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Liquid phase heated by a wall at a fixed temperature 7!
When T*! increases, we switch from a Nucleate Boiling to a Film Boiling.
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EULER SYSTEM

Oro + div(pu) = 0,
O¢(ou) + div(ou@u+ P I) =D — G,

Bt( ( —|—5))+dlv( (lu‘ +s)u+ = ) (Vy — Gy) - u — div(q).

(x, t) — o specific density, (0,€) — Uy body forces,

° €
o (x,t) — e specific internal energy, (0,€) — G4 surface forces,
° €

(x,t) — u velocity; (0,€) — div(q) heat transfer.
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EULER SYSTEM

Oro + div(pu) = 0,
Ot (ou) + div(ou ® u + ]I) =Yy — G,

G (Q(% - 5)) + C|'LV(Q(¥ + 5)” +U) = (U — &) - u — div(q).

(x, t) — o specific density, (0,€) — Uy body forces,

° €
o (x,t) — e specific internal energy, (0,€) — G4 surface forces,
° €

(x,t) — u velocity; (0,€) — div(q) heat transfer.
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EOS ofF EACH PHASE o = liq, vap

To, Specific volume et

s =  Wq :(Tavsa);
£, specific internal energy
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1. Context 2. Model
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Liouip-VAPOR INTERFACE

¥
Fictitious fluid p=1
;7 "
1P = 0
I R
X
Liquid Vapor
Solq:Ull SOWEOIO Color Function

o Goal: define a global pressure law such that
o (p,e,u, P) are continuous (3 zones)
o the interface position and the phase change are implicit (i.e. ¥z)

o coherence with classical thermodynamics [H. CaLLen]
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EOS ofF A MIXTURE

° Wd:dywllq = (1 - Y)anp;

@ y mass fraction;
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EOS ofF A MIXTURE

° Wdze'ywllq + (1 - Y)anp;

@ y mass fraction;

ENTROPY WITHOUT PHASE CHANGE

o d:aysliq(wliQ) +(1- y)Svap(anp)
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EOS ofF A MIXTURE

def
o W=ywq + (1 —y)Wap;
@ y mass fraction;
@ z volume fraction s.t. y7iq = z7;

@ ¢ energy fraction s.t. yejiq = Ye.

ENTROPY WITHOUT PHASE CHANGE

o 2 ysiiq(Wiiq) + (1 — ¥)Suap(Wyap) = Ysiiq (}E/T’ 3yjie) + (1= ¥)sap (L;;T’
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EOS ofF A MIXTURE

def
o W=ywq + (1 —y)Wap;
@ y mass fraction;
o z volume fraction s.t. y7iq = z7;

@ ¢ energy fraction s.t. yejiq = ve.

ENTROPY WITHOUT PHASE CHANGE

o gysliq(wllq) =+ (1 - y)svap(wvap) = YSliq (JE/T’ %5> + (1 - y)SVﬂP (ET’ %22)

do

P=|5%

TiY,Z,9

s 5

u Sud Toulot



1. Context 2. Model 3. Approximation 4. Conclusion 5. Appendi 21. EOS 2. Conservation Laws

EOS ofF PHASE CHANGE

ENTROPY AT EQUILIBRIUM
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EOS ofF PHASE CHANGE

ENTROPY AT EQUILIBRIUM
w — s%9(w) = o(w, z%9(w), y*I(w), 1% (w))

DEFINITION [H. CALLEN, PH. HELLuy ...]

Optimization Problem:

sf9w)E  max  o(w,z
W) zy b1 b
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EOS ofF PHASE CHANGE

ENTROPY AT EQUILIBRIUM
w — s%9(w) = o(w, z%9(w), y*I(w), 1% (w)) J
s

DEFINITION [H. CALLEN, PH. HELLUY ...]

Optimization Problem:

s9w)E  ma w,
W max a(w.z.y.0)

= co{ max{ 51(W),52(W) } }

EV

Wqu W\Tap
Tl(Z,}’ﬂ/J) = T2(27Y7 1/})

Optimality Condition: < Pi(z,y, ) = Pa(z,y, )
g1(27y7 ¢) = g2(27y7¢)

s 5

—
G. Faccanont (Université du Sud Toulon-Var) Nucleate Boiling



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

EOS ofF PHASE CHANGE

ENTROPY AT EQUILIBRIUM
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s9w)E  ma w,
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CoNcAvE HuLL witH Two PERFECT GASES

(T? E) = max{suq, svap}
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FrRoMm w — s®9 10 w — P€A

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

Piq(Wiiq) = Puap(Wyap)
Tllq(wllq) = Tvap(anp)
g11c|(Wuc|) = gvap(anp)
W = ywiiq + (1 — y)wiap
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FrRoMm w — s®9 10 w — P€A

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

Piq(Wiiq) = Puap(Wyap)
Tllq(wllq) = vap(anp)
guc|(Wuc|) = gvap(wvap)
W = ywiiq + (1 — y)wiap

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

o7 * * * * IS]
seq(w) =Yy Sliq(wliq) + (1 -y )S‘/ap(wvap)v
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FrRoMm w — s®9 10 w — P€A

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

Pllq(wllq) - Pvap(wvap)
Tllq(wliq) = Tvap(wvap)
gllq(wllq) - gvap(wvap)
w= YWiiq + (1- .)/)anp

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

—~ 5]
s*UW) = y"siq(Wiig) + (1 = ¥)Svap (Wigp),
Q if the system has no solution or y* ¢ ]0, 1] then w is - ',’7'
a monophasic pure state -/
Sliq w
s*(w) = max{siq(W), Svap(W)}, . E W
Wliq Wyap

s 5

G. Faccanont (Université du Sud Toulon-Var) Nucleate Boiling 16 /29



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

FromM w — s 10 w — P€A

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

Piq(Wiiq) = Puap(Wyap)
Tllq(wllq) = Tvap(anp)
guq(Wuq) = gvap(anp)
W = ywiiq + (1 — y)wiap

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

_ s
s*UW) = y"siq(Wiig) + (1 = ¥)Svap (Wigp),
Peq(‘Tv) = PliQ(wﬁq) = PVBP(W\Tap);
Q if the system has no solution or y* ¢ ]0, 1 then w is v v//.
a monophasic pure state o/
Sliq w
s*(w) = max{siq(W), Svap(W)}, . . W
Wliq Wyap

s 5

G. Faccanont (Université du Sud Toulon-Var) Nucleate Boiling




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

FromM w — s 10 w — P€A

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

Piq(Wiiq) = Puap(Wyap)
Tllq(wllq) = Tvap(anp)
guq(Wuq) = gvap(anp)
W = ywiiq + (1 — y)wiap
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_ s
s*UW) = y"siq(Wiig) + (1 = ¥)Svap (Wigp),
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2. Model 1. EOS 2.2. Conservation Laws

DyNAMic LiQuip-VAPoOR PHASE CHANGE

0ro + div(pu) = 0,
0t(ou) + div(ou @ u + P*IT) = 0

s
. eq def ST
with Pq—Tq.

6t<9(¥+5)> +C|1V<Q(¥ +€>u+Pequ> =0 o
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DyNAMic LiQuip-VAPoOR PHASE CHANGE

EULER SYSTEM

0ro + div(pu) = 0,
: eq _
0t(ou) + div(ou @ u + P*IT) = 0 with  pea ﬁ.
2 2 s

8t<g(|uT| +€)> +c|lv<g(% —i—e)u—i—Pequ) =0 :
MATHEMATICAL PROPERTIES
If " # 75 and €7 # &5 (first order phase transition) then

0 c(w) >0,
® Euler system: strict hyperbolicity (# p-system), o
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DyNAMic LiQuip-VAPoOR PHASE CHANGE

EULER SYSTEM

0ro + div(pu) = 0,
i eq — eq
0t(ou) + div(ou @ u + P*IT) = 0 with  pea STTq.
Jul? : Jul? q s
Ot Q(T-I-E) + div Q(T-FE)U-FP lu| =0
MATHEMATICAL PROPERTIES
If 7 # 73 and e] # €5 (first order phase transition) then
0 c(w) >0, 0 s7l(w) >0
® Euler system: strict hyperbolicity (# p-system), o
® Riemann problem: multitude of entropy (Lax) solutions [R. MenikoFF,
B. J. Pronr], uniqueness of Liu solution. o
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@ The Phase Change Equation
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SUMMARY OF THE MODEL

[ Euler System

l w — P

) S— R
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SUMMARY OF THE MODEL

Euler System

T R
-] )

w — P

( w — s )
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SUMMARY OF THE MODEL

Euler System

T R
-] )

w — Pl

[

( w — s )
T

g1(w1)=g2(w2)
P1(wy)=P>(w2)

T1 (W]_ ): Tz(Wz)

w=yw;+(1—y)w>
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SUMMARY OF THE MODEL

Euler System

T R
-] )

( w — Pl
( w — s )
&1(w1)=g2(w2)
P1(wy)=P>(w2)
Tl(Wj_):Tz(Wz)
w=yw;+(1—y)w>
L [ Phase Change Equation ]
i
L )
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4. Conclusion
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ANALYTICAL EOS

(7,¢e) fixed

(71,€1,72,€2,y) SOLUTION OF

g1(7'1761) :g2(7'2762)
Pi(11,€1) = Pa(72,€2)
T1(71,21) = Ta(72,22)
T=yn+({1—-y)n
e=yea1+(1—y)e
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ANALYTICAL EOS

(7,¢e) fixed
(71,€1,72,€2,y) SOLUTION OF (P, T) soLuTION oF
&1(71,€1) = g2(m2, €2) ai(P,T)=g(P,T)
Pi(11,€1) = Pa(72,€2)
T1(71,21) = Ta(72,22) ;;72("377'2 —= ;*7_62("3, TP) =
T:y7'1+(1*y)7'2 Tl( ) )_7—2( ) ) 81( ’ )_52( ) )

e=ye1+(1—y)e
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ANALYTICAL EOS

(7,¢) fixed
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g1(m1,e1) = g2(2; 22) &(P,T)=g(P,T)
?(ﬁ’sl)i?(m&) r— (P, T) e ey(P.T)
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e=ye1+(1—y)e
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ANALYTICAL EOS

(7,¢) fixed
(71,€1,72,€2,y) SOLUTION OF (P, T) soLuTION oF
&1(71,€1) = g2(72,€2) &(P,T)=g(P,T)
?(Tl’sl)i?(m&) r— (P, T) e ey(P.T)
ke 7(P.T) - (P T) _ a(P.T) ~ (P, T)

e=ye1+(1—y)e
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3. Approximation 3.1. PC Equation 2. Numerical Scheme and Example

ANALYTICAL EOS

(7,¢) fixed
(71,€1,72,€2,y) SOLUTION OF (P, T) soLuTION oF
&1(71,€1) = g2(72,€2) &(P,T)=g(P,T)
?(Tl’sl)i?(m&) r— (P, T) e ey(P.T)
ke 7(P.T) - (P T) _ a(P.T) ~ (P, T)

e=ye1+(1—y)e
least square

approximation

T SOLUTION OF

Tfa?(;)ﬁ(sz)(r) - sia‘i;)géatizz)(r) where @SM(T)g @fsatm’ g
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1. Context 2. Model 3. Approximation 4. Conclusion 5. Appendix

TaBuLATED EOS

Volume Internal Energy
(m*/kg) (k)/kg)
P>' (MPa) Tirg! Ty g e
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 2385,7
0,0012999  0,0010004 100,74 45,586 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 2406,2
0,0033342  0,0010032 41,318 108,38  2410,3
0,0039745  0,0010041 35,002 120,92 24144
0,0047193  0,0010050 29,764 133,46 24184
0,0055825  0,0010060 25,403 146 24225

Source: http://webbook.nist.gov/chemistry/fluid/
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(7,¢) fixed
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TaBuLATED EOS

(7,¢) fixed
T SOLUTION OF
T —73(T) e —&3(T7) -

= with <T) (T) tabulated
FT) - (1) (D) - () ;

@

R —

(e

least square
approximations
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3. Approximation 3.1. PC Equation 2. Numerical Scheme and Example

TaBuLATED EOS

(7,¢) fixed

T SOLUTION OF

" T _ _sat T sat
saz— & (swt) - sth = (swt) with <T) (T) tabulated
(T) —°(T)  3°Y(T) —Y(T) c

@

R —

T — Asat(T) B e — /‘sat(T) . = sat
"sat(T) "sat(T) o ’*sat(T) "sat(T) tl (g)a(T)

least square
approximations
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3. Approximation 4. Conclusion \ppe 1. PC Equation 3.2. Numerical Scheme and Example

NUMERICAL SCHEME BASED ON RELAXATION APPROACH

Optimization
(. olzv.re) ) C 5°9(7, ¢) )
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5. Apper

). Model 3. Approximation 4. Conclusion

NUMERICAL SCHEME BASED ON RELAXATION APPROACH

)

U(y7 z’ 1/}’ T’ 6\)

(

Optimization

Off Equilibrium

Oro + div(pu) =0

O¢(ou) + div(ou @ u+ PI) =0
0¢(0e) + div((oe + P)u) =0
Orz+u- gradz = p,(z — z°9)
Ory +u-grady = i, (y — y*)
(0x) + u- grad ) = iy (¢ — )

or
P(o,e,2,y,1) =

O¢

\

s®(T,¢)

C )

Equilibrium

Jj—>00

\.

Peq(.@ 5) — STCI
5

0o + div(pu) =0
O¢(ou) + div(ou @ u+ P1I) =0
O¢(0e) + div((oe + P*%)u) =0

s
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2. Model 3. Approximation 4. Conclusion 5. Appendix

NUMERICAL SCHEME BASED ON RELAXATION APPROACH

Off Equilibrium

Oro + div(pu) =0
O¢(ou) + div(ou @ u+ PI) =0
0¢(0e) + div((oe + P)u) =0
0:z+u-gradz=0
Oty +u-grady =0
(O0¢) +u- grady) =0
o-

P(Q7€727y7¢) =

O¢

\ J

[ Two Steps: ]

@ Huydrodynamic (4 gravity, surface tension, heat diffusion, ...)

G. Faccanont (Université du Sud Toulon-Var) Nucleate Boiling



2. Model 3. Approximation 4. Conclusion 5. Appendi

NUMERICAL SCHEME BASED ON RELAXATION APPROACH

Off Equilibrium

0= p(z —z9)
0= py(y —y*)
( 0 = puy(yp — 9°9)
[ Two Steps: ]
@ Projection by solving the Phase-Change Equation —;

G. Faccanont (Université du Sud Toulon-Var) Nucleate Boiling
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CoMPRESSION OF VAPOR BUBBLES

m

Piston
VI vl
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TRANSITION TO A FILM BoILING

I Tm 1

Pressure and Temperature imposed
P=P> PYTo), T=To

x X
s -
= o =
e Liquid at i
2 g
£ E
= T = To, = -
= . hydro e
= e = Piso—T —
2 2
Wall, sinusoidal heat flux imposed, N
T> Ty
T>T
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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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ext 2. Model 3. Approximation 4. Conclusion 5. Appendix

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: tabulated EOS for pure phases, implicit transport
step (Low Mach) and 3D (parallelization).
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STIFFENED GAS FOR WATER

Phase ¢, [J/(kg-K)] v 7 [Pa] q [J/ikg ] m [J/(kg-K) ]
Water 1816.2 235 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 MeTaver] for water.

(Tas€a) P Sa = ¢y, In(ea — Ga — TaTa) + vy (Va — 1) InTo + my,
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STIFFENED GAS FOR WATER

Phase ¢, [J/(kg-K)] v 7 [Pa] q [J/ikg ] m [J/(kg-K) ]
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STIFFENED GAS FOR WATER

Phase ¢, [J/(kg-K)] v 7 [Pa] q [J/ikg ] 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 10° —33265.65947

Table: Parameters proposed by [O. Le MeTaver] for water.

(Tas€a) P Sa = ¢y, In(ea — Ga — TaTa) + vy (Va — 1) InTo + my,

B P+ mava B T
(P,T)*—)EQ—CVQTW+(JO“ (P,T)HTQ—CVG(’)/Q 1)P+7Ta
T! =278K...610K, i eats iy 183
gl(P, Ti)Igg(P, TI) — Psat(Ti) } = A= {(T 7'DSj (T ))}i:O

Psat defined by using a least square approximation of 2:

~ k=8
T P2YT) & P2Y(T) Zexp (st ax T")
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WATER TABULATED EOS

T = 278K....
(7).

("
("
("

. 610K,

7524 T7) found in the tables

b=

RIES
B
&=
D

é:sat

sat ._ osat def 1 sat ~sat def /‘sat

T ’_>Evap ~ 6vap - Z(j 2, Tk T '_>€llc| & 5llq - vap
k=0 “k

sat . ~sat def 1 sat Asat def Asat

T ’_>Tvap ~ 7—vap - ZS o Tk T '_>Tllq ~ llq - va
k=0 “k

(G

=t and 75" defined by using a least square approximation of 2, B, ¢ and D:

v},
Euc‘(T
b s:i; .
i
)},.
z Tlsla (T)
Iy Tsat(T)
i

i Sal
vap

Zkak
9
7)) T
k=0
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SPEED OF SOUND

S} <0

eq

P =
eq eq :q Ped
s (pm 22 ) i 0[5 )]
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SPEED OF SOUND

S} <0

% eq eq -
eq eq 2 Pea
=7’ (Peq 855 - 857‘ > =727 [[Peq’ _1] [z%z j$§:| |:_1:|}
T

5

HESSIAN MATRIX OF w > s¢4

o for all w pure phase state
T 42.eq
v ds®(w)v<0 Yv#O0,
o for all w equilibrium mixture state

Fv(w) #0 st (v(w))" d%9(w) v(w) = 0.




Appendix

SPEED OF SOUND

v =
eq eq eq = Ped
agon(po 27 0 ) ) -0 [ ][]
T &

HESSIAN MATRIX OF w > s¢4

o for all w pure phase state
T 42.eq
v ds®(w)v<0 Yv#O0,
o for all w equilibrium mixture state

v(w) #0 st (v(w))" d*(w) v(w) = 0.

Vw equilibrium mixture state, v(w) [PeY(w), —1]
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SPEED OF SOUND

S} <0

% eq eq -
eq eq 2 Pea
=7’ (Peq 855 - 857‘ > =727 [[Peq’ _1] [z%z j$§:| |:_1:|}
T

5

HESSIAN MATRIX OF w > s¢4

o for all w pure phase state
T 42.eq
v ds®(w)v<0 Yv#O0,
o for all w equilibrium mixture state

Fv(w) #0 st (v(w))" d%9(w) v(w) = 0.

?
Yw equilibrium mixture state, v(w) < [P*I(w), —1]
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ISENTROPIC CURVES

liquid

Cliq > Ciix

rﬂTai
\ Oe |,
\ o2 12 7]

mixture T 29P 972,

@ Pure Phases

o (H)v>0
o (HHF >0
o (HH&>0
@ Mixture
o (P)y>0
o (P)T >0
o (H & >0

H T
7_llq x

) Regularitg: [J. Correla, P.G. LEFLocH, M.D. THANH]
o Loss of convexity: [A. Voss]



CoNTINUUM SURFACE FoRcE (CSF) APPROACH

Physical Interface Diffuse Interface
Ll Liquid
z=1

def grad z
~ |grad z|

Vapor

Vapor
z=0

Mixture
0<z<1

[Miension = —0 C“V(I‘l)n

[J.U. BrackaiLt, D.B. KoTHE, C. ZEMACH]



METASTABILITY

P iso-T P. i *
g, T <7
[P = & [P=siE Tffq <7< Tv*ap,
Py il Tv*ap <T.
sat
P By if 7 < T{fq,
[P2' or Pyq], if Tig < T < Tms
pmet — ¢ psat, if <71 <7y,
[Pt or Pup),  Uf 7y <7 <705,
'Dvapa if vaap <T,
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Critical
Poin
P oint
* — *
7—liq - 7—\/ap

s
iso-T Eliq = €vap
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8
5\‘*____________
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Critical
fitica @ 2 Pure Phases EOS (
P Point
Ty = T o 1 Saturation EOS 7 PSat 4——| Eq
iso-T Eliq = Evap

=
8
g‘*____________
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CriTicaL PoINT

Critical
Point

L *
Tliq - Tvap

@ 2 Pure Phases EOS (
o 1 Saturation EOS 7 +— PSat <——| Eq

*
Eliq - Evap

EOS

S o
PG e, = & Cy, = Cu,, (indip. of T)

va p

at,
SG {T;,Pf” e}_ s (T,8) 5 Py~ T
1
Psat
* % * *
7—liq - Tvap but Eliq 7& Evap

3
S - == === ===
o
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CriTicaL PoINT

Critical
Point

L *
Tliq - Tvap

@ 2 Pure Phases EOS (
o 1 Saturation EOS 7 +— PSat <——| Eq

*
Eliq - Evap

EOS

S o
PG e, = & Cy, = Cu,, (indip. of T)

va p

!

Psat
* % * *
7—liq - Tvap but Eliq 7& Evap

SG {7',-, P?’at’e}_ ~ (T,8) > Py~ T

I
I
I
I
I
I
I
I
I
I
I
1
*

5‘1

o T TAB {7, PPt} o P

1

{(ri,€1), (PE)i}; ~ (,€) > Pa




SUMMARY

PHASE CHANGE EqQuATION

sat sat
T~ Twap &= evgp

sat _ sat  ~sat __ _sat
Tﬁq Tvap EUq Evap

with

T (;)Zﬁt(r) = (;)a(r, Pst(T))

or

o (1) e=(7) e
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SUMMARY
Tsat esat

o Analytical EOS: we compute the saturation functions 75
the Coexistence Curve:

o Exact: T — PY(T) or P — T*(P)

sat
and 37" by

sat
(T) (P) = (T) (T**(P),P)  e.g. Simplified Stiffened Gases

«

o Approximated: T — P¥(T) ~ P*(T)

sat
(Z) (T) ~ (Z) (T, P(T)) e.g. General Stiffened Gases

sat

and &3

o Tabulated EOS: the saturation functions 75
experiments and we set

(O (e

are given by
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To Do
EOS Simulation
& & R
Q\\'C\« \§§\}> 0&\0\ ’\0)
& & N &
o <</0s & Q)O

Virtual Fluid (SQ) v v v v

Real Fluid (SG) e v v @

Tabulated @ v ® ®
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