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Boiling Crisis

Liquid phase heated by a wall at a fixed temperature 7%!'.
When 7" increases, we switch from a Nucleate Boiling to a Film Boiling.
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Boiling Crisis

Liquid phase heated by a wall at a fixed temperature el
When 7" increases, we switch from a Nucleate Boiling to a Film Boiling.
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“Ingredients” of the Model

v/ Simulating all bubbles,

System of PDEs for the fluid flow (monophasic or diphasic),
@ Phase transition (pressure and/or temperature variations),
@ Heat Diffusion,

@ Surface Tension,

Gravity.
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Euler System

dip +div(pu) =0,
di(pu) +div(pu@u+ P I) =V — S,

a,(p(¥+s>) +div(p(¥+s)u+ P u) = (Vs — Gy) -u—div(q).

o (x,t) — p specific density, o (p,€)— Yy body forces,
o (x,t) — € specific internal energy, o (p,e) — G surface forces,
[~

o (x,t) — u velocity; (p,€) — div(q) heat transfer.

e
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Euler System

dip +div(pu) =0,
d(pu) +div(pu@u+ PI) = By — Gy,

8,(p(¥ +£)) +div(p(¥ +£)u+@u) = (Vyt — Sr) -u—div(q).

(p.€) — Yyt body forces,
(p.€) — Gy surface forces,

o (x,t) — p specific density,
o (x,t) — € specific internal energy,

o (x,t) — u velocity; (p,€) — div(q) heat transfer.

pressure law.
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Liquid-Vapor Interface
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Liquid-Vapor Interface

AVAVAVAVAVAVAVAVAVAVEA (0]
272 Q=1
0< <1 _ [ ]
\:)|
\ |(p=0

\ X
Liquid Vapor -
Color Function

¢ = ¢ =
Piaif @ =1;

(p,e)—P=¢ 277 if0o<p<1;
P if ¢ =0.
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Liquid-Vapor Interface

Fictitious fluid
0<o <1 _—

Liquid Vapor Color Function
9= ¢ =

Pia if @ =1;
(p,e)—P={ PT if0o<o<i;
PV if ¢ =0.
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¢

Fictitious fluid p=1
0< <1 [
r "lo-0
.
[ X
Liquid Vapor -
o =1 ©=0 Color Function

o% Goal: define a global pressure law such that

o (p,é&,u, P) are continuous (3 zones)
o the interface position and the phase change are implicit (i.e. ¥)

o coherence with classical thermodynamics [H. CALLEN]
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EOS of each PHASE o = 1,2

Ty, Specific volume o

e Wo =(Ta; €a )
£q specific internal energy (7a. a)

W, — So specific entropy (Hessian matrix neg. def.);

—1
def ()S(X
To= >0 temperature,
deq|,
o
w_ 0S
Py= Ty >0 pressure,
d Ty N
Go 2 e + PyTou — TuSe  free enthalpy (Gibbs potential).
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EOS of each PHASE ot = 1,2

T Specific volume ot

e Wo =(Ta; €a);
£q specific internal energy

W, — So Specific entropy (Hessian matrix neg. def.);
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EOS of each PHASE ot = 1,2

Tq Specific volume

} = W =(Tg,Eq);

£y specific internal energy

W, — So Specific entropy (Hessian matrix neg. def.);

—il
o [ DS
Ta= (—a ) >0 temperature,
deql,
o
i 08
P 2T, 2% >0 pressure,
07Ty ey
| Z g+ PyTq — Tase  free enthalpy (Gibbs potential).
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EOS of the Mixture

wgyw1 +(1—y)wo;

@ y mass fraction;

©

z volume fraction s.t. y1y = z7;

©

V energy fraction s.t. y&; = ye.
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EOS of the Mixture

° wgyw1 +(1—y)wo;
@ y mass fraction;
@ z volume fraction s.t. y71 = z7;

@ v energy fraction s.t. y&; = ye.

ENTROPY WITHOUT PHASE CHANGE

o= ysi(wi) + (1 —y)sa(wz)
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EOS of the Mixture

o w=yw, +(1—y)wo;
@ y mass fraction;
@ z volume fraction s.t. y7y = z7;

@ Y energy fraction s.t. y&; = ye.

ENTROPY WITHOUT PHASE CHANGE

o Zysi(wi) + (1 —y)sa(w2) = ysi (ff, %8) +(1-y)s (]%jf 1%‘}'8)
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EOS of the Mixture

o w=yw, +(1—y)wo;
@ y mass fraction;
@ z volume fraction s.t. y7y = z7;

@ y energy fraction s.t. y&; = ye.

ENTROPY WITHOUT PHASE CHANGE

1
Jdo
ot

Jdo

P=1%¢

T.y,Z,¥

1

oZys (wi)+ (1 —y)s2(wz) = ysq (fr’ %8) +(1 —y)sz(1:

&y,z,y

‘)
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EOS with Phase Change

ENTROPY WITHOUT PH.CH. ENTROPY AT EQUILIBRIUM

(W,Z,y,l[/)'—)o' w— s%

DEFINITION [H. CALLEN, PH. HELLUY ...]
Optimization Problem:

Optimality Condition: Solution: (z*,y*, y*)
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EOS with Phase Change

w— s

ENTROPY WITHOUT PH.CH. ENTROPY AT EQUILIBRIUM
WITHOUT FH.CH. — AT EQUILIBRIUM
(w? z7y7 II/) = O-

DEFINITION [H. CALLEN, PH. HELLUY ...]
Optimization Problem:

W)= max  o(w,z,y,y)
z,y,we[0,1]®

Optimality Condition: Solution:
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EOS with Phase Change

w— s

ENTROPY WITHOUT PH.CH. ENTROPY AT EQUILIBRIUM
WITHOUT FH.CH. — AT EQUILIBRIUM
(w? z7y7 II/) = O-

DEFINITION [H. CALLEN, PH. HELLUY ...]
Optimization Problem:

W)= max  o(w,z,y,y)
z,y,we(0,1]3

= co{max{sy(w),s2(w) } } Siq

* *
Wqu wvap

Optimality Condition: Solution:

— > 0 OOOOOOOOOOOOOOOOOOOOO____________________)15/33
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EOS with Phase Change
with

ENTROPY WITHOUT PH.CH. ENTROPY AT EQUILIBRIUM
gl sl — e ol =l
w— s

(waz7yaW) i G

DEFINITION [H. CALLEN, PH. HELLUY ...]
Optimization Problem:
s9(w)=  max o(w,z,y,y)
z,y,we(0,1]3
= co{max{si(w),s2(w)}} Siiq

wﬁq w\’;ap
Ti(z,y,v) = Ta(z,y,¥)
P1 (Z,y, V/) = P2(Z,y,1[/)
g1(z,y,l/!)=gz(2,y,!//)
z,y,y€]0,1°

G}
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_Gaen A 8 AmminEien 4 Bews 5 Curehemn 6 A
EOS with Phase Change
with

w — s

ENTROPY WITHOUT PH.CH. ENTROPY AT EQUILIBRIUM
(w? z?.y? l//) = G

DEFINITION [H. CALLEN, PH. HELLUY ...]
Optimization Problem:
s(w)E  max  o(w,z,y,y)
z,y,we(0,1]3

= co{max{si(w),s2(w)}} Siig

wﬁq w\tap
T (Z,y, V/) = TQ(Z,y, W)
P (zvya V/) = P2(Za}’7‘I/)
91(z.y,¥) = %(2,y,¥)
zy,yelo1f®

e
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2. Model

Concave Hull with two Perfect Gases

(7,€) — sig (7,€) = Svap
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(t.€)—  max{siq,Svap }




Concave Hull with two Perfect Gases

(t.€)—  max{siq,Svap }
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Concave Hull with two Perfect Gases

(t,€) co{ max{sliq,svap}}

( ) )| 16/33
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Concave Hull with two Perfect Gases

(t,€) co{ max{sliq,svap}}
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Fromw — s to w+— P

For all w fixed, we seek (wi;,,wy,,.y") as the solution of the system
Piig(Wiig) = Puap(Wyap)
Tiig(Wiig) = Tvap(Wvap)
gliq(wliq) = gvap(wvap)

w= Wliq+(1 —,V)anp

if then w is an

if the system has no solution or then w is a 4

— 0000 0 )17/33
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Fromw — s to w+— P

For all w fixed, we seek (wi;,,wy,,.y") as the solution of the system

[l
éﬂ
S
—
<
s
S
N

Piig(Wiiq)
Tiig(Wiig) = Tvap(Wvap)
gliq(wliq) = gvap(anp)
W = yWiig + (1 — ¥ )Wyap

Q if y* €]0,1[ then w is an equilibrium mixture state

s(w) = ,V*Sliq(wikiq) (= y*)svap(w\tap)7

e D
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Fromw — s to w+— P

For all w fixed, we seek (wi;,,wy,,.y") as the solution of the system

Il
éﬂ
]
>
3
s
3
<

Piig(Wiiq)
Tiig(Wiig) = Tvap(Wvap)
gliq(wliq) = gvap(anp)
W = yWiig + (1 — ¥ )Wyap

Q if y* €]0,1[ then w is an equilibrium mixture state

o * k k * S
s4(W) =y s1iq(Wiig) + (1 = ¥™) Svap (Weap) o
e Svap
Q if the system has no solution or y* ¢ 0, 1[ then w is a e
monophasic pure state -/ 1
Siiq oW
s*(w) = max{siq (W), Svap(W)}, . N W
Wqu wvap

e D
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Fromw — s to w+— P

For all w fixed, we seek (Wi, w{,,.y") as the solution of the system

Il
éﬂ
]
>
3
s
3
<

Piig(Wiiq)
Tiig(Wiig) = Tvap(Wvap)
gliq(wliq) = gvap(anp)
W = yWiig + (1 — ¥ )Wyap

Q if y* €]0,1[ then w is an equilibrium mixture state

iy * £ * * S
s4(W) =y s1iq(Wiig) + (1 = ¥™) Svap (Weap) o
~ =& Sva
PE(W) = Piig(Wiiq) = Puap(Wiap): .
Q if the system has no solution or y* ¢ 0, 1[ then w is a ‘_.-','77
monophasic pure state A :
Sig - w
s*(w) = max{siiq (W), Svap(W)}, . - W
Wqu wvap

EE—— - ]
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Fromw — s to w+— P

For all w fixed, we seek (Wi, w{,,.y") as the solution of the system

Il
éﬂ
]
>
3
s
3
<

Piig(Wiiq)
Tiig(Wiig) = Tvap(Wvap)
gliq(wliq) = gvap(anp)
W = yWiig + (1 — ¥ )Wyap

Q if y* €]0,1[ then w is an equilibrium mixture state

oy * * * * S
s%(W) = y"siiq(Wiig) + (1= ") Svap(Wiap) _ -
e 1 A Sva
Peq(W) = Pliq(wl*iq) = Pvap(w‘*,ap); T - .
Q if the system has no solution or y* ¢ 0, 1[ then w is a __..-','7}
monophasic pure state DA
Siiq w
% (w) = max{sjiq(W), Svap(W)}, . - W
Wqu wvap

PH(wW) = Py (w).

EE—— - ]
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Summary of the Model

[ Euler System ]
L w — P J

W — st

g1(w1)=g2(w2)
P1(w1)=P2(w2)
Ty (wq)=Tz(wz)

w=ywi+(1—y)wz

Phase Change Equation

st . psat

T—Tyvap _ € &up
—sat_sat —— psat
Uiq — tvap &lig

~sat
Evap

FACCANONI (IPGP & ENS)
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Summary of the Model

Euler System ]
w — P J

S

( w — s )

g1(w1)=g2(w2)
P1(w1)=Pz(w2)
T1(wq)=To(w2)

w=yw1+(1—y)wa

Phase Change Equation

__rsat B (b

‘vap __ € ©vap
gSal_gsat — gsal_gsat
Ylig — Tvap Elig —&vap

"ACCANONI (IPGP & ENS)
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Summary of the Model

Euler System ]
w — P J

T

[

( w — s )
I

91(W1)=g2(w2)
P1(w1)=Pz(w2)
Ty (wq)=Tz(w2)

w=ywy+(1-y)wz

Phase Change Equation
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Summary of the Model

Euler System ]
w — P J

T

[

( w — s )
I

91(W1)=g2(w2)
P1(w1)=Pz(w2)
Ty (wq)=Tz(w2)

w=ywq+(1-y)wa

L [Phase Change Equation]

sat sat
T—Tvap 87":vap
sat_zsat — gsal__gsat
Tiq — Tvap Eliq —Evap

— o> ) 8/33
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Summary of the Model

[ Euler System ]
L w — P J

[Phase Change Equation]

sat sat
T Tyap € evap

sat_zsal — gsal__osat
Tiq —ap &g —Evap

CCANONI (IPGP & ENS) ‘apor Phase Transition
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Outline

©Q Model

@ Equation of State wiTHOUT Phase Change
@ Equation of State wiTH Phase Change

@ The Phase Change Equation

@ Conservation Laws
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ation 4. Examples

5. Conclusion 6. Appendix

Analytical EOS

(7€) fixed

(71,1, T2, €2,y) SOLUTION OF (P, T)
91(71,€1) = go( T2, &)
P1(71,€1) = Pa(72,€2)
Ti(71,81) = To(72, €2)
T=yu+(1-y)n
e=ye+(1—-y)e

T P=P%Y(T)

T SOLUTION OF

where

G. FACCANONI (IPGP & ENS)

/apor Phase Transition
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Analytical EOS

(7€) fixed

(t1,€1, T2, €2,Y) (P, T) SOLUTION OF

91(P,T) = (P, T)

T—1(P,T) &e—&(P,T)
©(P, T)— (P, T)  &(P,T)—&(P,T)

T P=P%Y(T)

T SOLUTION OF

where

G. FACCANONI (IPGP & ENS) ‘apor Phase Transition
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Analytical EOS

(7€) fixed

(t1,€1, T2, €2,Y) (P, T) SOLUTION OF

g1(P7 T) = gZ(P) T)

(P, T) &e—&(P,T)
©(P, T)— (P, T)  &(P,T)—&(P,T)

T P=pPHT)~ PY(T) |

T SOLUTION OF

where

G. FACCANONI (IPGP & ENS) ‘apor Phase Transition
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Analytical EOS

(7€) fixed

(P, T) SOLUTION OF

i

o
o

™
o
<

g1(F’7 T) = gg(/:’7 T)

(P, T) &e—&(P,T)
©(P, T)— (P, T)  &(P,T)—&(P,T)

T P=pPHT)~ PY(T) |

T SOLUTION OF

= e T D e (1) 2 (5) o)

(T - (1) & () - e (T)

G. FACCANONI (IPGP & ENS) ‘apor Phase Transition
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Analytical EOS

(7€) fixed

(P, T) SOLUTION OF

g1(F’7 T) = gg(/:’7 T)

T_TZ(Pv T) o 8_82(P7 T)

©(P, T)— (P, T)  &(P,T)—&(P,T)

least square
approximation

T P=PYT)~P(T) |

T SOLUTION OF

T*Tsal(T) - 878531(7') T sat 25 T o
O wmmwm e (0), 02(0), EHmD

G. FACCANONI (IPGP & ENS) ‘apor Phase Transition
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psat (MPa)
0,00069845
0,00086349
0,0010621
0,0012999
0,0015835
0,0019200
0,0023177
0,0027856
0,0033342
0,0039745
0,0047193
0,0055825

Volume
(m’/kg)

Tig Tvap
0,0010001 181,60
0,0010001 148,48
0,0010002 122,01
0,0010004 100,74
0,0010008 83,560
0,0010012 69,625
0,0010018 58,267
0,0010025 48,966
0,0010032 41,318
0,0010041 35,002
0,0010050 29,764

0,0010060

25,403

Internal Energy

(kJ/kg)

iy e
7,7590 23775
20,388 2381,6
32,996 23857
45586 2389,8
58,162 2393,9
70,727  2398,0
83,284 24021
95,835 2406,2
108,38 24103
120,92 24144
133,46 24184

146

24225

Source: http://webbook.nist.gov/chemistry/fluid/
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Tabulated EOS

(7€) fixed

T SOLUTION OF

T—75Y(T) e—&e(T) ) o\
= th T tabulated
R R G e B O L e
«—

with

least square
approximations
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Tabulated EOS

(7€) fixed

T SOLUTION OF

T—75Y(T) e—&e(T) ) o\
= th T tabulated
R R G e B O L e

R—

:L_\ sat
with (,\) (7T)
€ o

least square
approximations

)| 21/33
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Tabulated EOS

(7€) fixed

T SOLUTION OF

_opsat(T e _gsal(T Eat
SatT 7] (Sat) =% (Sat) with <T> (T) tabulated
g (T) = (T)  &"(T) —&"(T) €)a

R—

AT g (A
) () T e (e>a(T)

least square
approximations

G. FACCANONI (IPGP & ENS) Liquid-Vapor Phase Transition
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Phase Change Equation: Summary

sat sat

T— Tvap B &= €vap
sat _ -sat  osat _ gosat
Tiqg — Wap &g — Evap

with

e (90 ()

or

P ()@= (5) e

o

G. FACCANONI (IPGP & ENS) i -Vapor Phase Transition



Phase Change Equation: Summary

sat sat
To €o

@ Analytical EOS: we compute the saturation functions 75 and "' by the
Coexistence Curve:

o Exact: T — P%Y(T) or P TS(P)

sat
<Z) (P) = (Z) (TS(P), P) e.g. Simplified Stiffened Gases
o o

o Approximated: T — P%(T) ~ PY(T)

1%

sat
(Z) (7) (Z) (T, P(T)) e.g. General Stiffened Gases
o (04

o Tabulated EOS: the saturation functions 75 and £ are given by experiments

and we set 7\ s 2\ st
<£> (TorP)~ (§> (T or P)

o o

—— > )| 22/3
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Dynamic Liquid-Vapor Phase Change

aip +div(pu) =0,
di(pu) +div(puu+ PT) =0

def Sr

with  PH9= —5.

at< (' I2+£>>+div<p<¥+£)u+Pequ>:0 =

G. FACCANONI (IPGP & ENS) Liquid-Vapor Phase Transition
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Dynamic Liquid-Vapor Phase Change

oip +div(pu) =0,

di(pu) +div(pu®@u+ PMI) =0 wr St

8t<P(¥+€>>—i—div(P(%—i—s)u—i—Pequ) =0 %

PROPERTIES

If 77 # 75 and & # &5 (first order phase transition) then
0 c(w) >0,
@ Euler system: strict hyperbolicity (# p-system),

G. FACCANONI (IPGP & ENS) Liquid-Vapor Phase Transition
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Dynamic Liquid-Vapor Phase Change

oip +div(pu) =0,
di(pu) +div(puu+ PT) =0 Ne-d
t with  peats 2t

8t<P<¥+€>>—i—div(P(g—i—s)u—i—Pequ) =0 %

PROPERTIES
If 77 # 75 and & # &5 (first order phase transition) then
0 c(w) >0, ® s;i(w)>0
© Euler system: strict hyperbolicity (# p-system), (> )
® Riemann problem: multitude of entropy (Lax) solutions [R. MeENIKOFF, B. J. PLOHR],
uniqueness of Liu solution. (> )

— > ) /3
G. FACCANONI (IPGP & ENS) Liquid-Vapor Phase Transition
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Relaxation Approach

U +divF(U) =0
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Relaxation Approach

Formally

o dU+divF(U) =0

OV +divG(V) = %R(v)

"ACCANONI (IPGP & ENS) ‘apor Phase Tran
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Relaxation Approach

Formally

s dU+divF(U) =0

OV +divG(V) = %R(v)

dip +div(pu) =0
di(pu)+div(pu@u+ P*II) =0
di(pe)+div((pe+ P*)u) =0
eq 2
St def Jul

eq _ >t &=
P¥(p,e) = =

+€
M

CCANONI (IPGP & ENS) ‘apor Phase Transition
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Relaxation Approach

Formally

s dU+divF(U) =0

OV +divG(V) = %R(v)

@ Lagrangian:
Z(p,u,0,y,2,¥)= p(

4 —e(p,0.y.2.¥))
Action:

ﬂ’ PPN _ aip +div(pu) =0
(V)2 A u,s,y,z,¥)(x,t;v)dxdt i
= f!n(tjv) GG 9i(pu) +div(pu@u+ PI) =

a(pe) +div((pe+ P)u) =0

Minimization of the Action: 4 (v = 0) = s @
" P(p.e)= a3 © ex M l +e
€

Lol g1 Va
Q Energy.a_);_‘yo,s,x(ymJ o cr)

@ Positive Entropy Production: D;c > 0

G. FACCANONI (IPGP & ENS) ‘apor Phase Transition
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Relaxation Approach

Formally

U +divF(U) =0
©n—0

OV +divG(V) = %R(v)

dip +div(pu) =0
di(pu)+div(pu®@u+ PI) =0

a(pe) +di P)u)=0
i(pe) +div((pe+ P)u) dp +div(pu) =0

di(pu) +div(pu®u+ P*II) =0
di(pe)+div((pe+ P*)u) =0

eq 2
S u
Poa(p,e) = 55, e 1Yl

e
s¢ 2

O
Plp.&z.y )=
€

G. FACCANONI (IPGP & ENS) ‘apor Phase Transition
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Relaxation Approach

Formally

U +divF(U) =0
©n—0

OV +divG(V) = %R(v)

dip +div(pu) =0
di(pu)+div(pu®@u+ PI) =0
di(pe)+div((pe+ P)u) =0 9 +div(pu) = 0
diz+u-gradz = d(pu) +div(pu@u+ P*I) =0
di(pe)+div((pe+ P*9)u) =0
dy+u-grady =

eq 2
S u

P(p.€) = &> eg%ﬂ“‘«'
Se

iy +u-grady =

O
Plp.&z,y )=
€

G. FACCANONI (IPGP & ENS) ‘apor Phase Transition
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Relaxation Approach

OV +divG(V) = %R(v)

dip +div(pu) =0
di(pu)+div(pu®@u+ PI) =0
di(pe)+div((pe+ P)u) =0

1 /P, P
diz+u-gradz = ”—(—2——1)

3 \T2 T4

1(;: 1 g1 g2 1

£{ diy+u-grad :—(———)f

e v gracy Ty T2/ p

< iy +u-grady = ! (1 1)8
! Hy Ti T

O
Plp.&z,y )=
€

% AU +divF(U) =0
I,LA}

dip +div(pu) =0

_Formally | d(pu) +div(pu®u+PI) =0
i aHlpe) +div((pe+P*)u) =0

eq 2
S u
P(p, e)==a, ol .

S8 T2

G. FACCANONI (IPGP & ENS)

/apor Phase Transition
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Relaxation Approach

1
OV +divG(V) = ZR(V) F":“—‘"“O'y> AU +divF(U) =0
dip +div(pu) =0
di(pu)+div(pu®@u+ PI) =0
di(pe)+div((pe+ P)u) =0
i(pe) (( 1)F)>2 ; dip +div(pu) =0
2 afz“"gradzzﬁ(?z*f) ._HFZm“;'y a(pu)+div(pu@u+ PAT) =0
& 1 1 = di(pe)+div((pe+P¥u) =0
2 8ty+u»grady:—(&—%)— - )
2 Hy T T2 p eq _ St ﬁ‘ul
b B 1 /1 1 P (Pve)*quu e,Tng
= ) _tr 1 o
W +u- grad y #v/<71 T2>£
Oz
P(p.&,z,y,y) = —
(p.&:2.y,¥) = =

NOTE: we can replace an EDP by an algebraic closure, for example

G. FACCANONI (IPGP & ENS) Liquid-Vapor Phase Transition
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Numerical Scheme

AV + div G(V) = S(V) +% R(V)

"ACCANONI (IPGP & ENS)
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Numerical Scheme

OV +divG(V) = S(V) +% R(V)

V7 > Vit
O L — foo @ 0

IV + divG(V) = S(V) R(V)=0

Aug. System: 5-eq. iso-T :
- . o update fractions
Num. Scheme: op. splitting

JV+divG(V)=0 [G. ALLAIRE and all.] (y..z, V)
B solving the
( ) ~1( )+ hczn( )' g( ) Phase Change
V=Sg(V) [J. U. BRACKBILL and all.] :
Equation

)
OV=Speo (V) 2D implicit
)

V=S, (V) Euler

( )| 27/33
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Numerical Scheme

OV +divG(V) = S(V) +% R(V)

v/ >yt > v
LLYT J +oo @ 0
. I
oV +divG(V) = S(V) R(V) =

Aug. : 5-eq.iso-T i
ug. System:  5-eq. iso update fractions

Num. Scheme: op. splitting ( - )
V+divG(V)=0 [G. ALLAIRE and all.] So}li;inél/t/he
S(V)=Sst(V)+Sheat(V)+Sg(V) Phase Change
V=S (V) [J. U. BRACKBILL and all.] Equation

)
r/fv Sm «(V) 2D implicit
Sg(V) Euler

G. FACCANONI (IPGP & ENS) Liquid-Vapor Phase Transition



Numerical Scheme

AV +divG(V) = S(V) +% R(V)

v ou -+ >V » it
j oo
¢
IV +divG(V) = S(V)

O —0
R(V) =0

Aug. System: 5-eq. iso-T
Num. Scheme: op. splitting
iV+divG(V)=0 [G. ALLAIRE and all.]
S(V)=Sst(V)+Sheat(V)+Sg(V)
dV=S«(V) [J. U. BRACKBILL and all.]
0tV=Spe(V) 2D implicit
oV=S¢(V) Euler

—— o )23
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Numerical Scheme

AV +divG(V) = S(V) +% R(V)

v oy —+ ’ V7+1/2 > V7+1
/ (oo}
U
oV +divG(V) =S(V)

O —0
4
R(V) =0

Aug. System: 5-eq. iso-T

fraction
Num. Scheme: op. splitting ERcaISactons

V+divG(V)=0 [G. ALLAIRE and all.] sg}l;’iiévt/ge
S(V)=S4t(V)+Shear(V)+Sg(V)
V=S4 (V) [J. U. BRACKBILL and all.] thzeugt?::ge

0tV=Spe(V) 2D implicit
oV=S¢(V) Euler

G )
G. FACCANONI (IPGP & ENS) Liquid-Vap
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Wall L

Piston
VAPl
Wall

1

0.25

Wall T

im i

Compression of 4 Vapor Bubbles involving two Stiffened Gases for water and steam.
The piston moves towards right at constant speed v, = 30 m/s.
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Nucleating Bubble

Pressure and
temperature
imposed

p— pref 5 Psat(To), k—0.5m =i
T=Tp

Periodic

_ phydro
— Tiso—T
1im \

Liquid at T = To,
P

Periodic

/2222222277777,
7

W AR
/ Y
Wall, .

temperature imposed

D
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Pressure and temperature imposed P = P!, T = T

x x
= =]
(B (T
s Liquid at o
L T=T, | €
= hydro == —
> _ Y =
=z P= Piso—T Z
T B
= =

Wall, temperature imposed

T =28Ty
T=2Tp
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Model 3. Appr on 4. s 5. Conclusion 6. Appendix

Summary & Perspectives

o Diffuse Interface Model

v/ general construction of the Equilibrium EOS (also for tabulated data),
v/ strict hyperbolicity of the Euler system with the Equilibrium EOS,

Numerical Method based on the relaxation approach: augmented systems with relaxation
terms

operator splitting based on the 5-egs iso-T with a Roe like solver [G. ALLAIRE, S. CLERC, S. KOKH],

Numerical Tests
2D with Stiffened Gas EOS for

o water for pressure variations,
o artificial fluid for nucleation,

CCANONI (IPGP & ENS) ‘apor Phase Transition



o Diffuse Interface Model

general construction of the Equilibrium EOS (also for tabulated data),
strict hyperbolicity of the Euler system with the Equilibrium EOS,

o Numerical Method based on the relaxation approach: augmented systems with relaxation
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Stiffened Gas for Water
Tabulated EOS for Water
Speed of sound
Isentropic curves
Surface Tension
Metastability

Critical Point



Stiffened Gas for Water

Phase ¢, [J/(kg-K)] Y 7 [Pa] q [Jkyg] m [J/(kg-K) ]
Water 1816.2 235 102 —1167.056 x 10° —32765.55596
Steam 1040.14 1.43 0 2030.255 x 10°  —33265.65947

Table: Parameters proposed by [O. LE METAYER] for water.
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o Regularity: [J. CORREIA, PG. LEFLOCH, M.D. THANH]
o Loss of convexity: [A. Voss]



Physical Interface Diffuse Interface

Liquid Lt
z=1
def gradz
i " |gradz|
Vapor Verper
z=0
Mixture
0<z<1

nlension =—0 div(n)n

[J.U. BRACKBILL, D.B. KOTHE, C. ZEMACH]
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