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1. Context 2.

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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2. Model 1. Without PC 2. Witht PC 3. PC Equation 4. Conservation Laws

“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,

Gravity.
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EULER SYSTEM

dip +div(pu) =0,
di(pu) +div(puu+ P I) =Dy — Sy,

a(p(15 +e)) +div(p (4 +e)u+ Pu)=(Tyr—6y)-u—div(q).

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

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

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

dip +div(pu) =0,
o (pu) +div(pu@u+| P|I) = Vyr — &y,

a(p(15 +e)) +div(p (4 +e)u+[Pl) = (Byr— &) -u—div(q).

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

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

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

(p,€) — P|pressure law.
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3. Approximation 4. Conclusion 5. Appendix

1. Context 2. Model

LiIQUID-VAPOR INTERFACE

Interface L‘P =
0, Vo =0 :
tptu-Vo —

1 0=0
-
X
Liquid Vapor -
o o
Pia if @ =1;
(p,€)— P=
PY® if @ = 0.
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1. Context 2. Model 3. Approximation

LiIQUID-VAPOR INTERFACE

227 L<P=1
0< <1 \E)_':
1 1

¢=0
D B
X
Liquid Vapor -
0 =1 0=0
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1. Context 2. Model

LiIQUID-VAPOR INTERFACE

Fictitious fluid L Q=1
.
0< <1 \E) !
1 1

X
Hauid Vapor
o=1 0=0 olor Function

Pia if @ =1;
(p,e)—P=< PT ifo<op<t;
PV if @ = 0.
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1. Context 2. Model 3. Approximation

LiQUID-VAPOR INTERFACE

Fictitious fluid L(P =1
0< @< '

Liquid Vapor -
Color Function

o=1 ®=0

&% Goal: define a global pressure law such that
@ (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]

Liquid-Vapor Phase Transition
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EOS OF EACH PHASE ot = 1,2

Te Specific volume

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

-_——e
G. FACCANONI (Université du Sud Toulon Var) Liquid-Vapor Phase Transition




1. Context 2. Model 3. Ap mation 4.

EOS OF EACH PHASE ot = 1,2

To, Specific volume -
I Wa:(faaea)?
£y specific internal energy

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

To, Specific volume -
I Wa:(faaea)?
£y specific internal energy

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

=9

o« [ DS

T2 == >0 temperature,
ey,
o

i~ 08

PuETy 2 >0 pressure,
ITal,

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

o WEywy +(1—y)wy;

@ y mass fraction;
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EOS OF THE MIXTURE

o WEywy +(1—y)wy;

@ y mass fraction;

ENTROPY WITHOUT PHASE CHANGE

o= ysi(wi)+(1—y)s2(wz)
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EOS OF THE MIXTURE

° W= yw, +(1—y)wo;
@ y mass fraction;
@ z volume fraction s.t. y1y = z7;

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

ENTROPY WITHOUT PHASE CHANGE

o= ysi(wi)+ (1 —y)s2(W2) = ysy (if’ VVI‘C‘) +(1 _Y)SZ(E’T’ 1‘%/8)
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3. Approximation 4. Conclusion

5. Appendix

EOS OF THE MIXTURE

° W= yw, +(1—y)wo;
@ y mass fraction;
@ z volume fraction s.t. y74 = z7;

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

ENTROPY WITHOUT PHASE CHANGE

cgy& (W) 4+ (1 —y)sa(w2) = ysq (ffa VYIE) + (1 _y)s2(1%)z/f’ 1:

—1
a_c
ot

8_0
de

P

T.y,Z,¥

&y,z,y
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EOS wWITH PHASE CHANGE

ENTROPY WITHOUT PH.CH. ENTROPY AT EQUILIBRIUM
_ » _
w— s

(W,z,y, ll/) — 0

‘apor Phase Tran
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EOS wWITH PHASE CHANGE

ENTROPY WITHOUT PH.CH. ENTROPY AT EQUILIBRIUM
_ » _
w — s®

(W,z,y, ll/) =@

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

sSfIw)= max o(w,z,y,y)
z,y,yel0,1]3
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EOS wWITH PHASE CHANGE

ENTROPY WITHOUT PH.CH. ENTROPY AT EQUILIBRIUM
_ # _
w — s®

(W,Z7y, lI/) =@

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),sz(w) }} Siiq

EV

* *
Wqu Wvap
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EOS wWITH PHASE CHANGE

(w,z,y,y)— o w — 5%

ENTROPY WITHOUT PH.CH. ENTROPY AT EQUILIBRIUM
e J — AT EQUILIBRIUM

J

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),sz(w) }} Siiq

* *
Wqu Wvap

Ti(z,y,¥) =To(z,y.¥)
Pi(z,y,¥) = Pa(z,y,v)
91(z,y,¥) = (2.5, ¥)
z,y,w€]0,1[°

Optimality Condition:

e
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EOS wWITH PHASE CHANGE

(W727y7ll/)'_>6 w — s

ENTROPY WITHOUT PH.CH. ENTROPY AT EQUILIBRIUM
e J — AT EQUILIBRIUM

J

DEFINITION [H. CALLEN, PH. HELLUY ...]
Optimization Problem:
sSfIw)= max o(w,z,y,y)
z,y,ye[0,1]3
= co{max{s;(w),s2(w)}} Sig

* *
Wqu Wvap

Ti(z,y,¥) =To(z,y.¥)
Pi(z,y,¥) = Pa(z,y,v)
91(z,y,¥) = (2.5, ¥)
z,y,w€]0,1[°

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

e
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CONCAVE HULL WITH TWO PERFECT GASES

(1,',8) — Sliq (Tae) — Svap

Liquid-Vapor Phase Transition
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FROM w — s°4 TO w — Pl

For all w fixed, we seek (wf‘iq,w"jap,y*) as the solution of the system

Piiq(Wiiq) = Pyap(Wyap)
Tiig(Wiiq) = Tvap (Wyap)
liq (Wliq = OGvap (anp )
w= YWiig + (1 —Y)anp

——— e
G. FACCANONI (Université du Sud Toulon Var) Liquid-Vapor Phase Transition 15/26



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

FROM w — s°4 TO w — Pl

For all w fixed, we seek (wf‘iq,w"jap,y*) as the solution of the system

Piiq(Wiiq) = Pyap(Wyap)
Tiig(Wiiq) = Tvap (Wyap)
liq (Wliq = OGvap (anp )
w= YWiig + (1 —Y)anp

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

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

——— e
G. FACCANONI (Université du Sud Toulon Var) Liquid-Vapor Phase Transition 15/26



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

FROM w — s°4 TO w — Pl

For all w fixed, we seek (wf‘iq,wf,ap,y*) as the solution of the system

Piiq(Wiiq) = Pyap(Wyap)
Tiig(Wiiq) = Tvap (Wyap)
liq (Wliq = OGvap (anp )
w= YWiig + (1 —Y)anp

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

~ S|
s*(W) = " siiq(Wiig) + (1 = ¥*) Svap (Wyap)
@ if the system has no solution or y* ¢ ]0,1[ then w is a : .-’,'/
monophasic pure state g
Sliq w
s*(w) = max{siiq(W), svap(W) }, " -
WI|q wvap

——— e
G. FACCANONI (Université du Sud Toulon Var) Liquid-Vapor Phase Transition 15/26



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

FROM w — s°4 TO w — Pl

For all w fixed, we seek (wf‘iq,wf,ap,y*) as the solution of the system

Piiq(Wiiq) = Pyap(Wyap)
Tiig(Wiiq) = Tvap (Wyap)
liq (Wliq = OGvap (anp )
w= YWiig + (1 —Y)anp

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

~ S|
s*(W) = " siiq(Wiig) + (1 = ¥*) Svap (Wyap)
P(w) = Piig(Wiiq) = Puap(Wiap);
@ if the system has no solution or y* ¢ ]0,1[ then w is a . ,
monophasic pure state g
Siiq w
s*(w) = max{siiq(W), svap(W) }, " -
WI|q wvap

——— e
G. FACCANONI (Université du Sud Toulon Var) Liquid-Vapor Phase Transition 15/26



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

FROM w — s°4 TO w — Pl

For all w fixed, we seek (wf‘iq,wf,ap,y*) as the solution of the system

Piiq(Wiiq) = Pyap(Wyap)
Tiig(Wiiq) = Tvap (Wyap)
liq (Wliq = OGvap (anp )
w= YWiig + (1 —Y)anp

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

~ S|
s*(W) = " siiq(Wiig) + (1 = ¥*) Svap (Wyap)
P(w) = Pliq(wfiq) = Pvap(wtap)? P
@ if the system has no solution or y* ¢ ]0,1[ then w is a : .-’,'/
monophasic pure state g

Sliq w

s*(w) = max{siiq(W), svap(W) }, " -
WI|q wvap

PI(w) = Po(w).

——— e
G. FACCANONI (Université du Sud Toulon Var) Liquid-Vapor Phase Transition 15/26



OUTLINE

© Model

@ The Phase Change Equation

— e
G. FACCANONI (Université du Sud Toulon Var) Liquid-Vapor Phase Transition 16/26



Context 2. Model 3 oximation 4 0 d 1. Without PC 2. Witht PC  2.3. PC Equation 4. Conservation Laws

SUMMARY OF THE MODEL

[ Euler System ]
l w — P J

‘apor Phase Tran



Context 2. Model 3. atiof Conclusio 1. Without PC 2. Witht PC  2.3. PC Equation 4. Conservation Laws

SUMMARY OF THE MODEL

Euler System ]

w — P J

T

weost )

CCANONI (Université du



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

SUMMARY OF THE MODEL

[ Euler System ]
( l w i— P J
(L w—ss )

I

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

w=yw1+(1-y)wz
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SUMMARY OF THE MODEL

[ Euler System ]
( l w — P J
Cwos )

I

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

w=yw1+(1-y)wz

L [Phase Change Equation]
T=Toap _ E=&5
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mation 4. C dix

SUMMARY OF THE MODEL

Euler System ]

w — P J

e T

[Phase Change Equation]

sat sat
T—Tvap _ € &mp
pSal_gsat T gsat_gsat
lig — “vap lig — “vap
. J

—_—
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1. Without PC 2. Witht PC  2.3. PC Equation 4. Conservation Laws

ANALYTICAL EOS

(7,€) fixed
(t1,€1,T2,€2,y) SOLUTION OF
g1(71,€1) = o2, £2)
Pi(71,€1) = Pa(T2, &)
Ti(t1,€1) = To(72, &)
T=yn+(1-y)n
e=yer+(1-y)e

G. FACCANONI (Université du S Liquid-Vapor Phase Transition



Context 2. Model 3. Approximation 4. Co 5. Append 1. Without PC 2. Witht PC  2.3. PC Equation 4. Conservation Laws

ANALYTICAL EOS

(7,¢€) fixed

(P, T) SOLUTION OF

g1(P7 T) :g2(P’ T)

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

G. FACCANONI (Université du Liquid-Vapor Phase Transition



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)
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ANALYTICAL EOS

(7,¢€) fixed

(P, T) SOLUTION OF

g1(P7 T) 292(P7 T)

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

T SOLUTION OF

= (7) e —&"(T) ) where (;) h (M= <T> ., (PY(T), T)

G -5 (T~ e () - e e

a
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1. Context 2 Model 3. Approximation 4. Conolusion 5. Appendix  ISSIRWWIGUBRCE2RWIKERCE2'SIRC EqUistion e CansHEONENSIE
ANALYTICAL EOS

(7,¢€) fixed

(P, T) SOLUTION OF

g1(P7 T) 292(P7 T)

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

least square
approximation

T SOLUTION OF

T—73%(T) e—&3(T)

g~ s e (2), 0=(0), o

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

TABULATED EOS

Volume Internal Energy
(m3/kg) (kJ/kg)
PSat (MPa) Tlsizt Toap slsizt G
0,00069845 0,0010001 181,60 7,7590 23775

0,00086349 0,0010001 148,48 20,388 2381,6
0,0010621  0,0010002 122,01 32,996 23857
0,0012999  0,0010004 100,74 45586 23898
0,0015835  0,0010008 83,560 58,162 2393,9
0,0019200  0,0010012 69,625 70,727 2398,0
0,0023177  0,0010018 58,267 83,284  2402,1
0,0027856  0,0010025 48,966 95,835 24062
0,0033342  0,0010032 41,318 108,38  2410,3
0,0039745  0,0010041 35,002 120,92  2414,4
0,0047193  0,0010050 29,764 133,46 24184
0,0055825  0,0010060 25,403 146 24225

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

e ———
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TABULATED EOS

(7,€) fixed

T SOLUTION OF

7— (T e—&(T) _ 7\ ™
= h T bul
- em-enm ), () e
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TABULATED EOS

(7,€) fixed

T SOLUTION OF

7— (T e—&(T) _ 7\ ™
= h T bul
- em-enm ), () e

R—

(in

least square
approximations
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Context 2. Model 3. Approximation Conclusion 5. Append 1. Without PC 2. Witht PC  2.3. PC Equation 4. Conservation Laws

TABULATED EOS

(7,€) fixed

T SOLUTION OF

T— Tgat( T) gsat( ) . T sat
= h T bul
O Em @ M (e), (1) e

R—

T-TT) e —&Y(T) _ 7\
sown w0 wn ™ (6.0

least square
approximations
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OUTLINE

© Model

@ Conservation Laws

_—mmm
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2. Model 1. Without PC 2. Witht PC 3. PC Equation 2.4. Conservation Laws

DYNAMIC LIQUID-VAPOR PHASE CHANGE

dip +div(pu) =0,
di(pu) +div(pu@u+ PHI) =0

8t<P<¥ +8)> +div<p<g +8)u+Pequ> -0

cq

with  peats 5o
eq
Se
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2. Model 1. Without PC 2. Witht PC 3. PC Equation 2.4. Conservation Laws

DYNAMIC LIQUID-VAPOR PHASE CHANGE

EULER SYSTEM

aip +div(pu) =0,
di(pu) +div(pu@u+ PHI) =0 with Pqus_‘g‘l
jul? vl ; se'
8, p<7 +8) + div p<7 +8)U+P du| =0
MATHEMATICAL PROPERTIES
If 77 # 75 and & # &5 (first order phase transition) then
0 c(w) >0,
© Euler system: strict hyperbolicity (# p-system), o
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2. Model 1. Without PC 2. Witht PC 3. PC Equation 2.4. Conservation Laws

DYNAMIC LIQUID-VAPOR PHASE CHANGE

EULER SYSTEM

aip +div(pu) =0,
di(pu) +div(pu®@u+ P*I) =0 eq
t(pu) +div(p ) with peast SE
|u|2 . |u|2 e Se
8, p<7 +8> + div p(7 +8)U+P du ) =0
MATHEMATICAL PROPERTIES
If 77" # 75 and & # &; (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.
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OUTLINE

» 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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ontext 2. Model 3. Approximation 4. Conclusion 5. Append

NUMERICAL SCHEME BASED ON RELAXATION APPROACH

( oy, 2, ¥, 7,€) ) Optimization ( s%(t,€) )
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1. Context 2. Model 3. Approximation 4. Conclusion 5. Appendi

NUMERICAL SCHEME BASED ON RELAXATION APPROACH

( o2, ¥, 7€) ) Optimization ( s%4(1,€) )

Off Equilibrium
op +div(pu) =0 f Equilibrium )
at(pu)+dlv(pu®U+P]I):0 atp+dlv(pu):o
di(pe) +div((pe+P)u) =0 (pu) + div(pu@u -+ PHI) =0
dztu-gradz =y (z—2%) U= | 5 0e) + div((pet PU)u) =0

oy +u-grady = p,(y — y°9) e
Ay +u- grad y = y (y — ) Pa(p,e) = 55
G \ € 7
P(p78727y7W) = ;:

G. FACCANONI (Université du Sud Toulon Var) Liquid-Vapor Phase Transition



el 3. Approximation 4. C

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=0
dy+u-grady =0
Jy+u-grady =0

O
P(p.&,z,y,y) = ;:

\. J

[ Two Steps: ]

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

G. FACCANONI (Université du Sud Toulon Var) Liquid-Vapor Phase Transition



el 3. Approximation 4. C

NUMERICAL SCHEME BASED ON RELAXATION APPROACH

Off Equilibrium

0= pz(z—2%)
0= py(y —y)
0=ty (y—y*)
[ Two Steps: ]

© Projection by solving the Phase-Change Equation

—
G. FACCANONI (Université du Sud Toulon Var) Liquid-Vapor Phase Transition 23/26



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

TRANSITION TO A FILM BOILING

im

Pressure and Temperature imposed

P =Pl > pP(T,), T=To

Wall, null heat flux

Liquid at

T = To,

__ phydro
P = Pil;ofT

Wall, null heat flux
im

- Wall, temperature imposed

G. FACCANONI (Université du Sud Toulon Var)

Liquid-Vapor Phase Transition
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TRANSITION TO A FILM BOILING

1 (liquide pur)
0.8 L.
| 06 :
Masse fraction y Temperature T
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» Equation of State WITHOUT Phase Change
@ Equation of State wiTH Phase Change

@ The Phase Change Equation

® Conservation Laws

o Conclusion
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SUMMARY & PERSPECTIVES

@ Model

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

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

v/ transition: liquid phase — nucleating boiling — film boiling
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SUMMARY & PERSPECTIVES

@ Model

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

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

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

v/ transition: liquid phase — nucleating boiling — film boiling
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SUMMARY & PERSPECTIVES

@ Model

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

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

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

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

G. FACCANONI (Université du Sud Toulon Var) Liquid-Vapor Phase Transition
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PWR

Stiffened Gas for Water
Tabulated EOS for Water
Speed of Sound
Isentropic Curves
Surface Tension
Metastability

Critical Point



PRESSURIZED WATER REACTOR

/
Containment /
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PRESSURIZED WATER REACTOR

Water coolant U
(280°C)




PRESSURIZED WATER REACTOR

Reactor vessel Pressurizer

Control /\ /

rods \

~

=
= Water coolant
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Reactor / ~ <

core
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Water coolant Pump
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CORE OF A PRESSURIZED WATER REACTOR
Control Rods

Water: coolant
and moderator

Water coolant
(330 °C)

;
%

Water coolant (280 °C)

Fuel Elements



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 — Qo — T Tar) + Cug (Yo — 1) IN T + Mgy
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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 — Qo — T Tar) + Cug (Yo — 1) IN T + Mgy

P+, T
(P,T)Hea:cvaTﬁ—i—qa, (P.T) = T = (Y= 1) 5
T/ =278K...610K, i saty—ivy |83
91(P, T =go(P, T') = PS(TY) }:”l: {(T,P(T)) Yo

Pt defined by using a least square approximation of :

T Psat( T) ~ ’ﬁsat( T) = exp (ZiziB Ak Tk)
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WATER TABULATED EOS

{( i gsab(Tl }I

{ Sﬁ(a]l(Tl }
i Esdt

{(Tlv Tsal TI

T]\Idt
7—I 9 Tsfﬂ ( T ) }
D:

€53 and T3 defined by using a least square approximation of 21, 98, ¢ and

A=

T/ =278K...610K, B
34T, TSAY(T") found in the tables ¢ —
D)=

1
sat . asat def sat . osat def "sat K
T —en ~ & = AT T —eiy ~ & = e Z bk T
k=0
T '_),L.sat ~ ~sat def 1 sat

~ psat def ’*sat k
vap ™ Tvap - Zi o Ck Tk T '_)Thq Thq vap Z ax T
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SPEED OF SOUND

(8]

L

eq eq
) =£[Pﬁq, -8 B|7

Ste  Str

aPe

o2 (pea 9P 0P
. 0T

e

&




Appendix

SPEED OF SOUND

S
L eq eq
dpP dP See 5r£:| |:Peq
24 pne q _ _ | _r27eq Peq’ =1
*Er <P€ 5e |.” ot ) E[ ][sgg Sl

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

vid%sM(w)v<0 Vv#£D0,
@ 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
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HESSIAN MATRIX OF w — 5%
@ for all w pure phase state

vid%sM(w)v<0 Vv#£D0,
@ 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 <0
T P 0 [F ][]
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HESSIAN MATRIX OF w — 5%
@ for all w pure phase state

vid%sM(w)v<0 Vv#£D0,
@ 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*9(w), —1]
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ISENTROPIC CURVES

w T 0P
P "="p o,
Fdéfrg—P
81
w T2 0°P
“op 022,

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

: @ Mixture

Tiiq Tvap o (P)7>0

o (Pr>0

o H&>0

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



CONTINUUM SURFACE FORCE (CSF) APPROACH

Physical Interface Diffuse Interface
Liquid L
z=1
def gradz
n " |gradz|
Vapor Vapor
Z =
Mixture
0<z<1
Miension = —o div(n)n

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



METASTABILITY

Pri T
iso- .

Pliqv if < Tﬁq,

Peq — PSat’ |f Tl>|i<q <T< T\Tap,
Pyap, if f;‘ap <T.

Psat
g H *
Piig, if T< Tiig»
[P or Pig],  if Ty < T < Ty,
Pmet = ¢ psat, if T < T < T,

[P or Py, ifTy <7< (e

Pvapa |f T\),kap < T,




CRITICAL POINT

Critical Point
P W
Tliq - Tvap
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sliq - evap

iso-T
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CRITICAL POINT

Critical Point
P 5 =
e~ T @ 2 Pure Phases EOS (7,¢) — Py
. lig — “vap y
o @ 1 Saturation EOS 7 +— P <—_| Eq
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CRITICAL POINT

Critical Point
P 5
e~ Z::‘P @ 2 Pure Phases EOS (7,¢) — Py
. lig — Svap )
o @ 1 Saturation EOS 7 +— P 4—_| Eq

EOS
PG &, = &l © Cy, = Cuyy (indip. of T)

SG {T,', P}Sat’e}i ~ (T,€) = Py ~> T psat
x % . -
Yig = Tvap but 81iq # Evap

Y - _

)
8

<!‘\

S
]




CRITICAL POINT

Critical Point

vap

leq f;: @ 2 Pure Phases EOS (7.¢) — P,
lig — “vap
o : @ 1 Saturation EOS 7 +— P 4—_| Eq

EOS
PG &, = &l © Cy, = Cuyy (indip. of T)

SG {7, Pfat’e}l. ~ (T,€) > Py~ T+ Pt

* ek * *
Tiiq = Tvap DU & 7 Evap

; = . TAB {7,P;"} ~s 1 psit
(7,€),(P)i}; ~ (1,€) — Pa
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