechanical Engineering Depart-
ment of Aristotle University Thessaloniki, Greece.
Founded in 1990, LHTEE is responsible for eleven
pre-graduate courses in the Mechanical Engineering
Department, while also supervising several doctoral
candidates in the frame of their post-graduate stud-
ies. Furthermore, it has a long record of research
and consulting activities, both at national and in-
ternational level, having successfully completed over
150 projects. The Laboratory staff includes 2 Pro-
fessors, 7 permanent staff members and about 20
co-workers, mostly engineers on a contract basis.
Most of the research funds of the Laboratory origi-
nate from competitive programmes of the European
Commission or from industry. In the last ten years,
the turnover of the Laboratory exceeded five million
euro. Results of our research efforts are published
in peer-reviewed journals and in the proceedings of
national and international conferences. Since 2002,
highlights of LHTEE’s activities are presented every
year in our Annual Report “Sustainability Dimen-
sion”, available online through the Laboratory’s of-
ficial website at http://aix.meng.auth.gr.

LHTEE conducts research mostly in the fields of en-
ergy systems and environmental engineering. Em-
phasis is given on the rational use of raw materials
and energy, air quality issues, the assessment of the
environmental burden caused by various processes
and the optimisation of environmental control and
management practices. Scientific work spans over a
wide range of areas, from air pollution modelling to
the analysis of low energy buildings, and from recy-
cling studies to Life Cycle Assessment (LCA) and
Ecodesign. The multidisciplinary approach adopted
by the Laboratory staff allows arriving at innovative
solution concepts that may constitute useful steps
towards sustainability.

One of the main areas of LHTEE’s research work
is the simulation of transport and chemical trans-
formation of pollutants in the atmosphere with the

use of advanced air quality models, with emphasis
on the assessment of urban air quality. The Labo-
ratory is also involved in Air Quality Management
through the assessment of various measures for re-
ducing air pollution levels, and the impact analysis
of industrial activities and major public works on air
quality. In addition, the Laboratory provides prac-
tical support to public authorities and the private
sector within its area of activities through the de-
velopment of integrated environmental assessment
tools with the use of informatics technologies.

LHTEE holds a long experience in the development
and application of case-specific, advanced numerical
modelling techniques for environmental purposes.
More specifically, as regards the prediction of envi-
ronmental flows and the dispersion of air pollutants
in urban areas, the emergence of increasingly power-
ful computers enabled the development of state-of-
the-art formulations for resolving atmospheric tur-
bulence in meteorological and air quality models.
Extensive research is being carried out on transient,
three-dimensional computational fluid dynamics ap-
proaches for the numerical simulation of the trans-
port of air pollution from the main emission sources
near the vicinity of urban structures in indoor en-
vironments, under external flow [33, 34, 35]. To-
wards this purpose, the implementation of both Di-
rect Numerical Simulation (DNS) and Large Eddy
Simulation (LES) schemes is at the moment under
investigation in order to better describe the highly
turbulent atmospheric flows.

Emergency management and safety assessments are
an important part in the design and operation of
tunnels. With the help of detailed analyses of pos-
sible accident scenarios, effective safety equipment
can be installed and in the case of a real event, ad-
equate countermeasures can be taken. As the most
immediate threat to human life during road tun-
nel fires results from the effects of smoke inhalation
rather than from direct exposure to heat, a variety
of models have been developed, in order to analyse
the possible life threatening effect of a number of fire
related parameters, such as the released thermal en-
ergy and the amount of smoke generated. For this
purpose, LHTEE has been keen to study the rise,
the deflection and the spread of fire gases during fire
episodes for emergency management purposes with
the employment of both Reynolds Averaged Navier
Stokes (RANS) and Large Eddy Simulation (LES)
numerical modelling techniques.

An active research area of the Laboratory involves
the refinement and application of computationally
efficient multi-scale coupling approaches for the cal-
culation of air flow and pollutant dispersion over ur-
ban areas. Moreover, the Laboratory aims to incor-
porate novel modelling approaches for the descrip-
tion of local scale aerosol dynamics, to its existing
arsenal of models. Focusing on ultrafine exhaust
particles, the investigation of accurate exposure pat-
terns in relation to urban street traffic enables the
improved assessment of impacts to human health.
Within the frame of COST Action ES1006 (http:
//www.elizas.eu/), the Laboratory played a lead-
ing role in the development of an integrated mod-
elling tool for managing accidental or deliberate re-
leases of hazardous agents in complex built environ-
ments. The Laboratory has also participated in the
COST Action ES1004 (http://eumetchem.info),
where online integrated air quality and meteorology
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modelling was investigated, focusing on the signif-
icance of two-way interactions between various at-
mospheric processes.

In the context of addressing the impacts of multi-
scale interactions on environmental flows with fo-
cus on the lower parts of the Atmospheric Bound-
ary Layer (ABL), over the past three years LHTEE
has been active in the assessment of the efficiency
of large scale wind farms and their optimisation in
terms of increased energy production at a reduced
cost. To this end, an integrated numerical tool has
been under development for the quantification of the
impacts of the “wake effec” within a wind farm, the
effects of topography and the varying weather con-
ditions on the efficiency of the wind farm. In addi-
tion, the application of this state-of-the-art numer-
ical tool allows addressing the potential impacts of
wind farm operation on local climate, mainly as a
result of the pulling down of warmer near-surface
air from higher altitudes. Given the EU strategy
in favour of Renewable Energy Sources (RES), this
tool will provide significant support to decision mak-
ers towards increasing the awareness of local com-
munities for the potential benefits and costs, both
socioeconomic and environmental, in an effort to
promote large scale investments mainly for offshore
wind farms.

Figure 11: Simulated wind field over a metro station in
Manila, Phillipines

The computational infrastructure of the Laboratory
includes:

e A 20 CPU Intel Xeon E312xx with a total of
64 GB of available memory

e A 16 CPU Intel Xeon E7320 with 36 GB of
available memory

e Access to bwUniCluster supercomputing facil-
ity at the German federated HPC competence
centers of tier 3

Regarding specific modelling techniques, the Labo-
ratory currently operates MIMO and MEMO for en-
vironmental flow problems, two models which were
developed internally, MIMO belonging to the fam-
ily of Computational Fluid Dynamics (CFD) tools.
Both models are presently supplemented by simpler
tools that are based on a statistical description of
the urban area as distinct from the resolution of spe-
cific buildings and obstacles. Other models which
are currently employed by LHTEE include MARS,
which is used for the comprehensive simulation of

the dispersion and chemical transformation of air
pollutants, OFIS, which is a simplified model used
for urban air quality assessment and OSPM an oper-
ation model for the dispersion of traffic emitted air
pollution in streets. In addition, for industrial appli-
cations flow problems LHTEE also operates ANSYS
16.2.
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Figure 12: Simulated pressure distribution inside a road
tunnel under the influence of the vehicles motion

Some indicative recent EU-funded research projects
are listed below:

e ACCENT (Atmospheric Composition Change
- The European Network of Excellence)

e AEROHEX (Advanced Exhaust Gas Recuper-
ator Technology for Aero-Engine Applications)

e APPRAISAL (Air Pollution Policies foR As-
sessment of Integrated Strategies At regional
and Local scales)

e A-TEAM (Advanced Training System for
emergency management)

e ATREUS (Advanced Tools for Rational Energy
Use towards Sustainability with emphasis on
microclimatic issues in urban applications)

e Cyprus AQMS (Development of an operational
web-based system for Air Quality Management
in Cyprus)

e MEGAPOLI (Megacities: Emissions, urban,
regional and Global Atmospheric POLlution
and climate effects, and Integrated tools for as-
sessment and mitigation)

e PHOTOPAQ (Demonstration of Photocat-
alytic remediation Processes on Air Quality)

e PICADA (Photocatalytic Innovative Coverings
Applications for Depollution Assessment)

e PM3 (Particulates Monitoring, Modelling and
Management)

e RESPOZE-children (Respiratory effects of
ozone exposure in Greek children)

e TRANSPHORM (Transport related Air Pollu-
tion and Health impacts - Integrated Method-
ologies for Assessing Particulate Matter)
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3.3 University of Patras, Department of

Mechanical and Aeronautics
Engineering

L5. Laboratory of Applied Thermodynamics

Contributed by: Assoc. Prof. Thrassos Panidis,
Assoc.  Prof. Panagiotis Koutmos, Lecturer Dr.
Konstantinos Perrakis.

(http://www.lat.upatras.gr) has more than 40
years involvement in teaching and research in the
fields of turbulence and combustion. Besides ER-
COFTAC, LAT is a member of the European Aero-
nautics Science Network Association (EASN) and
the Environmentally Compatible Air Transport Sys-
tem (ECATS) International Association. It is also
accredited under ISO/IEC 17025 to carry out reac-
tion to fire tests according to ISO 5660.

The educational activities cover Thermodynamics,
Transport Phenomena of momentum, heat and mass
in single and multiphase systems, Combustion and
Propulsion. The LAT personnel consists of (3) fac-
ulty members, (3) postdoctoral fellows, (7) doctoral
researchers, several graduate students and machine
and electronics technicians.

The Laboratory has participated in numerous re-
search and training programs funded by European
and National organizations and the Industry, in the
fields of Energy, Aeronautics and the Environment.
Research activities cover the areas of Heat Transfer,
Fluid Mechanics, Two-Phase Flows, Spray Dynam-
ics, Combustion and Fire Technology, with appli-
cation in the fields of Aeronautics, Energy Systems
and the Environment.

The Lab is equipped with suitable experimental fa-
cilities such as wind tunnels and spray test rigs, com-
bustion rigs and physicochemical reactors. It has a
long standing expertise in developing test rigs and
manufacturing specialized devices with advanced
technologies. The suite of tools that are avail-
able for performing measurements and monitoring
tasks include H/W anemometry (TSI), high tem-
perature T/Cs, LDA-PDA (Dantec), 3-D PIV (Lav-
ision), OH* and CH* chemiluminescence imaging
(FlowMaster-Lavision), high speed Schlieren and
exhaust gas analysers and FTIR (Perkin Elmer).
Computational capabilities include Fluent, Open-
Foam, LaminarSMOKE, Chemkin, CANTERA.

Some selected recent research activities are de-
scribed below:

Rectangular and round jets: The identification and
control of the mechanisms that dominate the flow
field and mixing of jets is of importance to several
applications. Significant experimental and numeri-
cal work is performed on round and rectangular jets
focusing on the influence of the initial and bound-
ary conditions and the significance of vorticity on
the development of the flow field in collaboration
with Queen’s University, CA [36, 37, 38].

Interaction of co-rotating vortex pair: The interac-
tion of a co-rotating vortex pair was studied using
a split wing configuration (2 NACA0030 wings at
equally opposite angles) at Re®=133000. A dipole,
of opposite streamwise mean vorticity, characterises
each vortex. The adverse streamwise pressure gra-
dient due to rotation leads to a large streamwise
velocity deficit characterizing the vortices. After
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Figure 13: Development of a rectangular jet

shedding and formation, the two vortices are swept
downstream spiralling around each other and form-
ing a braid CA [39]. Measurements were obtained
using Multi-sensor hot wire anemometry allowing
direct measurements of the velocity gradients and
vorticity components. Micro-manufacturing tech-
niques are nowadays developed in collaboration with
Saarland University, DE, for the construction of
miniature hot wire probes CA [40].

Mean Axial Velocity U

Figure 14: Merging of a co-rotating vortex pair

Flammability properties of aircraft materials and
their contribution to hidden fires: The increasing
use of composite materials in modern aircrafts in-
troduces concerns about their behavior in case of
a fire. Several materials used in aircraft cabins and
hidden areas have been tested using TGA, DSC and
Cone Calorimeter along with FTIR spectroscopy. A
testing devise was developed able to characterize the
material behaviour in hidden fires providing among
others information on fire spreading and heat and
toxic products release rates. Experiments are ac-
companied by numerical simulations [41, 42].

Figure 15: Fire spreading in Hidden Fire Apparatus

Biological flows: The hemodynamic field of an oc-
cluded artery with an "end to side" anastomosis is
studied in order to provide insight on the develop-
ment of the flow field and its impact on the long
term effectiveness of bypass operations. PIV mea-
surements highlight the development of flow pat-
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terns due to interaction of the arterial stenosis with
a bypass graft in a pulsating flow [43].

Figure 16: Vorticity and streamlines in the anastomosis
region

Figure 18: Water bombardment of ground fire (Exp,
Sim) and, Axisymmetric fire plume (Exp, Sim)

Figure 17: Bunsen burner and flame arrangement

Fundamental laminar flame speed studies: To aid ) ) ) ) )
in the design and optimization of energy production Figure 19: Chemllumlqescence image of Kelvin-
systems LAT has developed a versatile experimental Helmholtz vortices in reacting wake

Bunsen burner flame configuration along with a user

of fundamental laminar flame combustion parame-
ters. Laminar flame speed is one of the most im-

portant, observable, traditional, key scaling, target I
parameters, as its characterization offers fundamen- el
tal information regarding reactivity, diffusivity and " |

exothermicity of the fuel mixture. The exploitation
of this experimental facility and methodology, offers
an attractive and cost effective procedure for routine
flame speed evaluations over a variety of practical
fuel blends at laboratory and industrial level [44].

friendly automated protocol for the determination

Pomitson {m

Studies of buoyant fires and plumes: The objective
of these concerted efforts on buoyant flames and
fires, in cooperation with local authorities, is to im-
prove understanding of the mechanisms that control

open or enclosed fires with the aim to achieve suc- axial distance (mm)
cessful models to mitigate their effects. Measure-
ments and simulations are used in a series of exper-  Rigyre 20: Effect of vitiation or stratification at ultra-

iments related to water mist suppression of axisym-
metric fires, identification of line fire base character-
istics, control of onset of fire whirls and aerial water
bombardment of ground fires [45].

lean flame operation

Studies of large scale vortex dynamics in square and LES of disk stabilized propane flames estab-
cylinder reacting wakes: A challenge in bluff-body lished through staged fuel-air premixing in an ax-
turbulent combustion modelling is the influence of isymmetric double cavity premixer arrangement are
large scale structures and the time-varying flow on performed for a variety of lean or close to blow-
flame characteristics such as stability, heat release off inlet mixture conditions. Measurements and
and emissions. Turbulent flame stabilization by pla- LES of turbulent velocities, temperatures, OH* and
nar, counter- or con-current fuel injection across the CH* chemiluminescence, major species concentra-
span of a square cylinder in cross-flow is studied in tions and overall efficiencies are assessed to eluci-
a range of experiments and LES [46, 47]. dated the influence of variations in mixture stratifi-
Investigations of reacting swirl flows under fully pre- cation or vitiation on local and global flame perfor-
mized, stratified or vitiated conditions: Experiments mance [48, 49].

ERCOFTAC Bulletin 105 43



3.4 University of Western Macedonia,

Department of Mechanical
Engineering

L5. Laboratory of Applied Thermodynamics

Contributed by: Prof. Ananias Tomboulides, Prof.
Antonios Tourlidakis, Dr. Dimitrios Kolokotronis.

The Laboratory of Thermodynamics and Combus-
tion engines (LTCE) is a laboratory in a young de-
partment with fifteen faculty members. The Di-
vision for Energy Production and Transfer teach
Applied Thermodynamics, Fluid Mechanics, Com-
bustion Engines, Thermal Power Systems, Renew-
able Energy Sources and Turbomachinery. Also ad-
vanced courses on Power Generation, Combustion
Phenomena, Computational Fluid Dynamics, and
large-scale scientific computing applied to flow and
combustion.

Research activities concentrate in CFD and Com-
bustion with several research projects:

e EU projects for the computational study of
flows with combustion and premixing, Cycle-
to-cycle variations of combustion in internal
combustion engines, etc [50, 51, 52].

e Project (General Secretariat for R& T and
Public Power Corp.) for the optimization of
thermo-electric energy production with empha-
sis in computational combustion and problems
of turbine corrosion in two-phase flow.

e Project funded by the Region of W. Macedo-
nia on modern analysis techniques in thermal
power generation [53, 54].

e Projects related to combustion and turbine/
pump power in power generation stations.

e Projects related to the behaviour of bio-fuels
sprays with applications in internal combustion
engines

e Projects funded by industry, related to aerody-
namic - turbulence generated sound by baffled
silencers.

The infrastructure consists of the following;:

Experimental facilities: Subsonic wind tunnel, hot
wire anemometers, a portable gas analyzer, high ac-
curacy scales and a bomb calorimeter. Instrumen-
tation for optical measurements in fluid mechanics
and combustion include an Nd-Yag laser with dou-
ble pulse capabilities, a Dye Laser, an ICCD camera
for PIV and PLIF measurements in reacting, non-
reacting and multi-phase flows. There are also two
laser power-meters to support the laser operation
for the above measurements.

There is also a variable flow (with inverter fans)
wind tunnel with anechoic termination which is be-
ing used for the measurement of sound insertion loss
and air regenerating noise of several baffled silencers,
manufactured according to ISO 7235. This setup is
accompanied by microphone with an acquisition sys-
tem, pressure transducers for the determination of
the pressure loss induced by the silencers and flow
meters.

Moreover, the laboratory has an optical engine - dy-
namometer test cell which is used for the investiga-
tion of combustion and mixing in real like internal
combustion engines.

Figure 21: Optical Engine -Dynamometer Setup

Figure 22: Flame (Left Side) and Spray (Right Side)
Image inside the Cylinder of the Optical Engine

Additionally, the infrastructure includes a stack gas
analyser for CO, CO2, HC, 02, NOx engine emis-
sions measurements and a high frame rate camera
(up to 100000 fps) for flame development and other
fast time scale thermofluidic applications visualisa-
tion.

Computational Infrastructure: 64-processor (AMD
2218 2.6GHz), 32-processor Linux cluster with In-
tel 2.8GHz processors in a rack arrangement, used
for parallel flow and combustion simulations. There
are also networked PCs and workstations, in a 16-
PC cluster system as well as additional 1- and
2-processor computers for pre/post-processing and
simulations.

Software: The codes used are either in-house MPI-
based parallel codes, based on spectral and spec-
tral element methods (e.g. nek5000), or commercial
(StarCD and Ansys-CFX).

Applications are mainly in computational combus-
tion [55, 56, 57] and turbomachinery aerodynamics
and international collaborations include ETHZ and
Argonne National Laboratories as well as others.

Prof. Tomboulides has been appointed Chairman
of ERCOFTAC since 2012; in the past he was the
coordinator of ERCOFTAC SIG28 on combustion
and the national representative of the COST Action
P20 LES AID for the application of LES methods
in complex industrial systems. He has been mem-
ber of the organizing committee of the "Engineering
Turbulence Modeling and Measurements (ETMM)"
series of conferences since 2008.
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Jubilees

70" Birthday Anniversary of Professor W.K. George

William K George is a university professor holding both
Swedish and American citizenships. Born in Camp Shelby, Mis-
sissippi in 1945, George graduated from Cambridge, Maryland
High School as valedictorian. He attended the Johns Hopkins
University in Baltimore, Maryland on a Maryland State Sen-
atorial scholarship and received his BES degree from in 1967 in
Engineering Physics. He continued at Johns Hopkins for doctoral
work and received his Ph.D. Degree in Mechanics under the super-
vision of John L. Lumley in 1971. In 1968, he joined the faculty
of the Pennsylvania State University, University Park, where he
held positions in both Aerospace Engineering and the Applied Re-
search Laboratory. In 1974, he left Pennsylvania State University
and joined the Department of Mechanical and Aerospace Engi-
neering at the State University of New York at Buffalo. He was
promoted to Professor in 1980. George joined the Department
of Applied Mechanics at the Chalmers University of Technol-
ogy, Gothenburg, Sweden in September 2000 as Professor of
Turbulence. Since retiring as Professor Emeritus from Chalmers
in 2009, he has held positions with CNRS and Ecole Central de
Lille in France, Imperial College of London, and Princeton Uni-
versity.

WKG has authored several hundred papers, mostly on turbulence and its applications. The number of citations of his work
is measured in thousands, and his h-factor is near 40 (Numbers compiled from Google Scholar. Note that the average number of
citations for papers in the leading fluids journals is less than 2.). He is known for his work on both theoretical and experimental
turbulence. His contributions range from measurements in gas turbines and automotive components to fundamental studies of
turbulent shear and wall bounded flows. Among his most significant contributions was the translation and editing in 1980-81 of
WIND ATLAS FOR DENMARK, which provided a methodology for siting wind generators and has contributed much to the
increasing popularity of this technology in Europe and around the world. He has supervised (or co-supervised) 30 PhD students
and a large number of MSc students, all of whom hold responsible positions as professors, researchers, or engineers in leading
establishments throughout the world. His academic descendents now extend through five generations and number more than
100.

Professor George has lectured extensively throughout the world and has presented numerous invited talks, including the
2006 AIAA Fluid Dynamics meeting, the 2003 American Physical Society/Division of Fluid Dynamics meeting, and the 2001
Australasian Fluid Mechanics meeting, among others.. Among his fellowships, honors and awards, the most recent are the 2008
Freeman Scholar Award from the ASME, the 2008 DCAMM scholar award from the Danish Center for Applied Mathematics
and Mechanics, and the Ph.D. Supervisor of the Year award from Chalmers University in 2006. He was also a distinguished
research fellow of the British Royal Engineering Academy and CNRS. Together with a former student and grandstudent, he
received the Robert T. Knapp Award from the ASME Fluids Engineering Division 2002 for the best paper in 2001. He has been
a Fellow of the American Physical Society since 1988. He is also a Fellow of the ASME and an Associate Fellow of the ATAA.
From 2010 to 2012 he was named by the EU as Marie Curie Professor at Imperial College of London, and since has remained
there as Senior Research Investigator. For the academic year 2013-2014 he was William R. Kenan Jr Professor of Distinguished
Teaching at Princeton University.

George (Bill) has a wife, April Howard, and two children, Robert (deceased) and Tony. His hobbies have varied throughout
his career. After moving to Buffalo in 1974 he became an avid skier and sailor. When a broken back in 1983 left him with
a partially paralyzed leg and ended his beloved cross-country skiing, he took up down-hill skiing and dog-sledding. And
while his children were small, for about a decade in the 1980’s they managed a small farm with over 100 animals including
cows, pigs, chickens and goats. He also holds an Amateur Extra ham radio license. After winning several local trophies for
racing a Shark 24 sailboat in the late 1980’s, he trained to become an off-shore sailor in the early 90’s. In 1995, he and April
(both licensed USCG captains) completed a transatlantic in their sailboat, a Vancouver 42 named WINGS. Since then they
have sailed extensively throughout Northern Europe, often with PhD students aboard. Frequently they have lived aboard ship,
including the first year when moving to Sweden and during visiting academic appointments, and most recently for three years
at St. Katharines Dock in London. Since 2011 they have split their time between Europe and the 1929 home they inherited in
Cambridge, Maryland, but have converted into a true Zero Energy Home powered entirely by the sun.

Luminita Danaila
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In Memoriam of Jeroen Witteveen

It is with deep sorrow and sadness that we announce the passing this summer of our colleague Jeroen Witteveen, researcher
at Centrum Wiskunde & Informatica (CWI) in Amsterdam, and one of the coordinators of the ERCOFTAC ’Uncertainty
Quantification in Industrial Analysis & Design” SIG 45.

Jeroen studied Aerospace Engineering at TU Delft and obtained both his Bachelors and Masters degrees with honours as
well as his doctorate with honours, with a dissertation entitled Efficient and Robust Uncertainty Quantification for Computa-
tional Fluid Dynamics and Fluid-Structure Interaction, with which he participated also as a finalist to the ERCOFTAC Da Vinci
competition. He then held two prestigious postdoctoral positions at TU Delft and Stanford University.

Jeroen began his promising career at CWI in 2013, taking a position as tenure track researcher in the Scientific Computing
group. His research was characterised by a blend of modern, pioneering mathematics inspired by important social issues. Taken
from his research statement on his personal website, Jeroens own words perhaps best outline his work: One of the greatest chal-
lenges of this century is the transformation of our society into a sustainable energy econonty. I am contributing to the necessary
scientific progress and technological developments to reach this goal. To that end, my work focuses on the uncertainties in wind
power generation from my background in computational fluid dynamics and uncertainty quantification.

We will remember Jeroen as an amiable, composed and mild-mannered colleague. He was an extremely talented, passion-
ate researcher with a strong commitment to the field of Uncertainty Quantification in Computational Fluid Mechanics. He
was always open to cooperation and realised a range of successful collaborations, both at his research center but also with
external partners, including people from the SIG and within ERCOFTAC. He was very devoted to his duty in the group
and actively participated to all of the workshops and meetings organized by the group since its creation.

With his passing, Jeroen leaves a great void. We will miss him as a friendly, humorous colleague, but above all as a dedi-
cated and inspired researcher.

We would like to pass on our heartfelt wishes to everyone who knew Jeroen as they come to terms with this sudden loss.

Bernard Geurts
and
Didier Lucor

ERCOFTAC Bulletin 105 49



ERCOFTAC Bulletin 105

ERCOFTAC Programme of Events in 2016
Organiser: Dr. Richard E. Seoud
richard.seoud-ieo@ercoftac.org

The below events, represent a set of two day courses, that bridges and builds on the available knowledge between Industry and
Academia, where best practice and technology trends are the drivers. These courses are fundamental to how we disseminate
FTAC knowledge in ERCOFTAC. The wide spectrum of topics engaged, indicates the deep level of capability and influence in
the world of FTAC, which mirrors the level of commitments to our members and beyond. The list, is a season calendar update,
that we aim to firm on all fronts by January 2016.

http://www.ercoftac.org/events/programmeof_events_v1/

1. Oil, Gas, and Petroleum - Best Practices and Technology Trends (II), Winter/Spring 2016

2. Lattice Boltzmann Methods for Industrial Apps: Overview, Guidance and Examples (I), Spring 2016

3. CFD for Dispersed Multiphase-Flows (VI), Summer 2016

4. High Order Methods for Industrial CFD, Autumn 2016

5. FSI, Acoustics and Big Data: Impact to Industrial Applications (II), Autumn 2016

6. Hybrid RANS-LES Methods for Industrial CFD: Overview, Guidance and Examples (VII), Autumn 2016
7. Best Practices in Combustion CFD, Flame Stabilization and Combustion Instabilities (IT), Autumn 2016
8. Advanced Computing for Fluid Solver, Autumn 2016

9. Uncertainty Management and Quantification in Industrial Design and Analysis, Autumn 2016
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11th International ERCOFTAC Symposium on
Engineering Turbulence Modelling and Measurements
NH Palermo - Sicily - September 21-23, 2016

Major Themes

Modeling, simulation and analysis methods for turbulent flows
with heat and mass transfer, combustion and multi-phase transport

Experimental techniques for flow, turbulence, combustion and
environmental processes

Innovative applications of modeling, simulation and experiments
to unresolved issues in energy, health and the environment

Keynote Speakers

Karen Flack - United States Naval Academy

Simone Hochgreb — Cambridge

Detlef Lohse — University of Twente

Vladimir Nikora - University of Aberdeen

Alfredo Pinelli - City University London

Sutanu Sarkar - University of California at San Diego

Deadlines

Abstracts due: February 26, 2016
Notification of acceptance: May 1, 2016
Final manuscripts due: July 15, 2016
Early registration: June 30,2016

Organizing Committee

Bernard Geurts (Chairman) — Twente/Eindhoven - the Netherlands
Vincenzo Armenio - University of Trieste - ltaly

Mauro De Marchis - Kore University of Enna - Italy

Enrico Napoli — University of Palermo - Italy

Ugo Piomelli — Queen’s University, Kingston — Canada

Donatella Termini — University of Palermo - Italy

Ananias Tomboulides - University of Western Macedonia - Greece
Tullio Tucclarelli - University of Palermo - Italy
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= —— RECENT TABLE OF CoNTENTS OF FLowW TURBULENCE AND COMBUSTION

AN INTERNATIONAL JOURNAL PUBLISHED BY SPRINGER
IN AssociatioN With ERCOFTAC

e . - ]
g ¢ 1) Epitor-IN-Chier: M. A. LESCHZINER
iy i\ Eprrors: J.J. CHEN, M. REexs,W. Robi, L. VERvIScH
P iy g oy i BT
o Honorary Eprror: J.C.R Hunt
::{' . FounpinG Eprror: F. NIEUWSTADT
&) Springer

VoLuME 95, NuMmBERS 2-3, OcToBER 2015

Special Issue: Engineering Turbulence Modelling, Simulation and Measurements
Editors: Michael Leschziner, Mike Reeks, Wolfgang Rodi and Luc Vervisch

Preface
M. Leschziner, M. Reeks, W. Rodi, L. Vervisch

Advances of PIV and 4D-PTV ”Shake-The-Box” for Turbulent Flow Analysis the Flow over Periodic Hills

A. Schroder, D. Schanz, D. Michaelis, C. Cierpka, S. Scharnowski, C.J. Kdihler

Compressible-Flow DNS with Application to Airfoil Noise

R.D. Sandberg

Systematic Analysis Strategies for the Development of Combustion Models from DNS: A Review

P. Trisjono, H. Pitsch

Direct Numerical Simulation, Theories and Modelling of Wall Turbulence with a Range of Pressure Gradients
G.N. Coleman, A. Garbaruk, PR. Spalart

Effect of Reynolds Number on Turbulent Drag Reduction by Superhydrophobic Surface Textures
J. Lee, T.O. Jelly, TA. Zaki

Simulation of Receptivity and Induced Transition From Discrete Roughness Elements
V.I. Mistry, G.J. Page, J.J. McGuirk

Direct Simulation and RANS Modelling of a Vortex Generator Flow
PR. Spalart, M.L. Shur, M.K. Strelets, A.K. Travin

Riblet Flow Model Based on an Extended FIK Identity
A. Bannier, E Garnier, P. Sagaut

Plasma-actuated Manipulation of Secondary Flow Towards Pressure Recovery Enhancement in a 3D Diffuser Modelled by an

Eddy-resolving Second-moment Closure

1. Maden, R. Maduta, J. Kriegseis, S. Jakirlic, S. Grundmann, C. Tropea
Laminar-Turbulence Transition over the Rotor Disk in an Enclosed Rotor-Stator Cavity
S. Makino, M. Inagaki, M. Nakagawa

Numerical Investigation of the Flow Around a Golf Ball at Around the Critical Reynolds Number and its Comparison with a

Smooth Sphere

J. Li, M. Tsubokura, M. Tsunoda

LES Predictions of Self-Sustained Oscillations in Homogeneous Density Round Free Jet
K. Wawrzak, A. Boguslawski, A. Tyliszczak

Comparison of Direct and Large Eddy Simulations of the Turbulent Flow in a Valve/Piston Assembly
A. Montorfano, F. Piscaglia, M. Schmitt, YM. Wright, C.E. Frouzakis, A.G. Tomboulides, K. Boulouchos, A. Onorati

Application of the Dynamic F-TACLES Combustion Model to a Lean Premixed Turbulent Flame
A. Hosseinzadeh, T. Schmitt, A. Sadiki, J. Janicka

Mixing Modelling Framework Based on Multiple Mapping Conditioning for the Prediction of Turbulent Flame Extinction

K. Vogiatzaki, S. Navarro-Martinez, S. De, A. Kronenburg

Examination of an Oscillating Flame in the Turbulent Flow Around a Bluff Body with Large Eddy Simulation Based on the

Probability Density Function Method

W.P. Jones, M. Jurisch, A.J. Marquis

Particle Velocity and Acceleration in Turbulent Bent Pipe Flows
A. Noorani, G. Sardina, L. Brandt, P. Schlatter

Stochastic Lagrangian Simulation of Particle Deposition in Turbulent Channel Flows
D.P. Sikovsky

ERCOFTAC Bulletin 105

53



ERCOFTAC Bulletin 105
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AN INTERNATIONAL JOURNAL PUBLISHED By SPRINGER
IN AssociatioN With ERCOFTAC

Epitor-IN-Chier: M. A. LESCHZINER
Eprrors: J.J. CHEN, M. REexs,W. Robi, L. VERvIScH
Honorary Eprror: J.C.R HunT
FounpinG Epitor: F. NIEUWSTADT

VoLuMmE 95, NumBER 4, DECEMBER 2015

A One-Equation Local Correlation-Based Transition Model
F.R. Menter, PE. Smirnov, T. Liu, R. Avancha

Large Eddy Simulation of Flow Past Tandem Cylinders in a Channel
1. AlQadi, M. AlHazmy, A. Al-Bahi, W. Rodi

Multiple Cycle LES Simulations of a Direct Injection Natural Gas Engine
M. Schmitt, R. Hu, Y.M. Wright, P. Soltic, K. Boulouchos

Extended Synthetic Turbulence Inflow Generator within a Hybrid LESURANS Methodology for the Prediction of NonEquilibrium
WallBounded Flows
S. Schmidt, M. Breuer

An Enhanced Version of DES with Rapid Transition from RANS to LES in Separated Flows
M.L. Shur, PR. Spalart, M.K. Strelets, A.K. Travin

Investigation of the Aerodynamics of an Innovative Vertical-Axis Wind Turbine
K. Tesch, K. Kludzinska, P. Doerffer

Time-accurate Numerical Simulations of Swirling Flow with Rotor-stator Interaction
A. Javadi, H. Nilsson

Dynamic Closure of Scalar Dissipation Rate for Large Eddy Simulations of Turbulent Premixed Combustion:
A Direct Numerical Simulations Analysis
Y. Gao, N. Chakraborty, N. Swaminathan

Diffusion MILD Combustion of Firing Pulverized-coal at a Pilot Furnace
Z. Mei, P. Li, J. Mi, F. Wang, J. Zhang

Further articles can be found at www. springerlink.com

Abstracted/Indexed in Science Citation Index, Science Citation Index Expanded (SciSearch), Journal Citation Reports/Science Edition,
SCOPUS, INSPEC, Chemical Abstracts Service (CAS), Google Scholar, EBSCO, CSA, ProQuest, Academic OneFile, ASFA, Current
Abstracts, Current Contents/Engineering, Computing and Technology, Earthquake Engineering Abstracts, EI Encompass, Ei Page
One, EI-Compendex, EnCompassLit, Engineered Materials Abstracts, Gale, OCLC, PASCAL, SCImago, STMA-Z, Summon by Serial
Solutions, VINITI - Russian Academy of Science.

Instructions for Authors for Flow Turbulence Combust are available at http://www.springer.com/10494.
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VoLuME 96, NumBER 1, JaANUARY 2016

A Two-length Scale Turbulence Model for Single-phase Multi-fluid Mixing
J.D. Schwarzkopf, D. Livescu, J.R. Baltzer, R.A. Gore, J.R. Ristorcelli

Reynolds-Stress Model Prediction of 3-D Duct Flows
G.A. Gerolymos, 1. Vallet

Analysis of Turbulence Modelling Approaches to Simulate Single-phase Buoyancy Driven Counter-current Flow in a Tilted Tube
F. Sebilleau, R.I. Issa, S.P. Walker

Numerical Investigation of Rotation Effects on Anti-vortex Film-Cooling Holes
N. Al-Zurfi, A. Turan, A. Nasser

Effects of Viscosity Variations in Temporal Mixing Layer
N. Taguelmimt, L. Danaila, A. Hadjadj

Acceleration Statistics of Finite-Size Particles in Turbulent Channel Flow in the Absence of Gravity
W. Yu, I. Vinkovic, M. Buffat

LES Study of Transverse Acoustic Instabilities in a Swirled Kerosene/Air Combustion Chamber
A. Ghani, T. Poinsot, L. Gicquel, J.-D. Miiller

Effects of Extensional Rates on Anisotropic Structures and Characteristic Scales of Two-Dimensional Turbulence in Polymer
Solutions
R. Hidema, H. Suzuki, I. Murao, S. Hisamatsu, Y. Komoda

Measurement and Analysis of Lymphocyte Deformation in Microchannel Contraction Flows Using a Compound Drop Model
K. Tatsumi, K. Haizumi, K. Sugimoto, K. Nakabe

Further articles can be found at www. springerlink.com

Abstracted/Indexed in Science Citation Index, Science Citation Index Expanded (SciSearch), Journal Citation Reports/Science Edition,
SCOPUS, INSPEC, Chemical Abstracts Service (CAS), Google Scholar, EBSCO, CSA, ProQuest, Academic OneFile, ASFA, Current
Abstracts, Current Contents/Engineering, Computing and Technology, Earthquake Engineering Abstracts, EI Encompass, Ei Page
One, EI-Compendex, EnCompassLit, Engineered Materials Abstracts, Gale, OCLC, PASCAL, SCImago, STMA-Z, Summon by Serial
Solutions, VINITI - Russian Academy of Science.

Instructions for Authors for Flow Turbulence Combust are available at http: //www.springer.com/10494.
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ERCOFTAC Special Interest Groups

1. Large Eddy Simulation
Salvetti, M.V,

University of Pisa, Italy.

Tel: +39 050 221 7262
Fax:  +39 050 221 7244
mv.salvetti@ing.unipi.it

4. Turbulence in Compressible Flows
Dussauge, Jean-Paul

IUSTI, Marseille
jean-paul.dussauge
@polytech.univmrs.fr

5. Environmental Fluid Mechanics
Armenio, V.

Universit di Trieste, Italy.

Tel: +39 040 558 3472

Fax:  +39 040572 082
armenio@dica.units.it

10. Transition Modelling
Dick, E.,

University of Ghent, Belgium.
Tel: +32 926 433 01

Fax:  +32926 435 86
erik.dick@ugent.be

12. Dispersed Turbulent Two Phase
Flows

Sommerfeld, M.

Martin-Luther University, Germany.

Tel: +49 346 146 2879

Fax:  +49 346 146 2878
martin.sommerfeld@iw.uni-halle.de

14. Stably Stratified and Rotating Flows
Redondo, JM.

UPC, Spain.

Tel: +34 934 017 984

Fax:  +34 934 016 090
redondo@fa.upc.edu

15. Turbulence Modelling

Jakirlic, S.

Darmstadt University of Technology,
Germany.

Tel: +49 615 116 3554

Fax:  +49 6151164754
s.jakirlic@sla.tu-darmstadt.de

20. Drag Reduction and Flow Control
Choi, K-S.

University of Nottingham, England.
Tel: +44 115 951 3792

Fax:  +44 115951 3800
kwing-so.choi@nottingham.ac.uk

24. Variable Density Turbulent Flows
Anselmet, F.

IMST, France.

Tel: +33 491 505 439

Fax: +33 491 081 637
anselmet@irphe.univ-mrs.fr

28. Reactive Flows

Roekaerts, D.

Delft University of Technology,
The Netherlands.

Tel:  +31 152782470
D.J.E.M.Roekaerts@tudelft.nl

32. Particle Image Velocimetry
Stanislas, M.

Ecole Centrale de Lille, France.
Tel: +33 320337 170

Fax:  +33 320337 169
Michel.Stanislas@ec-1lille.fr

33. Transition Mechanisms,
Prediction and Control
Hanifi, A.

FOI, Sweden.

Tel: +46 855 503 197
Fax:  +46 855503 397
ardeshir.hanifi@foi.se

34. Design Optimisation
Giannakoglou, K.

NTUA, Greece.

Tel: +30 210 772 1636
Fax:  +30210 7723789
kgianna@central.ntua.gr

35. Multipoint Turbulence Structure
and Modelling

Cambon, C.

ECL Ecully, France.

Tel: +33 472 186 161

Fax:  +33 478 647 145
claude.cambon@ec-lyon.fr

36. Swirling Flows
Braza, M.

IMFT, France.

Tel: +33 534 322 839
Fax: +33 534 322992
braza@imft.fr

37. Bio-Fluid Mechanics

Poelma, C.

Delft University of Technology, Holland.
Tel: +31 152 782 620

Fax: +31 152 782 947
c.poelma@tudelft.nl

38. Micro-thermofluidics
Borhani, N.

EPFL, Switzerland.

Tel: +41 216 933 503
Fax: +41 216 935 960
navid.borhani@epfl.ch

39. Aeroacoustics

Bailly, C.

Ecole Centrale de Lyon, France.
Tel: +33 472 186 014

Fax:  +33472 189 143
christophe.bailly@ec-lyon.fr

40. Smoothed Particle
Hydrodynamics
Le Touze, D.

Ecole Centrale de Nantes, France
Tel: +33 240371 512

Fax: +33 240 372 523
David.LeTouze@ec-nantes.fr

41. Fluid Structure Interaction
Longatte, E.

EDF, France.

Tel: +33 130 878 087

Fax: +33 130 877 727
elisabeth.longatte@edf.fr

42. Synthetic Models in Turbulence
Nicolleau, F.

University of Sheffield, England.

Tel: +44 114 222 7867

Fax:  +44 114 222 7890
f.nicolleau@sheffield.ac.uk

43. Fibre Suspension Flows
Lundell, F.
The Royal
Sweden.
Tel:  +46 87 906 875
fredrik@mech.kth.se

Institute of Technology,

44. Fundamentals and Applications of
Fractal Turbulence

Fortune, V.

Université Pierre et Marie Curie, France.
Tel: +33 549 454 044

Fax:  +33 549 453 663

veronique.fortune@lea.univ-poitiers.fr

45. Uncertainty Quantification in
Industrial Analysis and Design
Lucor, D.

d’ Alembert Institute, France.

Tel: 433 (0) 144 275 472
didier.lucor@upmc.fr
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ERCOFTAC Pilot Centres

Alpe - Danube - Adria
Steiner, H.

Inst. Stromungslehre and
Wirmetibertragung

TU Graz, Austria
kristof@ara.bme.hu

Belgium

Geuzaine, P.

Cenaero,

CFD Multi-physics Group,

Rue des Fréres Wright 29,

B-6041 Gosselies,

Belgium.

Tel:  +3271919 334
philippe.geuzaine@cenaero.be

Brasil

Rodriguez, O.

Department of Mechanical Engineering,
Sao Carlos School of Mechanical
Engineering,

Universidade de Sao Paulo,

Brasil.

oscarmhr@sc.usp.br

Czech Republic

Bodnar; T.

Institute of Thermomechanics AS CR,
5 Dolejskova,

CZ-18200 Praha 8,

Czech Republic.

Tel:  +420 224 357 548

Fax:  +420 224 920 677
bodnar@marian.fsik.cvut.cz

Spain

Onate, E.

Universitat Politenica de Catalunya,
Theofilis, V.

Universidad Politcnica de Madrid, Spain
Spain.

onate@cimne.upc.edu
vassilis@aero.upm.es

France South

Braza, M.

IMF Toulouse,

CNRS UMR - 5502,

Allée du Prof. Camille Soula 1,
F-31400 Toulouse Cedex, France.
Tel:  +33 534 322 839

Fax: +33 534322992
Braza@imft.fr

France West

Danaila, L.

CORIA, University of Rouen,
Avenue de 1’Université BP12,
76801 Saint Etienne du Rouvray
France.

Tel: +33232953702
luminita.danaila@coria.fr

Germany North

Gauger, N.R.

Chair for Scientific Computing

TU Kaiserslautern

Paul-Ehrlich-Strasse 34

67663 Kaiserslautern, Germany

Tel:  +49 631 205 5635

Fax:  +49 631 205 3056
nicolas.gauger@scicomp.uni-kl.de

Germany South

Becker, S.

Universitéit Erlangen, IPAT
Cauerstr. 4

91058 Erlangen

Germany

Tel:  +49 9131 85 29451
Fax: ~ +49 9131 8529449
sb@ipat.uni-erlangen.de

Greece

M. Founti.

National Tech. University Of Athens,
School of Mechanical Engineering,
Lab. of Steam Boilers and
Thermal Plants,

Heroon Polytechniou 9,

15780 Zografou, Athens, Greece
Tel:  +30210 772 3605

Fax: +30210 772 3663
mfou@central.ntua.gr

Switzerland

Jenny, P.

ETH Ziirich,

Institute of Fluid Dynamics,
Sonneggstrasse 3,

8092 Ziirich, Switzerland.
Tel:  +41 44 632 6987
jenny@ifd.mavt.ethz.ch

Italy

Rispoli, F.

Tel:  +39 064 458 5233
franco.rispoli@uniromal.it
Borello, D

Tel:  +39 064 458 5263
domenico.borello@uniromal.it
Sapienza University of Rome,

Via Eudossiana, 18

00184 Roma, Italy

Netherlands

Van Heijst, G.J.

J.M. Burgerscentrum,

National Research School for Fluid
Mechanics, Mekelweg 2,

NL-2628 CD Delft, Netherlands.
Tel:  +3115278 1176

Fax: +31 152782979
g.j.f.vanheijst@tudelft.nl

Nordic

Wallin, S.

Swedish Defence Research Agency FOI,
Information and Aeronautical Systems,
S-16490 Stockholm,

Sweden.
Tel:  +46 8 55503184

Fax: +46 8 55503062
stefan.wallin@foi.se

Poland

Rokicki, J.

Warsaw University of Technology,
Inst. of Aero. & App. Mechanics,
ul. Nowowiejska 24,

PL-00665 Warsaw, Poland.

Tel:  +4822234 7444

Fax:  +48 22 622 0901
jack@meil.pw.edu.pl

France - Henri Bénard

Godeferd, F.S.

Ecole Centrale de Lyon.

Fluid Mechanics and Acoustics Lab.,
F-69134 Ecully Cedex,

France.
Tel: +33472 18 6155

Fax: 433478647145
fabien.godeferd@ec-lyon.fr

Portugal

da Silva, C. B.

Instituto Superior Técnico,
University of Lisbon

Av. Rovisco Pais, 1049-001 Lisboa
Portugal
carlos.silva@ist.utl.pt

United Kingdom

Standingford, D.

Zenotech Ltd.

University Gate East, Park Row,
Bristol, BS1 5UB

England.

Tel:  +44 117 302 8251

Fax: +44 117 302 8007
david.standingford@zenotech.com
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The simultaneous presence of several different phases in
external or internal flows such as gas, liquid and solid is
found in daily life, environment and numerous industrial
processes. These types of flows are termed multiphase
flows, which may exist in different forms depending on the
phase distribution. Examples are gas-liquid transportation,
crude oil recovery, circulating fluidized beds, sediment
transport in rivers, pollutant transport in the atmosphere,
cloud formation, fuel injection in engines, bubble column
reactors and spray driers for food processing, to name only a
few. As a result of the interaction between the different
phases such flows are rather complicated and very difficult
to describe theoretically. For the design and optimisation of
such multiphase systems a detailed understanding of the
interfacial transport phenomena is essential. For single-
phase flows Computational Fluid Dynamics (CFD) has
already a long history and it is nowadays standard in the
development of air-planes and cars using different
commercially available CFD-tools.

Due to the complex physics involved in multiphase flow the
application of CFD in this area is rather young. These
guidelines give a survey of the different methods being used
for the numerical calculation of turbulent dispersed
multiphase flows. The Best Practice Guideline (BPG) on
Computational Dispersed Multiphase Flows is a follow-up
of the previous ERCOFTAC BPG for Industrial CFD and
should be used in combination with it. The potential users
are researchers and engineers involved in projects requiring
CFD of (wall-bounded) turbulent dispersed multiphase
flows with bubbles, drops or particles.
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