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1. Context

BoiLiINnG CRrisis

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



http://www.spaceflight.esa.int/users/fluids/TT_boiling.htm
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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.

T
090

Nucleate Boiling

source: http://www.spaceflight.esa.int/users/fluids/TT_boiling.htm

FaccaNoNi



http://www.spaceflight.esa.int/users/fluids/TT_boiling.htm

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

BoiLiIng CRisis

Liquid phase heated by a wall at a fixed temperature 7",
When T*2! increases, we switch from a Nucleate Boiling to a Film Boiling.
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1. Context 2. Model

BoiLiIng CRisis

Liquid phase heated by a wall at a fixed temperature 7",
When T*2! increases, we switch from a Nucleate Boiling to a Film Boiling.
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2. Model 3. Approximation Conclusion 5. App! 1. Governing equations 2. EOS

“INGREDIENTS” OF THE MODEL

Simulating all bubbles (no mixture),

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

8t@ T Cli.V(Qu) = O’
9:(ou) + div(ou @ u+ P 1) =V, — &g,
&(9(% + s)) + cIiv(g(% +5>u + P u) = (Vs — S4) - u — div(q).

Unknowns: Source terms:

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

° €
o (x,t) — & specific internal energy, (0,€) — G¢ surface forces,
° €

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

0r0 + div(pu) = 0,
9¢(ou) + div(ou ® u + H) =Y, — Gy,
Ot (Q(% + s)) A cliv<g(% + £>u +@u) = (Vi — Gy) - u — div(q).

Unknowns: Source terms:

X, t) — o specific density, 0,€) — Uy body forces,
P y

° €
o (x,t) — & specific internal energy, (0,€) — G¢ surface forces,
° €

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

EOS: | (0,e) — P
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1. Context 2. Model 3. Approximation 4. Conclusion 5. Appendix

EOS ofF EACH PHASE o = liq, vap

T = 1/p specific volume

e specific internal energy

——————
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EOS ofF EACH PHASE o = liq, vap

T = 1/p specific volume

e specific internal energy

‘ (7,€) = s, specific entropy (Hessian matrix neg. def.); ‘

——————
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EOS ofF EacH PHASE a = lig, vap

T = 1/p specific volume

e specific internal energy

’ (7,€) = s, specific entropy (Hessian matrix neg. def.);

-1

Vo = (% ) >0 temperature,
Oe |,
. 0
P T, 22 >0 pressure,
or |,
BaZe+ Por — Tosa free enthalpy (Gibbs potential),
g OP, oP

(ca)? =72 <Pa 8_: - 8: 8) speed of sound.
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EXAMPLE: STIFFENED GAS

’(7'75) = So = ¢y, In(e — go — TaT) + cv (Vo — 1)|n7'+ma‘

Phase ¢ [Jkg/'K™'l v 7 [Pa] qllkg™"] m [Jkg™" K]
Liquid 1816.2 235 10° —1167.056 x 10° —32765.55596
Vapor 1040.14 1.43 0 2030.255 x 10° —33265.65947

Table: Parameters proposed by [O. Le Metaver] for water and steam: v > 1 adiabatic
coefficient, # molecular attraction, g binding energy.
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EXAMPLE: STIFFENED GAS

’(7'75) = So = ¢y, In(e — go — TaT) + cv (Vo — 1)|n7'+ma‘

€— Qo — TaT

T, =G« Tal

Cv,

€ —(ga — TaT € — qa

Pa:— a_l - a: a_l - a’tas

= (Ya =1) = Ta = (Ya = 1)=——— = 7™

_ Mo (va—1)
ga—qa+(€_qa_77a7) f}/a___ln (s_qa_ﬂ'aT)T )
Vo

Ca = ’Yoc(')/a - 1)(5 — Qo — 7TaT) = VQ(Pa + 77'04)7— = %(% - 1)Cva Ty > 0.

Phase ¢ [Jkg/'K™'l v 7 [Pa] qllkg™"] m [Jkg~'K™]
Liquid 1816.2 235 10° —1167.056 x 10° —32765.55596
Vapor 1040.14 1.43 0 2030.255 x 10° —33265.65947

Table: Parameters proposed by [O. Le Metaver] for water and steam: v > 1 adiabatic
coefficient, # molecular attraction, g binding energy.
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Approximation 4. Conclusion 5. Appendix

1. Context 2. Model 3.

LiQuipD-VAPOR INTERFACE

—

AVAVAVAVAVAVAVAVAVAVA
Liquid Vapor
p=1 =0
sfa if o =1;
(rye) = s=
s if o =0.

Interface:
discontinuity
of 7, € and
(r,e) = ¢

@
p=1
——
: =0

Color Function

P9 if p = 1;

= (r,e)—= P=

PP if = 0.

&% Coal @: define (7,¢) — ¢ for physical values of (7, ¢)
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1. Context 2. Model 3. Approximation 4. Conclusion

Liouip-VAPOR INTERFACE

A ¢
= — Non physical mixture | |¥ = 1l -~
0<p<t JL T4
=
T L w=0
X
Liquid Vapor
g e
p=1 =0
sha if p=1; P9 if p = 1;
(re)rs=< M if0<p<l;, = (rne)mP=< M #f0<p<l;
s if o =0. P¥eP if o =0.

&% Coal @: define (7,¢) — ¢ for physical values of (7, ¢)

o) Coal @: define (7,e) — ¢ for (7,¢) in the mixture cells
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1. Context 2. Model 3. Approximation 4. Conclusion

Liouip-VAPOR INTERFACE

A ¢
= — Non physical mixture | |¥ = 1l -~
0<p<t JL T4
=
| =0
X
Liquid Vapor
g e
p=1 =0
sha if p=1; P9 if p = 1;
(r,e) »s=4 s™ f0<p<l, = (r,e)—=P=< P™ if0<p<l;
s if o =0. P¥eP if o =0.

&% Coal @: define (7,¢) — ¢ for physical values of (7, ¢)
o) Coal @: define (7,e) — ¢ for (7,¢) in the mixture cells
&% Coal @: define (1,&) — s
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1. Context 2. Model 3. Approximation Conclusion 5. Appendi 1. Governing equations 2.2. EOS

EOS ofF A MIXTURE

@ y mass fraction

Tgy'rliq + (1 - Y)Tvap
2';-gy&-liq + (1 - }/)Evap

e ————— )
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EOS oF A MIXTURE

@ y mass fraction

Tgy'rliq + (1 - }/)Tvap
Egyfliq + (1 - }/)Evap

ENTROPY WITHOUT PHASE CHANGE

o d:e‘ysliq(Tliqy Sliq) + (1 - }/)Svap(Tvap, é:vap)




yproximation Conclusior p 1. Governing equations 2.2. EOS

EOS ofF A MIXTURE

@ y mass fraction

TgyTliq + (1 - }/)Tvap
€ gyfliq + (1 - }/)Evap

@ z volume fraction s.t. y7q = z7

@ ¢ energy fraction s.t. yejq = ¥e
ENTROPY WITHOUT PHASE CHANGE

o d:e‘ysliq(Tliqy 5liq) + (1 - y)svap(Tvap» €vap)
= YSliq (}E,Ta 3}[,15) + (1 - Y)Svap (]1__;;7', 11_:'1;;5)

G. Faccanont



3. Approximation Conclusior 1. Governing equations 2.2. EOS

EOS ofF A MIXTURE

@ y mass fraction

TgyTliq + (1 - }/)Tvap
€ gyfliq + (1 - }/)Evap
@ z volume fraction s.t. y7q = z7

@ ¢ energy fraction s.t. yejq = ¥e

ENTROPY WITHOUT PHASE CHANGE

def

U= ysliq(Tliq; 5liq) + (1 - y)sva|)(Tva|)7 5vap)

= Ysiq (fﬂ" %5) + (1= ¥)swap (}_;jf i%ye)
=il
0 0
p_ (9 9o
e TiY,Z,9 or &iy,Z,%
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EOS ofF PHASE CHANGE

ENTROPY AT EQUILIBRIUM J

(1,8) = s%9(T,e) = o(r,e,z°(T, €), ye(7,€),¢*(T, €))

) )
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EOS ofF PHASE CHANGE

ENTROPY AT EQUILIBRIUM

(1,8) = s°%9(7,e) = o(r,e,z°(T, €), ye(7,€),¢*(T, €))

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

Optimization Problem:

def
S L

G. Faccanont (
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EOS ofF PHASE CHANGE

ENTROPY AT EQUILIBRIUM J

(1,8) = s°%9(7,e) = o(r,e,z°(T, €), ye(7,€),¢*(T, €))

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

Optimization Problem: -

def
s%(7,€) = Z~,_y,~$€a[>(()¢1]3 o(r,€,2,y,9)

= {Sliq(Ta £), Svap(Tv 5)} T

u Sud Toulor
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EOS ofF PHASE CHANGE

ENTROPY AT EQUILIBRIUM J

(1,8) = s°%9(7,e) = o(r,e,z°(T, €), ye(7,€),¢*(T, €))

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

Optimization Problem: -

def
s%(7,€) = Z~,_y,~$€a[>(()¢1]3 o(r,€,2,y,9)

= max {an(T, e), 5va|3(T7 5)} R A

u Sud Toulor
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EOS ofF PHASE CHANGE

ENTROPY AT EQUILIBRIUM J

(1,8) = s°%9(7,e) = o(r,e,z°(T, €), ye(7,€),¢*(T, €))

DEFINITION [H. CaLLEN, PH. HELLUY ...] B

Optimization Problem: -

def
seCI(T7 E) - z,ysng[)((J,l]s U(T’ £2,Y, d}) '

= co{ max {an(T, €), Svap(T, 5)}} o e e S EEE—
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EOS ofF PHASE CHANGE

ENTROPY AT EQUILIBRIUM

(1,8) = s°%9(7,e) = o(r,e,z°(T, €), ye(7,€),¢*(T, €))

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

Optimization Problem:

def
S L

= co{ max {an(T, e), Svap(Tv 5)}}

Tliq(zaya 1/’) = Tvap(za}’a 1/’)
Optimality Condition: { Piq(z,y,%) = Puap(z,y, 1)

gliq(zv.ya 1/’) = gvap(za.V7 11[})

e ————— ) )
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Conclusior \ 1. Governing equations 2.2. EOS

1. Context 2. Model yproximation

ANALYTICAL EOS

(7,¢) fixed

(Tiig €ig» Tvap» Evap, ¥) SOLUTION OF

Pl i) = Poee(Foepo Eoap)
Tt (i Etrg) = T oo Bep)
8lia(Tiiqs €liq) = Guap(Tvap; Evap)
7= yaliq -+ (1= ¥)7ap
£ = yeiig + (1 — y)evap

Nucleate Boilin

FaccaNoNI
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ANALYTICAL EOS

(7,¢) fixed
(Tlig» Eligs Tvap» Evaps ¥) SOLUTION OF (P, T) soLUTION OF
Pli(|(Tlit|751lc|) - Pvap(TvapyEVap) Ta = Ta(P7 T)
TLiq(Tliqa Z':liq) - Tvap(Tvapa Evap) Ea = Ea(P7 T)
gliq(Tliqv Eliq) - gvap(Tvap-,Evap) glit|(P7 T) - g\/ap(P7 T)
T = YTlq S (1 - y)T\/ap
= 7 = TP 7)) & =& (P 7))
€= yeuq+ (1 — y)ewap = =
Tliq(Pa T) _ 7—\/ap('Dy T) Eli(|(P7 T) - 5va|)(P7 T)
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1. Governing equations 2.2. EOS

ANALYTICAL EOS

(Tiig Eig» Tvap» Evap, ¥) SOLUTION OF

Pl i) = Poep(Foepo Eoap)
Tt (i Etrg) = T oo Boap)
8lia(Tiiq» Eliq) = Guap(Tvap; Evap)
7 = Wit 3F (L = ¥)wep
£ = yeiig + (1 — ¥)evap

(7,¢) fixed
(P, T) soLUTION OF

T = TalllPy 1)
€a =€a(P, T)
glic|(P7 T) - gvap(Py T)

7 = TP 7)) & =& (P 7))

. Tliq(Pa T) _ Tvap(P7 T) . Eli(|(P7 T) - 5va|)(P7 T)




2. Model 1. Governing equations 2.2. EOS

ANALYTICAL EOS

(7,¢) fixed
(Tlig» Eligs Tvap» Evaps ¥) SOLUTION OF (P, T) soLuTioN oF
Plic|(Tlic|7Ellc|) - Pvap(Tvapy Evap) - Ta( 3 )
Tliq(Tliq7 E':liq) - Tvap(T\/apaEvap) Ea = Ea( ) )
gliq(Tliqy Eliq) - gvap(TvapyEVap) gl'lt|(P7 ) - g\/ap(P7 T)
T = YTiq + (1 - y)Tvap
€= yeiq + (1 _ y)Evap _ T Tvap(Pa T) _ € — Evap('Dy T)
Tliq(Pa T) _ Tvap(P7 T) 5liq(P7 T) - 5va|)(P7 T)

T SOLUTION OF

__ sat T £ — Esat T sat
satT Tvap( 1) = sat vap( t) where <T> (T) = <T> (Psat(T)a T)
o (T) = =gi(T) e (T) —e25(T) € £/,

vap vap

@




SPEED OF SOUND

If ity # Tvap and e, # 5., (first order phase transition) then c*I(r, <) > 0.

ape
eq 2d:9' 2 ped
(et (P 2

_ OPc
ar

)
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SPEED OF SOUND

If ity # Tvap and e, # 5., (first order phase transition) then c*I(r, <) > 0.

S <0
ca 2 (peq oped oped _ [Peq _1] see s [Ped
A Gl 7 I s s
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SPEED OF SOUND

If ity # Tvap and e, # 5., (first order phase transition) then c*I(r, <) > 0.

S <0
‘/ e e .
dPea|  gped see  spa| [Ped
2 def 2 _ 2 g
e (0| - ] ) G| 0 3 ][5

HESSIAN MATRIX OF (T,¢) > 59

o for all (7,¢) pure phase state
T 42.eq
v' ds®(r,e)v<0 Vv#D0,
o for all (7,¢) equilibrium mixture state

Jv(r,e) #0 st v’ d*%(r,e) v=0.

Faccanont (U



SPEED OF SOUND

If ity # Tvap and e, # 5., (first order phase transition) then c*I(r, <) > 0.

N} <0

% <
g2 del Lo 0P| gped " . see s [Ped
e (e 227 20 ) ()1 [ 5[]

€

HESSIAN MATRIX OF (T,¢) > 59

o for all (7,¢) pure phase state
%ed(r,e) v <0 Yv#£0,
o for all (7,¢) equilibrium mixture state

Jv(r,e) #0 st v d*9(r,e) v =0.

?
Y(7,€) equilibrium mixture state, v(7,e) = [P®I(7,¢),—1]
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SPEED OF SOUND

If ity # Tvap and e, # 5., (first order phase transition) then c*I(r, <) > 0.

S <0
‘/ e e .
opea|  ope 3 ] [pea
2del 2 (2 eq _
(et (peo B2 - 22 5)—[[” ] LH

HESSIAN MATRIX OF (T,¢) > 59

o for all (7,¢) pure phase state
Td%e(r,e) v<0 Vv#D,
o for all (7,¢) equilibrium mixture state

Jv(r,e) #0 st v’ d*%(r,e) v=0.

?
V(7,€) equilibrium mixture state, v(7,e) 3 [P®(7,¢), —1]
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3. Approximation 3.1. Conservation Laws 2. Numerical Scheme 3. Examples

DyNAMic LiQuip-VAPoOR PHASE CHANGE

0r0 + div(pu) = 0,
0t(ou) + div(ou @ u + P*I1) = 0

eq
def ST

with pea 2T

Or <Q(¥ +€)> + div (g(g +€>u + Pequ> —0 =

G. Faccanont (Uni ar) Nucleate Boiling



3. Approximation 3.1. Conservation Laws 2. Numerical Scheme 3. Examples

DyNAMic LiQuip-VAPoOR PHASE CHANGE

EULER SYSTEM

0r0 + div(pu) = 0,
0t(ou) + div(ou @ u + P*I1) = 0

8:(9(% 4 6)) + div (Q(% —‘,—5>u 4 Pe“'u> -0

s
; eq def 2T
with Pe1= —eq -

Se

MATHEMATICAL PROPERTIES
* * * * B _ ~ I
If 78y # Tvap and e, # €l,p (first order phase transition) then

® Euler system: strict hyperbolicity (# p-system),

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



3. Approximation 3.1. Conservation Laws 2. Numerical Scheme 3. Examples

DyNAMic LiQuip-VAPoOR PHASE CHANGE

EULER SYSTEM

0r0 + div(pu) = 0,
0t(ou) + div(ou @ u + P*I1) = 0

8:(9(% 4 8)) + div (g(g —‘,—5)u 4 Pe“'u> -0

s
; eq def 2T
with Pe1= —eq -

Se

MATHEMATICAL PROPERTIES
If 78y # Tvap and e, # €l,p (first order phase transition) then
® Euler system: strict hyperbolicity (# p-system),

® Riemann problem: multitude of entropy (Lax) solutions [R. MenikoFF,
B. ). Pronr], uniqueness of Liu solution. o

G. Faccanont (U té du Sud Toulon-Var) Nucleate Boiling
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OUTLINE

e Numerical Approximation and Example

@ Numerical Scheme
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Approximation Conclusior 1. Conservation Laws 3.2. Numerical Scheme 3. Examples

NUMERICAL SCHEME BASED ON RELAXATION APPROACH

( 2z 9imE) ) Optimization ( (r.2) )

u Sud Toulos



1. Context 4. Conclusion

2. Model 3. Approximation

5. Appe

NUMERICAL SCHEME BASED ON RELAXATION APPROACH

C )

U(%Zﬂﬁﬂ'y E)

Optimization

Off Equilibrium

Oro + div(pu) =0

Ot(ou) + div(ou @ u+ PI) =0
0t(0€) + div((oe + P)u) =0
Orz+u-gradz = p,(z°9 — z)
Ory +u-grady = i, (y*9 — y)
O¢h +u-grad ) = puy (V9 — o)

a.
P(o,e,z,y,¥) = —

O¢

\.

s¢(r,e)

C )

Equilibrium

Jj—>00

\

Oro + div(pu) =0
Ot(ou) + div(ou @ u + PIT) = 0
O¢(0e) + div((oe + P°%)u) =0

s

©

Pi(0,) = %
(3

G. Faccanont (Université du Sud Toulon-Var)

Nucleate Boiling
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NUMERICAL SCHEME BASED ON RELAXATION APPROACH

Off Equilibrium
Oro + div(pu) =0
Ot(ou) + div(ou @ u+ PI) =0
0t(0€) + div((oe + P)u) =0
0iz+u-gradz=0

Oty +u-grady =0
O +u-grady =0
Or

P(Q)6727yy¢') =

O¢

\. J

[ Two Steps:

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

G. Faccanont (Université du Sud Toulon-Var) Nucleate Boiling
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NUMERICAL SCHEME BASED ON RELAXATION APPROACH

Off Equilibrium

0= p,(z°9—z2)
0=py(y*1—y)
0 = py (¥ = ¥)
[ Two Steps: ]
@ Projection by solving the Phase-Change Equation J

G. Faccanont (Université du Sud Toulon-Var) Nucleate Boiling
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OFF EQUILIBRIUM SYSTEMS
@ Lagrangian: E(g,u,a y,z,) = (—‘2 —¢e(o,0,y,z, 1/1))

i Q(t 1/)
Minimization of the Action: dA(V =0)=0

@ Energy: agZyasa(Z“ . U)

Ya @’ Ya
© Positive Entropy Production: D;o >0

Oro + div(pu) =0

Ot(ou) + div(ou @ u + PI) =0
O¢(0e) + div((ee + P)u) =0
Orz +u-gradz = p,(z°9 — z)
Ory +u-grady = i, (y*9 —y)
Orh + u - gradp = py (9 — )

P(Q,E,Z,y,?/i): P

€]

G. Faccanont (Université du Sud Toulon-Var) Nucleate Boiling 22129
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OFF EQUILIBRIUM SYSTEMS
Q Lagrangian: E(Q,u o,y,z,0) = (E —e(0,0,y,2 ¢))

i Q(t 1/)
Minimization of the Action: dA(V =0)=0

@ Energy: ngyasa(Z“ . U)

Ya @’ Ya
© Positive Entropy Production: D;o >0

0r0 + div(pu) =0 00+ div(pu) =0

O¢(ou) + div(ou@u+ PI) =0 O¢(ou) + div(ou @ u+ PI) =0

O¢(0e) + div((oe + P)u) =0 O¢(0e) + div((ee + P)u) =0

Orz+u-gradz = p,(z°9 — 2) Otz +u-gradz = p,(z° — 2)

Oy +u-grady =, (y*1 —y) Oy +u-grady = p, (y*9 —y)

O0rp +u-gradp = iy (1 — ) TU9 = TV in the mixture
P(g,s,z,yﬂ/})zz—: P(Tszyzbq(re))——T

G. Faccanont (Université du Sud Toulon-Var) Nucleate Boiling 22129
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HYDRODYNAMIC STEP

dro + div(ou) =0
Ot(ou) + div(ou ® u + PI) =0
Oe(0e) + div((ce + P)u) =0
0;z+u-gradz =0
Oy +u-grady =0

T = TYP in the mixture

P(Qa€7zuy): ?

3

Scheme:
Roe quasi-conservative [S. Kokh]

G. Faccanont (Université du Sud Toulon-Var)

Nucleate Boiling
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HYDRODYNAMIC STEP

0o + div(ou) =0 Oro + div(pu) =0
O¢(ou) + div(ou @ u+ PI) =0 O¢(ou) + div(ou @ u + PI) =0
0¢(0e) + div((ee + P)u) =0 O¢(0e) + div((ee + P)u) =0
0rz+u-gradz=0 0:z+u-gradz =10
Oty +u-grady =0 Ory +u-grady =0
T = TV i{n the mixture P9 = PP in the mixture
o o
(0,8,2,y) o (0,€,2,y) .
Scheme: Scheme:
Roe quasi-conservative [S. Kokh] antidiffusive [Lagoutiere and Kokh]
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PROJECTION STEP

In each cell, (7,¢) is computed in the hydrodynamic step and we update the
fractions as follows:
1. T*: solution of the Phase-Change Equation:

T — Tvap( T, P*(T)) € — evap(T, PY(T))

Tiig( T, P(T)) — Tuap(T, PH(T))  eug(T, PY(T)) — evap(T, P(T))

2 By (T P(T), ebea( T PPHTY), v = (T, P(T)).

(03
3. 3.1, f 0 < y* <1 then (7,¢) is a saturated state and we set

eq __ ok eq ok _* eq __  x_x*
y =Yy, z =Yy TliC|/T7 ’(/) =Y Ellq/sv

3.2. otherwise, if y* is outside the range (0, 1),
3.2.1. if sq(7,€) > svap(7,€) then (7,¢) is a liquid state, therefore we set

y®(r,e) =1, z%(r,e) =1, (1, e) =1,

3.2.2. if siq(7,€) < svap(T,€) then 7, is a vapor state, therefore we set
y¥(r,e) =0, z%(7,e) =0, (7€) =0,

G. Faccanont (Université du Sud Toulon-Var) Nucleate Boiling 24129
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OUTLINE

e Numerical Approximation and Example

o Numerical Example

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

Tm

Piston
VI vl

G. Faccanont (Université du Sud Toulon-Var) Nucleate Boiling
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TRANSITION TO A FILM BoILING

I Tm 1

Pressure and Temperature imposed
p — pref > Psat(To)' T = To

x X

s -

= o =

e Liquid at i

g &

= = e

= T = T, ==

E hydro =

= P = Piso—T =

2 2

Wall, sinusoidal temperature imposed
T> Ty
T > Ty

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

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

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

v preliminary results: dynamic generation of a phase in a 2D-flow in a pure
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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
systems 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 or Adam-Bashfort refinement (CFL condition), 3D (parallelization).
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From w — s¢9 to w — P*1
Projection step with analytical EOS
Projection step with tabulated EOS
Stiffened Gas for Water

Tabulated EOS for Water

Isentropic Curves

Surface Tension

Metastability

Critical Point

Summary & To Do
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Pig(Wiiq) = Puap(Wvap)
Tiig(Wiiq) = Tvap(Wyap)
guq(Wuq) = gvap(wvap)
W = ywiiq + (1 — y)Wiap

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

—~ 5]
s%(W) = y"siiq(Wiig) + (1 = y")Sap(Wiap),
Peq(w) - Pliq(wﬁq) = PVaP(W\Tap ; ‘
Q if the system has no solution or y* ¢ ]0, 1] then w is o
a monophasic pure state S
Sliq w
s(w) = max{siq(W), svap(W)}, : .




FrRoM w — s 1O w — P€d

*

L .
For all w fixed, we seek (wf,. wy,

., ¥*) as the solution of the system

Pig(Wiiq) = Puap(Wvap)
Tiig(Wiiq) = Tvap(Wyap)
guq(Wuq) = gvap(wvap)
W = ywiiq + (1 — y)Wiap

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

. s
s*UW) = ¥ siq(Wiig) + (1 = ¥7)Svap (Wiap),
Pe(w) = Pliq(wﬁq) = PVaP(W\Tap);
Q if the system has no solution or y* ¢ ]0, 1] then w is /l
a monophasic pure state S
Sliq w
s“I(w) = max{siq(W), Svap(W)}, . 2
th anp

PEI(W) = Py (W).



PRrojJECTION STEP: ANALYTICAL EOS
(7,¢) fixed

(Tlig» Eligs Tvap» Evaps ¥) SOLUTION OF (P, T) soLUTION OF

T = TalllPy 1)
€a =€a(P, T)
gl1(|(P7 T) - gvap(Py T)

Pl i) = Poe(Foepo Eoep)
Tt (i Etrg) = T oo Bep)
8lia(Tiiqs Eliq) = Guap(Tvap; Evap)
7= yaliq = (' =¥)7ap

€ = yetq + (1 = y)ewp 7~ TueplP, T) € —Cup(P, T)

{ (P1 T) _ 7—\/ap('Dy T) . Eli(|(P7 T) - 5va|)(P7 T)

T TP pe(T)

T SOLUTION OF

= e - am(T) A
sat T : sat T - sat T : sat T where (p) (T) g (;) (Psat(T)a T)
7—liq ( ) - Tvap( ) E“q ( ) - Evap( ) "/ a “/a
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PRrojJECTION STEP: ANALYTICAL EOS
(7,¢) fixed

(Tlig» Eligs Tvap» Evaps ¥) SOLUTION OF (P, T) soLUTION OF

T = TalllPy 1)
€a =€a(P, T)
gliq(P7 T) - g\/ap(P7 T)

Pli(|(Tlit|751l(|) - Pvap(Tvapy Evap)
TLiq(Tliqa Z':liq) - Tvap(Tvapa Evap)
gliq(Tliqv Eliq) - gvap(Tvap-, Evap)

T=YTiq+ (1 —y)na
' ’ 7= Tap(P, T) & — cup(P, T)

€= yeiq + (1 — y)ew =
. ( y) ’ { (P1 T) _ 7—\/ap('Dy T) Eli(|(P7 T) - 5va|)(P7 T)

~ v
S~ Top- P*Y(T) ~ P(T)

T SOLUTION OF

= e - am(T) A e (7) B
sat T : sat T - sat T : sat T where (p) (T) g (;) (Psat(T)a T)
7—liq ( ) - Tvap( ) E“q ( ) - Evap( ) "/ a “/a




PRroJECTION STEP: TABULATED EOS

P (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™")

7 o
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 20,764

0,0010060

25,403

Internal Energy

(klkg™)
Eiq vap
7,7590 23775
20,388 2381,6
32,096 2385,7
45586 2389,8
58,162  2393,9
70,727  2398,0
83,284 2402,1
95,835  2406,2
108,38 2410,3
120,92 24144
133,46 24184
146

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

24225


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

ProjectioN sTEP: TABULATED EOS

(7,¢) fixed

T SOLUTION OF

T — 7_sat T e — g\s/at T sat
- vap( t) — aP(ﬂ) with (T> (T) tabulated
T (1) = maai(T)  ea(T) — (T

vap liq vap @




ProjectioN sTEP: TABULATED EOS

(7,¢) fixed

T SOLUTION OF

T — 7_vsat T e — a\s/at T sat
sat ap(sat) — sat aP(Swt) with (T> (T) tabulated
Tliq(T)_T (T)  e2i(T)—es3i(T)

vap liq vap o

N ——

least square
approximations



ProjectioN sTEP: TABULATED EOS

(7,¢) fixed
T SOLUTION OF
T — 7_vsat T e — €\S/at T sat
— a"(sat) =— ap(sﬁ) with (T> (T) tabulated
7—liq (T) - Tvap( T) Eliq (T) - <C"vzp( T) &) a
X ——

7__?sat T g_gsat T ~\ sat
- PA(S at) = '2( at) with (Z) (T)
7—liq (T) - 7-vap( T) Ellq (T) - 8vap( T) ey

least square
approximations



STIFFENED GAS FOR WATER

Phase ¢ [Jkg7'K™'l v 7 [Pq] g [Jkg™"] m [Jkg="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(€q — Ga — TaTa) + vy (Va — 1) InTo + my,
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Phase ¢ [Jkg7'K™'l v 7 [Pq] g [Jkg™"] m [Jkg="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.
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STIFFENED GAS FOR WATER

Phase ¢ [Jkg7'K™'l v 7 [Pq] g [Jkg™"] m [Jkg="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(€q — Ga — TaTa) + vy (Va — 1) InTo + my,

_ P+ mava _ T
(P, T)—eq=cy, Tip e + Ga, (P, T) = 7o =cy (e — 1)
Ti=278K...610K : Y
. ) ) :>Ql: lepsat TI )
P TP 7) = Py = 3= (TP,

P+ my



STIFFENED GAS FOR WATER

Phase ¢ [Jkg7'K™'l v 7 [Pq] g [Jkg™"] m [Jkg="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(€q — Ga — TaTa) + vy (Va — 1) InTo + my,

P aVa T
(P7 T) = E€q = Cy, T%ﬂ-ﬁz F @y (,D7 T) = To = Cva('-)’a — 1)

T'=278K...610K i i\ 183
g . i Ql lepsat TI )
gliq(P7 ]’)__gvap('Du I l) = Psat(Tl) } {( ( ))}IZO

Psat defined by using a least square approximation of 2:

~ k=8
T — PY(T) =~ P~(T)Zexp (Zk 3 Tk)

P+m,



Appendix

WATER TABULATED EOS

= 278 K.
gsaat( TI)’ sat(

("
("
("

.610K,
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:

w5},
Euc‘(T
b s:i; .
i
)},.
: Tlsla (T)
Iy Tsat(T)
i

i Sal
vap

Zkak
9
7)) T
k=0



Appendix

ISENTROPIC CURVES

def T aP
P 55 ),
tauid Cliq > Cmix rgr 8i
Oe |,
‘\\ w T2 O?P
T 29P 972,

@ Pure Phases
o (HHy>0
o (H) >0
o (H & >0

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

* * 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,




CriTicAL PoINT

Critical
Poin
P oint
* — *
7—liq - 7—\/ap

2
iso-T Eliq = Evap

=

8
5\‘*____________

S



CriTicAL PoINT

Critical
fitica @ 2 Pure Phases EOS (
P Point
Ty = T o 1 Saturation EOS 7 — PSat 4——| Eq
iso-T Eliqg = Evap

=
8
g‘*____________
S



iso-T

Appendix

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

3
S - == === ===
o




iso-T
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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



Appendix

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




Appendix

To Do
EOS Simulation
& Q&
(O Q
NN N O
"JQ &Qp\ \\i@\ \*‘\&
Q® <> 2 P
Virtual Fluid (SQ) v v v v
Real Fluid (SG) v v v @

Tabulated @ v ® ®
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