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 ERC Advanced Grant 2013: (BIC) Cavitation across scales - Following |
* Sapienza Awards 2014: Micro & Nanobubbles for Drug Delivery (53 k€)
* Grandi e Medie Attrezzature Sapienza: Cluster Menrva (120 k€)

* 5 PRACE Grants: CMC (2), P. Gualtier1 (1), A. Giacomello (1, 2 year) (e
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* Fondi Gestione Microfluidic Lab (II'T-CLNS@Sapienza) (40 k€/year)



Strutture & Attrezzature

Cluster Menrva
12 Nodi1 x 2 eptacore = 192 cores

(CGPU Intel Xeon E5-2650v2 2,6GHz, 64 Gb RAM)

Switch Infintband E6345, 40 Gb/s

12 Dischi 3 TB SATA, configurazione RAID 6 (30 TB)

Microfluidic Lab
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Sapienza Cluster: Menrva

Grandi e Medie attrezzature: 1.2E+5 €
More than 120 participants
 Engineering, Physics
« Mathematics, Chemistry
» Biology, Pharmacy
« Medicine
12 compute nodes: 384 cores
« 32 cores per node
e 64 Gb per node
« 48TDb storage
Intel E5-2650 v2 @ 2.60GHz
e InfiniBan connection
Hosted at DIMA
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Macroscale Wetting & Cavitation



Nanoscale wetting and cavitation

Origin of cavitation: homogeneous and heterogeneous nucleation
People:

Barrier flat

e Simone Meloni
e Alberto Giacomello
e Matteo Amabili

Superhydrophobic surfaces:: * Emanuele Lisi
* Antonio Tinti

Sara Marchio

Free energy

Barriers groove
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Methods

ATOMISTIC CONTINUUM
mLI TAB. =002 —1 P Q P — P, + A= Jv (mod. Laplace eq.)
v CB1 '
F*-\ 20 l\\ . CB2 /\\’// e (’}'SV = A}'SI)/‘}'{V — COSO (Young eq')
= :: \\ . © V, = Z (constraint)
2 = ,/ .
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Continuum Rare Events Method (CREaM)
[Giacomello et al., PRL 2012]

Restrained MD (and Parallel Tempering)
[Giacomello et al., Langmuir 2012]

B
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— L0

Strmg method in collective variables
[Giacomello et al., J. Chem. Phys 2015]

String method
[Giacomello et al., J. Chem. Phys 2015]
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Technological applications of superhydrophobic

(submerged) surfaces
Drug delivery
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Wetting/dewetting of nanopillared
submerged surfaces: micro vs macro

RN R

>Simple fluid on a simple solid
>Both are LJ
>Solid-fluid

0-w((0)"(2)1)

0y ~ 110°
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>Most probable dewetting path as a function of the density
field

>Not the usual observable vapor volume
>Energetics

M. Amabili et al, submitted to Phys. Rev. Fluids



Atomistic dewetting Mechanism and
energetics

<

- atomistic

= CONtinUUM

Patankar, Langmuir 20, 7097 (2004)
Patankar, Langmuir 26, 8941 (2010)

-pinning transition g transition




Robust Submerged Superhydrophibicity:
Salvinia molesta
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Barthlott et al, Adv. Mat. 22, 2325 (2010) Hyd rophObIC hairs



Model System
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Combined chemistry model
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Unraveling the Salvinia Paradox: Design Principles for
Submerged Superhydrophobicity

M. Amabili, A. Giacomello,* S. Meloni, and C. M. Casciola

WILEY-VCH



Design principles for self-recovery

superhydrophobic surfaces
° Self-recovery o Minimal solid fraction

_ cyinarealpores S {

¢ = 0,351 ¢ = 0,174 ¢ = 0,008




Design principles of self-recovery surfaces
for drag reduction
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Cavitation in nanoporous materials
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Rare event MD: cavitation in a hanopore

Physics of nanoconfined water (D=2 nm)
* cavitation at P=20 MPa

* intrusion at P=80 MPa

* hysteresis in intrusion/extrusion cycles

Applications of hydrophobic nanopores + water:
* energy storage: surface energy
e dampers: dissipation in intrusion/extrusion cycles



Cavitation at the Mesoscale & Multiphase Flow Physics



Dittuse interface model tor liquid-vapor phase transitions

(;0 -V - (pu) = 0 Francesco Magaletti (DIMA)
. t Mirko Gallo (DIMA)
gt FV-(pu®u)=V-T Luca Marino (DIMA)

g‘; (V- () =V-(T-u)-V-q.

The free-energy tunctional F' = / fdv = ( o(p;0) + —\VP|2)
D

leads to the constitutive equations: C"‘—"‘J
phase transitions

T =u (Vu + VuT) + 0V - ul+ surface tension

1 ) “
—AVp®Vp— |po + 5( A pap) Vp|* = pV - (AVp) | I

e = — kVO + ApVpV - u



Collapse dynamics in free space

t/t =0.00 t/t, =0.88 t't =0.96 t/'t =1.01 t/t =1.06

Density field (top)
Pressure gradient (bottom)

(pressure gradient visualizes
bubble interface and radiated shock)

Pr=0.05,p -p.,=1.6Ip|
Pr=02 ,p -p.,=1.6Ip|
Pr=005,p -p,=31Ip]
Pr=02 ,p . -p,=31Ip]
Pr=0.05,p,.-p.=941Ip/l
Pr=02 ,p,-p.=94Ip/l
Keller model

15¢

* Strong overpressure prevents complete
condensation (rebounds)

* A shock wave 1s emitted at rebound

* Strong thermal effects (sub-micron

g
|
bubbles) =&
[ ] [ ] \ A i
 Successive rebounds emit weaker and SN0 OS5 2
\
waker shocks o
\'\T' . \\
1 2 L W 3

k endin
PRL 114, 064501 (2015) PHYSICAL REVIEW LETTERS 13 FEBRUARY 2015

Shock Wave Formation in the Collapse of a Vapor Nanobubble

F. Magaletti, L. Marino, and C. M. Casciola’



A cartoon of collapse dynamics

* supercritical fluid

(iIncondensable —>
rebound)

For msufficient
compression vapour
fully condensates

position /R,
@ o9 "o
N o

S
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=
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I I I I * Vapour phase

Color legend

* Liquid phase

* Supercritical phase

bubble radius

liquid-vapor interface

0.5

t/t
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Bubble Collapse Near a Wall

| * Vapor bubble with 1in equilibrium
shock

with liquid (radius Req, center at 2o
* Impinging shockwave intensity
I =(p2 —p1)/m

e Simulations for different 20 and{

International Journal of
Multiphase
Flow

PERGAMON International Journal of Multiphase Flow

Shock-induced collapse of a vapor nanobubble near solid boundaries

Francesco Magaletti®, Mirko Gallo®, Luca Marino®, Carlo Massimo Casciola®*



Bubble Collapse Near a Wall




Bubble Collapse Near a Wall

I = 400, Zo/Req = 2.2

The axial flow after bubble collapse convects the re-expanding b



Bubble Collapse Near a Wall

Pressure
—14.5
1400 Bt z,=1.3 B 4
X == m—— z,=1.6
1200 \ - z=1.9 =135
; P IO > ZO=2'2 :
1000 | ————- 2,=2.5 43
R — V(z,=2.5)
I -12:5
0.800 _ 1>
g 35
600 -
i 41.5
200 - h VIl i. H0.5
0 I { L . }*HL\‘ , 1 ‘ él 0
0 4 6 8 10 12

* Pressure and temperature
peaks at minimum bubble
volume

* Pressure peak at the wall

T'emperature

* Huge wall pressure peak

when the

bubble gets close

to the wal
collapse)

 (second



Fluctuating Hydrodynamics & Cavitation



Fluctuating Hydrodynamics

(Latshitz, LLandau, Uhlembeck, Onsager)
* Entropy Functional and Fluctuations

AS =S — Sy = AS[5p,5v, 50 :/ s (x,t) — sodV

1%
P.,[A] = 1oty o Loag fvaTHAG A = (6p, v, 66)
Z 4
* Functional LLangevin Equation
0AS
0:A = M- - f f =KW
t SA |
SAS, .
—_H-A —
A M =LH
0 —pd, 0 0 0 0
L = _%aa: %amx _p%aOpa:c K = ( 0 Z_g 0 )
0 — p_og:69paa: pochaa:a: / 00 - szu
* Fluctuation Dissipation 0y = /20800,

Q — kB (M T MT) 0 (57 o j) o9 = \/2’60902833



Vapour Nucleation & Fluctuating Hydrodynamics




Bubble Dynamacs & Turbulent Transport



Micro-Macro-Micro
p A

Pe
Pmin

J. Fluid Mech. (2015), vol. 773, pp. 520-561. (© Cambridge University Press 2015 520
doi:10.1017/jfm.2015.258

Exact regularized point particle method for U
multiphase flows in the two-way coupling regime 0
Po

P. Gualtieri"'f, F. Picano?, G. Sardina® and C. M. Casciola'

PHYSICAL REVIEW FLUIDS = (to appear)

Turbulence modulation by a suspended phase ) ) ) .
PR N Nucleation mechanism  Turbulent transport &  Bubble deformation
& nucleation rate WP1 bubble dynamics WP2 & collapse WP3
Molecular dynamics DNS of turbulence Phase-field simulations
CRTI One-way coupling Compressible models
TPT + TST Two-way coupling Collapse

« Microscopic inception: MD

« Macroscopic transport: turbulence
» micro-bubbles radius dynamics (Rayleigh-Plesset)
« turbulence modulation (ERPP)
- large bubbles (VoF)

« Microscopic collapse: PF



Micro-bubble dynamics

Newtons’ law

dv | a? Du
it . (u;p + 2y - vp) + A=

dt Tp 6 Dt |, p
Stokes Drag Added mass
Stokes Number
1% ds T, 3

clustering

V.v=mn(8-1)(S?-0%) <0
o bubbles 3=3=0Q>S

@ particles B=0=>0Q< §

S =strain rate; {2 =rotation rate



Bubbles in the Box

DNS of Homogeneous shear turbulence

Clustering inside vortices

Iso-surfaces of the “D” invariant: coherent vortical structures & instantaneous bubble position



Bubble radius dynamics: Rayleigh-Plesset

p@PR 3 (dR\® 4 1dR 2 1
dt )]  ReRdt WeR

— +3 = po(t) — prlxs(t)

Gas bubble: Isentropic  pp(t)V;' (t) = pb,OVEZO

Inertia
surface tension

Turbulent pressure signal Pg|Xs(t)] = po + p[xp(t)] We=

St,=0.1 p,=1
Qz VM i Wm AN
= N

0 — 50 100 150

St



Bubble radius dynamics: Rayleigh-Plesset

d?R 3 (dR\° 4 1drR 2 1
REty 222 4 | — pp(t) — t
itz " 2 (dt) ReRdt T wer  Pelt) ~Prix(t)]

Gas bubble: Isentropic  pp(t)V;' (t) = Pb,OVEZO

Inertia
surface tension

Turbulent pressure signal Pg|Xs(t)] = po + p[xp(t)] We=

1.1 1.9
St =0.1 p=1
-~ We=20

‘R RN s

.V \ S B
! / ' F 3 \\‘,\//\ \\ j ‘/\\': 0.5 (P

! F”\/ f \“\ N '
————————————— R ettt L
0.95 | 1 TR | T (2 T ) Y S |




Can a bubble blow-up?

21 22 23

- Intermittent pressure bursts

» Intrinsic RP time-scale to be correlated with
- pressure correlation time-scale
-+ time spent in negative pressure regions



Micro-Bubble Transport in 'Turbulence

-1.0 -0.50 0.0 0.50 1.0 1.5 2.0




Macroflundic Lab



MicroFlu Lab
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Micro-PIV
Fluorescence Confocal
Microscopy

High Speed Imaging
Fiber Optic
Hydrophone
Micro-fabrication

Cell-culture




MicroFlu Lab
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Micro-P1V
Fluorescence Confocal
Microscopy

High Speed Imaging
Fiber Optic
Hydrophone
Micro-fabrication

Cell-culture

Zeiss Inverted
microscope

microdevice

objective

e

Dual frame
camera

Nd:YAG laser
double pulse

* synchronization
* acquisition
* uPIV analysis

D

LAVISION

WE COUNT ON PHOTONS
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Micro-P1V

Fluorescence C

Micro

(+))

Microscopy

High Speed Imaging

Fiber Optic
Hydrophone

Micro-fabrication

Cell-culture

Fluorescent
particles

Syringe pump |

Pressure pump

Flow
meter

eiss Inverted
NICroscope

microdevice

objective

e

Dual frame
camera

Nd:YAG laser
double pulse

* synchronization
* acquisition
* uPIV analysis

D

LAVISION

WE COUNT ON PHOTONS




MicroFlu Lab

SAPIENZA

N
It
Micro-PIV

Fluorescence Confocal

@

Microscope

High Speed Imaging
Fiber Optic
Hydrophone
Micro-fabrication

Cell-culture

Confocal microscope (Olympus 1X73
FluoView1220) operated 1n epi-fluorescence

Evolve 512 Delta EMCCD camera

OLYMPUS




MicroFlu Lab Photron Mini UX1000
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Micro-PIV
Fluorescence Confocal

Microscopy

High Speed Imaging
Fiber Optic

* CMOS sensor

* 10 um x 10 um pixel size
* Resolution 1280 x 1024
* 4000 fps (@ full frame

* 800.000 fps @ 1D

Hydrophone
Micro-fabrication

Cell-culture
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MicroFlu Lab

Aspheric lens

Micro-PIV
Fluorescence Confocal
Microscopy

High Speed Imaging
Fiber Optic
Hydrophone
Micro-fabrication

Cell-culture

Laser diode |
W <

Fiber coupler
50:50 split ratio

Avalanche Photodetector
Thorlabs APD430A2/M

l Computer

T X T,
) = 3 ARy 4
Al s “ §i2

Oscilloscope

Cavitation
Box

SBAI — La Sapienza
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MicroFlu Lab Lithography

Mask _~ UV PROJECTOR
Micro-PIV V

UV light
- Photoresist

Microscopy ——
High Speed Imaging
Fiber Optic

Fluorescence Confocal

Hydrophone
Micro-fabrication

Cell-culture

DIET — La Sapienza




MicroFlu Lab

SAPIENZA

N
It
Micro-PIV

Fluorescence Confocal
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Microscopy
High Speed Imaging
Fiber Optic

Hydrophone
Micro-fabrication

Cell-culture




Cavitation in Biochips
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Cavitation enhanced drug delivery
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Davide Caprini (DIMA)

Giorgia Sinibaldi (DIMA)

Luca Marino (DIMA)

Mauro Chinappi (Torvergata)

MicroFlu Lab
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Cavitation enhanced drug delivery

Blood vessel on a chip

Tissue
Compartment

Deosarkar et al., PLOS ONE 2015

Permeability measurements

Cell free device

30 min 60 min 120 min
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Cavitation enhanced drug delivery

Unique features of the device

* Realistic sizes

* Correct perfusion rate

* Correct physiological shear stress intensity

* Ability to reproduce the biochemical interactions
between tumor and endothelium



Cavitation enhanced drug delivery

Acoustic pressure

Micro-bubbles and ultrasounds
for drug delivery to solid tumours

ﬂ $R

compression

Stable cavitation Inertial cavitation Destruction / Fragmentation

Stable cavitation Inertial ca{%lon

/ \J\’// 9 ) J ® l o J e )
ﬁ Mtcrc:tzznins i wxpeniion ‘ /

Rad'atlon force )\.)) ‘} / <~ %..
shock wave
) )0 ) ° ‘. ® /' ® ) J )

Hao-Li1 Liu et al., Theranostics 2014



Cavitation enhanced drug delivery

Ultrasounds chain

Programable (burst mode)
ale Max frequency 12.5 MHz

RO A 022B Max amplitude 10V p-p

Output Impedance 50 Q2

40 W - 10 KHz to 12 MHz
Amp atore Power gain 50 dB

&1 PO R AMPF R 24( Input Impedence 50 Q

Output Impedence 50 Q

Diameter 6 mm
asound transduce Planar contact
R V-scan
Resonance frequency 2,25 MHz

W\,
v
Diameter 2,5 — 8§ um

Q Inside: sulfur hexafluoride
— . . .
~ Outside: phospholipid monolayer

Resonance frequency 2,5 MHz




Lixperimental Macrofluidics



Davide Caprini (DIMA)
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MicroFlu Lab
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Experimental Microfluidics
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Bubbles in micro-devices

MicroPIV + high speed imaging

Fluorescent
particles

Syringe pump

Pressure pump

Zeiss Inverted
MmICroscope

* synchronization
* acquisition
* uPIV analysis

microdevice

objective

High speed
camera

e

[ 1

Dual frame
camera

Nd:YAG laser
double pulse

@SAPIENZA



Bubble generation

~

<> QGas insufflation
<> Electric spark
<> Focused laser

Position control
and excitation

Micro-bubbles generator

-~

<> Electrowetting
(EWOD)

<> Ultrasounds

<> Cavitation

o /

~

Fluid dynamic
characterization

<> Micro-P1V
<> High speed imaging
<> Hydrophone

<> Shadowgraph

~
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Cavitation confined
in Micro-system

Biomimetic device fabrication
4 PDMS on SU8 mold I
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Signal Intensity (V)
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Laser Induced Cavitation
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“Spherical” rebound
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Plasma Analysis
Multiple plasma
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Hydrophone

Breakdown shock wave emission
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After Implant Hemodynamacs
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Macrocombustors
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Fundamental Turbulence
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