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Nell'anno duemilaquattordici, addì 18 marzo alle ore 1J.02, presso il Salone 
di rappresentanza, si è riunito il Consiglio di Amministr~ione, convocato con 
nota rettorale prot. n. 0016099 del 13.03.2014, per l'esame e la discussione 
degli argomenti iscritti al seguente ordine del giorno: I 

I 

............. OMISSIS ...•.....••.. I 


Sono presenti: il rettore, prof. Luigi Frati; il prorettore, Pfof. Antonello Biagini; 
i consiglieri: prof.ssa Antonella POlimeni, prof. Mayrizio Barbieri, prof. 
Bartolomeo Azzaro, praf. Michel Gras, sig. Domenico IDi Simone, dott.ssa 
Angelina Chiaranza, sig. Luca Lucchetti, sig.ra Federica pi Pietro; il direttore 
generale, Carlo Musto D'Amore, che assume le funzioni dii segretario. 

I 

È assente giustificata: dott.ssa Francesca Pasinelli. 

Assistono per il Collegio dei Revisori Conti: dotto OJmenico Mastraianni, 
dotto Massirniliano Atelli (entra alle ore 18.25). 

1\ presidente, constatata l'esistenza del numero legale, Idichiara l'adunanza 
validamente costituita e apre la seduta . 

............. OMISSIS ............ . 
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FINANZIAMENTO DELLA COMUNITA' EUROPEA· GRA~T 
AGREEMENT N. 339446 - PER L'AttiVAZIONE DI UNA 
PROCEDURA DI RECLUTAMENTO DI UN RICERC TORE A 
TEMPO DETERMINATO TIPOLOGIA "A" PR SSO IL 
DIPARTIMENTO DI INGEGNERIA MECCAN CA E 
AEROSPAZIALE 

Il Presidente sottopone all'approvazione del Co~Si9lio di 
Amministrazione la proposta del Dipartimento di Irygegneria 
Meccanica e Aerospaziale per l'attivazione di una proc$dura per 
il reclutamento di un Ricercatore a tempo determihato con 

. regime di impegno a tempo pieno, per la durata di Itre anni, 
eventualmente prorogabili per ulteriore dueanni, tipologia A, per 
la realizzazione del programma di ricerca dal titolo a"Bubble 
nucleation on rough surfaces and cavitation inception'[, settore 
scientifico-disciplinare ING-IND/06 "Fluid6dinamica" ., settore 
concorsuale 09/A1 "Ingegneria Aeronautica, Aerosp~ziale e 
Navale". Il progetto è finanziato dalla Comunità EuroPia Grant 
Agreement n. 339446. 
Ai sensi del decreto Legislativo n. 49/2012 ed in p$rticolare 
dell'art. 5, commi 5 e 6, la proposta è stata inviata al CoUegio dei 
Revisori dei Conti per il prescritto parere in ordine allr,verifica 
della sussistenza di garanzie tese ad assicu re un 
finanziamento di importo e durata non inferiore a q ella del 
contratto per il posto di ricercatore di cui all'art. 24, cqmma 3, 
lettera a) della legge 30 dicembre 2010, n. 240. I 
" MIUR infatti, con nota del 5.04.2013 prot. n. 8312, ,;' a posto 
come condizione all'autorizzazione nella procedura PRO ER, dei 
contratti di ricercatore a tempo determinato, il rispe o delle 
suddette indicazioni. , 
In data 10 marzo 2014, il Collegio dei Revisori dei Conti Iha reso 
parere positivo. .: 
Alla luce di quanto su esposto il Presidente invita a delibe~are. 

I 

ALLEGATI PARTE INTEGRANTE: 
Progetto Grant Agreement n. 339446 

ALLEGATI IN VISIONE: I 
Nota MIUR del 5.04.2013, prot. n. 8312; : 
Nota del 10.2.2014 del Dipartimento di Ingegneria Mecfnica e 
Aerospaziale; j 

Verbale della seduta del 10.03.2014 del Collegio dei Rev~sori dei 
Conti. I 
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.......... OMISSIS ........ . 


DELIBERAZIONE N. 59/14 i 

IL CONSIGLIO DI AMMINISTRAZIO~E 
• 	 Letta la relazione istruttoria; i 

• 	 Visto lo Statuto dell'Università; I 

• 	 Visto il Regolamento per il reclutamento di ric~rcatori con contratto 
a tempo determinato in vigore; • 

• 	 Visto l'art. 24 della legge n. 240/201'0; , 
• 	 Visto il Decreto Legislativo n. 49/12, in particolr· re gli artt. 5 comma 

5e7comma2; 
• 	 Vista la nota MIUR del 5.04.2013, prat. n. 8312; i 

• 	 Visto il finanziamento della Comunità Europea +- Grant Agreement n. 
339446 al Dipartimento di Ingegneria Meccan~ca e Aerospaziale ­
DJ.M.A 

• 	 VISTO il verbale della seduta del 10.03.20 4 del Collegio dei 
Revisori dei Conti; , 

• 	 Presenti 11, votanti n. 9: con voto unanime es~resso nelle forme di 
legge dal rettore e dai consiglieri: Polimeni, Birbieri, Azzaro, Gras, 
Di Simone, Chiaranza, Lucchetti e Di Pietro 

DELIBERA 

di approvare il finanziamento della comunlt~ Europea ai fini 
dell'attivazione di una procedura di reclutamento ~i un Ricercatore a 
tempo determinato, tipologia A, con regime di impeg.,o a tempo pieno per 
la durata di tre anni, eventualmente pro.rogabile pe~. ulteriore due anni, 
settore scientifico-disciplinare ING-IND/06 "Fluido inamica" - settore 
concorsuale 09/A1 presso il Dipartimento di Inge neria Meccanica e 
Aerospaziale per lo svolgimento del programma . i ricerca dal titolo: 
"Bubble nucleation on rough surfaces and cavitation inception" 

Letto, approvato seduta stante per la sola parte dlSPofltlva. 

IL S~~::~RIO 	 IL P~f~~~~ 
Carl~D'Amore 	 LUig~r 

.......... OMISSIS ........ . 
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I 
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i 

Support for frontier resea~ch (ERC)
I 

ERC Advanced GJant 
i 
! 

ERC-2013*ADqJ
! 

Grant Agreement Number 339446 

BIC 

Inception to Cavitation across scales: following B~bbles 
Collapse 



I 
I 

SEVENTH FRAMEWORK PROGRAMME 
I 

ERC GRAN T AGREEMENT No ~3944(i
I 

PROJECT TITLE BIC 	 I 
I 

Support Cor frontier research (kRC) 
! 

ERe Advanced Grant I 
I 

IIi . 
The European Rescarch Council Executive Agency (tbe "Age1cy"). acting under powers delegated by 
the European Commission (tbe "Commission") 	 ; I 

ofthe one part, 	 i l' 
wul UNIVERSITA DEGLI STUDI DI ROMA LA SAPIENiA, established in iazzale Aldo Moro 5, 

ROMA, 00185, ltaly represented by Giorgio Graziani. Pirector of Me<: ,anical and Aerospace 

EnSio::::::::ntor bis authorised representative, (the IIbreficiaryll), JI 

HAVE AGREED to the following tenns and conditions inclUd~g those in thc t; lowing annexes, which 
form an integraI part ofthis granI agreement (the "grant agreement"). I 

I 

Annex I - Description of Work 
Annex Il - ERC Generai Conditions - Single Beneficiary • 
Annex III - ERC accession fonns for new and other beneflciaries to tbe gr 
Annex IV - Financial statement formo I 
Annex V - a) 'Terms of reference far the certificate for thb finanmai stttem 

b) 'Tenns ofreference for the certificate on th~ methodology' 
I 

Artide 1 - S~ope 

t agreeme.nt. 

nts' and 

The European Union ("the Union"), has decided to grant a fihanciai contributi n for the implementation 
of tbe projecl as specified in Annex I, called Cavitation acro~s sco/es: followi g Bubbles !rom lnception 
lo Co/lapse (Blq (the "project") witbin the framework of the SP2-ldeas and under the conditions laid 
down in this gran! agreemenr. 

Artide 2 - Tbe principai in.vestigatol' 	 : 
, , 

l. The "principal investigalor" as defined in Annex li is Ftof. Carlo MassJo Casciola, born in Trevi 
(PG), Italy, on 10/01/1962. • I 

I 
2. The beneflciary shaU enter into a supplementary agree~ent with the "p~incipal investigato'''. The 
provisions of the supp/ementary agreement, which are not i~ accordance witbithis granI agreement, shall 
be deemed to be void for the purposes of tbis grani agreemeft. ! 

3, Together with the signed grant agreemenr the beneflciar~ shall transmit to e Agencya signed copy of 
this supplemenlary agreement. I 

http:agreeme.nt


Artide 3 - Ouration and start date of the project 
I 

The duration 01' the project shall be 60 months from 1st Febrtmp' 2014 (hereina er referre~ lO as the 

"start dateli). I 

Article 4 - Reporting periods and language or report!! 
I 

l. The project is divided into scientific reporting periods of the fo~owing duration: 

I
• PA: from month l to month 30 I 
• PB: fram month 31 to the last month ofthe project. I 

I 
Any scientific report required by this granI agreement shall be iniEnglish. 

2. The project is divided into financial management reporting pJods of tbe foUo ng duration: 
I 

• P l: trom month l to month 18 

• P2: trom month 19 to month 36 

• P3: trom manth 37 to month 54 

• P4: from month 55 to me last month of the praject. 

Any financial management report required by this grant agree~ent shall be in En lish. 

Artide 5 • Maximum financial contribution of the Un;on 
i 

L The maximum financial contribution of the Union to thel project shall be EUR 2,491,200.00 «(WO 

million faur hundred and ninety one !housand two hundred E'PRO). The actual fmancia! contribution of 
rhe Unio/1 shall be calculated in accordance with the provisjon~ of this grant agr ement. 

2. The financial contribution of !he Union shall be in the fonrl of a grant to the udget as specified in the 
table indìcating me estimated breakdown ofbudget included ir) Annex 1. 

I . 

3. The bank account of the benefìciary to which ali paymen~ of the financial bontributioo of the Union 
shall be made is: : I 

Nume of account holder: DIPARTIMENTO i DI MECCANfCA 	 E 
AEROSPAZIALE 	 TNGEGNEiTA 
Name ofbank: UNICREDIT SpA - Roma 153 
Accountreference:ITI7P0200805227000400014557 

Artlcle 6 - Pre·financing I 
I I 

I: A pre-financing of EUR 996,480.00 (nine hundred and ~inety six thousarkt four hundred and eighty 
EURO) shall be paid to the beneficiary within 30 days t"ollof'ing the date of ehtty inta fOirce of this grant 
agreement. j I 

I 	 . 
I 

http:996,480.00
http:2,491,200.00


I 
I 
I 
I 
i 	 i 

2. Tbe beneficiary hereby agrees that the amount of EUR 124,i60.00 (ane hu ed and t1fenty four 
thou.mnd five hundred and sixty EURO), corresponding to the benpficiary's contrlb ion to the1Guarantee 
Fund referred to in Artic1e Il,20 and representing 5% of the maxinjlUm financial CO,.n' 'bution ~ Ih~ Union 
referred to in Article 5.1, Ìs transferred in their name by the ~gency from the re.flIlancl. g lIlto the 
Guarantee Fund. However, the beneficiary is deemed to have rece~ved the full pre- nancing rererred to in 
the first indent and will have to justify it in accordance with this grani agreemel1.l. 

I 
iArtide 7 - Special claules 
I 

Tbe following special c\auses apply to this grani agreement: ! 
I 

Special clause 6 

Notwithstanding the provisions of Artide 6 the pre-tìnam~ing shall be paìd ot earlier than 4S days 
before the start date of thc project. ! 

I 

I
Speeial clause 39 ERC 

I 

In addition to Artiele II.30.3, the beneflciary shall de~osit an electronid copy of the published 
version or the final manuscript accepted for publicatiòn of a scientifid publicatiqn relating to 
foreground published before or after the final report in a~ inslÌtutional or sJt,ject-basedi repository at 
the momcnt of publication. I i 
Thc beneflciary is required to make its best effort to ens\~re that this elettI·nie copy becomes freely 
and electrorucally available to anyone through this reposft~ry:

I 	 . 
- immediately if the scientifie publication is publishe~ "open access", i . if an elettronle version 
is also available free of charge via the publisher, or 
- within 6 months of publication, 

Special clause 40 ERC 
I 

L (n the ease of tl'ansfer of the grant agreement to a n~w beneflciary ti n request ~y the principa! 
investigator and subject to approvai by the Agen~y, the equipme items Iisted under the 
"equipment" budget category in Annex l and identifi~d to be for the c elusive use of thc project 
shaU be transfcrred by the beneflciary to thc new benefi.ciary

! 

2. '!he new beneficiary shall reimburse the beneflciafY for the rernain' g costs of' tbe equipment 
which h~ve not ?een ~epreciated" These costs as w~J1 as any acces ry costs (for dismantling, 
transfemng and mstalhng tbe eqUlpment) can be deqlared by tbe new benejìciary provided tbey 
futilI! the conditions stipulated in Artic1e II.14 ofthe 9RC grani agreem nt. 

Article 8 - CommunÌcation 
I 

I. Any communication or re~uest concerning the granI ~greement shall i<lentitY the .grani agreement 
number, the nature and detalls of the request or comm~nication and be bubmltted !to the tollowing 
addresses: . I 

I
For the Agency: 	 European Commission I 

European Research Council Executiv~ Agency 
ERC Executive Agency - C2, COV2 I 
Rue de la Loi 200 
B-1 049 Brussels, Belgium I 

http:124,i60.00


For the benejìciary: Mrs. Giuseppina Angeloni 
UNIVERSITA DEGLI STUDI DI ROMA LAI SAPIENZA 
Department of Mechanical and Aerospace En&ineering 
Via Eudossiana 1 8 i 
Rome 00184 i 
lTALY i 

2. Reports and deliverables shall be transmitted to the Agency acco~ding to Artiele II 4.6. : 
I i i 

i 

3. For information or documents to be transferred by e-mai!, the fdllowing addressel shall be u4ed: 
I 	 ; 

For the Agency: ERC-C2@ec.europa.eu 	 , 

for the beneficiary: giuseppina.angeloni@uniromal.it iI 	 •; 

4. In case ofrefusal ofthe notification or absence ofthe recipieni the beneficiary ii decmed t~ bave been 
notitìed on the date of the latest delivery, if notification has bee~ sent to one of the addresse$ mentioned 
in paragraphs l and 3 and to 1t5 legai representative. 	 I 

I 
S. Any communication or request relating to the processing qf persona! data 
submitted, using the address(es) for the Agency identified i~ paragraphs l a 
responsible for the processìng: Head ofDepartment "Grant M~gement" 

I 
Artide 9 - Applicable law and çompetent court 

I 
The financial contribution of the Union is a contributio.n trom tr.e Union researe 

'! 

rticle In3) shall be 
d 3, to tHe controller 

• 
budget wlth the aim to 

implement thc 7th Research Framework Programme (FP7) ar1f' it is incumbent on the A~ncy and the 
Commission to execute FP7. Accordingly, this gran! agreemer,t shall be gove ed by the :terms of this 
grant agreemenl, the European Community and European lilnion acts relat to FP7, lte Financia/ 
Regulatian applicable to the generai budget of the Union and i~ Rules ofApplic tion and other European 
Community and European Union law and, on a subsidiary basi~, by the law ofBe gium. ' 

I 
Furthermore the benejìciary is awa:re and agrees that the C~mmission may ta e a decision to impose 
pecuniary obligations, which shall be enforceable in accordapce with Article 99 of the !Treaty on the 
Functioning ofthe European Union. I 

Notwithstanding the Commission's right to adopt directly rec6very decisìons r ferred to ijn the previou5 
paragraph, the Genera! Court, or on appeal, the Court of Jus~ce of the Europe 
jurisdiction to hear any dispute between the Unto» and ai beneficiary con 
application or validity of tms granr agreement and tbe validlty of the decisio 
parllgraph. ! 

Union, ~hall have sole 
ing the! interpretation, 

mentione.ji in the second 

Artide lO - Application 01 tbe grant agreemenl provisilns 

Any provision of this part of the grant agreement, shall take precedence ver the pmvisions of the 
Annexes and the provisions of Annex II shall talce precedenc~ over the provisì s of Anndx 1. 

i 
The 5pecial dauses set out in Article 7 shall take precedep.ce over any oth r provisiops of this grant 
agreemenl. i 

! 
, 

I 

http:precedep.ce
mailto:giuseppina.angeloni@uniromal.it
mailto:ERC-C2@ec.europa.eu


Artide 11 • Entry into force of the grant agreement 

This grani agl"eement shall enter into force after its signature by he beneficiary a d the Age~cy, on the 

day of the last signature. I 

Done in two originals in English. 

For the A ency done al Sru se\s 
For the beneficiary done at ROMA 

~~~~~:~~~.~.~~~~.~.~~~.~.9:~.~~~~.~.~~p.~~.~ 
Mechtlld M Y Name of the legai entity 

Head ot Depart ent 

Stamp of the orit;arti!~l\ 

••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 1 •• •••••• 

Name o . the legai represe tative 

......................:..!~ .................,.......... 

Signat re oflegal repre~ ntative 

Signature of legai representative 

1 9 DEe 2 13 
.................................... , ............................. 


December Il th 2013.................................................................... 
 Date 
Date 
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European Research Counci1 

ERe Advanced Grant 20 3 
Researcb proposal [Part 1] 

Principal Investigat~r: Carlo Mass)o Cas~iola. 
Department of Mechamcal and Aerosp~be Engmeenng 

Sapienza University ofRorpe 
via Eudossiana 18, 00184, Rom~, ltaly 

BIC 

Cavitatìon across scales: following BJbbles from Incepdon 
to Collapse . 

BIC 

Project Duration: 60 months 

Cavitation is the formatio-n oh~p~r cClVities inslde a liquid due iOI'* pressurc. C~vitati ~-jsan ubiq1ilÌlous 

and destructive phenomenon common to most engineering appIications that deal with flo ing water. ~t me 

same time, me extreme conditions rea!ized in cavitation are increasing1y exp10ited in m icine, che""istry, 

and biolog}'. What makes cavitation unpredictable is Ìls multiscaJ~ nature; nucleation of vapor btjbbles 

heavìly depends on miero- and nanoscale details; mesoscale Phenf· mena, as bubble c lIapse, determine 

relevant macroscopie effects, e.g., cavitatioll damage. In addition, acroscopic flow c nditions, s~ch as 

turbulence, have a ma,jor impact on it. . 


The objectivc of the BIC project i5 lo develop the lacking m. Itiseale dcscriptlon of cavitatiqn. by 
proposing new integrated numerical methods capable to pertorm qu~mtitatjve prcdiction The detailed and 
physically sound understanding ofthe multifaceted phenomena involvcd in cavitation ( ucleation, ~ubble I

I, growth, transport, and collapse in turbulent flows) fostered by mc 'project will rcsult i new methofls far Idesigning fluid machinery, but also thcrapies in ultrasound mejd'ine and chemical actors. Tht BIC' 
I project builds upon the exceptionally broad ex:perience of the Pl d of his research oup in nu~erical . 
I simulations of flows at different scnles that include advanced ato istic simulatiorts of nanoscale wetting 
'phenomena, mesoscale models for multiphase flows, llnd particle.Haden turbulent flo s. Thc envlsaged 
. numerical methodologies (free-energy atomistic simu1ations, phase-field mode1s, and Dircct Numerica1 
Simulation of bubble-laden nows) will be supported by targetc4 experimental acti ities. desig*ed to 

. validate models and characterize realislic conditions. I'- ---- I 
I 

3 ,; 

'~. 
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Section a: Extended Synopsls o.ttheprfÙectpraposal 

Project presentation 

Thc BIC (Cavilation acm.fS .!cales: following Bubbles from l/1.~'PIiOn to 
establishing a new, integrated model for cavitarion capable of describi g its richness 
nucleation of bubbles to their transport and collapse. The success of t e BIC project 
engineers with powerful predictive lools that could revolutionize the ivvay of A~';"'M';"''' 
accurately describing cavitation in macroscoplc, typically turbulent, flows. On 
applications of cavitation to medicine, chernistry, and maleria! scienel: p,.iIl greatly 
micro snd nanoscale phenomena promoted by the BIC project I 

Cavitation has been an issue since the origin of hydraulic turbihes and marine! whì':re it 
deteriorates and even destroys the blades and induces signitìcant maitnance costs, l and (!]t'At a 
reduced scale il finds application in a variety of contexts Hke inject n systems fueled en ines, 
chemistry, and medicine. The essential notion of cavitation is that" cn pressure de(:reases belo the 
saturation vapor pressure, vapor filled cavities (bubbles) may form il1 the liquid [I]. tlUcleaned b~bbles 
gruw and are transported by the t1ow. Pressure variations may alsoinduce bubble during which 
extreme conditions are realized leading, e.g., to cavitation damage ~n marine This sim91ified 
picture conceals the three main points that make cavitation so elusive: I I 

I. 	 Cavltatlofl inception mechanbm: liquids have a tensi/e ktrength, tOOt can witJilstand 
pressures well below the vapor pressure without CaYitationtto occur. The strength ~ighly 
depcnds on the liquid structure, 01'1 thermodynamic condi ions, and, dn thc 
presence of solid impurities and stabilized microbubbles that. aet as oreferc:ntial far nuclbation 
(cavitatiolt nuclei) of vapor cavities. Cavitation inception,1 in mort, is by micro,copic 
nucleation mechanisms. ; 

2. 	 Nuclei and bubble transport: along their trajectories, nuclei experience Vru:,ì8tioìs t~at 
determine bubble growth, coHapse, and rebound, see Fig. IlA. Knowledge traJecto es IS, 

therefofe, crucial to predict where and how cavitation \Viii :occur. Turbulent i coj~di'tiOtlS typ, al of 
engineering applications further complicate the problem le*ding to fonnatiOn clusters, .vortex 
entrainment, and wall accumulation (turbophoresis). I 

3. 	 Bubble-now interactloDs: bubbles in tlows are deformed by pressure o""itli,·Ì1t1. cOlllesc~, and 
break-up. The interaction between bubbles and the fluldenvironment most bf the 
macroscopic effects because of which cavitation ìs studied: cavitation noi se, i sheet 
cavitation, sonoluminesce etc. For instance, the extreme realizM aniSlJltropic 
col1apse of bubbles near solid walls cause catastrophic Fig. I B. I 

In 5ummary, in order IO be predictìve. modeis of cavitation cannot 

microscopic origin in nucleation, involves ali the scales of ti,.'h"I.>r"'" 


Figure /. A) Cavitatiofl on a nv,~rnm" 
{'U1'11p blades (/igures adaptedfrom [11J 
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consequences of major importance. 

lmpact of .be project OR tbe state-of-tbe-art / I 
Oiven its practical imponance and thc challenge for fundamental un~rstanding.. cavi1ati n haS been ~ long 

standing issue for a numbcr of technical and sciemific cornmun~ies, inelUdinc. ~.yd ulic engineering 
(Francis turbìnes, spi1lway tunnels of dams), mcchanical, aerospacef and marine engin ering (Dlestl fuel 
inje<:tìon systerns, liquid oxygen turbo-pumps, ship propellcrs), chenjical cngineeril'(g; (c vitadon reak:tors), 
physics (rundamental understanding of nucleation, bubble chamberr for high cneciy rticle detebtion), 
chemislry (sonolumiscence and sonochemistry), and medicine (liIhotPSY, sonoporatìbn or drug detery). 

The engineering community developed a variety of models based on l'xtensive experi"en 1 testing defSigned 
far specific applications, see e.g. [2] for marine engineering and 31 for fluid m84hi ery. Such ~ind of 
approaches allowed significant advances in the related technologie, 1ike e.g. the dcv lopment oflsuper­
cavilaling hydrofoils designed to prevent collapse of cavitìes on th~ surface of the \)od . However,: in tbe 
aforernemioned contexts, the use of computalional fiuid dynamìcs (dFD) as a design too is hindered by the : 
absence of predictive models accounting far nuclealion, bubbld transpott, turb)Jle ce effe<:t, ubble 
deformation and collapse. The main difficulty to overcome is Ihat ltie microscopic nuel tion proCe5, has a 
deep influence on cavitation inception anci developmenl, giving ri$.ee to Il Imly m.u,.tiS aIe proble,' As a 
consequence ofthe huge variety of applicalions where cavitaùon is d·udal. very differen ad-hoc app oaches 
have been emplo)'cd, while a comprehensive description of cavitation is stilllacking. 

t 

From the fundamental point of view, the research focused on th~ nucleation profes es nnd the Irelated 
metastability of the Iiquid state r4]. Significant progresses have bean achieved in hQm geneous nu~leation 
theory that correetly reproduces experimental data for pure Iiquids c'ose to the criti.e<il p int. HQwev~r most 
engineering applications deal with water close to the triple point. l~ this ease, even fa purified wdter, the 
experimental data scatter becomes substantial suggesting that some form of heler(>ge eous nuclehtiol1 if. 
invalved. It should nlso be suessed tha! in prac!ice the working Iiqui~ contains most dfl times a SI!nificant 
amount of solid impurities and surface-active molecules. Thisl calls again imo lay thc: n ion of 
heterogeneous nucleation (5,6], a subject which, despite of signi:ticant advanccs. Sl.i 1 needs su .stantial 
improvement before reliable predictions could be mnde in cngi~eering environm.·en s. An in1erlnediate 
objective of the BIC proje<:t i5 lO f051er a new quantitative und~rstanding of heter geneous nupleation 
through new simulation techniques, that are sketched in the foll0V\'ing. A more thorOli h understaqding of 
heterogeneous nueleation will alsa prove instrumental to applìcatip~s of acoustic CaY tarion in chemistry, 
material science [7], and medicine [8) where cavitation is inducjlò. by ultrasound ii rcing in a iomp!eX 
environment involving micro-particles as cavitation nuclei. i 

Thc main problem for establishing a comprehensìve theory of CaVi~tiOn is related t!> it intrinsic m~ltiscale 
nature that embraces nano and mìcroscoles (nucleatian), mesoscale aspe<:ts. (bu ble dyna~ics and 
dcformatìon) and macroscale phenomena (interaction with tlow, tufbu!ence). Objettiv or the BIC projeet 
is developing sueb a multiseale dellcription of cavitation bridglng tbc different se &es ÌDvolveU iD thc 
processo This objeclive is hignly ambitious far the different kindsiof expertise it ìnvo es and thelintrinsic 
difficulty in maiching phenomena occurring at such diverse scales~ however its impact on the techrtical and 
scientltìe communities wìll be ground-breaking for the ubiquitpus presence of c itatian in ~ifferent 
technological and scienlific contexts. In particular, the availab,lity to the englne ring comm~nity of 
predictive modcls and simulation techniques for cavitation, fro~ nucleation lo Str s induced ion solid 
boundaries, will lead IO a novel design or turbomachinery. mari,-e propellers, h~dr uUe structires, and 
Diesel inje~t1()D systemg, IInd lO .he emerging mediclIlllnd Chelll~cal tecbnologlcs.. , 

Methodology I
I 

I 
! 

Along the years the PT ofthe mc project explored many diverse ~speets of fiuid dyn mics thal inplude the 
effects of turbulence on cmnbustion. particle transpOI1, polymer ladditives, bm al/So ano scale \\{etting of 
superhydrophobic surfaces, capillarity, and prolein translocation. fr tackling such pro lerns at the/interfaCe 
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belWecn engineering and rnathematics, physics, chemistry, and biola y many nUlnclrìl:llll1 
been used and brought forward by the PI, including Direct Numeri Simulation 
flows, phase-field rnodels for multiphase flows, and advanced mal 
hydrodynamics (see Sec. b and c for further details and references). T 
proponent espttia\ly suited for tacklillg tbe multisl:ale deseripdon . r cavitation, 
aspects of nueteatioll to the scales of typicaUy tllrbulent ftOWI eneountered in enl~néer'.s~all,plliealti.,I.$. 
As anticipated the project concems the development of a comprehensive model for ~Ilnljtation. 
scales ofme phenomenology, from the nanometer scale of nucleation tQ tbe macroscopic 
are encompassed. Numerical simulations techniques capable of capturi~g the multìseale 
will be developed and validated against targeted experiments. The unp~ecedented n"':UIIIHnll{ 

approach (5 its ability to properly couple the different stages of ca"itation, from l'.1I,~it~thnln i~ICel)ti<jin 
bubble collapse in presence of solid boundaries typical of actual dngineering corlIlll:ur,ml.l'm•. 
cavìtating flow is illustrated in Fig. 2 to sketch the structure and objectives afthe BIC. 

The BIC project is organized into four work-packages (WP), each developing a different 
but closely interactiog with the athers. In tbe following we sketch the . ethodologies en\l'lsa,~eCl 
and the expected outcomes. 
WPl· Nucleatian mechanisms and nucleailan rate 
wPt alms at previdi"g theoretlcal snd computatlonal tools for accurately "n.",n.lliiin 

barriers, nudcation mechani5ms, and rates given the geometry so wetting . 
funerian of thermodynamic conditions (pressure and temperature). elei populations: 
developed, with the support of WP4, in arder to provide a viable input o the macroscopic 
WP2. In more details, this theoreticaVnumericai WP will take care of eveloping an n/1\I·" nl1l~C1 
the micro and nanoscale mechanisms that are crudal in determinin cavitation incleptilqn. 
probably heterogeneous nuc1eation in crevices [3] is the most 1mp rtant meCflanl~n~, 
presence of asperities in ùle bounding surface and, more importanti, in solid lnllClUClL1C:,. 

flow. As sketched in Fig. 2, along their trajectories nuclei exper ence significant 
(particularly in turbulent conditions) and may aCT as preferential sit s for bubble 
dramaricaUy influencing the cavitatìon ineeption limit. The heterogen\!Qus nU(:le:ltio,n 
with atomistic and continuum memods coupled with advanccd rare !cvents tecnmqul~s 
bubble nuclcation rate in me liquid, building upon the theory developled. for rlu,rlhòhic 
[PII). The approach hnplies tbe evaluation ofthe stabiliI)' of nuclei an~ ofthe Tre,e·enel'gy 
to be overcome in me nucleation process of bubbles from single tnicrQ and nanoscale 
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of the localliquid pressure. Various degrees of fidelity can be enviSag~d for the nuclea,ion models, fro the 
rough estimate provided by lhe restrained continuum model developeO in our group [FII ID the extr mely 
sophislicated predìctions based on restrained molecular dynamics [P12J and on tral'lsitio state theo [9]. 
lnteraction with (he experimental WP4 allow5 to both validate the mqdels of "uclea~ian d to chara erize 
the geomctry and chemistry of realistie nuclei. This WP ìs expecjted lo bring ab~ut erucial ste .wise 
advancements of the state-of-the-art of heterogeneous nucleation th~ries by the inl~od ction of ri rous 
statisticai-mechanics tools able to overcome the weaknesses of elassi$1 theories tha~ are picaJly u le to 
predict the detailed form of the nucleation rate. I 
WP2' Turbulent (ransl1wl ami bubble dvnamjçs 

The main objedive or WP2 is to deM::ribe the nudei trajectories 'n turbulent noivs, the early bl1bble 
dynamics lIcUvatcd by their pres!'Iure and temperature bistOry,;·nd the mutu.I,in raction be~ween 
fiow and bubbles. In partieular, the mutuai couplìng with the maero opic f10w sim4lat n is nec ry to 
obtain the trajeetories of these putative cavitation nuclei. Once n leation is succcl:ss lIy aChi:±, the 
micro·bubbles wlll be advected using il mixed Eurerian-Lagrangian algorithm Ii~e hose su;c~Tsfully 
developed for particle transport in turbulcnce [PI3J. The micro-bubble descriptor win 'nelude the ~ubble 
charaeteristie dimension that obeys a Rayleigh-Plesset-like eVOIUtiOn~ equation [1]. TIiis imension c~·anges 
in time due to the intrìnsic dynamlcs ofthe bubble that is forced by t e variation alon@. th bubble traj ctary 
of the extemalliquidpressure.ltis wcll known [I] that during its e olution the bubb'e ay ex.ehan heat 
and mass with the surrounding. These effects cali for considering tHe additional filllJls f temperatute and 
concentration (e.g. the concentration field of dissolved gases) that±:fluence the bubbl dynamics'n tum 
affecting the fields (lWo-way cO!4pling). A crucial step in this part oft e project will b~ d eloping ne ,fast, 
and accurate algorithms to allow such kind oftwo-way coupling. In. d, given the pqren ially large mber 
of transparted bubbles, it is mandatory to overcome the limitatidns of the avallable techniques which 
typically work efficiently only for passive behavior of the transport&d phase (Ol1e-wO'.,ll' o'llpting) [P J. Le. 
when the temperature and the concentration fields of dissolved s ecies are not modi led by di siGnal 
exchanges with the interior ofthe bubble. A valuable by-product of. 2 witl be the 'ile Iy available ability 
of accurately descrlbing momentum exchange between miero-bubbl~s and the liquid'su oundìngs (~.g. for 
bubble-induced drag-reduction). 

WP3' Hubble d~formation IQQQ/Qiicai chanm and cQllqpse 

WPl aims at describing the chanleS in topology of maeroJcopic bubble.$ du to shear istress. 
coalescence, entrainment in vortices, and non-spherical conapE via phase--flcld onnnuumfOdeis 
coupled witb Nnier-Stokes equations. lndeed, under the Retion f pressure grll.d!en ,bubbles row to 
visible siz.e and be sigoificantly deformed; in addition, turbulence auses entrainmelilt bubbles i • vortex 
cores and accumulation at walls [PI3). In such conditions topolo~ rearrangements e Iikely IQ occur, 
leading to merging of interacting bubbles. The so-called Phase-fiew models will be e ployed to fanage 
these complex phenomena. In these models, based on Il properly de ed free-energy fun tional, an e olution 
cquation is devised for a suitable smooth scalar fiè!d (phase-t1eld that discriminates !ween Hq id and 
vapor pha'le. A typical choiee is the density of the fluid in the two (Ii~uìd-vapor) phases. hich is ass~med lO 
vary smoothly betv.'ccn the (wo extrema eorresponding to vapor and liQuid. These mode! are able tOl·ccoun! 
for surtàce teosion and phase changes, e.g., via Van-der- Waal like equation of 'Ulte with radient1penalìzation [I OJ. The phase-field couples lo the Navier-Stokes. equation via acfve ion and (iffused) 
capillary stress at the interfaces IP151, and is therefore eompatible with the m~th ds of WP2r These 
approaches are known to work effectively in simple geometrical scl·ngs. Here the chall nge is the eXlension 
to complex. geometries wirh the two-fold purpose of deating wit complex. bodieiì ( .g. super-cdvitating 
hydrofoils) and of addressing the heterogeneous nucleation on esoscopic surfape efeets throfgh the 
dcvctopmcnl of ncw immcl'$cd boundllry toohniques. This npprpach has heen ~ro nd for a 'l'hile as 
conceming the single-phase Navier-Stokes (NS) equation [11]. Sig~itìCant difficultit., s c: known lO emerge 
when the immersed boundary method is applied to the phase- eld equation to. be dealt WÌlh~through 
innovative numericai formulations. An entirely new approach wi 1 be developed 'to 1I0w the s itching 
be(ween newly nucleated, sub-grid, bubbles (dcscribed by the polnt-wìse, RayleiJ~- lesset-like ,od.e! of 
'W'P2) and mature, grid-resolved oncs (tackled by the phase-field m!;thod). Anothcr ~al eoge ofWP:!l w111 be 
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describing non-spherical bubble collapse at solid walls that is accom~.·anied by 1ìqui~e ing and sh ck­
waves at the origin of materia! darnage [12}. A new compresslble formJation of phase-Tld models and.NS 
equations wil! be introduced in arder to describe such extreme phenomena. . i 

• i ; 

WP4: Exper;mental charactedzatiou an4 yalìdqtign I I ~ 
Thls eXPfl'imental WP is devoted to provide reallstic irtputs to the tJteoredcalluumerit I WPs thro gh 
cl1aracterization of realistic: ronditiOlls of cavitation and to valida te the modelsd,ve ope<! along tbc 
BIC project. Relying OD the facilities available at me Sapienza Re arch C.i!/Ifer io/: l otechnolo ies 
Applied lo Engineering (CNIS) micro and nanocharacterization and Jabrication are llr dy possibl . In 
particular. Scannìng Electron Microscopy (SEM) characterization of sol id impurities asì fil red from \\jater 
will provide WPl witn realistic models for solid nuclei. Inspired by 113 experiments anica Itation incetion 
will be pursued by measuring the nucleation pressure on crevices ofco olled geomettyEa ized by Foc sedtlon Beam (FIB) etching. These experimentll will help validating . e mooels of n cl mion rates. and 
mecnanism developed by WPI, A new experimental setup will al50 I)e acquired far c. ar cterizing n'llclei 
populations in water [14J, that is a crucial step for bridging tho: description of nucleatio (WP1) an9 the 
macroscopic transport and growth of bubbles (WP2). In the fin~l phase of tlte Ipr ~ect high.speed 
pnotography will be considered for imaging coalescence and collapse 0IUbbles, as a sup to WP3. i 

Project outline Ii 

The final objective orBIC project will be achieved If WPI, WP2, and. 3 will not on1J pr uce innov~tive 
rcsul15 in their own fields, but also supply an integrated description df cavitation. (n ~rd r to achieve! this 
objective, common milestones are envisaged. allowing to exchange ide~, intermediate re 15, and to b~i?ge 
tne different numerical techniques. On top of this organization scherne, the role or is designr to 
support this comprehensive view of cavitation, by feeding !he om~r WPs with ex ental data and 
insightll. • • i 

The approacn of !ne project will be cnief1y tneoretical and numericJl, and far tnis rf· around 65rlo of 
rcsaurces wiU be employed far hiring and forming new researcners Jth diverse back ro ds. Howev~r an 
important experimental seetlan is also envisaged in order to support me proj . t. For this ntason 
approxlmately 20% of the project resources will be devoted 10 acqui~ing computatian_I r SQurces anXnew 
equipment which will complement that already available al CNIS 1enter. The remalni budget w Il be 
dedicated [O dissemlnating tne project results through peer-reviewed joumals publica~on , participati. n to 
intemational conferences, workshops. and researeh visits to other instilutions.; ! 

The BIC projeet will build upon the experience of the research gTQ,Jp with multiple ~u erical techJjques 
-more specifically rare evems mcthods (WP1), partic1e-laden tlows 1WP2), phase-fie'd ooels (wP~). in 
arder to promote a comprehensive understanding of a phenomenon. cavilarion. that as an irred'!lcibly 
rnicroscopic origin and startlìng macroscopic consequences. In short IBIC project wo~ld the oppo~unity 
for a truty interdisciplinary and multifaceted scientific effort. I I 

Selected references L 
rl JC Srcuneo. Cavilatjon and bubble dynamiçs, Oxford Unìversìty Jr5, 
12] A. AcQsta. B. Farnin. J Sbjp Res. 19. 1975. 123-205. • 
13] R ArDdr Ann. Rev. Fluid. Mecb. 13. 1981. 273-328. I 

r4] E, CMpin E. Herbert c. R. PhysiQue 7. 2006. IOQQ.IO! 7, 
15\ A Atcbley A Prosperetti. J Acoust. Soc. Am. 86. 1989. 
161 D. YQynt l, Acoust Soc Am 71. 1982 1473· 1481. 
(7] tH. Bana. K.S. Suslick Adv Maree 2010 22 1039·\Q59: n....~~!Ili.Ilo......;;t!.il.lI~o...jIO::u.....I.Z~..,a..::lt..I.L: 
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Section b: Curriculum vitye I 

i 
I : 

Carlo Massimo Casdola Icads a rcsearch group worlcing on the fluid dynamics of COl'ìlpl X flows bas d at 
the Mechanical and Aerospace Department of Sapienza university;· Rome. The arduI' .consists of h~e 
permanent members among associate and assistant professors, and pr ent1y includc$ ~o postdocs an SIX 

PhD students. Thc modus operandi ofthe group is chiefly theoretical d numerical, ori n d to fund ental 
and numerical modeling. Thìs approach brought tbe group members to collaborate wit se entists belo ging 
to several neìghbouring disciplines, such as physics, material science~ chernistry, and . io ogy. The is cing 
multidisciplinary and multiscale expertise has already proved suc~ssful in deal . 
problems as Combustion. Drag reduction, Particle Transpon, MUltjPh~e Flows. and .. 1 . 
like wetting and liquid slippage. Major achievements of the research . oup under m,;.i 
coupling macroscopic flows with a micro-structure. In panicular, t e group has gi e in 
particJe-laden turbulent flows. polymer-Iaden and Inultiphase f1ows. Using Direct u 'on 
(DNS), signiticant insight has been provided for characterizing tumulent kinetic etlte fluxes in wall 
bounded tlows, where cenain peculiar effects of reverse energy cascade associated with. th cohere:nt va tical 
s/'t'uctures were demonstrated to be fundamenlal far Large Eddy Sim~lations (LES) Clti w ows... I bounded 
More recently the interest enlarged lo the nanoscale, and concentr ed in the stu~~iof fluid mOlio and 
protein transloeation in nanopores through various kind of Molecula Dynamics (MD si ulations. F nally 
advanced MD simulation and free-energy methods have been applied .0 address the sta ili of vapor uclei 
on rough. hydrophobic surfaees. Tbe originai results achieved in thisi tield encour~ u in extending Ihis 
kind of approaches from the nano to the miero scale (thennOOynamicsand phase field f1let 005). . 

Major TtSftreh topies snd eontributlons al senior author: ] 
- Particle·laden turbulenl flows (-20 papers among joumals an conference pro~ ings; 2008­

. such di erse 
ial Pheno 

Turoophoresis in wall flows (numerical, theoretical); Anom ous transport in Ico 
tneoretical); Dynamics of inenial particles in reaclive tlows (numerical, expe~im 
Clustering in nomogeneous and inhomogeneous flows (numeJ1ical, theoretical) 

- Comhustian (-IO papers among joumals and conferenee procf· edings ; 2008- ); 
Fractal behaviour of premixed flames (numerical, experim ntal, theoretical~; 
modellìng of premixed flamcs (numerical, theoretical); C unter-gradient 4ft1 
flames (experimental, theoretical) . i 

- Mic,.o-Nanofluidics (-15 papers amongjournals and conferenl:es; 2005- ): 

jets (num rical, 
n1al, theore ical); 

ractal-base 
sion in pre 

Molecular Dynamics for fluid-flows through nano-por· (numerical, i th oretical); • lein 
translocations through nano-pores (numerical, theoretical.; Water SliPPllge.· ver hYdrO_!hObic 
surfaces (numerica!, experimental, tcchnological) I 

- Multiphase flows and phase chal1ge (- 6 papers among joum Is and conferenc~s; O I 0- ): 
Phase-fie!d methods (theoretical, numerical); Atomistic si1)1ulations and fr~- nergy meth ds of 
wetting processes (theoretical, numerical)! I 

Other researcb topics: I i 

- Visco-e/astic turbu/ence (-40 papers amongjoumals 3l1d conferences; 1997-): ~ 
Numerical modelllng of drag-reducing polymer solutions knumerical. theoreti al); Dyna ics of 
long-<:hain polymcrs in turbulent fields (numerical, theotetical); Drag-reduc ion by poi meric 
additives (numerical; theoretical) i 

ScalinK laws in turbùlence (-40 papcrs amongjoumals and cpnferences; 1996~): 
lntermittency in ,hear dominated Ilows (numerical, experi ·ntal, thcOretiCal).; Ie-EnerID'jf1uxes
in wall turbulence (numerical, experimental, theoretical; Universality in Tee turbule t jets 
(n umerical, theoretical) • 
Aerodynamics (-30 papers among j\lumals and conferem:es; • 989-199g): i 
Integrai representation for vortical flows (theoretical, numerical); AerodynaJinic nf compIe wing 

1
 
systems (theoretical. numerica!) . 

Free-.rurface waves (-IO papers among journals and conferefces; 1989-19(2): 

Numerica! modelling and dynamics of non·linear waler wav s (theoretical. I1l1me ical) 
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Carlo Massimo Casdola, bom !OJanuary t962 
Author CitatioD Profile: available on GOOile $cholar; 734 citation, ffi-index 15. Num~er f internati 
pecr reviewedjournal publications 61 (12 J. Fluid Mech., 12 Phys. Fluids. 3 Phys. R~\I.Le t.). 
Present posltlon: Full Professor or Fluid Mechanics, Departmem of Mechanical and A~ros ace Engine 
Sapienza., lla)y " 

Prevlous Positions: ~ 
- Associate Professor at Dept. ofMcchanics and Aeronautics. S, ienza (2000­ 7) 
- Research Assistant at Dept. of Mechanics and Aeronautics. Sa ienza (1992-20 ) 
- Visiting professar of Gas-dynamics al Università degli Studi d Perugia (1990.1~9 ) 

Researcher al INSEA N, Italian Ship Hydrodynamics Research Centre (1986-19r2) 
Appoinbnents: i 

Coordinator of the PhD Program in Theoretical and Applied echanics, Sapùlnfo 
Director ofthe Master Degree in Nanotechnology Engineerin Sapimza (20fJ8i) 
Member of the EuroMech Turbulence Conference Steering Co miltee (20 IO· )1 
Member afCNIS (Sapienza Industriai Nanotechnology Cente Directory 80<11 
Director ofthe CECAM Sapienza node (2012-) I 
Editor of the joumals Flow Turbulence & Combustion; Acta tvtechanica; Me~nic 

Funding ID: 
Sapienza Equipment Gran! 2012: "Shulfle and Fimi COITclatìon Microscopy Syst m far CNJS 
and Fluorescence Microscope" (simultaneous acquisition at nano and microslòalie ti r bioappli 

There is and there wi!1 be no funding overlap with the ERe Grant req~ested and any oti1er auree of fu 
for the same activities and costs that are forcseen in this project.: : 
CompJeted projects: ' 

DEISA Extreme Computing Initiative (DECI-6) Grant winner Parlicles 11tH dary Lay 
collaborarion with KTH Mechanìcs and TU/e Eindhoven (2010-2011). 
PRIN 2008 (2-years Rcsearch Projects of Notional IntereSi', High Reyn()~ n ber wall-
IlIrbulenee. PI coordinating the activi!)' of 4 different research units. Euro 150.QOO 
PRIN 2005 (2-years Research Projects of National lntercst), arge scale 3trudur in wall-bo 
IIIrhulenee. PI coordinating the activity of 4 different research units, Euro 130.QOO 

al 

ring, 

SEM 
ions) 
ding 

rs in 

aund 

nded 

Sapienza research program 20 IO (J -year project); Two-phare ows jòr pr(}pulsl~n. .000. 
Sapienza research program 2007 (2-year project): Turb ence transpofl. ondensatio 
e~aporation ~ldroplel ~ystems, PI, Euro 80.000. r 

Rf_n:h group outline: Fluid mechanics, Combustion and Mi rolNano Fluidic~ oup at Sa ienza 
Mechanical and Aerospace Eng. Dep.; 12 tnembers among permanen staff, post-docs ~nd PhD studen sand 
external associates. ' 
International eollaborations: L Procaccia, V. L'vov (Wei7.mann In~t.); D. Henning$on 
Brandt, P. Schlatter (KTH); B. Eckhardt (Philipps-Marburg Uni.); I. ~aru5ic (Mclhourjle 
(Minnesota UnL); L. Bocquct (Lyon Uni.); K. Hanjalìc (TU-Del~t); I. Karlin (E 
Eindhoven); S. Meloni (UC Dublin). . 
Teaching: 

Miero/nano fluidics (Master Degree in Nanolechnology Engi~ccring) 

Combustion and Turbulence (Master Degree in Mcchanical Ehgineering) 

Vehicle Aerodynamics (Master Dcgrcc in Mechanical Enginc~ring) 

Bio-fluid dynamics (Mastcr Dcgree in Bio\echnology) , 


In!>piring younger researcbers: 
Supervisor of more 20 PhD students and more than 100 gradUllte smdents. 
Among former (PhD or graduate) students: ' 

l full professar in Sweden 

2 associate professar!> in ltaly 
 ; 
4 researchers in higher education institutions and res arch centres abrqad 

I 
iIl 

\1' 
\ 
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about IO Post-Docs in Italy and Europe (presentI)') 
about IO PtlD students in Italy and Europe (presently) I 

Achievements: ~ 
_ Promoter and organizer of the Master Degree Nanotechno Og)' Engineerln La Sapienza 

University, first initiative of this kind nationwide. The program ~tarted 2008 aùd is haracterized by 
strong interdisciplinariety among different disciplines, Ph sics, Chemis lectronics ~nd 
Mechanics and involves five different departments ofSapienza. 
?romoter of Sapienza IndustriaI Nanolechn%gy Cenere and Sapienza Mln0science Imd 
Na>1olechnolofjJ Lab. 
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Section C: lO-year track-recbrd 

Bibliometry: J 
- 5-year author H·index (self-citations excJuded): Scopus 8 


I O-year author overall H-index (self-citations excluded): Scop ,5 IO 

H-index of IO publications as senior author: Google Scholar S,Scopus 4 


- Tolal number ofcitations: Googte 550, Scopus 362 (excluding ~etf-citations) 

IO publicatiollll of PI aa scnior autbor: 
L . i I 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

IDvited presentations and letture series: 

- lnvited lecture series: Workshop/Autumn school on "Structures of the mechan~'s f complex i 

bodies", C.M. Cascìola, 4 lecrures on The struclure ofturblllrirrce in Newtol1ia a ViSCOeJaSflC 
flollls,' po(vmers and drag redlu::tion, Scuola Normale Superiore/Ennio De Gio gi esearch Ce leI' 
far Mathematics , Pisa ltaly, 2007. f I 

Invited lutorial: C.M. Casciola, Scalii-Energy Bud;;e! in /nhOl ogeneous Flow, :F:T t I Porto, , 
Portugal, 2007. I , 

Cargèse Summer School on Anisotropie Turbulence: C.M. Cfciola, 2 lectu1 on Ertel'gyfluxts in 

13 

( 



-.-.-------------------t---+-t---~---

I 
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anisOiropic turbu/ence and Particle clustering in lurbulenl jelll. es. lnstitut d'Rl.d S Scientifiq, es 

de Cargèse, Corsica, France, 2011. r- ii, 

_ 	 Short course: C.M. Cascio la, Advanced course on turbulent WQ!bollndedfl()W~, Lin é Flow Cen re 
Graduate Scheol KTH Mechanies, Royallnstitute ofTechnolog Stockholm, sw~e , 2008 

Shon course' C.M. Casciola. NumerIca! simulatiol! ofwall bou ded turbu{entjro 3, on 
equilibrium systems: Turbulence in fluìds and plasmas. Schoolln Matter Physics, ~ Tino, Italy, 

2004. 	 IL' 

In ternatlonal conference organiza tion: ' 

- Member or the steering committee ofthe European Turbulence , nferenee (201 t) 
_ Organizalion offorthcoming ETC14 Conferences (Lyon 2013) i , 

- Organizer ofTurbulence, Heat and Mass Transfer (THMT) 12 !Palenno 2012). i 

Organization ofETCO Conferences (Warsaw 2011) I I 
_ 	 Organizer ofmini-symposium 00 Multiphase Flows at the AIMETA 20 Il Cont~en e 

- Co-Organizer ofAIMETA 2009 Conference, Ancona, ltaly 

- Co-Organizer of m Conference 2008 in Bertinoro, ltaly 

Awards: ' 


- Sapienza Excellence Research Award 20 IO: Turbulence Ìn partrcle laden Jlow$ 
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Part B2: The Projectpropospl 

Section a. State-of-the-art and objectives I 
I 

Projecl BIC I.llkes up the long standing eballenge or Il providing a \Jlultis.:ale 
l'rom the nucleation to (he collapse of developed bubbles. Thc varie~ of sc:alcs 
requires a highl)' inter-disciplinary approach. AIthough the 
understanding of cavitation clllls far a more fundamental knowledge Ojf thc physics 
Tbc key-poiot or the projeet is the development or robut and rigqrous SlllIIUJlall,VCI 

multiplidty of scales and pbysics, In the course of Ihis endeavor, irnovlltive tool~ 
three main tields, corresponding to three of the four work· 
packages (WP) thatcompose the project I

i 

l) 	Nucleation mcchanisms and nucleation rate (WPI). Rew~rd 
2) 	 Turbulent transport and bubble dynamics (WP2), I 
3) 	 Bubble defonnalion. topologieal changes, and 


collapse (WP3). I 

In the following, lhe state-of·the-art of thcse fields is I 
reviewed lo illustrate how the project will impact Ihem. We 
also sketch the scientifiç background upon which the I 
experimenta! section of the projoct (WP4) will builò. The Iproject is expected to push forward the slate-of-the-art in ali 

rhl! three fields. However the truly ground-breaking 
 I 
obJective or tbe BIC project is incorporating aD these 
innovatlons Into a comprebensive multiscale description 
of cavitatlon. This objective ìs both the mO!.1 challenging 
and rewarding one, see Fig. l. 

ql) Nuc!eatjQU mecbanisms ami nudegtion rate Figure 

It is always an arduous task to predict cavitation occurrence. 
This unpredictabìlit)' is accentuated for water near the 
criticai point (tbe case or most engineering applications) I 
where the cavìtation pressure p, is significantly above tbe homo~eneous fil, se~ Fig. 2. 
This limit is dictated by the competition of surface and volume free energies in fl-,......".;r'n in bulk liquìd 
water, of spherical vapor cavities. In practical engineering situatifns, e.g. in prbpellers, 
either the cavitation pressure will be assumed to be the vapor prc$sure p,=p. (an coniervative 
~stima{e) or il will be brutali)' underestimated by the homogene<!,u5 nucleatìon li se!! Fig. 2J Indeed, 
assuming homogeneous nucleation results in cavitation incepti~n al pressures' I above thf design 
conditions, e.g., in a catastrophic overestimatìon of the limiting speed for clIvitation ioset The c(Jvitation 
number). " I 

I 

To explain the dcparture from homogeneous nucleation theory. il i~ generali)' bubble~ preedst 
in any liquid as cllvitation nuclei r2J. The cavitation nuclei, as a catalyst, free energy barrier 
nccessary t'or a new bubble lO nucleate, significantly increasing th~ cavitation ~p.,...lw~1 see Fig. 2. [Presence 
of dissolvcd gas in the liquid may further increase pc. Nuclei survive to diffusion liquìd bc,*,use they 
are stabilized hy a sltin of surface-active mol~cules [31 (~his I~odel is called perfneability 
mode!), by trapping within crevices pre~cm on surfaces and smal1 particles (the crevi"e "l0del (4}), 
or by a combination of the 1WO mochanisms [5]. These theories a~e lhe only Sl)me detiaHs about 
the nuclei are known, to predict the cavitation prcssurc (or, analogpusly, the n~mbeT, see 
inset The cavi/alion number). Far this reason, underslanding th,e stabìli~tion and 
predicting lheir evolution is becoming more and more important f/lr engineering, of improted design 
aided by CFD, e.g., in marine and hydraulics applications [6}. I 

I 

I 
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The limitations of the current nucleation 
theories, in particular the crevice model, are due 
to strong metastabilities cncountered In 
bubble nucleation from rougb surfaces (it is 

actually a rarI! event as demonstrated in [7J for 
the wctting of superhydrophobìc surfaces). 
Sophisticate simulation techniques are needed 
to cope witb sueh metastabilities in order to 
predict effective nuclcation meehanisms and 
rates. In this direetion. we recently proposed 
simlllaUolI methods based OD free energy 
molecular dYJIamies (MD) tecbniques [7] 
and OD li Dovei cO'ntinuum restrained 
thennodynamlc integratioD (CRTI) metbod 
[8} that eould prove breakthrongh-tools in 
developlng rlgoroUll tbeorfes for cavita tiOD 
nuclei, see Sec. b. 

.~....._.~~..~-~-

The cavitatioD nQrnbe~r-~"'---

o 

~ -so 
6 
~ 

·100i:i! 
!!... 

·)50 .' 

BIC 

In ~any situations the ord:r of ~agnitude of the pressure minima occutng in tbc flow 

-:,-t-'---"-j-

~an be roughly 
csttmated before hand. Thts typlcally happens for ex.ternal flows. sue as tbe flow aver immersed 
body Iik: a hy~rofoiL In this case. outsidc the boundary layer dose t the body surfac~. e classical 
Bemoull. equatlon from elementary fluid meehanies provides a link be een flow velocity d pressure 

I l Il! i 
P+'2f'rU =PD+'2 PrUo , 	 . 

I I 

wher.e the s~bscri~t zero denotes free stream conditions away from the body. The press~re coefficient 

provldes a dlmenslOnless form ofthe pressure difference with the free_s[eam, 


C =2 (p- Po) 
p ( Pru~) 

For extemal flows witb thin attached boundary lnyers the Cp distri ution on the bddy surfaee is 

controlled by the body geomelry (potentiaJ aerodynamlcs). More specifi Ily. when the e!(te J stream 

is irmtational, the velocity u is the gradient of tbe scalar potential s(llution oflhe LaW1a equation 


\7" <il =O . In this conditioos classical theorems 00 elliptic partì al 4ifferential equat10n state thal 

pressure cxtrema (in particular the minimum value of pressure eoefficì~nt, here indicate<J as Cpmln) are 

achieved at the bound::u;' of the domain, implying that cavitation ineeption and tmbble e lIapse are 


expected to occur right al thc solìd boundary. Thecavitation number al= 2(po- p.)/(PrU:) • 


I 	 estimates "how far" cavitalion is from the free-strearn conditions. Wlleni C l'mi,,=-a , it s expectcd 
that eavitation ineeption happens right at the pressure minimum. FrO$ this conditioo Is ossible to 
ohlain an estimation of the criticai free strearn speed above whieh c*vitation is expeetc to occur. 
However nucleation theory shows Ihat Ihis condirion is almost always !ìnoppropriate, sibce the aetual 

tlow is seeded witb cavitation nuclei. Actually, typìcally cavitation oceu~s at much larger pr SllfeS than 

expectedo~ t~e_solc basis ofthe equilibrium vapour press,,!re ofthe pur~ liquid. se:Fi~r~2 


al) Turbulent (ramparl ami bubble 4,ynamics i 	 . 
Thc nuclei advected with the ftow experience pressure variations enh~ced by the turbul nce, whichis 
present in most engineering applications. Thcse variations cause the nuc ci to grow imo (,U les of ViSi~le 
size. lO collapse, and rebound [9]. Whereas in the early phase ot' grow h the bubbles lT1ay be consider d 
spherieal. anisotropies in the flow (due. e.8 .. to solid wal!s) cause the b .bbl7S te deform'l' F instanee, t e 
complex mechanìsm or cavìtatìon damage may be ascnbed lo the dr , alle effecls of co apse of no ­
spherical bubble on walls rIO], see the next paragraph on WP3 background. In the coJtc of WP2. .e 
review the state-of-the-art of simulations of bubble-Iaden flows in the ~arly sUlge of grqwt frorn nucl il. 
when the bubble dynamics obeys a version of the Rayleigh-Plesset (R-P) equation rIl], se9 in t The i 
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-200 ~~~--+---~~~~r-~~~~ 
o 1 o 200, 400 

Temperature ("C) : $'
Figure 2: Experirnfllt alcavitalio'fl Il p. (.~ymbo s). 
homogeneous nucleo 'on theory (ci, li e). and liq a­
vapor coexistence p , SSUTe (dash-do ed /ine) for p re 
water. Triple and criijcal points are i di atcd as T d 
C, respectiwt!y. Adapt~dfrom [ I].. ! 
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Tbe Rayleigh-P'esset ;q;;;tion Rayleigh-Ple. :set equation.· This 

a turbulent f10w such minimal length is the the so-called Kolmogorovscale f19]. Hence 
le ofv~l 

b-Kolmog rov 
Equmion.bubbles are subjoct to the fluid forcing described in [16], see tbe in~et The Maxey-Rile 

bubble responds to the pressure in the fluid, an effect of paramourjt importance in, tu bulence, w ere 
coheren! vortical structures with low pressure cores of different scales dominate the dynam es, Dubbie are 
strongly SCD.!Iitive to this peeuliar pressure distribution sincc: i) the pressure reduction i side the VQ ex 
cores may aetivate new cavitation nuclei while making the existing bllb~le grow; ii) the hu bi es are for ed 
towards lhe low prcssurc regions by the pressure gradiems increasingthe probability of ubble merg ng_ 
Without discussing here bubble topological changes, treated in the next section, it worths stressing th t a 
strong coupling exists between turbulent flQw, Maxey-Riley dynam·· the Ray!eigh-P esset evolu ion 
for the bubble radius. The scenano bccomes even more entangled me bubbles m ify the li id 
environment. as it happens when: ' 

I 
a) The bubble volume fnetloR Inereases cnoua:b to make t e momentum *::te anae betwecn 
~avitation bubblcs and liquid ablc to alter the Uquld dynami • 

b) The bubble dynamics couples to tbermo-kinetic crrccts 5 ch as heat t 

I The Rayleigh-Plesset equation. 

describes the cvolution of the radius of a spherical bubble 
immersed in a liquid. lt rules Ihe evolution for the bubble radius R 
and il i5 obtained by integrating the Navier-Stokes equlltions for 
the Iiquid modon outside the bubble resulting from thc (stili 
u~known) vllriation of the bubble radius. The driving farce is rhe 
dlfference between the pressure far away from the bubble and the 
pressure al the liquidlbubblc interface. The Imer depcnds on the 
pressure p, inside the bubble and on the surface tension (J al 
the liquid-vapour inrerface, via the bubble curvature radius R. 
When the eKternal prcssure P.. changes with respect to the 
equilibrium conditlon stated by the Young-LapJace equation, 

p':-p,=-2a/R .the bubble radius is forced to change, 
expanding or contracting depending on the sign of the actual 
pressure difference p", - P~q . The liquid viscosity tends to 
dump Ihe consequem molion. The bubble dynamics is strongly 
influenced by im::nial effects which are responsible for the strongly 
non-!inear charader of the equation implied by the quadratic term 
in the rime derivative 01' the bubble radius. The phenomenological 
consequences of this non-linearity is the existence of a criticai 
radius R" aoove which the bubble becomes unstable. Dcpcndìng 
on external conditions the bubble eilber expands (cavitatiQn 

I 
rcaching visually detectable levcls) or explosively contracts 
(bubble collapse). 

approaches, a description of the cavilaling f10ws is here envlsaged 
(DNS), able lo reproduce the detailed turbulent dynamics, is coupled w 
bubbles, along the line of f16). This approach has been already app . 
solid parti cles 117) and extended in [18J to include lne baek-reaction 
fluid. The Lagrangian description of small bubbles relies on the idea t 
a substantially uniform fiow velocity when it is smaller than the releva 

fostered by tempernture changes due to, e.g., compression work 

The bubble population has in generai active e1Tccts on thc Iiquid in the t 
lo the one-way coupling regime where the liquid is unperturbed) ..Due 
the Stokes drag, the f1uid velocìty is altered by the bubble, changmg th 

17 

n Ihe bubbles a 

o-way coupling eg me (a;; oppds.ed 
o the back-rcact?n SSOCI~ted wtth 

nearby convec lO veloclty. Sucb 

; cquatìon des Tib s the osci lIations 
, of spherical bu bles. and,since 
i the pioneerin ark of Jo~nson 

. and Hsieh [1 ], as bcen co~pled 
to the Navier St kes equatiobs to 
investigate th i fluence of ~ucrei 
trajectories o ca itatian inception 
(see also [\ J for an Eulerian 
formulation Ith presctibcd 
number dcn i of bub' les). 
Turbulence h address d in 
(bis contelrt· coupling thc 

, Lagrangian ption for the 
bubble tr~ec with the 50­

called Reynol~s veraged Na ier­
Stokes (RAN~) 14]. Altem tive 
IO Lagrangian i ap roaches, NS 
solvers have ials bcen co led 
with tbe V~t nixture tion 
equation solved n an Eul rian 
grid, see e.gj [ 5J where this 
formularion isi 'ned wit tbe 
Rayleigh eq vapor *ass 
productionldes ru ion. All t~ese 
empirkal app c es are baselil on 
severa] flow-dependent 
assumplions nd tuiling 
coetlicients. 
In order lo ove~co ne the apparent 
limitations of the availitble 

here Direcl Nume' Simulajion 
the Lagrangi d plion of'the 
by our group laden -.iJith 

he transported 
ali immers«f 

I 

http:oppds.ed
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Levcr-set~ethod and hyperbolic s~"i~;~s' 

The level-set method is a computational technique used lo advecl patial 

domains with the tlow velocity u . In the present case the re 
evant 

domain is the gas hubble B ,and its indicator function 


<I>(x,J)=/' l !(XEB)
,OiJxEB. 

cvolves according to the transport equation 

8<1> + u,'V <1>=0at 
The numerical tools used to solve' the equation are lakcn fro the 

machinery of solvers for hyperbolic equations bascd on shock-cap 
uring 

schemes (as opposed to tlte more traditionlll shock fitting methods) 
able 

to track the discontinuities (either conIacI or shock discontinuiti 
s) 01' 

solutions of hyperbolic syslems of conservation laws. The interest i 
 here 

on the compressiblc Euler system. 


ap . 
Pn..'L~',hock-+ {7

v'
( 
pu)=O

òl 

The 

occulTin 

ater­

the 
and 

have 
the 

ò(pul 
__o +'V'(puu+pJ)=O

òl 

ò(pe)
---ar-+V'[p u(e+ p)]=O 


a[pf(Qli] +V'[p uf(.jJj]=O
at ..- -"-- ····fl 
invoJving tluid density, velocity and internai energy, respectively. Ih the 
last cquation f (<fJ) is any function that takes two different co~stant 
vlllues inside and outside the bubble, respectively. Under tne assum!Jlion 
of negligible viscosity and surface tension the evolution of a gas-~J1ed 
bubble has been recently simulated by numerically solving tne a/)ove 
system r28], see tbe figure. l'he system is completed with a sui~able 
equation of state, p+ k A=(k-!) p (e-1/2 u·u) with k (q,) and 

A(q,) such that the perfect gas and a Tait-like equation of state for 
(compressible) Iiquid W8rer are rccovered inside and outside the bUtble, 
respectively. In Eulerian based computational methods the soluti n is 
smoothed over a fcw grid nodes. Suitable schemes, e.g., essentially non­
oscillatory (ENO) or weighted cssentially non oscillatory (W~NO) 
schemcs are used to discretise thc syslem on the grido Without entering 
here into the numerical details, sce C.g. [33], in view ofthe BJC project it 
is worth stressing thal 5uch an approach, tnough capable or dcaling with 
extreme bubble deformations and relmed shock dynamics, can hardly 
cope with topological changes ofthe bubble. 

q4J Experjmenlal characlerizatilm and validarjon 

collapse ne a wall. 
I 

Conclud ng this brief s rvey 
on bu bI deforma ions, 
coalesce c break-up, and 
collapse it S wOl1b stre sing 
tbat a 
able to 
aspects 
with 
turbule 
laeking,i 

ge eral app aeh 
ne mpass ali hese 

couple hem 
backgr und 

Oow is stili 
hile ad hoc 

~olutio;'$ h v~ shown. t~eir 
Importartce In cavI tlon 
phenom~na. As we wil see, 
a promisi g approac is 
based dn o-called p ase­
ficld meiho s, sce Sec. and 
inset Phqse leld models 

i 

The experirnental reality of cnvitlllion has often dctìed the predictiV~:power of availalle models. Fo Ihis 
reason, WP4 will support (with validation cxperiments) and guide (w lh charaCleriz/Jl on experiment ) the 
other three theoretical/numerical u. nits. In particular three main objecti s are envisaged ~) harad~r.iZ ti.~~ 
of real nudei and validation of nnelcation models; ii) characte ization of nuc l opulatIons III) 

eOlilescenee and collapse of bubbles, rn the following we brie11y revi w the available t eh iqucs to ac ieve 
these ohjcctivcs. ! 

As alrcady mcntioned, nuclei are decisive in dctcnnining cavitation i*eeption. For thii re son, their ape 

r,,( 
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has been characteri:zed by Scanning Electron Micrascopy (SEM) after filtration [34) and ~ei observatio in 
water has been pursued with a varicty of methods r35]. On the one hand SEM allaws for a pr ise geome nc 
characterization of salid impurities once isolated &om the liquid (this iJ)put will be use~ b WPI). On he 
other hand, eharacterization or tbe nuclei populations witbln tbe woiking fluid 15 ee,t I for bridg g 
the output or WPl with WP2. These latter experimental methods JnCIUde a Ventu~·b ed cavitaron 
Jusceptibilty meter [36], acoustic methods l37], phase-dappler tec ,niques (38), utht scattering nd 

thorough description of cavitation must embrace Il multiplicity of scal~s and phenomen • t be addres4ed 
with ao equally muttifarious assortment of 10015. The development and ihtegration of sue t ols is the mllin 
objective of the BtC project. The broad expertise in slmulation tedhniques, rangin m advanqed 
molecular dynamics to particle-laden tUl'bulerlC:e, makes the PI especially suited r hls task. the 
reward for this ambitious objective would be the availability to the engineering comm ni of predic~ve 
models for cavitation, ranging from nucleation to the stress induced on sblid boundaries. n e of sue ·5, 

thc BIC project would have a ground-breaking impact in the design or tu~bomacblnery, ,a De propell rs, 
hydraulic strnctun:s by supplying the rnQdefs for realistical1y simulating cavitating floWs ross scales. In 
addition to these more traditional applications, another engineering field where aeeutat prediction of 
cavitation inceplion may have far-reaching consequences is the design ofDiesellnjector DOl: es [43; 44]. 

An indirect, but not less important, impact ofthe mc pmject will be on ultrasound medici 
acoustic cavitation for noninvasive therapies (e.g. High Imensity Focustd Ultrasound .~IF 
cffective drug delivery [45-471. As an cxample. HJFU therapy ;s emerging in the ablatipn 
r461. as the miero-bubble collapse induced in tissues by ultrasounds is capable ofheating ~n 
tumorous cells in-si/Il without the need of surgery; accurate moocls for thc nueleation pr~ s may su 
safer. more selective and effieient ways to induce and control cavitation in HIFU therap 
temperatures and pressures realized in collapsing bubbles, of the arder of thousands f Kelvins nd 
atmospheres [48], are !lIso cxploited in sonochemlstry f49J (e.g. for ultrasound synthesls 
[50; 51]) and in the realizatÌQn of chemical reseto" based OD hydrodynamic cavltation 
promlsing new applications could greatly benefit from the tools developed along ~ 
particular, hydrodynamic cavitation reactors include ali the seales considered in the projejct 
would be more effective and economical ifpredictive models were avaìlable. I 

Furthermore each single work-package 1S expected to provide cuning-edgc contributions to t e specific . '3 

of concern, among others: advanced models for nucleatlon mechandms and rates, aefur te deseript'on 
of tbc effects of turbulent transport on bubbles, bubble deformatloo and eollapse Tia compressilile) 

pb..~fi.1d modol, '" Fòg. I. I 

20 

holography [39]. Nuclei populations may also be directly measured in !the vicinity of t~e 
[40] (e.g. a headfarm or a marine propeller). " 

The dyoamics of bubble nudeation and growth from hydrophobic micropatterned crevices 
in r4 1] by imaging nucleation events induced therein by a pressure p~lse. These expefi 
extended to nanopìts fabricated wìth the aid of Focused lon Beam (FIB) ~tèhing [42]. 
similar to [4 t; 42] will be crocia! in validating the heterogeneous nUclejiiOn mooels deve i 

The recent development of high speed photography and microscopy allo ed to capture tn 
jelS [30] and shock-waves [31 J from a bubble collapsing near a salid w II. Similar techi 
to validate (he results ofWP3. in particular. bubble coalescence and collapse. 

aSI Qàìectìves & Impact 

Tht' BIC project ambitious objective is to develop multiscale mod~ls .nd simulati 
cavltatlon, capable or predictlng QucleatioD rates as well as bub~le dynamic:s., 
collapse in realistie flow candidaRS. From the picture provìded in the previous para 

avitating b dy 

n 
eii rmatlon, a~d 
hs emerges th* a 

echniquts tor 
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Section b. Methodology 
Projecl BTC is organized into four dosely interactìng work.-packages I(wps) that will i with di 
aspects and scales of cavitation: 

l. WP1: Nuclealion mechanisms and nucleation rate 

2. WP2: Turbulent transport and bubble dynamics 

3. WP3: Aubble defonnation, topological changes, and collapsc 

4. WP4: Experimental characterization and validation 

These WPs will work in parallel, but the work-Ioad of cach one will v",ry along the 
iostance, WP2 will be required IO develop from the very beginning a toupled I1p",.r;,...I,,,, 
interaclions, bUI, a.s nucleation models become avaìlable from WPI, thd commitment 
In generaI, as more lools bccome avaìlabJe from the theoretical/numeric~ WPs, the effort 
inlo a comprehensive model will a1so increase. This ìs reflected in the progressive I 

human resourccs. in particular PhD students, see Fig . .3 and Sec. c. THe envisaged 
WPI, WP2, and WP3 which allows for a bctter integration ofthe work-flpw. 

Figure J: Timìng af/he illit!rmediate project objeclives and distribUlio", ofhuman 1·l!.~.(Jurt'l!s c) for l' 
each project WP and specijìc objeclives. Six mon/hs units are U8ed, cfllor code idemifies of 
cammìfmem al a gi\'en lime, 

The interactions among the four WPs are schematized in Fig. 4 that shows intcnnediate li'hitl!:di'ves of e h 
WP, supporting experiments by WP4, and milcstones at the interfaée of WPs. In to oPtim~e 
communication between WPs and realize a truly interdisciplinary approach lO CQmm n 
milestoncs are envisaged. Milestones imply that different intermediate $olutions will by e , h 
WP (e.g. the numerical techniques used for nucleation. bubble transport, and bubblc and validatbd 
cxperimental1y by WP4. Milestones wiU be instrurnental for defining the most "n,.rnnr;ntol 

describing the ph.ysics (does the mode1 rcproduce accurately cnough the phenomenon'?) 
the nex! level of the phenomena (e.g. how can nucleation be ìncorporated into flow 
organization of the work-l1ow is crucial in arder to achieve the most ambitious objective 
is a coherent descriplion of cavitation capable of bridging [he different scales ìnvolved. 

In the following we discuss in more detail the methods and work-plan envisaged for each Io1lOfl.-r'8CKal1e. 
l 

WP1 . Nucleation mr:çhgnisms qnd nur;teation rate 

Thc problem of cavitation nuclei wlll be tackled witb tecbnlque.'il unÌl§ual In ...n,.;n,"""'" 
exploiting the expertise acquired by our group in studying supcmydropl1obk 
we propose to reconstruct tlle free energy profiles of the nucleation procdss of vapor 
dynamics free energy method5, such as tha! devised in fS4], that have already 
dcscribing the wetting/drying of surface crevices, see Fig. 5A and Refì [7]. These smnul81111JnS 
nanometer-sized partìcles !lnd crevices having arbitrary geomctry. information 
stability ofthe nucleus as a function ofthe Iiquid pressure and about the free energy 

21 



BleProject 339446 

I 
Figure 4: Maìn objectives ajBIC project organized by WPs. MJleslcmes al Ihe inteiface 

meant /0 improve exchange ojinjormalion between them and promote !he main ObjeCfivt 

blue). ln orange and dashed Hne, the tasa ojlhe experimental WP4. 


overcome i) for a nuc1eus to form and ii) for the nucleus to grow Qut of the crevice. CO~r)!,lnel[ltary 
atomistic approach is the Continuum Restrained Thermodynamic Integration (eRTI) p~o,p,~!ed 
allows lo reconstruct free energy protiles a\so in a continuum framework. Practi 
powerful atomistic description of nucleation to any particle or crevlce in the 
see Fig. 58. An ìntermediate objective in thc first phase of WP l ìs the development 
algorithms that implernent CRTI ;md the extension of this model to account for the 
After Ihis objective will be achieved, rcaJistic geornetries of impurities typicaJly preseot 
cou1d be simulated, based (ln the results ofWP4, which will perfQrm Soanning Electron Midrn~(lnv 
analysis of solid impur1ties filtered from the Iiquid envÌronment, see Fig. 4. ' 

tcO .2!lO 1eoo .""" 
Z 

B .-"':..... W ....., '"\ 
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" 
•r!{ u.5 •. " 

1., i 
i· · i· i.l 

Il 
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Figure 5: A) Free energy profile as a oj /Ile jìl~'ng
level oj Cl sil1gle reclangular crevice the liq id 
phase, in red Ehe vapor phase oj a (Lenn -
Jones). Locai minima in the profile rabsof,e 
minimum) and melas/able sia/es in he 
wel/ing al a crI/vice. For the condili ns 
represented, Cl nucleus with low stable st te 
(CB2j, bUI other metaslable stafes cht.u-a.:ie,'ìzed by hfgh 
o'urvature (CB2) andfully wet crevìce Possi~e 
7,,'- fi b' " state I.~I7J"e ree energy arnel' separa mg " , 
ellident; sucll barriers confine ,he oj Ihe 5YS m 
within loeai minima, and only h gh 
fluctuations may overcome them. Far l1ucleatfon 
01'1 a rough .mrJace is a. rare ils descriP;on 
requires advanced simulation The fi re 
iIluslrates che restrained molecular simulatio oj 
[7]. B) Caexislel1ce presswe wh~re 
Elle probability ojnuclealio/f, i.e. CB slale, tsX~) 
CIS a junclinn oj {ne crevice aspeci (length o er 
depth), jor different conlact 4Jngles (Iog-s 011 absciss s). 
Datajrom tlle CRTI rheol"y oj [8]. 
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RobuSl thermodynamic models capable of describing i) nuclei stabil!ty and ii) frec: barriers~s a 
function of the local prcssure conditions will be the first step loward~ a rìgorous heterogen ous 
nueleation 00 rough surfaces (surface nuelc:i) and particles (free nuclei~. Further Imllmvelnr,,:1Ì of the t ory 
requires the knowledge of tbe transition path aDli of the kinetics of t~e In order Odo 

this, we will employ the lools affered by lraosition path th.:ory (TPT) r~5] and theory <TST) 
[56]. which yield both the transition path and !he nucleation ratcs. The models nucleationlwill 
be validated on simple crevice geomelries (e.g. cylindrical ones) ag~inst ad-hoc on m ero­
patterned surfaces carri ed out by WP4. similar to those in [42]. In this phase, the phase-field 
description of WP3. assisted by the targeted experiments of WP4. will ~rovide insighls bubble reI Fase 
process and the nuclei deaetivation mechanism proposed in [42J, see Mllestone 3 in Fig. 4' . 

1Thc outlined llpproaches will allow a rigorous description of the nl1clealion process known surface 
asperities and indccd may represent a significant advancement for the field of 
practical situations a plethora of nuclei having di !ferent g.:ometries and surface 
Therefore. in order lO interaet with lhe subsequent step of the multiscale 
population are oeeded. se.: Milestone I in Fig. 4. These models wil! be 
ell.perimental unit WP4 that i5 io charge of characterizing the nuclei populatloos io 

' Howevef in 
are prelfnt. 

the nuclei 
with\ the 

. 

WP2' Turbu[enl IrQfjSDort ami bubble clynamjcs 

WP2 15 in cbl'lrge of developing rast aDd accurate algoritbms for the transport of 
of tbc bubbles In tbe stage when they are too small to be resolved: OR the grid 01 
solver. In these conditions, nuclei (both those freely advected by the fl~id and thosc 
surface of tbe immersed body) and bubbles are considered as point particles en(lmlled 
dynamical features (internai degrees of freeclom). The concept i9 a com!lined .J!or>in,oi~n 
(for fluid and panic1es. respectively) to !rack. the gencralìzed particles ~n a fully 
tne spirit ofDirect Numerical Simulation (DNS). The nuclei will be equippcd wit!! 
according to the heterogeneous nuclestion theory developed in WPl, see Fig. 4. 
bubbles will be endowed with a geometrica! desctiptor (the bubblc radius in the si 
of simple shape parameters related lO the bubble deformation will a1so be "orl'aCI... r~,n 
according lo a generalized Rayleigh.Plesset dynamics {see insct The Ray/eìgh-P/esset F.fJiUntlhn" 

fìrst stage of the project, while waiting for the results of WPl, the focus will be held on 

Tbe truly innovative advancement expected from WP2 Is the effeetive coupling or ''''''''.'UUIlI 
bubbles with tbc turbulcnt flow. On the one hand, nuclei and bubbles will perceive 
pressure history along their own turbulent Lagrangiao trajectories. In suèh conditions 
drive the evolution ofthe particle internai degrees offreedom (e.g. the bubble radius or 
free nuclei) while convccted by the turbulent tlow (one-way coupling). 00 the other 
modity their miero-environment through momentum, heat, and mass exchange with the 
tlow via collective effects (two-way coupling). Thc most innovative QuCcome ofWP1 il 
accurate aod fast algoritbms, able lo track mmions of particles in the particularly 

B) 6 

5 

4 

>­ 3 

2 

Figure 6: ,4) Sketch oflhe lWo-way coupling a/gol'ithm. The l'ed lines show the varticity 011 the Jd 
durinK the time slep an few nodes around the par/idl! injlU/mced TM vorticity on ,he 
EU/I!rian Wid is evolved by tlle Navier-Stokes solver (green Iines). AI each lime step new Injeclfd 
on the &rrid, tu be si/ccessive/y taken care hy (he N-S so/vcr. D) {nstanlan~ous parliele crow,nJrmians (b/ark 
dnts) superimposed IO Ihe isolines (colors) ((l/hl! nl!w/y injected vorticity. The simu/alinn tW"hule.lI· t 
3D. particle-ladel1 homogenous shear flow (l'rom r571). 
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two--way coupling. The concept exploits t/le small Reynolds number: of tne local 
velocity. In these conditions diffusive processes dominate aver cortvcction, approxi~ate 
convection as a second arder d'fecI. Restricting, far tbe sake of definiteness, the att<~n.iiOrl to momentjJm 
coupling, the partiele reaets on the flu/d with the opposite farce the fluid is the l'art te 
(cssentiaUy the Stokes drag, see tne inset The Maxey-Riley equallon). \Vith respect to appro h 
followed for two-way coupling simulations that employ tbe steady state Green's funetion I diffusion {8], 
the ground-breaking increase of computational efficiency is expected to 'come from . diffusion (of 
momentum. in this specific example) in an intrinsìca\ly time-dependent framework, led fì~·e· 
space Green's function of the unsteady diffusion aperator. Given (he nantowly peaked tbe unste dy 
Green's function at small (ime delays (a Gaussian with variance propQrtional to the ti e 
stepping procedure couples the particles with the discrete Eulerian field only though a aro~nd 
the particle, see Fig. 6A. This opens the way to a new class of algorithms far the d~fru~ìorl-d,om 
coupling of particle ensembles with Eulerian fielcls. Their complexity Scale!! linearly 
transported particles, making them potentia!ly able to simulate turbulent tlows with 
bubbles, see Fig. 68. 

In a fundamenta! study 5uch as that proposed in Bre project, use ofDNS is strategie in 
the correet physical mechanism of bubble-flow interactions. The DNS liimulation of 
flows. however, is beyond current computational capabilities. In a la~ phase of 
resources wil! be devoted implement the obtained results into Large Eddy Simulation 
so as lo supply practical computational tools to the engineering community. 

WJ:3' Bubble d~tòrmati.Qn. tDoologjcal clwnr:es. and coUapse 

Once a bubble has grown to a size comparable with thc Kolmogorov scale, it can be resolved 
grido The subsequent phase ofextreme bubble deformation, merging end çollapse in pre:sellce 
emission, solid boundaries. and real turbulence is out of the reach of any nres:erltlv "V,.",...".. 
technique. To bridge tbis gap towards tbe actuai multlscale deser<lptloB of ...."lh,tifl."1 

radieaUy innovative approath ba$ed on thc so-called diffuse interf&« (or Ilb:ase·ne:!tI) rmIOln'lJ(l8 

(see also inset Phase-field method.s) is here envisaged. As explainedin further 
approach has the potential to track the evolution of the bubbles in the turbulent field. 
deformations of the bubble shape, for topologieal rearrangements. 5uth as merging of 
and for tlow·induced bubble break-up. In a nutshell, lhe 
hasie concept is replacing the sharp interface betweell Il 

bubhle and surrounding {iquid with a diffuse interface 
across which the fluid propertics change smoothly from 12 
tlle values pertaining to (he liquid outside the bubble to 

those pertaining to the gaseous state ìnside tlle bubble 


lO[601. A preliminary example of its potenti al is provided in 

Fig. 7, showing the evahitian of:lO enclosure of a t1uid 

immìscible with the background liquid, like an oi[ drop in 
 8 
wllter. Both flows inside and outside the bubble are N 
rcsolved, allowing the implicit correet tracking of the 

6enclosure. We recently succeeded in theoreticaJ1y 

showing, and numerically confirming, the convergence of 

the diffuse interface description to the correet sharp 4 

imerface limit wnere the smooth interfacial layer 

approaches thc appropriate jump conditions at the surface 


2cnclosure [61 J. 
Tbe approach can be endowed wlth rigorou!I 
thermodynamia lo describe tbe liquld-vapor pbase 
tran!ition. The isothermlll assumptlon, see the inset, 
can be relleved by introducing tbe energy equation, Figure 7: A) Rising bubble underl 
e.g. in terrns of the tempenture field. The approach buoyancy forces. B) 

reatures a state equatioll for the bulk phases configuratiorls oJ buhhle m".n,,,,,, (solid firre) . 

cncompasslng both vapor and liquld states. The Iiquid and j/uid velocity Th1'l'e- i 


compressibility is kept in the Iiquid equation ofstate ~o as dimensionai simulation Phase~field'I·. 

lO Sllpport acoustic and shock wave propagation. in view mode! [621. 
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Phase-field metbods 
l.,. 

immersed nStaning from the pioneering work of van dcr Waals [601, (wo phase fluids (vapor bubble 
the liquid, in our case) have bcen described by ajÌ"ee-enerwfunclion~I I

I ì 

where p(x,t) is the continuously varying densily field, T the tltmperature, hcre 'lSS mcd consta t 

for simplicity, and D Ihe tlow domain. The frec-energy density: f is the sum 01' he bu/k fre ­

energy of thc pure tluid f b -typically the free-energy of a van d~r Waals tluid- ndan inte~facilJl 
term proportional to Ihe squared densi!)' gradicnt. Equilibrium con~ilions are soluti ns of the Eule ­I l.agrange equations which determine the minima of the (Iocally) convex functional co straincd to a 

givcnmassofthesystem, oFlop=8fhI8p-"l\'\7lP=llo ,where \.lo istheLagral"lgemultipli r 
Il used lO enforce thc mass constraint. The functional derivative Il = l'> F15 p is the chef ical potenti I 

that is constant at equilibrium. The solution of thc resulting non-linear elliptic equati< n etermines t e 
equilibrium density field P<q (x) . Belo\\' the criticai temperature the bulk free-encrgy cnsity ceas s 
to be a globally convex t'unction of the density, and the equifibrium density tield at res two bu k 
statcs p,> p, ,corresponding to liquid and vapor. respectively. The two phases a: e parated by a 
thin transition region, the ,o-called diffuse illlerjàce. Equilibrium is the results o' t a competi g I 
efTccts, namely segregation in two dislinct phases. to..liards by the two identical minin a in the bu k 
grand-potential U.lh=fh -\.ln P • and rcductian ofthe interface, pcnalized b)' the inu l'l'li ial energy. 

Under non-equilibriull1 canditians the fic!d is assumed lo rela'l( towards equilihrium lor g the stcepe t 
descent trajectory. Besidc The mass conservation equation, 

òp \"7
-=-v'(pu) .al . 

tthe momentum conservatian 

apu r7 I 'n \"7--+v'lpuul=v'T +v·Tòt· ~n 

includes, in addition to the standard viscous tel'm T ,the extra-stress Tn = T Tt [~J correspondi go 
to a distributed capillary stress across the interface [59]. Its form is too cumbersome t be explicit y 
reparted herc. It cl'uld howcver suffice lo say that it is a funclional ofthe density that as cally contai s 
square terms in the density gradient and the bulk chemical potential, IJh=òfh1cl ,related lo t e 
thennodynamic pressure. Once integrated across the interface, thc cllpillary stress pr< vi< es the surfa e 
lension and the stress ditTerence between the two bulk phases. Far isothennal flov's he above ru o 
equatians completely dctermine the dynamics, including the liquid/vapor phase tI' osi ion that m y 
accur in response ta changes in the bubble environment. Clearly, when the Reynold n mber is lar e 
enough, the tlow becomes turbulent, inheriting ali the rich thennadynamics of he Iiquid/bubb e 
interactions. The field oaturally accommodates l'or topological rearrangements oflhe ubbles, Le. fio v­
induced bubble merging and fragmentation. lnterestingly, thc bulk equation of tat for prcssu e 
derived from lhe bulk rrcc-energy density k.eeps compressibìlity elTccl~. both in the va or and in t e 
liquid phase. As a last note, thc formulation can be extended 10 non-isothermal ,on itions with ali 

l suitablt: fonn 01" cnergy cquation dcpendenl on thc temperature field_~T_=_T--,I._x--".:.I.:...:_~+--___--+---' 

ofthe correct evaluation or the stress induced on a solid wall by the collapse 01' cavitation b ~bbles. 

It is finally worth stressing that WP2 and WP3 will operate on the same common Nn ie -Stokes pia form 
and that a procedure IO smoothly shift on-thc-f1y frnm a particle lPased to a phas~-fi Id descripti:m is 
envisaged, see Milestone 2 in Fig. 4. A new algorithm will be devi~d to guarantce sear less injecti n af 
Lagrangian bubbles into the phase-tield description on the Eulerian grido In this scnse he Ble projee will 
possibly acbieve it! most bigh-risk but al the same time most rewarding obj ct'·e of prov ding 
integrated simulative tool5 to rigorously bridge thc range or scales (rom nucleation o ubble tran port 
(WPI--WP2) to topology change and eventual collapse (WP2----WP3). 

WP4' l:.X,perjmentai chqracterjzGtiQn and validqtjon 
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Experimental methods will serve both as a support for validating the moa.els developed~. th· other WPs:and 
for characterizing realistic nucleation scenarios, see Fig. 4. In order {O perform these ks, we pian to lnse 
nexlble Ilnd versatile technique8, capable to adapt to tbe projeet evo'ution and adju tm nts. For mitro­
and nanocharacteri7.ation and fabrkation Ble project wUl greatly benetit from the facilities nvailable at the 
Sapienza Research Center for Nanotechnologies Applied IO Engineering (CN1S). The P!f nent is me;ber 
ofthe steering committee ofCNlS and his research group has access to me resources therf~n. The faciliti at 
CNIS include a high resoludon field emission SEM, equipped withi Electron-Beam. Li ografy (E L), 
Energy Dispersive X-ray Spectroscopy (EDS). and Focused lon Beam (FIB), lWO AtomillFree Microseppy 
(AFM) platfonns, a confocal fluotescence microscope, chemical vapor deposition ( ) system'Ed 
chemical lab. A class 1000 clean room is available at the Departm~nt or Informati. n. Electronic nd 
Telecommunication Engineering (DJET) ofSapienza. Other equipment Iwill be acquired in t. e course o :the 
project, to allow optical and acoustical characterization of nu.clei and bubbles. A pOSSiblefex erlmental sejtup 
will include a light souree (e.g. laser or strobo), lenses and optics (microscope etc.). ì -speed camtra, 
hydrophone, and pressure control. The specifications of these additional instruments wll ome clear n a 
laler pha;;e ofthe projeet, when the final design ofthe experiments wil] \je possible based bn he intermed<ate 
results of the other WPs. Further details on the avai!able and planned eltperimental resour·s e describe41 in 
Sec. c. I 
With che just deseribed equipment, the methodologies that can be envisaged in this phase are see FIg. 4): : 

I 

l. 	 SEM characterization of typìcal solìd impurities isolated from water, includin geometry~.d 
chemistry (via EOS). This will yield realisti c models for solid cavitation nuclei as1 in uts for WP L 

2. 	 Realizatìon of micro and nanopattemed surfaces of controlled size and geometrY vi FIB and L 
techniques. Deposition of hydrophobic layers via Chemical Vapor Oeposition te ), as alrejdY 
done, e.g., in [64]. Determination of the cavìtation pressure on the realizedl. CT vices with he 
methods of [41; 42]. which are essentìal!y based on imaging the nucleation even triggered a 
pressure pulse. These melhods wìII be helpful in validating tbe nucleation models rf p I. i 

3. 	 Characterization of nuclei populations in water via light scattering or holographfc iques 115l 
The final method will be seLected depending on the project needs and the i1ity of1J;e 
cquipment. These experiments will be useful to supply nuclei population models ~ i puts for WP:2. 

4. 	 Characterization of bubble coalescence snd collapse at solid walls. The secon4 la k may reqJire 
high-speed photography [30; 31} and wiU be considered in the final phase of th~ B e project. $ a 
validation of WP3 high-risk task of simulating via phase-field compressible mOdi· S ubble collapse, 

see Fig.!. I 
Section e. Resources 	 ! 

ç Jl PersQnnel 	 I ' 

The BIC project is a chief1y theoretical and numerical project, that involves the de~el menI of n~w 
numerica I approaches in many diverse areas. For this reason most of the project resourees!wi l be devote~ to 
hiring expcrienced researchers, capable of proposing cutting-edge solmions in each arb. f the reseafh 
(embodied by the WPs). I I 
The PI commitment to BIC project will be the 50% of his working time, as Il dose supehiion of the f~ur 
WPs (that work mostly in paral1el. see Figs. 3 and 4) is intended to premote a unified vi$io IO the proj~ct. 
The cOSI of the P[ is 100 000 f/ycar. I I 
In addition to the PI, Dr. P. Gualtieri, assistant professar at the Department of Mechanii;al nd AerospJce 
Engineering Department ofSapienza, will activel}' help coordinating thenumerical etTort pf e project. Bis 
expertise in DNS of particle-Iaden flows, in onc·way [18) and two-way coupling f571 rfgi es makes ~m 
especially suited for leading WP2. He is expecled to devote 60% ofhìs worlùng time lO th~ B e project, llhe 
cast 01' an assistant profes50r is around 50 OOO€/year. Prof. Luca Marino. associate p otessor at 1jhe 
Mechanical and Acrospace Engineering of Sapienza, will contribute IO the developrnJnt f phase filld 
tnodels. His expertise in the field of compressible flows and phase field models will help v.lith WP3. The c st 
ofan associate professor is around 70 OOO€/year. He will be involved for 50% ofhis working ime. , 

The other WPs will also be led by experienced researchers, more specifically associated J'ljofi sors and po~t. 
docs (in the Italian regime Riçercatori a tempo detem1inato di tipo A, RtO-A) already a~qu ìnted with te 
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experimental methods for WP4. A i6ta!,òf .three;RTD'Awill;bchiied~nthC;firstmontl s. f BIC:proje~tòr 
the wholc durationofit, and they iù'eexpecteèlto·work.full~tiriiefor' t1le projeet. This s at gy will allow the' 
WPs to be fully operative in the first year ofthe project. The current cQst of a RTD-A is are und 50 000 E/ycat 
in ltaly. 

At lea~t four PhD students will be fonned and work on the BIC prcjiect. In addition to tate-funded PhD 
scholarships, dedicated ones may be awarded. in the first year, WP\ is required to ro ide rapidly basic 
nucleation models to WP2; in order to do this a PhD student will workon WPI. From t e eginning, ar other 
PhD will be employed in WP4, in particular, to design and build the eiperimental setu~ ne, already at rNIS' 
center. At least two PhD students will join me B]C project in successive years, to UppOI1 me ef~ rt of 
integrating WPs work. One is expected to help WP2 from the second year of the projec . 1 he other wil help 
WP3 starting in the third year. Thc cost of a three year PhD schola..ship is around 48 COO€ in Italy PhD 
positions are announced once a year in September. 

In order to deal with the experimental part ofWP4 experienced tcchnicians are nceded ~ hnical personnel 
is also required to manage the computer resources. The related expenses are reporte a Other Personnel 
Costs in the table attached below. 

Appropriate resources wiU be dcvoted to promote research travels for each category of he rcsearch staff, 
including participation to intemational conferences. In particular, eaoh PhD student v iII be encoura~ ed to 
spend in a European uni versity an average of six months, to perfect !1Pecialized aspec s o herlhis res arch. 
Hosting of visiting rescarchers and PhD students will also be promotcd, as a means t( e rich the exçertise 
available to the BIC project and to disseminate its results. 

eZl Existin~ reSQ!lrce~ 

The faciIities available at CNIS center of Sapienza wi!I be exploited along the five e~ s for micre and 
nanofabrication and charactcrization. An annual membership [ce of 4000€ allows me nb rs of thc re.! earch 
group to use the available equipment for around 1000 hours and obtain lechnical sup 011 In pal1icul r, we 
are interested in the Auriga Zeiss High Resolution FESEM platform that has also modules for spectrography 
(EDS Bruker) and nanofabrication (EBL Reith and FlB). This platfotm will allow to ha acterizc the solid 
particles typically present in water residue, to ctch silicon and other materials, and lo c ar cterize the c ched 
micro- and nanoholes. A complementary technology for nanoeharacterizalion also prcs( nl t CNlS is A arnie 
Force Microscopy (AFM Veeco !"fultimode and Veeco !con). Chemlcal lIapor depos tio systcm (e.g. far 
depositing hydrophobic layers) and a chemical lab are also present at CNIS center. A das 1000 clean room 
is available at thc Oepartment of Information, Electronic and Telecommunication En~in ering (OH T) of 
Sapienza with which the PI has an ongoing colJaboration [64]. 

cJ) Eq!ljDmenJ 

New experimental setups wil1 be acquircd in arder to characterize i) nucleation on mie o- nd nanopat erned 
sur1aces, ii) nuclei in water, and iii) bubble collapse. In arder to effectively suppor! he work of the other 
WPs, l1cxible instrumentation will be preferrcd. Possible solutions far the tluidic se up are listed n the 
foIlowing. 

An optical table, microscope, light source (strobo or LASER), and pressure contro (e g. a piezoe ectric 
saurce as in r41}) will allow to rcalize i). Subsequently few additional equipment is ne ded for ii), e.g. a 
difl'erent lignt source [35]. In the last two years, in addition to the aceumulated eq1:ipr ent, a high speed 
camera and possibly hydrophones will be need ed lo pcrform iii). 

Generous computational resources will also be nceded. These resources will be made a ai able througl' high­
performance computing centers. Typieal cost for 100 000 computational hours (eit er on HPC Ot Gp(J 
clusters) and I tcrabyte of storage is around IO OOO€ (as estimated l'rom tne g OU~'S contractl wilh 
Ci\SPUR/CINECA). An average consumption of 200 000 hours/year is expected on t ad rional cluste s and 
100 000 hours/year on G?Us. A portion of thcge resources may be provided through thc acquisit on ot" 
computationallGPU clusters. The costs concerning thc computational resources are bu geted in th table 
attachcd below under thc cntry Equipmenl. as concerning the acquisition of loc~1 dusters. Thc part 
conceming the computational hours to be used on CINECA supercomputcrs is budg tcc instead une er the 
entry Consllmable.dt may be worth spccifying that in both cases the PI and thc person el involvcd in the 
projcct \ViII work in thc premises of the host institution, using in case onlim c Dnnections o the 
supercomputer centre. Ofthc required 300 000 computational hours/per year, the share is rder 57% s~ >nron :/

f 
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the local c!usters and 43% on the CINECA machines. 1t can be anticip,*ed that along th~ p ~ect it eGU1t' be 
necessary to partiaIly adjust sueh percentages and the correspooding allrlcated budget. 

ç~J Travel apenses (or external experts and dedica/ed warkshQ/2s 

Short visiting periods are envisaged for external experts to be selected ~ceordi!lg to the s e fie necds of the 
projecl Two workshops are foreseen, Gnc during the first aceounting fileriod aod one duri g thc third ~ne, 
with the purpose of gathering together worldwide expet1s in the diffen:nt fields of cavitatipn n arder to focus 
project towards tbe issues suggestcd as crucial by the scientific commurl!ìty. I ~: 
cii Consurnabies Publications andSubcontracting t' 
Consumables_ The B!C projects will mainly use two dilTerent kinds of consumables. n he one end the 
cxperimental work-packagc WP4 will employ consumables of different nature to se ptish the ,M 
characterlzation of impurities (item l of WP4), the realization of miero/nano pattemed ,sur aees (item ? of 
WP4), the characterization of nuclei population in water (item 3 of WP4), the eharac~eri 'on of bu~ble 
coalescence and collapse at solid walls (item 4 of WP4). On the other hand, the exteJsiv computati!'nal 
activity of the project wi\l use typical eonsumables associated with the use of PC-eluster~, -dIsk sto age 

systems and similar items. Consumables include also the annua! membership fee for~ c ssìng the C IS 
facilities and, as anticipated before, the cost of computer hours to be used on CINECA su er omputers. 

f'uhlications. The scientific resu1ts achieved during the ditTerent phases of the BIC de t will we .ade 

publicly available through publication in open accessjournals. In several cases eosts are ~tt hed to this ~ind 
ofpublications that will be financed through the SIC grant i 

Subcontracting. Some funding will be needed for subcontracting. Amòng these are wlh entioning \ereI 

.he costs of external audits to keep the financial part of the projeet under strict control d t e realizatiO. of 
miero-nano parterned surfaces for the experimental study of nucleation. 
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Sedion d. Etbical and security-sensitive jssues i 

ETHJCS lSSUES TABLE 

" 	 . I" 
IOl R,,,,,,~ "tiv,ty .~m~:::~::~'~O:;:g::~::~"::;::~::; 6) j II 

(ii) Research activity intended to modify tbe genetic beritage ofhuman beings ~hi h could m ke I 
such changes heritable (Research relating to canccr treatment of tbe gonads can be nanced); i 

(iii) Research activities intended to create human ~mbryos solely far the purposJ ot research o~ for 

the purpose of stem celI procurement, including by means of somatic celi nuclea~ t nsfer; I 


-------"~----~~.-± ----I I 

IAli FP7 funded research shall comply with the reJevant national, EU and international' et ics-relaled ~ules 

Iand professional codes of conduct. Where necessary, me benetìciary(ies) shall Pffif'd the respon~ible ! 

" Commission services with El wntten confirmation (hat it has received (8) favourabl inion(s) °lihe I 


retevant ethics committee(s) and, if applicable, the regutatory approval(5~ or the C<l p tent natioo I or 

locai authority(ies) in !he country in which the research is to be carri ed out, beror 
Commisslon approved research requiring such opinions or approvals. The copy of reI 

! 	fro~ the relevant national or loeal ethics committees must also be provided to the resp ns' 
servlces, 

. 

çQQPeration wltb non-EU countries are i'lillJable aì : 
J!I(p:/Icordis.eurflPll.eu/fp7/ethig en.hlm1kthk$_$d 

protecUonlinrlex en.htm 

beginning any 
ffkial appr val I 
le Commi~ion I

I 
~~--

. Does the proposed researcn involve humnn Foetal Tis&uesl Cel1s? 

Does Ihe proposed rcsearch involve human Embryonic Stcm Cclls lhESCs)? 

I Plcase indicate nere the page number afPan 82 ofyour proposai on which the ethical iS5UC in uriscs, 
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, ___o 

~~nes lhe proposed re~~n::h on human E~bryonic Ste_~ Cells invo~~i.n culture? 

. Dacs thc proposed re!:earcb on Human Embryonie Stem Cells involve the derivation of 

>--_««.f_rom Embryos? .____.. ..----------j---t't--­

I l CONFIRM THAT NONE OF TliE ABOVE lSSUES APPLY TO M'I PROPOSAL 

IDocs tne propose<! research involv_c_c_hi_ldml__?_____ 


. Does !he proposed research imolve patients? 

~----,-IDoes tbe propos~. rese_an:h involVi: persons not abl~ to !l've consen!? 


, Does the proposed research involve adult healthy volunteers1 

,.-------.,---------j-.r----' 

the proposed research involve Human genetle material? 

DOe!: tbc proposed research invalve Human biologiealsamples? 

Does the proposed researcn involve Human data collection? 

I CONFIRM THATNONE OF TIlE ABOVE ISSUf"s APPLY TO MY PROPOSAL 

Does tbe proposed research involve processing of genetle infonnation or personal data 
(e.g. health, sexuallifestyle, ethnicity, political opinion, religious or philosophical 

i'--.__conv!.c~0.!l.~.? 

tbe proposed resean:h [nvolve tNlcking tbe locatioo or obscl'\lation ofpeople? 

CO'NFlRM THATNONE OF THEABOVE ISSUES APPLY TO MY PROPOSAL 

those animaIs tNlnsgenic smafl laboratory animals? 


Are tnose animals transgenìc farm animals? 


Are: thosc animals non-human primates? 


Are those an imals cloned farm animals? 

CONFIRM THAT NONE 01" THE ABOVE ISSUES APPLY TO MY PROPOSA L 

1< the proposed research (or pat1~ oHt) goin!! to tnke pIace in one or 
Countries~ 

2 In accordance with Artide 12{ I) of the Rules for Participation in FP7. "Intemational COOOltl1llion 
(lCPC) means Il !hird country which the Commissìon dassifies as Il low-income (L), !o~ler·mll~dlill!-l!ICOme 
upper.middle-income (UM) country. Countrìes associate<! to the Seventh EC Framework Prograilt1m 
{CP Conntries and therelbre do nOI appCllr in this lisI. 
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~.'1;Saoy materia! usèJ in th.eresearch (e,g, pè.rSonal data, ani.m,al andJorhuman IÌssue 
, samples, genetie material, rive animals, ete) : . 

al CI2!.Lected and process~in any~fthe !çPC coun_tri~s?,. _ ...J
L.,_:_b_)_Ex~orted to any oÙle~~_o_u_nt_ry_lincluding lCPC and EU Member States)? 

I I CONFIRM THATNONE~~~S~ESAP~!? ~V PROPOSAL 

,--_._---
Rescarch having the potenti al for terrorist abuse 

I CONF1RM THAT NONE OF THE ABOVE ISSUES APPLY TO MY PROPOSAL 

lf any of tbe Ilbove issues apply to your proposaI, you are rcqulred to complet 
'B2_Ethlcallssues Annex' (template pmvided). \ 

proeess wiU gm proceed. 
Please see me Guide for Applicants l'or the Advanced Graol 2013 Can for further de ils and CO 
http;/lcordis,curopa,eulfp7/ethics eo,html for further iofonnation 00 how to deal with e1hi al IS5ues in your 
proposal. I 

NTO DI INGEGNERIA. 

O\PARTIME EI\EROSPAlt:"LE


CAMECCA~~OIRéTIORE , 

(Frof. Giorgio GraZJam) 

!,
'I :-.-:/.<._. c:.,..'J.-._.. 

1 
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SUPPLEMENTARY AGREEMENT 
(Support far fra n t jet research) 

i 

Università degli Studi di Roma La Sapienza, (hereinafter re:fìerred to as "oe eficiary' 

ofthe one part, I 

Carlo Massimo Cascio la, Italian, passport No. F 500501, (hereinafter rete 
investigator "), . 

ed to as 

of the other part, 

Have agre ed to the following tenns and conditions and fully accept thr' 
grant agreement (ERC gran! agreement No. 339446), which have the s 
supplementary agreement1

• 

nns de 
e me 

1. Scope of the supplementary agreement 

The present supplementary agreement shall detennine the condition~.:fi r imple 
project "Cavitation across scales: following Bubbles fromlnceptionto C llapse" 

, 


"principal 

ned in the 
ing in this 

enting the 
hereinafter 

referred to as "project") and the respective rights and obligations of th P incipal i vestigator 
and the beneficiary. Provisions ofthis supplementary agreement, whic . e not in 
with the grant agreement, shal1 be deemed to be void. . , 

a. 	 the timeliness and clarity of financial information

i
, 

b. 	 the generaI management and reporting of finances 

c. 	 the advice on internal beneficiary strategies and ERe ommissi 
policies, ' 

d. 	 the organisaÌion ofproject meetings as well as the ~e erallog 
project. 1 

ccordance 

d provide 
icular as 

n 

stics of the 

Grant agreement means the ERe grant agreement including its annexes bei. th. be. ,cla»' 'nd the k:}{/, 
European Research Council Executive Agency (hereinafter referred fo as the 1/ g ncy'? un r the sevent~ 
Framework Programme (FP7). , 

l 

l 



3. 	 Rights and obligations ofthe principal investigator 

The principal investigator shall: 

1. 
a) 	 take all appropriate steps towards the effectÌve supervisio~ f the sci. ntific and 

teclmological execution ofthe project; . . : 

b) 	 be in charge of the scientific reporting and contribute effe4tielY to thb fin~cial 
management reporting on the project; i 

c) 	 inform the beneficiary in due time of any event or change il:jt 'rcums ces which 
are likely to have an effect on the performance of the grant qgr ement, . ter alia: 

a planned transfer ofthe project to a new beneficiary~ i 

any modification relating to the information having Je ed as a tj)asis to the 
signature of the supplementary agreement referred \to in Artic~e 2 of the 
grant agreement; 	 li 

any modification relating to the information havin~ s rved as ~ basis for 
the award of the ERC grant; i l 
any personal grounds affecting the implementation 0t t e projec . 

d) respect the confidentiality rules in accordance wìth Art~.Cl IL9 Of~the grant 
agreement. I 

e) acknowledge the support of the European Union for $ RC gr t in any 
dissemination activities, such as in related publicatio~ r other i media in 
accordance with Artiele II.12 ofthe grant agreement.' ~ 

2. the principal investigator shall respect the intellectual property rig~ts of the b neficiary 
during and after the project; : 

3. 	 the principal investigator shall propose in writing to the beneficik in the ~ase he/she 
decides to transfer the project to a new beneficiary to which extept the proj .ct shall be 
transferred. He/she shall also make in writing a proposai to ~e benefici. ry on the 
modalities ofthe transfer arrangement with the new beneficiary. ~i 

4. 	 the principal investigator shall provide to the beneficiary in the cas~. transfer to the new 
beneficiary a statement describing in detail the results of the conduCt d resear h up to the 
time of transfer of the project and he/she shall transmit a copy or is state. ent to the 
Agency. Ii 

\ I 

. \ 



" 

Grant Agreement 

Preparation Forms 

Project number 

339446 

F'roject tltle 

BIC- Cavitation across scales: following Bubbles trom Inception to apse 

Cali (part) ìdentifier 

ERC-2013-ADG 

Funding scheme 

Support for trontier research (ERC) 



- Cavitation - Heterogenous 
techniques - Molecular r"J~ll:"·'t1",..." 
Bubble dynamics - Bubble 
Multiphase flqws - Flow 

Cavitation is the formation of vapor cavities inside a liquid due to low pressure. Cavitation is 
phenomenon common to most engineering applications that deal with flowing water. At the 
realized in cavitation are increasingly exploited in medicine, cnemistry, end biology. What 
its multiscale nature: nucleation of vapor bubbles heavily depends on micro- end nl'1I1(,)~'~:olIIA 
as bubble collapse, determine relevant macroscopic effects, e.g .• cavitation damage. In 
such as turbulence, have a major impact on il 
The obJective of the BIC project is to develop the lacking multiscale descriptiòn of cavitation. 
numerical methods capable to perform quantitative predictions. The detailed end physical1y 
multifaceted phenomena involved in cavitation (nucleation, bubble growth, transport, and cOIl13psje 
fostered by BIC project will result in new methods for designing f1uid machinery, but also 
and chemical reactors. The BIC project builds upon the exceptionally broad experience of 
group in numerical simulations of flows at different scales that include advant6d atomistic "",'UI,,'U!.)' 
wettìng phenomena, mesoscale models for multiphase flows, and particle-Iaden turbulent 
methodologies (free-energy atomistic simulations, phase-field models, and Direct Numerical n In" ,,,,IICII' 
will be supported by targeted experimental activities, designed to validate models and l'h<''<lrtt,,,rl?,A 

11\1: 
project

i 
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:~.5: 
!~tment 

1- As an authorised representative to sign the grant agreement or to commit the ::!hrIVAI'YlA!1tÌl'lII'iAÒ nrnAni~Atinh 


aware that a grant agreement may not be awarded to an applicant who is, at t~e time 

situations referred to in Articles referred to in Articles 106(1), 107 and 109(2)(a' ofthe KeguL,aUICm 

of the European Parlìament and of the Council of 25 October 2012 on the finallcial rules I , 


Union and repealing Council Regulation (EC, Euratom) No 1605/2002 [OJ L29B, 26.10.2012, ~. 


As a consequence, I certify that: 	 ' 

• 	 In compliance with article 106(1) of the abovementioned Regulation, none of th~ tll>lI'f"IIAJ'ln" 


organisation: 

a) it is bankrupt or being wound up, is havlng Its affairs administered by the 


arrangement with creditors, has suspended business activities, is the s 

those matters, or is in any analogous situation arising from a similar l'\rr>f',,,rl. 


legislation or regulations; 

b) it or persons having powers of representation, declsion maklng or control 


an offence concerning their professionaI conduct by a judgment which has I 

c) it has been guilty of grave professlonal misconduct proven by any means 


can justify including by decisions of tMe EIB and international nrr,<>nj" 


d) 	 It is not in compliance with its obligations relating to the payrnent of sodal 

payment of taxes in accordance with the legai provisions of the country in 

with those of the country of the contracting authority or those of the 

performed; 


e) 	 it or persons having powers of representation, decislon making or.control 

of a judgment which has the force of res judicata for fraud, corruption. imJ.nl\/,,,,in..nt 


organisatlon or any other illegal activity, where such illegal activity is nAl'rllTlAnltl'l 


interests; 

f) 	 it is currently subiect to an admlnistratlve penalty referred to in Article 1 


regulation. 


• 	 In compliance with artlcle 107 ofthe abovementioned Regulation , and as far a~ 

procedure is concemed, our organisation: I 

g) is not subject to a conftict of interest; . 

h) has not made false declarations in supplying the informationrequired by 
 I 

of participation in the grant award procedure or does not fail to supply thìs 

i) is not in one of the situations of exclusion, referred to in the ~h,r.v~~m,F'!nl'lnn 


abovementioned project and to provide any counterpart funding necessary; , 

I 

• has or will have the necessary resources as and when needed to carry out its 1,.,\ln1\/, ... .,.,"',.,T 


abovementioned project. 


3- As an authorised representative to sign the grant agreemenl or lo commit the ",hrIVAI'Y1Af1tlolnAd nrl1lAnil'lAtioh 


thal ali the information relating te our organisation set out in the different GrantAgreement Pr",nAf-Rtl'1n 


accurate and correct; and that the estimated costs meet the criteria for eligibla costs for FP7 

ERC model grant agreement - are notably based on our usual accounting and.management nnr\l'Ìin,IAs 


reftect the costs expected lO be incurred in carrying out the foreseen work desoribed in Annex ,lrll:!,,,,,rintic.n 


4- Our organisation is fully aware that the Commission may impose admlnistra\ive or financial nArllAltil>'S 


are guilty of misrepresentation in supplying the information required by the Corhmission as a Mnliitirm 


the grant award procedure or faU te suppiy this information; have been declarec! to be in 

under any contracVgrant agreement covered by the budget of the Commission' . Such ,",o~,,,..t""" 

importance cf the contractJgrant agreement and the seriousness of the misconduct, and may 


2- As an authorised representatlve to sign the grant agreement or to commit the :!hrwAmAntìC'.rlAliIOl·n"""i",,~~tioh. I also certify 
that our organisation: 

• is committed to participate in the abovementioned project; 

• 	 has stable and sufficient sources of funding to maintain its activity throughout it, p~lrtlClpainO'1 in the 



~2.6: 
Data Protection & C dr Role 

I 

"Ali personal data contained and related to the Grant Agreement(such as addresses, 
accordance with Regulatlon (EC) No. 45/2001 of the European Parliament and of the Council 
protection of individuals with regard to the processing of personal data by theinstìtutions and 
and on the free movement of such data (Official Joumal L 8, 12.01.2001). Such data will be 
with the implementatlon and follow-up ofthe Grant Agreement and the evalu*ion and 
activities. including the use and dissemination of foreground. without prejudice to the !JU~'::;IU'III~y 
bodies responsible for inspection and audit in accordance with European Uni<lln legislation 

Principallnvestigator. team members and beneficiaries/participants may. on written request. 
data and correct any information that is inaccurate or incomplete. They should address any fNIJ",",,'lon 

of their personal data to the controllerls. They may lodge a complaint against 'the processing 
European Data Protection Supervisor at any Ume. 

For the purposes of this project. the Controllerls identified in Article 8.4 of theGrant At'1Ir/:"'"mA!I'IT 

CommissionlERC OIS (European Research Council Dedicated Implementation Structure). 

Any sensitive information or materia I used as background or produced as foréground in this 
Aspect Letter (SAL) 39 which ls provided. If sensitlve Information or material is. found to be com,"CF'" 
project. ?Imendment to the grant agreement will be requested and a SAL will be provided. 

I also certify that our organisation is committed to act as the (principal) beneficiary of this ,,,,,.,,, ..,,,.. 

r.l'lr,f::!l~tf~ for the 

co\/erEtd by a Security 

.ofthe 

2013:-11-2512:37 



FINANCIAL IDENTIFICATION 

: : 
i i 

PRIVACY STATEMENT http://ec.europa.eu/budget/executionlllier _fr.h!m 

PROJECT NUMBER 1339446 I PRqJECT ACRONY~ I le 

ACCOUNT NAM8 
I 

I 

ACCOUNT NAME (1) I DIPARTIMENTO DI INGEGNERIA MECCANICA E AEROSPAZIALE [ 

I ! 

ADDRESS [Via Eudossiana 1B 

I 
TOWN/CITY IRoma l PO,TC POE 10018 

COUNTRY Iltaly I 
, I 

CONTACT (I) lGiuseppina Angeioni 

TELEPHONE 1+390644595936 I I FAX r+390~459~250 

E-MAIL [giuseppina.angeloni@uniroma1.it 

BANK 
I 

BANKNAME [UNICREDIT SpA-Roma 153 

[ 

BRANCH ADDRESS lP.le Aldo Moro 5 

I I 
TOWN/CITY lRoma I PC ~T~ODE 1001 5 

COUNTRY Iltaly I 
ACCOUNT NUMBER i I 

ISANI:.) IIT17P0200805227000400014557 ! 

REMARKS: 

We certify that above information declared is complete and true. 

BANK STAMP + SIGNAT!.lB!i OF BANK REPRESENTATIVE DATE + SIGNATLJRE ACCOI NT HOLDE ~ /0 bl'oatorv\ 
(Bgtb Q2Iigato~)W 

11) The name or title under which the account has been opened and not the name of the autl ori ~ed agent 

('2)It'the IBAN Code (ln!ernational Bank account number) is applied in the country where yo r b tmk is situa ed 

13) lt is preferable to attach a copy of recent bank statement, in whìch event [he stamp of the ba~k and tha ignat~re of the 
bank's representative are not requìred. The signature of the account-holder is obligatory in $11 ases. I 

i 
I 
I 
I 



, I 

1. Project number .' I
I 

The project number has been assigned by the Commission as the unique ideptifier for your pnoj ~ and it c nnot ,be changed. 
The project number should appear 01'1 each page of the grant agreement wreparatlon doeru ents to pr ven~ errors during 
its handling. i i 

2. Project acronym , 

Use the project acronym as indicated in the submitted proposal. It cannot be ~hanged, unles~ a eed duril'l the lllegotiations. 
The same acronym should appear on each page of the grant agreement *eparation d0'ìu ents to pr vent errors during 
its handling. . , 

3. Project title 

Use the title (preferably no longer than 200 characters) as indicated in the sulbmitted proposal' inor corree ions are possible lf 
agreed during the preparation of the grant agreement. 

4. Starting date ' 

Unless a specific (fixed) starting date is duly justified and agreed upon duringlthe preparation !Of ha Grant A reament, the 

ERC project will start on the first day of the month following the entry info force of the Grant Agr ement (NB : entry Into force 

== signature by the Commission ). Please note that if a fixed starting date is used, you will be rjeq ired to pro ide a detailed 

justification on a separate note. 


5. Duration 

Insert the duration of the project in full months. 

6. Cali (part) Identlfler 

The Cali (part) identifier is the reference nlJmber given in the cali or part of the cali you were ~dd assing, as ndicated in the 
publication of the cali in the Official Journal of tha European Union. You have'to use the identlfie given by t e Commission in 
the letter inviting to prepare the grant agreement. I 
7. Actlvity code-

Select the activlty code from the drop-down menu. 

8. Free keywords 

Use the free keywords from your origina! proposal; changes and additions are possible. 

9. Abstract 

Use the abstraet from your originai proposal and amend to taka account of the fOllowing: YOU~h uld not use more than 2.000 
characters, the abstract should, at a glance. previde the reader with a clear understanding of the objectlves f the project and 
how the objectives will be achiaved, as well as their relevance In the context of tha objectives'of he specific programme and 
the work programme. This summary will be used as the short description of the project for th~ p lie followi 9 signature of 
the grant agraement and in communications to the programme management t:ommittees and:ot er interest d parties. It must 
therefore be short and precise and should not contain confidential informatiorl. Please usa pla!in ped taxt, 
and other special characters. I 

10. Partlcipant number I 
The host organisatlon of a project is always number one. Consequent numbers can be issuect to other parti 
project. I 
11. Participant short name 

Tha short name chosen by tha participant. This should normally not be more lhan 20 charact~rs od the sa e sOOrt name 
should be used for tha participant in ali documents relating to the project. 

12. Participant Identlty code 

To be compieted when Unique Registratlon Facllity will be operational. 

13. Participant legaI name 

Official name of particlpant organisatlon (e.g. for host organisation or other participants). If apbli ble, name under which the 
participant is registered in the offic!al trade registers. 

14. Status of valldation 
, I 

If the status of validation of the partieipant is VALtDATED, this means the data provided in ~.1 es been v lidated by the 
Commission and this validated information is given in the A2.1 formo I 

I 

voiding formulae 



i 

nationall 

The data to apply to the financial amounts (e,g. tumover and balance sheet),. as well as lo th h adcount o staff, are those 
relaling lo the lalest approved accouoting period aod calculated on an annual basis. They a n ioto a ount from the 
date of closure of the accouots. The amount selected for the turnover is calculated excluding ue added t x (VAT) and olher 

This ioformation is required for statistical purposes. Please indicate with an Ffor female or ~n far male li! appropriate. 

36. Position f· 

Please indicate the position in your organisation e.g. Rector, President, Chiéf Executive Offi er Director et . 

37. Departmentlfaculty/institutellaboratory name/...· . 

Please indicate here the postal address for contact purposes. i 

38. Signature : : 

The A2.4 and A2,5 forms needs to be signed by at least one of the authOriSè.d representativbs. ndicated in the A2.3-form. 

39. Security Aspect Letter . I . 


See Appendix 4 of the slandard FP7 Negotiation Guidance Notes on http://~rdìs.europa,e~/fp/find-doc_n.html. 


40. Subcontracting . i 

Costs include subcontracting and cost of resources made available by thirdiparties which a~e t used 00 he premises of the 
beneficiary. I 

46.ICPC : 

Any entity engaged in an economie activity, irrespective of its legai formo 

32.SME i . 
SME means miGro, small and medium sized enterprise within the meaning of Recommendatl1n 
May 2003 (see http://ec.europa,eu/enterprise/enterpriseJlolicy/sme_definitio~/index_en,htm ) 

An enterprise is considered as an SME, laking lnlo account ils partner enter 
above menlioned recommendation for an explanation of these notions and t 

• nd/or link . d 
impacl on th~ d 

• employs fewer than 250 persons 

• has an annual turnover not exceeding EUR 50 mìllion, and/or 

• an annua I balance sheet total noi exceedìng EUR 43 million 

• is autonomous 
I ! 

The headcount corresponds to the number of annual work units (AWU). Le. t~e number of pe,.so 
the enterprise in question or on its behalf during the enti re reference year un4er consideratio. 
have not worked the full year, the work of those who have worked part-lime, tegardless of du ati n, and the 
workers are counted as fractions of AWU. The staff consists of: : 

• employees; 

• persons working for the enterprise being subordinated to it and deemed to ~e employees u?d 

• owner-managers; 

• is autonomous 

partners engaging in a regular activity in the enterprise and benefiting from fihancial advanta~e 
ìl 

ATTENTION: Apprentices or students engaged in vocational training with an!apprenticeship br ocational t 
not be included as staff. The duration of matemity or parentalleaves is also ~ot counted. ~. 

indirect taxes. 

In the case of newly-established enterprises whose accounts have not yet been approved, t ·e ata to appl 
from a bona fide estimate made in the COurse of the finaocial year. These or~anisations mus in ert "N/A" f 
relaling to the duration and the closing date of their last approved accountl,nQ perlod. 133. Non-SME : 

An enterprise that is not an SME. 

34. TltIe 

Please choose one of the following: Prof.; Dr., Mr., Ms. 

35. Gender 

003/361/E 

nlerprises plea~e see the 
finition), if i : 
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e work of 

in the version of 6 
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r the two questions 

. 

http://ec.europa,eu/enterprise/enterpriseJlolicy/sme_definitio~/index_en,htm
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