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BOILING CRISIS

Liquid phase heated by a wall at a fixed temperature 7%!'.
When TV increases, we switch from a Nucleate Boiling to a Film Boiling.
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“INGREDIENTS” OF THE MODEL

v/ Simulating all bubbles (DNS),

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

@ Surface Tension,

o Gravity.
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EULER SYSTEM

dip +div(pu) =0,
di(pu) +div(puu+ P 1) =UVy— S,

a(p(5 +e)) +div(p (4 +e)u+ Pu)=(Tyr—6y)-u—div(q).

o (x,t) — p specific density, (p,€) — Yyt body forces,

o (x,t) — & specific internal energy, (p,€) — G surface forces,

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

e
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EULER SYSTEM

dip +div(pu) =0,
di(pu) +div(pu®u +]I) =Yy — S,
a(p(15 +e)) +div(p (4 +e)u+[Pu) = (Byr— &) -u—div(q).

o (x,t) — p specific density, (p,€) — Yyt body forces,

o (x,t) — & specific internal energy, (p,€) — G surface forces,

(p,€) — div(q) heat transfer.

pressure law.

o (x,t) — u velocity;

I )
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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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LiQUID-VAPOR INTERFACE

5. Appendix
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Liquid-!

NANANANANANANNANAN 9
Interface ¢ =1
P Vo = :
i +u-Vo =0 —
:9=0
\ x
Liqui Vapor
Q= ¢=0
P if @ =1;
(p,€)—P=
PY® if g =0.
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LiQUID-VAPOR INTERFACE

?7?7?

0< <A1 !
® —

Liquid Vi
iqui apor

Pia ifp=1;
(p,e)—P=< 7?77 if0<@<i;
P¥P if ¢ =0.
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LiQUID-VAPOR INTERFACE

0<o<t L

Fictitious fluid o=1
1
1

Liquid Vapor

o= ¢=0

P9 it =1,
(p,e)—P=< PT if0o<o<i;
P¥P if ¢ =0.
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Fictitious fluid p=1
0< <1 [
— !
r Sio=o
R S
] X
Liquid Vapor -
e i

o Goal: define a global pressure law such that

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

@ coherence with classical thermodynamics [H. CALLEN]
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EOS OF EACH PHASE ot = 1,2

To, Specific volume o
o Wo =(Ta; €a);
£y specific internal energy

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

def as()(
To= >0 temperature,
0&y .
def ()So{
Po =Ty >0 pressure,
07Tq N
o =€q+ PoTq — TySe  free enthalpy (Gibbs potential).
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EOS OF EACH PHASE o = 1,2

To Specific volume

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

W, — So, Specific entropy (Hessian matrix neg. def.);
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EOS OF EACH PHASE o = 1,2

To, Specific volume def
Wo :(Tﬂh 80!);

£y specific internal energy

’wa — Sq specific entropy (Hessian matrix neg. def.);

w [ 0Sq
| Ta — (E
def a

S
P T
o

—1
>0 temperature,
Ta

>0 pressure,

Eq

Jo =€ + PyTy — TuSe  free enthalpy (Gibbs potential).
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EOS OF THE MIXTURE

o WEywy +(1—y)wy;
@ y mass fraction;
@ z volume fraction s.t. y71 = z7;

@ Y energy fraction s.t. y&4 = Ye.
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EOS OF THE MIXTURE

o WEywy + (1 —y)wy;
@ y mass fraction;

@ z volume fraction s.t. y71 = z7;

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

ENTROPY WITHOUT PHASE CHANGE

o= ysi(wi)+ (1 —y)sa(wa)
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EOS OF THE MIXTURE

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

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

ENTROPY WITHOUT PHASE CHANGE

o= ysi (W) + (1 — y)s2(W2) = ysy (}_Z’T’ %8) +(1 —y)sz(]%flr, 11%‘},'/8)
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EOS OF THE MIXTURE

o WEywy + (1 —y)wy;
@ y mass fraction;
@ z volume fraction s.t. y7y = z7;

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

ENTROPY WITHOUT PHASE CHANGE

=9
Jo
at

8_0
de

P

rad

gy,z,y

o= ysi(Wy) + (1 —y)s2(W2) = ysi (ﬁr, %8) H —y)32<]

=X

-y

T,

v

y

‘)
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OUTLINE

©Q Model

@ Equation of State WITHOUT Phase Change
@ Equation of State WiTH Phase Change

2 The Phase Change Equation

> Conservation Laws
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EOS WITH PHASE CHANGE

(W,Z,y,l’/)'—)o' WF—>Seq

ENTROPY WITHOUT PH.CH. ENTROPY AT EQUILIBRIUM
WITHOUT EH.H. J — AT EQUILIBRIUM

J

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

T1( ) TQ(Z.}/AI//)
= Ps(z,y,
Optimality Condition: 1(2 % W) 2(2,5,¥) Solution: (z*,y*, v*)
91(z.y,¥) = g(z.y,¥)
z,y,w€]0,1[3
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EOS wiTH PHASE CHANGE

ENTROPY WITHOUT PH.CH. ENTROPY AT EQUILIBRIUM
WITHOUT EH.H. J — AT EQUILIBRIUM

(W,Z,y,W)'—)G WHSeq

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

sSW)E  max  o(w,z,y,y)
z,y,yel0,1]3

Optimality Condition: Solution:
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EOS wiTH PHASE CHANGE

ENTROPY WITHOUT PH.CH. ENTROPY AT EQUILIBRIUM

(W,Z,y,l.[/)'—)(f WHSeq

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

* *
Wqu Wvap

Optimality Condition: Solution:

— 0 OO0 O )13/2
G. FACCANONI (IPGP & ENS) Liquid-Vapor Phase Transition



EOS wiTH PHASE CHANGE

w — s

ENTROPY WITHOUT PH.CH. ENTROPY AT EQUILIBRIUM
_— » .
(Wa Zvy: W) =0

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

sSW)E  max  o(w,z,y,y)

z,y,ye(0,1]3
= co{max{si(w),s2(w) }} Siiq

* *
Wqu wvap

Ti(z,y,¥) = T2(z,y,¥)
Pi(z,y,¥) = Pa(z,y,v)
91(z,y,¥) = g2(2,y,¥)
z,y,w€]0,1[°

Optimality Condition: Solution:

- —————— > "3/
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EOS wiTH PHASE CHANGE

w — s

ENTROPY WITHOUT PH.CH. ENTROPY AT EQUILIBRIUM
_ » _
(Wa Zvy: lll) =0

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

sSW)E  max  o(w,z,y,y)
z,y,yel0,1]3

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

* *
Wqu wvap

Ti(z,y,¥) =To(z,y,¥)
Pi(z,y,v) = Pa(z,y, V)
91(z,y,¥) = 02(2,y,v)
z,y,w€]0,1[°

Optimality Condition: Solution: (z*, y*, ")

e/ /707070907070 0 /> ]
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Sontext 2. Model 3.

CONCAVE HULL WITH TWO PERFECT GASES

(1,8) — Sliq (7,8) — Svap
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CONCAVE HULL WITH TWO PERFECT GASES

(T,g) = max{sliq,svap}
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(’L’,E) = max{sliq,svap}




CONCAVE HULL WITH TWO PERFECT GASES

(t,€) — co{ max{sﬁq,svap}}




CONCAVE HULL WITH TWO PERFECT GASES

(t,€) — co{ max{sﬁq,svap}}
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FrROM W — s 7O w — Pl

For all W fixed, we seek (wj;,,w,,,,y") as the solution of the system
Pliq(wliq) = Puyap(Wvap)
Tiiq(Wiig) = Tvap(Wyap)
gliq(wliq) = gvap(wvap)

w= YWiiq +(1 —}’)anp

if then w is an

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

— o )y 15/2
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FrROM W — s 7O w — Pl

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

Piig(Wiiq) = Pyap(Wvap)
Tiig(Wiiq) = Tvap (Wyap)
Jlig (wliq) = Gvap(Wyap)
w= YWiig + (1 —}’)anp

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

(W) = " Siig(Wiig) + (1= ¥") Svap(Wiap),

e/ 7070707070/ > ]
G. FACCANONI (IPGP & ENS) Liquid-Vap
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FrROM W — s 7O w — Pl

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

Piig(Wiiq) = Pyap(Wyap)
Tiig(Wiiq) = Tvap (Wyap)
Jlig (wliq) = Gvap(Wyap)
w= YWiig + (1 —}’)anp

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

~ S
(W) = " siiq(Wiiq) + (1 = ¥*) Svap (Wiap) -
- Svap
Q@ if the system has no solution or y* ¢ ]0,1[ then w is a
monophasic pure state - g
Siiq W
$%9(W) = max{siq (W), Suap (W)} — 2
liq vap

e/ 7070707070/ > ]
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FrROM W — s 7O w — Pl

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

Piig(Wiiq) = Pyap(Wyap)
Tiig(Wiiq) = Tvap (Wyap)
Jlig (wliq) = Gvap(Wyap)
w= YWiig + (1 —}’)anp

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

~ S|
s*(W) = " siiq(Wiig) + (1 = ¥*) Svap (Wyap) o
= -~ S
P(w) = A liq(WTiq) =P vap(wtap)? o
Q if the system has no solution or y* ¢ |0, 1] then w is a ,-f,"/
monophasic pure state R :
Sia - w
s*(w) = max{siq(W), Svap(W)}, - N W
wllq wvap
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FrROM W — s 7O w — Pl

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

Piig(Wiiq) = Pyap(Wyap)
Tiig(Wiiq) = Tvap (Wyap)
Jlig (wliq) = Gvap(Wyap)
w= YWiig + (1 —}’)anp

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

~ S|
s*(W) = " siiq(Wiig) + (1 = ¥*) Svap (Wyap) o
= = S
Pd(w) = A liq(WTiq) = P vap(wtap)? |
Q if the system has no solution or y* ¢ |0, 1] then w is a ,-"}"/
monophasic pure state A
Siq w
s*(w) = max{siq(W), Svap(W)}, - N W
wllq wvap

PEA(W) = Py (W).

e/ 7070707070/ > ]
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@ Equation of State wiITHOUT Phase Change
@ Equation of State wiTH Phase Change

@ The Phase Change Equation

@ Conservation Laws
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SUMMARY OF THE MODEL

[ Euler System ]
L w — P J

W — SC(]

91(W1)=g2(w2)
Py (w1)=Pa(w2)
Ty (wq)=Tz(wz)

w=yw1+(1—y)wp

Phase Change Equation

~__sat -~ psat

t = lvap €—&yp
7sal_sat ~sal_csat
Uiq — Tvap (L]“I Evap

"ACCANONI (IPGP & ENS) ‘apor Phase Tran



SUMMARY OF THE MODEL

Euler System ]

w — P J

 west )

91(w1)=g2(w2)
Py (w1)=Pa(w2)
Ty (wq)=Tz(wz)

w=yw1+(1—y)wp

Phase Change Equation

T rsat o psat
“vap € émp
rsal_zsal — gsal__ gsal
Uiq — Tvap 5“‘] Evap

CCANONI (IPGP & ENS) ‘apor Phase Transition
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SUMMARY OF THE MODEL

Euler System ]

w — P J

ST

[

C west )
I

g1(w1)=g2(w2)
P1(w1)=P2(w2)
Ty (w1)=Ta(wz)

w=ywi+(1—y)wz

Phase Change Equation

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



SUMMARY OF THE MODEL

Euler System ]

ST )

( w — P J
(weost )
91(W1)=g2(W2)
P1(w1)=P>(w2)
Ty (w1)=To(w2)
w=yw;+(1—y)wz
[ [Phase Change Equation]
T=Toap _ E=&

— > )17/
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SUMMARY OF THE MODEL

[ Euler System ]
L w — P J

[Phase Change Equation]

sat sat
T—Tvap _ € &mp
sat_zsal — gsal__gsat

Tiq ~ Tvap Eliq —Evap

CCANONI (IPGP & ENS) ‘apor Phase Transition
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ANALYTICAL EOS

(7,¢€) fixed

(71,€1,72,€,y) SOLUTION OF (P, T)

91(71,&1) = go(12, &)
Pi(71,€1) = Pa(12,&)
T1(71,€1) = To(72,€2)
T=yu+(1 -y
e=ye+(1-ye

T P=P2(T)

T SOLUTION OF

where

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

(7,¢€) fixed

(71,81, T2, €,Y) (P, T) SOLUTION OF

g1(P,T)=g2(P,T)

T-n(P,T) e—g&(PT)
(P, T)—1(P,T) &(P,T)—&(P,T)

T P=P2(T)

T SOLUTION OF

where

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

(7,¢€) fixed

(71,81, T2, €,Y) (P, T) SOLUTION OF

g1(P,T)=g2(P,T)

TﬁTZ(PvT) o 8782(P’ T)

(P, T)— (P, T) &(P,T)—&(P,T)

T P=P(T)~P(T) |}

T SOLUTION OF

where

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

(7,¢€) fixed

(71,81, T2, €2, Y) (P, T) SOLUTION OF

g1(P,T) =g2(P,T)

TﬁTZ(PvT) o 8782(P’ T)

(P, T)— (P, T) &(P,T)—&(P,T)

T P=P(T)~P(T) |}

T SOLUTION OF

= (7) e —&"(T) 7 where (Z)Sat(T) . (T) } (P?Y(T), T)

G -5 (T~ e () - e « N\

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



1. Context 2. Model 3. Approximation 4. Conclusion 5. Appendix

ANALYTICAL EOS

(7,¢€) fixed

(P, T) SOLUTION OF

g1(P,T) =g2(P,T)

T-n(P,T) e—g&(PT)
(P, T)— (P, T) &(P,T)—&(P,T)

least square
approximation

T P=P(T)~P(T) |

T SOLUTION OF

= (7) e —&"(T) ) where (;)mt (= (Z) ., (P(T),T)

7T -5 (T~ e () - e a

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

Pt (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
(m3/kg)

G
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)

&y e
7,7590 23775
20,388 23816
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/

G. FAGCANONI (IPGP & ENS)


http://webbook.nist.gov/chemistry/fluid/
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TABULATED EOS

(7,¢) fixed

T SOLUTION OF

7— (T e—&e(T) _ o\
= th T) tabulated
M- em-enm " \g) 7
—

with

least square
approximations

)| 19/26
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TABULATED EOS

(7,¢) fixed

T SOLUTION OF

7— (T e—&e(T) _ o\
= th T) tabulated
M- em-enm " \g) 7

Re—

/T\ sat
with (A> (T)
£ o

least square
approximations

)| 19/26
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TABULATED EOS

(7,¢) fixed

T SOLUTION OF

7— (T e—&e(T) ) 7\
= th T tabulated
TY(T) —(T)  &*(T)—&*(T) " € a( )

Re—

A~ t
B e &0 wtnh  (2) ()
ORAORCT ORI .

least square
approximations
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OUTLINE

o
©Q Model

@ Equation of State WITHOUT Phase Change
@ Equation of State wiTH Phase Change

@ The Phase Change Equation

@ Conservation Laws
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DYNAMIC LIQUID-VAPOR PHASE CHANGE

dip +div(pu) =0,

di(pu) +div(pu®@u+ P¥I) =0 eq

t P ol with  pea 52
LIl ~ L eqy | —

8,<p< > +8>> +d1v<p< ; +e>u+P u) =0

Se

G. FACCANONI (IPGP & ENS) Liquid-Vapor Phase Transition
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DYNAMIC LIQUID-VAPOR PHASE CHANGE

dip +div(pu) =0,
di(pu) +div(pu@u+ PHI) =0 cq
t with  peatst 5t

a,<p<¥+e)> +div<p<¥+e)u+Pequ> =0 s

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

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



DYNAMIC LIQUID-VAPOR PHASE CHANGE

dip +div(pu) =0,
di(pu) +div(pu®@u+ P¥I) =0 eq
t with  peatst 5t

at<p(¥+e)> +div<p<¥+8)u+Pequ> =0 s

MATHEMATICAL PROPERTIES
If 77 # 75 and & # &5 (first order phase transition) then
® c(w) >0, ® s;i(w) >0
© Euler system: strict hyperbolicity (# p-system), o

® Riemann problem: multitude of entropy (Lax) solutions [R. MENIKOFF, B. J. PLOHR],
uniqueness of Liu solution.

s 2i/%
G. FACCANONI (IPGP & ENS) Liquid-Vapor Phase Transiti



3. Approximation

OUTLINE

o Context

© Model

@ Equation of State WITHOUT Phase Change
@ Equation of State WiTH Phase Change

@ The Phase Change Equation

@ Conservation Laws

e Numerical Approximation and Example
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1. Context Model 3. Approximation 4. C n 5. Appendix

NUMERICAL SCHEME BASED ON RELAXATION APPROACH

( o2, ¥, 7.€) ) Optimization ( S(z.8) )

Off Equilibrium

Equilibrium

d:p +div(pu) =0

di(pu) +div(puu+ PT) =0
K== 1| | d(pe)+div((pe+ P*4)u) =0
eq

P(p,e) = 5

eq
e

Two Steps:

G. FACCANONI (IPGP & ENS) Liquid-Vapor Phase Transition
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NUMERICAL SCHEME BASED ON RELAXATION APPROACH

( o2, ¥, 7.€) ) Optimization ( (7, €) )

Off Equilibrium
dp +div(pu) =0 f Equilibrium )
at(pu)+dlv(pu®U+P]I):0 atp"‘dlv(pu):o
di(pe) +div((pe+P)u) =0 d(pu) + div(pu@u+ PHI) =0
dztu-gradz=p,(z=2%)  1U=2| | 5(pe) +div((pe -+ P9)u) = 0

oy +u-grady = u,(y — y*9) e
Gyt u-grady = (v — ™) Pp.e) = 5
G . € J
Plp.e,2.y,¥)= =

s B
G. FACCANONI (IPGP & ENS) Liq
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NUMERICAL SCHEME BASED ON RELAXATION APPROACH

Off Equilibrium
dip +div(pu) =0
di(pu) +div(pu®u+ PI) =0
di(pe)+div((pe+P)u) =0
diz+u-gradz =
oy +u-grady =
oty +u-grady =

O
P(p.&,2,y,y) =

g

. J

[ Two Steps:

L/

@ Hydrodynamic (+ gravity, surface tension, heat diffusion, .. .)

s B
G. FACCANONI (IPGP & ENS) Liquid-!



NUMERICAL SCHEME BASED ON RELAXATION APPROACH

Optimization
f Off Equilibrium )
Equilibrium
Hz(z —z%) gt
ty(y —y*9)
ty (y — yed)
[ Two Steps: ]

Hydrodynamic (+ gravity, surface tension, heat diffusion, ...)
@ Projection by solving the Phase-Change Equation

— O )| 23/2
G. FACCANONI (IPGP & ENS) Liquid-Vapor Phase Tra



im 1

Pressure and Temperature imposed
P =Pl > PSil(T,), T=To

Wall, null heat flux

<
>
Liquid at &
=N = -
o ydro > —
P = PisofT i
<
=

Wall, temperature imposed

T =28Ty
T=2T
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@ Equation of State WITHOUT Phase Change
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@ Conservation Laws

o Numerical Approximation and Example
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on 4. Conclusion 5

SUMMARY & PERSPECTIVES

@ Model

v/ based on a general construction of the Equilibrium EOS (also for tabulated data),

@ Numerical Method based on the relaxation approach: off-equilibrium system with
relaxation terms

preliminary results: dynamic generation of a phase in a 2D-flow in a pure phase with
surface tension, gravity and heat diffusion,

transtion: liquid phase — nucleating boiling — film boiling

G. FACCANONI (IPGP & ENS) Vapor Phase Transition



o Model

based on a general construction of the Equilibrium EOS (also for tabulated data),

@ Numerical Method based on the relaxation approach: off-equilibrium system with
relaxation terms

preliminary results: dynamic generation of a phase in a 2D-flow in a pure phase with
surface tension, gravity and heat diffusion,

transtion: liquid phase — nucleating boiling — film boiling



o Model

based on a general construction of the Equilibrium EOS (also for tabulated data),
Critical Point and Metastability;

@ Numerical Method based on the relaxation approach: off-equilibrium system with
relaxation terms

preliminary results: dynamic generation of a phase in a 2D-flow in a pure phase with
surface tension, gravity and heat diffusion,

transtion: liquid phase — nucleating boiling — film boiling



o Model
based on a general construction of the Equilibrium EOS (also for tabulated data),

Critical Point and Metastability;

@ Numerical Method based on the relaxation approach: off-equilibrium system with
relaxation terms
preliminary results: dynamic generation of a phase in a 2D-flow in a pure phase with
surface tension, gravity and heat diffusion,

transtion: liquid phase — nucleating boiling — film boiling
quantitative simulations: implicit transport step (Low Mach) and 3D (parallelization).



PWR

Stiffened Gas for Water
Tabulated EOS for Water
Speed of sound
Isentropic curves
Surface Tension
Metastability

Critical Point



PRESSURIZED WATER REACTOR

7
Containment /;
structure Wy
7
7 Water

Pressurizer
Control
rods
Steam generator
(neat change)
Reactor 1
core

Pressurized water Water and steam Water
(primary loop) (secondary loop) (cooling loop)



PRESSURIZED WATER REACTOR




Control

rods \

Reactor vessel

_—

~

Pressurizer

< —

N

ﬁr'
Reactor /

core

V)

Water coolant

(330°C) \l/

6

pr=m— )
Water coolant Pump

(280 °C)



Control Rods

Water coolant
(330 °C)

Fuel Elements

Water: coolant
and moderator N

Water coolant (280 °C)




STIFFENED GAS FOR WATER

Phase ¢y, [J/(kg-K)] Y 7 [Pa] q [Jkg] m [J/(kg-K) ]
Water 1816.2 2285 10° —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.

(Tayeoc) = Sg. = Cy,, |n(£oc — Qo — ﬂaTa)"‘Cva(Ya - 1)|nToc + Mg,
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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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STIFFENED GAS FOR WATER

Phase ¢y, [J/(kg-K)] Y 7 [Pa] q [Jkg] m [J/(kg-K) ]
Water 1816.2 2285 10° —1167.056 x 10°  —32765.55596
Steam 1040.14 1.43 0 2030.255 x 108  —33265.65947

Table: Parameters proposed by [O. LE METAYER] for water.

(Tas€a) — Sa = Cyy IN(Ea — Gu — ToTar) + Cug (Yo — 1) IN T + Mgy

P+x )
(P.T) i =T e a0 (PT)= 0= 04V~ 1)

T/ =278K...610K, ; i 1 83
91(P, T') = go(P, T') = P¥(T) } =A={(T",P(T)}



Phase ¢y, [J/(kg-K)] Y 7 [Pa] q [Jkg] m [J/(kg-K) ]
Water 1816.2 2.35 10° —1167.056 x 10° —32765.55596
Steam 1040.14 1.43 0 2030.255 x 108 —33265.65947

Parameters proposed by [O. LE METAYER] for water.

(Tocaeoc) = Sg. = Cy,, |n(8a — Qo — ﬂafa)JFCva(Ya *1)|n T + Mg

P+ o, T
(PaT)HSO(:CVaTﬁ_an’ (P,T)H’Cazcva(’)/a—1)P+7ta.

T/ =278K...610K, i saty—ivy |83
g1(P, Ti):gg(P, TI) = Psat(Tf) } =2A= {(TI’Pgal(T’))}iZO

P defined by using a least square approximation of 21:

T P(T) m P(T) Zexp (L g 2T )



{< T )}
su
sllq

I7 gsdt

{(TI Tsdl
Sit

] Thq

I Tsal

£5% and T3 defined by using a least square approximation of 2(, 9B, ¢ and

A=

T = 278K. . .61'0K, -
(T, T5(T") found in the tables ¢ =
D=

sat . asat def 1 sat . osat def /‘sat K
T = Evap & Evap = Zs . Tk T —8iq = Eliq = vap Z bk T
k=0 2k
A
sat . zsat def sat . zsat def ’*ﬁat k
T Hrvap ~ Tvap - 28 o TK T '_)Thq ~ Thq vap Z ax T
k=0 “k
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Appendix

SPEED OF SOUND

S
L eq eq
d P dP See Sre] |:Peq
2 o q _ _ | _r27eq Peq’ =1
T=1 <Pe e |.” ot 8) [ ][sgg sS4 | —1

HESSIAN MATRIX OF w — 5%
@ for all w pure phase state

v d%sM(w)v<0 Vv#£0,
o for all w equilibrium mixture state

Jv(w) £0 st (v(w))" d%s*I(w) v(w) = 0.
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SPEED OF SOUND

QS <0
oo (e 2P| 9P P 0 [F ][]
e8| 20 ) -G s S

HESSIAN MATRIX OF w — 5%
@ for all w pure phase state

v d%sM(w)v<0 Vv#£0,
o for all w equilibrium mixture state

Jv(w) £0 st (v(w))" d%s*I(w) v(w) = 0.

?
Vw equilibrium mixture state, v(w) = [P*I(w), —1]
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SPEED OF SOUND

S
L eq eq
opPed P See Sre] |:Peq
Zg 2 q . _ | _r27eq Peq’ —1
esp(p 2| 22 ) {[ & &5

HESSIAN MATRIX OF w — 5%
@ for all w pure phase state

v d%sM(w)v<0 Vv#£0,
o for all w equilibrium mixture state

Jv(w) £0 st (v(w))" d%s*I(w) v(w) = 0.

?
Vw equilibrium mixture state, v(w) = [P*I(w), —1]




\\ Cmix < Cvap
VY mixture

<
—
~

vapor

* * T
Tliq Tvap

o Regularity: [J. CORREIA, PG. LEFLOCH, M.D. THANH]
o Loss of convexity: [A. Voss]

r=z P
Je |,

w 7% %P

- 2yP 0d12

S

@ Pure Phases
o Hy>0
o (H)Ir >0
o (HH& >0

o Mixture
o P)y>0
o (Pr>0
o H&>0



Physical Interface Diffuse Interface

- Liquid
Liquid 7 1
def gradz
0 " |gradz|
Vapor
Vapor =0
Mixture
0<z<1

Miension = —o div(n)n

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



METASTABILITY

Py
iso-T Pig,  if T < 7,
Pd=q PR, if T, < T < T,
Poap,  if Ty, < 7.
sat
p Pig, if T < Ty,
[P or Pigl,  if T, < T < 1,
pmet _ Psat’ if 1,':;1 <T< TK/I’

[P or Prgl, 1 g < 7 < T
Pvapa if T\),kap <T,




CRITICAL POINT

Critical Point

P * ok
Tliq - Tvap

* o __ *
eliq - svap

iso-T




CRITICAL POINT

”m

@ 2 Pure Phases EOS ( P,
© 1 Saturation EOS 7 — Pbdt <—_|




CRITICAL POINT

AR i)
" Critical Point

@ 2 Pure Phases EOS (7,¢) — Py
o 1 Saturation EQOS 7 +— P <—_| Eq

EOS
PG &, = €y < Cuyy = Cuy (indip. of T)

sat,e sat
SG {’C[,P, }I.w(f’g);_)Pan,_)Psd
x ok . -
Tig = Tvap but sliq £ Evap




CRITICAL POINT

AR i)
" Critical Point

@ 2 Pure Phases EOS (7,¢) — Py
o 1 Saturation EQOS 7 +— P <—_| Eq

EOS
PG &, = €y < Cuyy = Cuy (indip. of T)

sat,e sat
SG {’C[,P, }I.w(f’g);_)Pan,_)Psd
x ok . -
Tig = Tvap but sliq £ Evap

Tilg Thap > TAB {T,-, Pisat.e}i T s pSat
{(Tiagi),(P(ex),-}i ~ (7,€) > Py
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