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PART I
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OUTLINE OF THE SEMINAR

INTRODUCTION: SPECTRAL AND PSEUDO-SPECTRAL METHODS
THERMALLY STRATIFIED FLUIDS: INTERNAL WAVES AND BEYOND
SURFACE WAVES

DROPLETS IN TURBULENCE

CARBON CAPTURE

DisCcuUssION ON NUMERICS & PHYSICS INVOLVED

(ALWAYS WITH AN EYE ON APPLICATIONS)
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SPECTRAL AND PSEUDO-SPECTRAL

METHODS TO DISCRETIZE THE DIFFERENTIAL OPERATORS
IDEA: APPROXIMATE A FUNCTION (UNKNOWN, WHICH SATISFIES PDE+BC)
USING A LINEAR COMBINATION OF “TEST’’ FUNCTIONS THAT ARE GLOBAL,

APPROXIMATION

u(x)= Y ¢, (x)

Common also to finite difference
and finite element methods

For spectral methods:
Global functions (defined in each node,
and not equal to zero!)

PUTTING INTO THE PDE EQUATION+BC:

Lu(x) = S(x) <— DOMAIN

Bu(y) =0 < BOUNDARY

SOLUTION U
L —s MINIMIZES THE RESIDUAL WE WILL OBTAIN THE SOLUTION (C,)
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SPECTRAL AND PSEUDO-SPECTRAL

SPECTRAL METHODS AT A GLANCE.;

- Assume a basis (test functions; depend on the problem)

- Assume a number N of polynomials such that
N

u(x) ~ i(x) = ¥ ¢, (x)
k=0

- Substitute it into the pde+bc
- Minimize the residual to find the coefficients of the spectral representation

Tau Minimize the residual in each node
Galerkin -~ Minimize the integral of the residual (over the domain)

BC for tau methods: add BC to the system (extra equations)
BC Galerkin: combine the basic functions to form new functions fulfilling BC
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WHY PSEUDO-SPECTRAL?

SPECTRAL AND PSEUDO-SPECTRAL

- Products in modal space: convolution O(N?)

- Transform into physical space, multiply and back to modal O(N log,N)

- Aliasing error (2/3 rules)

Aliasing of sin(-2x) wave by sin(6x) wave

Aliasing of sin(-2x) wave by sin(10x) wave

Canuto et al (1998)
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PRO AND CON 10°
10°
- In general, spectral accuracy and convergence e

E 10

. g
- With FFTW, good performances g1
% 107

=

SPECTRAL AND PSEUDO-SPECTRAL

e 4>

Aliasing

Not easy to code

0 0.5 1

Usually less flexible (simple geomtry). But.......

L5

(ll,‘/7|' 1.5 2

Canuto et al (2010)
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ﬂ SPECTRAL AND PSEUDO-SPECTRAL: CHANNEL FLOW

u

Lt =0
X,

2 Cw
8ui=Si+ 1 az,;i_ap o : / TL»
ot Re, dx; ox T4> —> e

ou, U, T | |
Sl.=— 1]+51j Ll | / TL»[

0x . ’ i '

J L,
Curl
90 _yxs+— v
dt Re_
2"d Curl+Continuity+Vectorial Identity J (Vzu) 0 1 4
) =VS-V(V-§)+—V'u

Vx(qu)=V(V-u)—Vu dt Re.
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SPECTRAL AND PSEUDO-SPECTRAL: CHANNEL FLOW

This leads to the following system:

dw; 95, 95 1
Jdr  dx, dx, Re_
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SPECTRAL AND PSEUDO-SPECTRAL: CHANNEL FLOW

Discretization strategy

|
. . L . /

x(D)=(@G-1 *  —»i=1,...N 4

(1= )Nx—l * +h o 1

(H=0G-1 = =1..N
YD=G-Dg=g = i=he N,

0--
Z(k)=cos( k-1 .7r)%k=1,...NZ /// |
N, - /
: -h - 4
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SPECTRAL AND PSEUDO-SPECTRAL: CHANNEL FLOW

Spatial discretization: Fourier +
7 i(kyx+k,x
f(xl,xz,x3) = Ezf(kl’k27x3)e( 1X+K %y ) e k1 =m;k2 _ 271:}’12
L, L,
o
Chebyshev

f(xlax29x3) = EEE]?(ICI,ICZ,I’%)Tn3 (x3)ei(k1x1+k2xz)

0:2 T, (x;)= cos[n3 cos™ (x, /h)]

-08f |

-1 -0.5 0 05 1
z
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SPECTRAL AND PSEUDO-SPECTRAL: CHANNEL FLOW

We get the following discrete equations:

) Va\ ) Va\ a VaN
0x,
Continuity and vorticity
W, =ik u, —ik,u,
2
—3 lk S — lk S + >~ k (W5 Vorticity transport
dt / Re_\ dx;
9 6)3 v Wf the operator
= g + ?/J Convective terms:; Adams Bashfort
a [ Diffusive terms: cranck-Nicolson
A 1 A 3 1 _1 At 1
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ﬂ SPECTRAL AND PSEUDO-SPECTRAL: CHANNEL FLOW

After some algebra

A n+l An 2
T ik, (Esg-lsg-l)+ N e [
At 2% 2 2Re, | 9x
2
ik, (351"-151"-1)+ : az-k2 ' |+
2 2 2Re, | 9x
2
+ 1 a : _k2 w;1+1
2Re_\ 0x;

CINECA



ﬂ SPECTRAL AND PSEUDO-SPECTRAL: CHANNEL FLOW

Finally
2
(a_ - kz) —l(ilef ~ ik, H)
0x; Y
2
H = At(éSi” — lSl.”'l) ya— + (1 — ykz) u;
2 2 x;
Similarly for the vertical velocity
2 2 n
(__[)) )(__kz)/\;ﬂ-l H
0x; 0x; v oA Lk
n Jd ;. no . n 2 rrn 2Re, ’ Y
H" =—(ik,H; +ik,H; )+ k*H;

0x,
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Dicrete “version” of the final system to be solved

0" o) a1
5k o " =——(ik,Hy - ik,H; )
X3 Y
2 2 n
Ly a_z_kz)ﬁgﬂ_H_
x; 0x; Y

9 4

tku, +ik,u, +

W, =ik u, —ik,u,

<

SPECTRAL AND PSEUDO-SPECTRAL: CHANNEL FLOW

HELMHOLTZ EQUATIONS
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SPECTRAL AND PSEUDO-SPECTRAL: CHANNEL FLOW

CHEBYSHEV-TAU METHOD

¢ ”(X) _ 052¢()C) — H(X) General Helmholtz equation

p1¢(_1) + Q1¢ '(_1) =1 Boundary conditions
p,¢+D+q,0'(+D)=r,

Functions are represented through Chebyshev polynomials

p(x) =Y a,T,(x) = a,T, (x) + & T, (x)+...

H(x)= Y b,T,(x) = b,T, (x) + HT,(x) +...

CINECA



SPECTRAL AND PSEUDO-SPECTRAL: CHANNEL FLOW

¢ ”(.X) _ O{2¢()C) _ H(X) Integrated twice Helmholtz equation

p(x)-a’ [[ p(y)dydy = [[ H(y)dydy+ Ax+B

Using the Chebyshev representation of the functions, we have

YaT,@-a [[ ¥a,T,(ydydy= [[ Y b,T,(»)dydy+Ax+B

Integrals can be evaluated using some properties of Chebyshev series
N+1

N
Jomdy=[¥a,T,()=Y1LT,(x)
n=0 n=1 Where the coefficients 1_and m, can be

N+l N+2 obtained from a, using recursive rules of

[[ody=Z1LT,(») =N m,T,x) s
n=1 n=2

CINECA



SPECTRAL AND PSEUDO-SPECTRAL: CHANNEL FLOW

We finally get
N N+2 N+2
YaT,(x)-a* Yy mT,(x)=Y f,T,(x)+AT,(x)+BT,(x)
n=0 n=2 n=2
where
T (x)=x
T(x)=1

To solve this equation, we first define the residual:

Minimize R(x); solve a linear system

N
R(X) = (ao — B) Tb (X) + (al _ A) 7’1 (X) + E SnTn (X) (Gauss) to find the coefficients of the
n=2

Chebyshev series a,,
—a —a’m — f
S, =4, m, n
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G =
u=0;
HOT WALL

PART II.
STABLY STRATIFIED TURBULENCE

HEAT SUPPLY

COLD WALL

‘L\@)% -
6=-1

I
=

u

COMPUTATIONAL DOMAIN
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STABLY STRATIFIED TURBULENCE:
OB APPROX.

ol. PHYSICAL PARAMETERS
axl =0 A, = 40°C
i 0 =50°C
ou, ou, 1 u dp 1 Gr Pr =
l _I_uj I — 21 _ p _ - 6l- 36 r=3
ot dx, Re_ dx; dx; 16Re; ~ Re, =110+180
Gr =10’
00 00 1 9°0
—+ l/tj = > Ri - Gr
ot dx;, Re Prdx; " Re’

_8BAO(2h) b _ M,

v
2 Ak

Gr
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STABLY STRATIFIED TURBULENCE:
TRANSIENT DEVELOPMENT OF THE FLOW

Re =180
30 |94
. {: \
- |:. .I
20 F '0."-\"1,;\.
Wiy
e —
10
;
O ---------------
" T T :
30F ||
A
S .I'.l
- .'Vl ‘..‘
AR
o\ "\\\_
20 FTONST—
_— N N . .
0 3 . E iy
10iF A
0

Re =110

(LONGITUDINAL SECTION)

TEMPERATURE FIELD

30

MEAN FLOW

INTERNAL WAVES
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THE ROLE OF BUOYANCY:
NEUTRALLY-BUOYANT VS STABLY STRATIFIED

VISUALIZATION ON A CROSS SECTION é

NEUTRALLY BUOYANT

MIXING
(DRIVEN BY TURBULENCE
STRUCTURES)

STABLY-STRATIFIED
(CONSTANT FLUID PROPERTIES, OB)

- - -

INTERNAL WAVES=BARRIER
(TWO “INDEPENDENT ¢ ZONES)

THE ORING OF INTERNAL WAVES...NEXT SLIDE!
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FORCE BALANCE ON A FLUID PARTICLE:

LIGHTER

v-A-._...._. ...................... "Ii"" “ ~~~~~~~ pl
Fy = _Vg(pz _:01) ’,'
]
DENSITY "‘ F Z
1 2
Z
! v F =m 9 2
i Jat
1
1
)
Y.
HEAVIER p2
FLUID

STABLY STRATIFIED TURBULENCE:
THE ORIGIN OF INTERNAL WAVES

"

N: BUOYANCY FREQUENCY
OR
BRUNT-VAISALA FREQUENCY
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THERMAL-STRATIFICATION IN WATER
BEYOND THE BOUSSINESQ ASSUMPTION

So far we have considered uniform fluid properties

nl incropcm&bcwill[l] — |
“ 0.0018 |
10 |
0.0014
8 20°C — |
s Pr-7 | = I T=303K T=343K | Pr
6| | l = 0.001 °
i I AT ]
aro N 30 C ] 0.0006 | l ]
Pr~3 | a) ! b)
2r 3 . i l —
- ' ‘ ' ' 0.0002 ' ' — - L
280 300 320 340 360 280 300 320 340 360
T[K] T[K]
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STABLY STRATIFIED TURBULENCE UNDER
NOB CONDITIONS:

EQUATIONS
au S =—u. aui +0.. +0. i Gr UNIFORM THERMOPHYSICAL PROPERTIES
—t = l Tox, " 16 Re? (©B)
—_— J T

ox;

ou. 1 8 TEMPERATURE-
au. 1 (9 M on > Sl. =—1U . 4, + d u, +0. 1 +§l 3 1 Gr 2] DEPENDENT
— ! - S = / axj Rer axj axj : 16 Rei VISCOSITY (NOB)

l
at Re ax axl 0.0018 S T T v v
0.0016 | 247.8

hS

0.0014 | ~._... w(6) = (2.414.10-5).10(6—140),

06 90 \_1 9°0 oo |

—+U. u oo | | Symbols (Exp.):
2 0.0008 / oy
ot J ax Rero r ox j 0.0006 \< Incropera & Dewitt, (1985)

0.0002

280 300 B[K] 340 360

TEMPERATURE-
AD = 40°C (91/! DEPENDENT
Sl_ =-u, Py il i3 & Prer| €XP| — /J’ d@ THERMAL
_ . EXPANSION
Hm =50°C o ' COEFFICIENT
i 1 (NOB)
PI. — 3 0.0006 |
Gr = 107 0.0005 \ FITTING (LINE)
V=~ o.0004 | | B= 58-10°+1.11-10°60-4.196-10"* 6>
Gr
. _ 0.0003
Ri - - _ N\ Symbols (Exp.):
- 0.0002 < - o 49["&] o —0 80 /nCI’Opera & DeWItt, (7985)
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- lj THE ROLE OF
I TEMPERATURE DEPENDENT FLUID PROPERTIES

WIEN

VISUALIZATION ON A CROSS SECTION 5

STABLY-STRATIFIED
B,u=CONSTANT - OB

LOCAL DYNAMICS OF THE
FLOW: VERY IMPORTANT
(ONE-SIDED TURBULENCE)

STABLY-STRATIFIED
u(T) - NOB

STABLY-STRATIFIED
B(T) - NOB

ﬂ(T)f LAMINAR ZONE ﬁ(T)f LAMINAR ZONE
Zonta et al., JFM, 697, 175-203 (2012)
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MOMENTUM AND
HEAT TRANSFER COEFFICIENT-2

LOCAL VALUE OF THE
C 2TW < SHEAR STRESS
f 2
Pu,,
4
28 22 Re? 16 14 (x10%) 28 22 Re:? 16 14 (x10%)
14 T T T T T T 14‘ ! . T T T T T
OB assumptions —v— OB assumptions —v—
1.2 | w(T) - Cold wall =@ 1.2 | B(T) - Cold wall -
w(T) - Hot wall =--©---- | B(T) - Hot wall --&--- ;
1} I
::' 0.8 | T 0.8 | Y~
I I T
Ooo6F 0 LN T 1 06} -
04t 0 e N 1 04 B T N !
0.2 t _ _ e 9 02 ) S, ]
a) Viscosity-u(T) Thermal expansion coefficient-B(T)
0 1 1 1 1 1 1 0 1 1 1 1 1 1
400 500 . 700 800 .
Ri, 400 500 Ri, 700 800
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PART III:
SURFACE WAVES

PHYSICAL CONFIGURATION

COUNTERCURRENT AIR-WATER FLOW
(DRIVEN BY PRESSURE GRADIENT)

CINECA



EQUATIONS & NUMERICAL METHODOLOGY

GOVERNING EQUATIONS - PHYSICAL DOMAIN
V-u=0

a—u+ﬁ°Vﬁ=—Vp+—V2ﬁ
ot e

Mapping

ALGEBRAIC MAPPING

| =X

CINECA



EQUATIONS & NUMERICAL METHODOLOGY

JACOBIAN & DERIVATIVES

J — S
SIS
9 ) Lr ; SR
(9 = ] * 8
X Y

Mapping

9, =(0/9x,0/9y,0/9z)

ok
I

310v,,0/0y,,0/9y,)
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EQUATIONS & NUMERICAL METHODOLOGY

FRACTIONAL-STEP TECHNIQUE

PROVISIONAL TIME STEP
/

~ 7, M-1 . ~ )
MA;t +q20aV (uu) q—ﬁvz(u—u )=O

CONVECTIVE TERM: ADAMS-BASHFORT EXPLICIT (M=2, 0,=3/2, a,=-1/2)

CORRECTION TO OBTAIN DIVERGENCE-FREE FIELD

n+l ~

“ ~u _u+Vp”+1 =0

At
TAKING DIVERGENCE & UN*! DIV. FREE:
2 n+l 1 ~
\% P = —V U| SOLVE TO GIVE PN*1& UN+!

At
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EQUATIONS & NUMERICAL METHODOLOGY

SPATIAL DISCRETIZATION

2 (/I\) (kl ] k2 N, ) ei(kllﬂl"'kzl//z)T

”3

ky ok ks
CHEBYSHEV POLYNOMIALS

T, (v;)= cos[n3 cos™ (1, /h)]

SPECTRAL AMPLITUDE

DISCRETIZED

- d’ ~ H
GOVERNING EQ _/3 i/vt — 1 —F V2 ul’l
CHEB-TAU METHOD 2 i off Vi
WITH PROPER B.C. d% 5

l

ﬁ:At(éS?—lﬁ“) F (O )+

2
ﬂ- = At S (Convective terms)
O 2Re F (Four.-Cheb. Transform)
T
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BOUNDARY CONDITIONS

FREE-SLIP BC
INTERFACE @x3 —+}
KINEMATIC B.C. u 0
2 P =0;u, =0;
on on on ax, o,

—+u +U,—=1U
ot 18xl 28x2 ’

DYNAMIC B.C. —_

@x,=0: o
- )—gp pg)ﬂ (7, -7 )-) 7+ px:

( CONTINUITY OF
STRESS AND VELOCITY)

AFB

!
:l
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SIMULATIONS: PLAN OF EXPERIMENTS

e G

LiQuID () : WATER

GAS (g): AIR 's1 0045 [170 [85x10* |2.9x10°
4 6

Pl 006 170 [6.3x10% | 1.3x10¢
7.8
u, h, =h, 27th
T Re. =Re
ity Crg = 0
Re, , =— |
127
2
We _ plhlur,l hg
- y > SURFACE TENSION
al
2 1
Fr _ plur,l
gh, (:01 - pg) TZ<:X
SMALLER = SURF. TENSION DOMINATES
Fr 12 [ We ———> LARGER = GRAVITY MORE IMPORTANT y
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TRANSIENT GROWTH OF WAVES

0.01 | 5L
172
WAVE Fr=/We
AMPLITUDE
) 1/2
(") 0001 | :
| )

0.0001 | S3 -

1 10
t[s]
HOW TO EXPLAIN THE TIME BEHAVIOR OF WAVES?
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CONSIDER THE ORIGIN OF A WAVE...
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CONSIDER THE ORIGIN OF A WAVE...

WE EXPRESS THE VARIATION
OF THE INTERFACE AREA.
(Hoepffner et al., PRL 2011)

d—A x hw,
dt

CINECA



CONSIDER THE ORIGIN OF A WAVE...

r

"

WE EXPRESS THE VARIATION
OF THE INTERFACE AREA.
(Hoepffner et al., PRL 2011):

d—AOChwl

dt

2
Ap & pw; 12
W, o r

Ap — Z (SURFACE TENSION)
r
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CONSIDER THE ORIGIN OF A WAVE...

r

"

WE EXPRESS THE VARIATION
OF THE INTERFACE AREA.
(Hoepffner et al., PRL 2011):

d—AOChwl

dt

2
Ap & pw; 12
W, o r

Ap — Z (SURFACE TENSION)
r
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CONSIDER THE ORIGIN OF A WAVE...

WE EXPRESS THE VARIATION
OF THE INTERFACE AREA.
(Hoepffner et al., PRL 2011):

dA

dt

Ap ow?
P l _12

W, r
Ap — Z (SURFACE TENSION)
\ r
AFTER SOME ALGEBRA:
an® 1
n . n o t2/5

dt 7]1/2
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TRANSIENT GROWTH OF WAVES:
DNS vS SIMPLIFIED MODEL

WAVE AMPLITUDE OVER TIME

INITIAL SCALING
0.01 |

T] x t2/5

| QUITE "ROBUST’’ WITHIN THE
|RANGE OF PARAMETERS
INVESTIGATED

12 [
77 o |

| WHATEVER THE PHYSICAL

| PARAMETERS, CAPILLARITY
DOMINATES AT THE

0.0001 | t2/5 S3 {BEGINNING

Zonta et al., JFM (2015)
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0.01 |
) 1/2 [
o)
001

0.0001 |

TRANSIENT GROWTH OF WAVES:

SMALL WAVES GROW

GRAVITY +
S1

St

AFTER THE
INITIAL SCALING

n < exp(f)

|FOR NON-NEGLIGIBLE GRAVITY

CAPILLARY +]

S2

Frl/z/We/1

(RESONANCE BETWEEN
WAVES-PRESSURE./STRESS)

Lin etal., JFM (2008),
Janssen, Cambridge Press (2004)
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THE STRUCTURE OF THE
INTERFACE DEFORMATION

CAPILLARY +

GRAVITY +

INTERFACE ROUGHNESS y

k) )= [ n(kx,k )dk,

Y| QUASI-SINUSOIDAL WAVY INTERFACE

le-02 T T
eos ¥ le-04
le-03
le-05
1e-04 1e-05
le-05 1e-06 1e-06
le-06 1e-07 1e-07
le-07 1e-08 1e-08
le-08 ; ' 1e-09 ‘
th 100 th
100 Kap kcap 100 kggp

CFR. WITH WAVE TURBULENCE THEORY (Pushkarev & Zakharov, PRL 1996,Falcon et al., PRL 2007)
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THE STRUCTURE OF THE
INTERFACE DEFORMATION

- & &

1e-02 : : ‘
C le-04

le-04
1e-03

1e-05
le-04 le-05

1e-06

1e-05 1e-06

1e-06 | 1607 1e-07

1e-07 1e-08

1e-08

1e-08 L : : 1e-09 I H
th 100 th
100 iy Keap 100 kéZp

CFR. WITH WAVE TURBULENCE THEORY (Pushkarev & Zakharov, PRL 1996,Falcon et al., PRL 2007)
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TURBULENCE MODULATION BY
INTERFACE DEFORMATION

20

15 |

10t

0.1 1 10 100

0.14 i ”

0.12 r
0.1 ”H ” i ‘ 151

I HH“"‘W( ’H! [ \

0.08 ol

Pp/Tine
uf —uf

0.06 .

0.04 | 1

002 r i

0.1 1 10 100

: : : : : : As waves develop, we observe a drag increase

5] (pressure drag+skin friction)
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PART IV:
DROPLETS IN TURBULENCE

Diffuse interface approach (PFM), the sharp interface is replace by a thin layer of transition:

-5

The Phase Field is described by a
transport scalar equation.

CINECA



GOVERNING EQUATIONS

Hypothesis:

-Incompressible flow

-Matched Density multiphase system
-Different Viscosity of the two phases
-Constant Mobility

Mass Conservation:

V-u=0

Navier-Stokes equation:

ou , 1 T 3 Ch

- —_1u- _ nm+ ——v. A ——V -7,
5 u-Vu—-Vp + 11+ ReTv (r(¢, A)(Vu+ Vu™)) + \/gWev T,

Cahn-Hilliard equation: Vewiable viscosity term Capillawy force term

O 1 ,

o +u-Vo¢ = P_V2 (¢3 — ¢ — Ch2v2¢) ‘..- Chemical Potential
t € [11,[21,(3]

[1]Jacgmin,Calculation of Two-Phase Navier-Stokes Flows Using Phase-Field Modeling, JCP 1999;

[2]Badalassi et al. Computation of multiphase systems with phase field models, JCP 2003;
[3]Yue et al, A diffuse-interface method for simulating two-phase flwos of complex fluids, JFM 2004;
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GOVERNING EQUATIONS

Viscosity can depends on O, using a linear interpolation of viscosity:

T T T T
5 — h A>1
1
0

SN NS U S S RN SR U S h A<1
1 -08 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

6

V(¢) = Ve

[\)
viv

2

Defining A as:

vqg _ Drop Viscosity

A\ =

ve  Continuos Viscosity oo Oprofile

Viscosity can be rewritten:

e = tanh
TR — ? V2Ch

<¢ + 1) .11 -0.l8 -0.;6 -o,J4

V(o) =ve +v.(A—1) 5

Inserting this expression in the NS equation, the diffusive term can be split as follows:

V- [v(¢)(Vu+Vul)] =v.Viu+rv.V-[(A-1) (9 ; Y (Vu+ Vul)]
4 4

Lineawr Powrt Now Lineowr Pouwt
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PHYSICAL PARAMETERS

Weber Number (We): Viscosity Ratio (A):
We = PUEH _ Inertial Force = pa _ Droplet Viscosity
" o Surface Tension Force " 4. Cont.Visocisty

- Low A

(Water+Hexane)

Low We

High A
(Water+0Oil)




» -
Hec

Fixed Parameters

Re:* 150.0

Ch 0.0185

Pe** 162.00

Pe and Ch numerical parameters.

RS _uH
Ch—H Pe = 5

Grid: 512 x 256 x 257 (Nx-Ny-N,)
Size: 4mH x 2mH x 2H (Lx-Ly-Lz)

x*Pe ~ 1/Ch

* Based on the viscosity of the continuos phase (®=-1)

PARAMETERS

S1

52

0.01

S3

0.10

54

1.00

S5

10.0

S6

100.

57

0.01

58

0.10

S9

1.00

s10

10.0

511

100.

512

0.01

5§13

0.10

514

1.00

S15

10.0

100.
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NUMERICAL METHOD

Method: Initial Conditions:
: II.'))lrec(;lc NtSJmerlcaluI Slolupﬁn (-DNS); Phase Field
Sef‘ O- 'Izect"al d gon(’; m, Hforth sch 256 Droplets in two arrays
e N-S: Crank-Nicolson/Adams-Bashforth scheme Vol=18.3% d*=90 w.u.

e C-H: Crank-Nicolson/Euler scheme

Boundary Conditions:

FLOW FIELD aé!%"‘g:-% PHASE FIELD
NO SLIP AT THE WALLS 90° CONTACT ANGLE Flow Field
a=0 8¢ _ @ 0 -Fully Developed turbulent channel flow
8z 023 DNS at Re=150
PERIODICITY ALONG X and Y
u(0) = u(Ly) $(0) = ¢(Laz)
u(0) = u(Ly) $(0) = ¢(Ly)
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0.000e+00
I

RESULTS: COLLECTIVE DYNAMICS

‘ ‘O‘.625‘ 1.25 1.875 2.500e+00
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RESULTS: DROPLETS-DROPLETS INTERACTION

COALESCENCE

Qé)o

Streamwise velocity fluctuations

05& - +0.5

Turbulence fluctuations promote the
coalescence phenomena. The new big
droplet does not break only if the surface
tension is strong enough.

X
BREAK-UP

Turbulence fluctuations promote the brea-

up phenomena; surface tension is not strong
enough to keep the single droplet "’a single

droplet”. A bridge is formed and the bridge

breaks
Y Streamwise velocity fluctuations
I—>-0.5 o +0.5
X
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RESULTS: DROPLETS DYNAMICS
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PART V:
GEOLOGICAL CO, SEQUESTRATION

Cap rock (e.g. mudstone)

LiQuID CO, IS PUMPED BENEATH THE
EARTH SURFACE

Convective
instability of
CO,-saturated
brine

AT THE BEGINNING, C02 MOVES UPWARDS (LOWER DENSITY)
LATER, IT DISSOLVES INTO BRINE AND MOVES DOWNWARDS

Huppert & Neufeld Annual Rev. Fluid. Mech. 2014
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GEOLOGICAL CO, SEQUESTRATION

One-sided Config.
Prescribed Concentration
@ top wall.

Zero Flux @ bottom wall

Once this system starts
filling (i.e.the first finger
touches the bottom wall)
Its dynamics becomes
similar to the two-sided

CINECA



Dimensionless equations

du ow

ox = 0z

u=-Vp+kC
o velt azc+azc
ot T TRa\Voxz T 922

where u, C are the fluid velocity and the CO,
concentration, whereas

__ gApKyH

Ra
u¢D Kn

contain information about fluid and porous medium
properties

Numerical Simulations
We performed 2D Direct Numerical Simulations (DNS)

using a pseudo-spectral method (Fourier + Chebyshev)
up to 8192x1025 nodes.

METHODOLOGY

Porous medium

C* = ()

matrix

C*=0

Dimensionless boundary conditions

No-Penetration
w=0onz=0,1
Fixed concentration
C=0o0on2z=1 Cfixed@z=1
C =—1on z=(0 dC/dzfixed @ z=0
Periodic conditions
on x=0,1

De Paoli et al., Phys. Fluids (2016)
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RESULTS: FLUX OF CO,
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