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PRINCIPLE

Nature

Explosion
trajectory
Vulcanian i

Pre-explosive

conditions

Pumice




INSIDE A PIECE OF MAGMA

Quenched
piece of magma




INSIDE A PIECE OF MAGMA

Quenched
piece of magma

Model with fluid dynamics and two phases




LIFE CYCLE OF BUBBLES IN MAGMAS

Life stage

E’% Collapse

i .| '] Coalescence

Nucleation




BUBBLE GROWTH

Mechanisms:

+ water diffusion
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LAGRANGIAN BUBBLE GROWTH

Sw)

Pamb(1)

Lots of Lagrangian models Lo
Few Eulerian models

6=

—== Numerical runs (Forestier Coste et al., submitted)
A O Experiments (Burgisser & Gardner, 2005)
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BUBBLE COALECENCE & COLLAPSE

3D images of experimental magmas (1 mm across)

Many bubbles connect with each other — gas velocity # melt velocity



EULERIAN BUBBLE GROWTH:
TRANSITION BETWEEN ERUPTIVE REGIMES

Dome effusion Plinian eruption

Magma
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EULERIAN BUBBLE GROWTH:
TRANSITION BETWEEN ERUPTIVE REGIMES

Dome effusion Vulcanian explosion Plinian eruption
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NAVIER — STOKES EQUATIONS

{

Incompressible
0U+V - UQRuU)+Vp+D=0
V-u=0

D =-V-[n(Vu+ Vu)]




NAVIER — STOKES EQUATIONS

{

Incompressible

0U+V - UQRuU)+Vp+D=0

u,
vi=0 b
D =-V-[n(Vu+ Vu)]
Compressible
{ 0:(p)+ V- (pru@®u)+Vo+D=0 u,p

0ep + V- (pu) =0

D=-VAV-%)—V-[n Wi+ V)]

= Cpp ¢, € (0,00) given




TWO PHASE FLOWS

gas = phase + Two-phase compressible system
Uy

liquid = phase - 0y
P+
P+

volume fractions sum to one




TWO PHASE FLOWS

gas = phase + Two-phase compressible system
Uzt

liquid = phase - P+
P+
P+

volume fractions sum to one

r ¢+ to_=1

P+ = C1P+ cy+ € (0,00) given
Oe(@rppiy) + V- (@rprtly @ Uy) + 4 Vpy + Dy =
L 0t(@4p1) + V- (p1pis) =0

Di = —V(Ai V- ﬁi) - V- [ni (Vﬁi + Vtﬁi)]

=cp(Uy —u_ )+ 1y cr € (0,0) given, I, are interface terms




TWO PHASE FLOWS

gas = phase + Two-phase compressible system
Uy

liquid = phase - P+ 8 unknowns
P+
P+

volume fractions sum to one

r ¢+ to_=1

P+ = C1P+ cy+ € (0,00) given

7 equ. < 5 - 5
! 0t (P+p+Us) + V- (@1psty @ Us) + ¢1Vps + Dy =

L 0c(p+ps) + 7V (Qapstis) =0

Di = —V(Ai V- ﬁi) - V- [ni (Vﬁi + Vtﬁi)]

=cp(Uy —u_ )+ 1y cr € (0,0) given, I, are interface terms




TWO PHASE FLOWS

Two-phase compressible system

7 equ.
[ 0:(9+pstis) + V- (Qiprils @ Us) + p2Vps + Dy = Uy
< 0r(P+p+) + V- (prpstis) =0 P+ 8 unknowns
pr+p_=1 gi

. Pz =P+

1) Algebraic closure

P+ = P-

M. Ishii (1975), D.A. Drew & S.L. Passman (1998),
H.B. Stewart & B. Wendroff, Two-phase flow: models and methods, J. Comput.Phys. 56 (1984).




TWO PHASE FLOWS

Two-phase compressible system

7 equ.
( 0:(@2p+10s) + 7+ (@2p2tls @ Us) + ¢2Vps + Dy = Uy
< 0(p1ps) +V (@1psUs) =0 cgi 8 unknowns
Py tp_=1 pf

. Pz =P+

2) PDE closure

P+ —P-

atqoi + ﬁi qui = c

Well-posed in specific cases such as constant 7

Bresch, D, Hillairet, M. A compressible multifluid system with new
physical relaxation terms. 2016. <hal-01262617>




TWO PHASE FLOWS IN VOLCANOLOGY

Two-phase system in magma
(Pgr(Pl
Pgr P1
pg!pl

pgt o =1

volume fractions sum to one



TWO PHASE FLOWS IN VOLCANOLOGY

Two-phase compressible/incompressible system

@equ.

(0, (ppgtiy) + V- (ppyiiy @ Uy) + V(ppy) + Dy =

0 (1= @)pu) + V- (1 —)py, @ Uy) + V(1 — @)p) + Dy =
< 0:((1=9)p) +V-((1—9@)piy) =0

0:(ppg) + V- (ppgtiy) =0

. Pg = Py p1 given

e C}.‘(ﬂg - al) +

gas/liquid drag

2) PDE closure

P+ —DP-
)

@unknowns

@
Pg
pgr P1



TWO PHASE FLOWS IN VOLCANOLOGY

Two-phase compressible/incompressible system

S equ. work done by the
~ at((ppgag) L7 (qopgi_ig ® ﬂg) + V(qopg) + Dg =/ —p;Ve interface pressure p;
0 (1 = @)p i) + V- (1 = @)pthy @ U) + V(1 = @)p) + Dy = 1 +piV(1— @)

<  0:((1=@)p) +V-((1—@)pi) =0
at((Ppg) +V- ((ppgag) =0

. Pg = %Py Py given 6 unknowns
= CF(ﬂg — 1) Ug, U
@
Pg
2) PDE closure Pg, D1

P+ —DP-
&E




TWO PHASE FLOWS IN VOLCANOLOGY

Two-phase compressible/incompressible system

S equ. work done by the
~ at((ppgag) L7 (qopgi_ig ® ﬂg) + V(qopg) + Dg =/ —p;Ve interface pressure p;
0:((1 = @)piy) + V- (1 = @)pyty @ 1) + V(1 = @Ip) + Dy = 1+ p V(1 — )
<  0:((A—)p) +V-((1—@)piy) =0
at((Ppg) +V- ((ppgag) =0
. Pg = %Py py given 6 unknowns
= CF(ﬂg — 1) Ug, U
@
Pg
2) PDE closure Pg, D1

- Pg — Pi
Pi =Py ? Oep + UV = gg ?

- Pg — Pi
i =p 7 Ocp +uy Ve = gg ?




TWO PHASE FLOWS IN VOLCANOLOGY

Two-phase compressible/incompressible system
S equ.

work done by the
f — — — . .
at(qopgug) + V- (cppgug R ug) +V(ppy) + Dy =F —pVe interface pressure p,

0:((1— ) + 7 (1 - )pty @ Uy) + V(1 — @)p;) + Dy = —F + p; V(1 — ¢)
<  0:((1=@)p) +V-((1—@)pi) =0
at(cppg) + V- ((ppgag) =0

. Pg = Py p1 given

F = CF(ﬂg —ﬂl)

6 unknowns

@
Pg

2) PDE closure Pg: P1

Qg+ Uy =" 2

U, = p; =Dy
- pg — D1
t® + Uy Vo -
Guillemaud (2007),

Gallouét, Hérard & N. Seguin (2004) Numerical modelling of two-phase flows using the
two-fluid two-pressure approach. Mathematical Models and Methods in Applied Sciences, 14:663—-700.




TWO PHASE FLOWS IN VOLCANOLOGY

Two-phase compressible/incompressible system
S equ.

~ 6t(q0pgﬂg>) + 7 (ppyuy ® ﬁg) + prg +D, =F

0:((1— @)pyu) + V- (1 — @)ty @ Uy) + V((1 —@)p;) + pyVe + Dy = —F
<  0:((A—)p) +V-((1—@)piy) =0

at((Ppg) +V- ((ppgag) =0

. Pg = Py p1 given

F = Cf"(ﬂg —ﬂl)

6 unknowns

@
Pg

2) PDE closure Pg: P1

Qg+ Uy =" 2

U, = p; =Dy
- pg — D1
t® + Uy Vo -
Guillemaud (2007),

Gallouét, Hérard & N. Seguin (2004) Numerical modelling of two-phase flows using the
two-fluid two-pressure approach. Mathematical Models and Methods in Applied Sciences, 14:663—-700.



TWO PHASE FLOWS IN VOLCANOLOGY

Two-phase compressible/incompressible system

S equ.
f

at((ppg) +V- ((ppgag) =0

. Pg = Py p1 given

F = CF({ZQ —ﬂl)

6t(¢pgﬂ&) + 7 (ppyuy ® ﬁg) + prg +D, =F
0:((1— @)pyu) + V- (1 — @)ty @ Uy) + V((1 —@)p;) + pyVe + Dy = —F

<  0:((1=@)p) +V-((1—@)pi) =0

2) PDE closure

atqo + ﬁEVqD =

Pg — D1
&

Uy = Pi = Pg

0 +V - (ou)) =

Two bubble growth mechanisms:
1. by gas expansion

Pg — D1

Lensky et al.

6 unknowns
TR
@

Pg
ng b1

(2004) J. Volcanol. Geotherm. Res.




TWO PHASE FLOWS IN VOLCANOLOGY

Two-phase compressible/incompressible system
6 equ.

4 6t(q0pgﬂg) + V- (gapgﬂg R 'Tig) +¢@Vpy,+Dy =F

<  0:((1=@)p) +V-((1—@)pi) =0
at((ppg) +V- ((ppgag) =0

Pg — D1
&

. 0+ V- (pu) =

Pg = CgPg p1 given

F = Cp(ag - 'l_L)I)

Two bubble growth mechanisms:
1. by gas expansion

Lensky et al. (2004) J. Volcanol. Geotherm. Res.

0:((1— @)pyu) + V- (1 — @)ty @ Uy) + V((1 —@)p;) + pyVe + Dy = —F

6 unknowns

T




TWO PHASE FLOWS IN VOLCANOLOGY

Two-phase compressible/incompressible system

6 equ.
rat(cppgﬂg) +V- ((ppgﬂg 0% ﬁg) + @Vpy + D, =F
0:(1—@)pti) + V- (1 — @)ty @ Uy) + V((1 — 9)py) + 0V + Dy =—F
'< 5t((1 - <P)Pl) + V- ((1 - ‘P)Plﬁl) = 6 unknowns
at((Ppg) + V- ((ppgug) = @,E{
. Pg—D
o 0 + T (pil) =L ¢
5
Pg
Pg = C4Pyqg p given Pg: D1

F = Cp(ﬁg - 'l_L)I)

Two bubble growth mechanisms:
1. by gas expansion




TWO PHASE FLOWS IN VOLCANOLOGY

Our system is well posed if it dissipates energy.

Calculation of the total energy of the system

\
momentum conservation of g
add
momentum conservation of | _
_ > combine to get:
mass conservation of g
mass conservation of | 0.E+VF =@

E = total energy (kinetic, potential, intern)
F = energy flux
G = source term; G<0 « dissipative

O \Ppg— —+ = |+ V- \ppglig——+ -~ =—(1—<p)(pg—pz)p—l—~~




TWO PHASE FLOWS IN VOLCANOLOGY

Our system is well posed if it dissipates energy.

Calculation of the total energy of the system

\

momentum conservation of g add

momentum conservation of | _
> combine to get:

mass conservation of g
mass conservation of | 0.E+VF =@

E = total energy (kinetic, potential, intern)
F = energy flux
G = source term; G<0 « dissipative

12 12
u S U R
at<<P,0g| ‘;l +"->+|7-<<ppgug| ;' +...>=—(1—<p)(pg—pl)p_l_...

R=A1—9)p,(C; — kn\p1) A, ky given

C new variable, the mass of which is conserved




TWO PHASE FLOWS IN VOLCANOLOGY

Our system is well posed if it dissipates energy.

Calculation of the total energy of the system

\
momentum conservation of g
add
momentum conservation of | _
_ > combine to get:
mass conservation of g
mass conservation of | 0.E+VF =@

E = total energy (kinetic, potential, intern)
F = energy flux
G = source term; G<0 « dissipative

12 12
u S U R
at<<P,0g| gl +"->+|7-<<ppgug| ;' +...>=—(1—<p)(pg—pl)p_l_...

Gives us dissipations conditions such as if R > 0, then p; —p, >0




TWO PHASE FLOWS IN VOLCANOLOGY

Our system is self-consistent if it dissipates energy.

Calculation of the total energy of the system

momentum conservation of g add

momentum conservation of |

mass conservation of g
mass conservation of |

\

> combine to get:

E = total energy (kinetic, potential, intern)
F = energy flux
G = source term; G<0 « dissipative

Gives us dissipations conditions such as if R > 0, then p, > X

R = A - ¢@)p;(C; — kn\p1) é Ky
|

given
new variable, the mass of which is conserved




TWO PHASE FLOWS IN VOLCANOLOGY

Work in progress:

Asymptotic cases thanks to a drift flux formulation
1D case

Equilibrium states
Numerical resolution




TWO PHASE FLOWS IN VOLCANOLOGY

Work in progress:
« Asymptotic cases thanks to a drift flux formulation
1D case

« Equilibrium states
 Numerical resolution

Current conclusion:

very few published 1D systems to study conduit flow seem to be dissipative







(}E({l - \f?)pi) +V- ((1 — i,;?),()g?.tg) = —RHBO

0i(opg) +V - (ppguy) = R0

(1 = )piCr) + V- ((1 — 9)pCruy) = —R™2°

0 ((1=p)prwr) +V - (1= @) prur @) + V(1= )p1) =pg V(1 =) + Dy — Ka p(1 = 9) (ug —w) + (1 =) prg+w RH29 = 0

Oi(ppgug) + V- (ppgug @ ug) + V(ppy) —pgVie + Dy + Ka (1 — @) (ug —w) + @pgg — w R0 =

on+V - (nu) = R°

I3 If‘ C

‘ 3
Oy + V- (pu) = 4??19?(})5‘ —p) krj-n

Vi =0, or g = a;p” with a; = 10'° and b, = —1.6.

RM20 = A(1 - @)pu(Cy — kiy/P)

with A = 10'° D for a diffusion coefficient D ~ 10~1°, 10~'2? and k}, is the water solubility constant.



TWO PHASE FLOWS IN VOLCANOLOGY

Two-phase compressible/incompressible system

6 equ.
g ¢ (ppgiig) + V- (ppglig @ Ug) + V(ppg) + Dy = F
< 0 (1 —@)pu) + V- (1 — @)y @ 4y) + V((1 — @)p) + Dy = —F 7 unkNoOWns
0:(1—=@)p) +V-(1—@)puy) =0 TIETH
— g, L
\_ at(cppg) +V- ((ppgug) =0 )
Pg = C4Pg P giVEI‘l Py
pgrpl

F=cp(tg — ;) + -

2) PDE closure

P+ —DP-
)




TRANSITION BETWEEN ERUPTIVE REGIMES

Oe|lopgug| + V]|wpgug @ ug| + @Vpy + Dy + f(Darcy) + gpgyg = 0

{ U+V - UQRQu+Vp—V-[n(Vu+Vu)] =0 u,p
V-u=0

Dy =~V [ (Vi + ViH)]

0u+V-UQu)+Vp+Dy; =0
V-u=0




