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1. Context
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2. LMNC

Section 2

THE L(ow) M(AcH) N(ucLEAR) C(ORE) MODEL

LMNC model



CoMPRESSIBLE NAVIER-STOKES SYSTEM

Oro + div(ou) =0
Ot(ou) + div(ou ® u) = =Vp + div(o(u)) + og
0¢(oh) + div(ohu) = 0rp+u-Vp+o(u): Vu+ ¢

where
o(u)= v(Vu+ (Vu)") +nVu

» Unknowns
» Given quantities
» Equation Of State
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CoMPRESSIBLE NAVIER-STOKES SYSTEM

Oro + div(ou) =0
Ot(ou) + div(ou ® u) = =V p + div(c(u)) + gg
0¢(oh) + div(ohu) = 0rp+u-Vp+o(u): Vu+ ¢

where
o(u)= v(Vu+ (Vu)") +nVu

» Unknowns
» Given quantities

V¥V Equation Of State

e (h,p) — v,n such that 2 + 3n > 0,
o (h,p) — o density.
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CoMPRESSIBLE NAVIER-STOKES SYSTEM
— LMNC-MoDEL

Compressible Navier-Stokes system

Dimensionless compressible
Navier-Stokes system
@

speed of fluid

speed of sound

{
LMNC system

S. Dellacherie, On A Low Mach Nuclear Core Model, ESAIM: Proc., 35 (2012)
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CoMPRESSIBLE NAVIER-STOKES SYSTEM
— LMNC-MoDEL

Compressible Navier-Stokes system p pressure
1l
Dimensionless compressible
Navier-Stokes system
@
speed of fluid _
M= 202 =« p~po+p
speed of sound
i)

po: thermodynamic pressure

LMNC system — .
p: dynamic pressure

S. Dellacherie, On A Low Mach Nuclear Core Model, ESAIM: Proc., 35 (2012)
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LMNC-MO0ODEL

div(u) = @CD,

Po

[0)
Bh+u-Vh= ——.
’ o(h)

o(h) (0e(u) + (u- V)u) + V5 = div(a(u)) + e(h)e:

where
a(u) Zv(h)(Vu+ (Vu)T) + n(h)Vu

» Unknowns
» Given quantities
» Equation Of State
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LMNC-MO0ODEL

iv(u) = 2
div(u) = . <D,¢
dth+u-Vh= ——,
o(h)
o(h) (9e(u) + (u- V)u) + V5 = div(a(u)) + e(h)e:

where
o(u) Zv(h)(Vu+ (Vu)") +n(h)Vu

¥ Unknowns

o (t,x) — u velocity,

e (t,x) — h enthalpy,

e (t,x) — p dynamic pressure;
» Given quantities
» Equation Of State
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LMNC-MO0ODEL

iv(u) = 2
div(u) = = <D,¢
Oth+u-Vh=——+,
o(h)
o(h) (0e(u) + (u- V)u) + V5 = div(a(u)) + e(h)e:

where
o(u)Zv(h)(Vu+ (Vu)") +n(h)Vu

» Unknowns
V¥ Given quantities
o (t,x) — ® > 0 power density,
e g gravity,
e po > 0 thermodynamic pressure (constant),

» Equation Of State
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LMNC-MO0ODEL

div(u) = %CD,

[0)
Bh+u-Vh= ——
‘ o(h)

o(h)(9:(w) + (u- V)u) + VB = div(o(w) + e(h)e,

where
a(u) Zv(h)(Vu+ (Vu)T) + n(h)Vu

» Unknowns
» Given quantities

V¥V Equation Of State

e h+ v,n such that 2 + 3n > 0,
e h p density,

o h— p¥_ gf?h) o' (h) compressibility coefficient.
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3.1. Generalities 2. Mixture 3. Pure Phase EoS

h — o0 AT pp = 155 bar FOR WATER FROM NisT

T
1,000 |- ~oe(h) |H
0g(h)
800 |- N
5 @0|bosccosssooaad ,
o (hi.ef)
= o ?
= 400 3 B
2000 : (hg. 23)
””””””” S S
07 L L : . 1 L L |
0 1 2 3 4

h/106 (J- K1)

1Source: http://webbook.nist.gov/chemistry/fluid/
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T
1,000 ~oe(h) |
Qg(h)
800 |- -
! 600:,,,,,,,,,,,,1-‘ N
ol (k. 07)
= i ?
= 400 - 3 b
2000 : (hg. 23)
””””””” C T T —
O L | | : | 1 | | i
0 1 2 3 4

h/10° (J- K—1)

@ define h— g, for h € [h}; hz]: mixture EoS
@ define h— o, for h < hj if Kk = £ and for h > hg if K = g: pure phase EoS

TSource: http://webbook.nist.gov/chemistry/fluid/
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1. Generalities 3.2. Mixture 3. Pure Phase EoS

Section 3

EQuATION OF STATE

@ Mixture
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1. Generalities 3.2. Mixture 3. Pure Phase EoS

MIXTURE

o0=agg +(1—a)o; for 5 ope
or h € [hy; h7]
{Qh—agghs + (1 — a)ojh; o

I

pO/ﬂm

where

—po—— L
oz 0i(hg — hy)

s _ s
/8 ;ef tgg Q@ PO / (h)

G. FACCANONI LMNC model 13/49



alities 2. Mixture 3.3. Pure Phase EoS

Section 3

EQuATION OF STATE

@ Pure Phase EoS
@ Stiffened Gas EoS
@ Tabulated EoS

G. FAaccaNoNi LMNC model



1. Generalities 2. Mixture 3.3. Pure Phase EoS

PUrRe PHASE E0S: STIFFENED GAS LAW

Ve Po+ Tk
ox(h) = m—1h—gq.
where
® 7, > 1 adiabatic coefficient,
e 7, reference pressure,
@ g, binding energy.
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PUrRe PHASE E0S: STIFFENED GAS LAW

Ve Po+ Tk
ox(h) =
«(h) Yo —1 h—gq,
where
® 7, > 1 adiabatic coefficient,
e 7, reference pressure,
@ g, binding energy.
Po Y —1  po
I} — h) = constant
T ai(h) () Vi Po+ Ty
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1. Generalities 2. Mixture 3.3. Pure Phase EoS

PUrRe PHASE E0S: STIFFENED GAS LAW

Ve Po+ Tk
ox(h) =
=(h) Ve —1 h—q,
where
® 7, > 1 adiabatic coefficient,
e 7, reference pressure,
@ g, binding energy.
Po Y —1  po
I} — h) = constant
T ai(h) () Vi Po+ Ty
pO//BR
h =
QN( ) h — G,
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1. Generalities 2. Mixture

3.3. Pure Phase EoS

DirHASIC STIFFENED GAs EOS wiTH PHASE TRANSITION

NG
o) =5 =)
where
Be,
B(h) =  Bm
Bgs
qe,
q(h): dm
g,

if h < h3,
if hf <h<hg,
if h> hg,

if h<hs,

if h < h < hg,
if h> he,

LMNC model
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1. Generalities 2. Mixture 3.3. Pure Phase EoS

SATURATION VALUES

o Liquid x = ¢ and vapor k = g are characterized by their EoS

Ve P+ Tk

(h,p) = 0x = ﬁh—iq,{

(see Le Metayer and Saurel for parameters of liquid water and steam)
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o Liquid x = ¢ and vapor k = g are characterized by their EoS

Ve P+ Tk

(h,p) = 0x = ﬁh—iq,{

(see Le Metayer and Saurel for parameters of liquid water and steam)
@ Second principle of thermodynamics: when phases coexist, they have

the same pressures, the same temperatures and their chemical
potentials are equal:

g(p, T)=gg(p, T) — T = T*(p).
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1. Generalities 2. Mixture 3.3. Pure Phase EoS

SATURATION VALUES

o Liquid x = ¢ and vapor k = g are characterized by their EoS

Ve P+ Tk
'ch_]-h_qﬁ

(h,p) = 0k =
(see Le Metayer and Saurel for parameters of liquid water and steam)
@ Second principle of thermodynamics: when phases coexist, they have

the same pressures, the same temperatures and their chemical
potentials are equal:

g(p, T)=gg(p, T) — T = T*(p).

@ We define saturation values at p = po:

he < he(po, T5(p0)), 05 Z 0w (hE, po).-
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1. Generalities

2. Mixture 3.3. Pure Phase EoS
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1. Generalities 2. Mixture 3.3. Pure Phase EoS

NIST vs SG
NIST SG
Ts 617 K 654 K
he  1.629 x 10°) - K=  1.627 x 10°] - K~'
hg 2596 x 10°) - K~"  3.004 x 10°) - K~
0f  594.38kg-m~3 632.663 kg - m—3
Oz 101.93 kg - m—3 52.937kg - m—3

G. FAccaNoNI

LMNC model
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2. Mixture 3.3. Pure Phase EoS

1. Generalities

NIST vs SG: h— p

Density

1,500 . Nt |
. NIST_G

\ oM
\ - - = SG_L
- -~ SGG
- - - SGM

0 (kg-m~)

h/105 (I - K1)

20/49
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1. Generalities 2. Mixture 3.3. Pure Phase EoS

NIST vs SG: h— T

Temperature

T T

NIST_L B
1’200 [ - NIST_G // .

j SG_L /l

1.000 (|- -- scc / B

’ — -~ SGM / //
< 800 L/ :

~ ),///"
600 | A 8
400 |- B
200 & ! ! ! =
0 1 2 3 4

h/108 (J- K1)
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1. Generalities 2. Mixture 3.3. Pure Phase EoS

NIST vs SG: h—

Compressibility coefficient

T T ‘
| Lty 0 7

0.3 . NIST.G

— Bm

- — - SGL

. soc T ",
021 |--- sem o -.:,, - |

«Q
01} |
ol === 8
| |
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1. Generalities 2. Mixture 3.3. Pure Phase EoS

NIST vs SG: h+— c*

2,000 |

1,500 |

1,000

c* (m-s7")

500

Speed of sound

NIST_L
NIST_G

‘M
- — - SGL
— - - SGG

h/10° () - K—1)
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1. Generalities 2. Mixture 3.3. Pure Phase EoS

PURE PHASE E0S: TABULATED LAWS AT p = py

k| h[kl/kg] o [kg/md] T [K] cim-s7'] B

¢ | 15.608 1007.5 27316 1427.4 X
¢ | 30.678 1007.5 276.79 1445.0 X
¢ | 16028 609.10 614.77 659.56 X
l h; 594.38 T 621.43 X
g hg 101.93 T* 433.40 X
g | 2602.6 101.06 618.41 435.61 X
g | 25299 35.139 996.37 747.83 X
g | 25290 34.985 1000.0 749.37 X

Source: http://webbook.nist.gov/chemistry/fluid/
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1. Generalities 2. Mixture 3.3. Pure Phase EoS

PURE PHASE E0S: TABULATED LAWS AT p = pg

Liquid phase

e Discretization of the enthalpy interval [1.56 x 10%; hS]:

h; ~ (156 + 1.68i) x 10*, i€ J={1,...,96}

e Approximation of 8y(h;) = — £~ 0’ (h;) by finite differences
PP 22 (k) Ot y

@ Least squares polynomial approximation over the set of discrete values
((oe, Be, Te, cg)(hi))iea:

N j
(00, Be, To, ;) (106) Z<106) a, N<6

Jj=0
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1. Generalities 2. Mixture 3.3. Pure Phase EoS

PURE PHASE E0S: TABULATED LAWS AT p = pg

Vapor phase

@ Discretization of the enthalpy interval [h3;25.29 x 10°]:

h; ~ (2.596 + 0.0122/) x 10°, icd=1{1,...,107}

@ Approximation of 3, (h;) = — £’ (h;) by finite differences
PP g 2(h) % y

@ Least squares polynomial approximation over the set of discrete values

((ng Bgv g g)(hi))ief]:

N J
(:anﬁgv g g <106> 2(106> aj, N§6

Jj=0
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1. PDE 2. Exact 3. Schemes 4. Tests

Section 4

1D-MODEL

e Governing equations
@ Analytical solutions

@ Numerical schemes

@ Numerical tests
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4.1. PDE 2. Exact 3. Schemes 4. Tests

Section 4

1D-MODEL
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4.1. PDE 2. Exact 3. Schemes 4. Tests

G OVERNING EQUATIONS

B
o,v=—9°
g Po

6[»/7 + Vayh =

O(ov) + 8}/(9V2 +p) — 9y (uoyv) = —0g

|6

Unknowns

Given quantities
Equation Of State
Boundary Conditions

VyVYyVYYVYY

Initial Conditions
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4.1. PDE 2. Exact 3. Schemes 4. Tests

G OVERNING EQUATIONS

Oyv = ﬁd)
Po ®
6[»/7 + Vayh = E

O¢(ov) + 8}/(9V2 +p) — 9y (uoyv) = —0g

Y Unknowns

e (t,y) > v velocity,
e (t,y) > h enthalpy,
e (t,y) — p dynamic pressure;

» Given quantities
» Equation Of State
» Boundary Conditions

» Initial Conditions
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G OVERNING EQUATIONS

Oyv = ECD
Po ®
6[»/7 + Vayh = E

O¢(ov) + 8}/(9V2 +p) — 9y (uoyv) = —og

» Unknowns
V¥ Given quantities

e po > 0 thermodynamic pressure (constant),
e (t,y) — ® > 0 power density,
e g gravity.

» Equation Of State
» Boundary Conditions

» Initial Conditions
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4.1. PDE 2. Exact 3. Schemes 4. Tests

G OVERNING EQUATIONS

Oyv = ﬁd)
Po ®
6[»/7 + Vayh = E

d¢(ov) + ay(QV2 +p) — 9y (uoyv) = —og

» Unknowns

» Given quantities
V¥ Equation Of State

e h > p viscosity (constant),
e hi— p density (stiffened gas or tabulated)
e h— 3=— Qé’z’h) o' (h) compressibility coefficient.

» Boundary Conditions

» Initial Conditions
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4.1. PDE 2. Exact 3. Schemes 4. Tests

G OVERNING EQUATIONS

Oyv = ﬁd)
Po ®
6[»/7 + Vayh = E

O¢(ov) + 8}/(9V2 +p) — 9y (uoyv) = —0g

» Unknowns
» Given quantities
» Equation Of State

V¥ Boundary Conditions

e top: dynamic pressure p(t,y = L) = po

e bottom:
e entrance flow rate (ov)(t,y = 0) = De(t)
e entrance enthalpy h(t,y = 0) = he(t)

» Initial Conditions
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4.1. PDE 2. Exact 3. Schemes 4. Tests

G OVERNING EQUATIONS

Oyv = ECD
Po ®
6[»/7 + Vayh = E

O(ov) + 8}/(9V2 +p) — 9y (uoyv) = —0g

» Unknowns

» Given quantities

» Equation Of State

» Boundary Conditions

V¥ Initial Conditions
e h(t=0,y) = ho(y),
o v(t=0,y) = wo(y) = ve(0) + o f5 B(ho(2))®(0, 2) &,
o p(t=0,y) = po.
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1. PDE 4.2. Exact 3. Schemes 4. Tests

Section 4

1D-MODEL

@ Analytical solutions
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1. PDE 4.2. Exact 3. Schemes 4. Tests

1D-SG-MONOPHASIC

» Velocity
» Enthalpy

» Dynamic pressure
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1. PDE 42. Exact 3. Schemes 4. Tests

1D-SG-MONOPHASIC

¥V Velocity
Direct integration of 0, v = %cb,

Wty) = ve(t) + 2(ty),  Wty)
Po

/Oy ®(t,z) dz

» Enthalpy

» Dynamic pressure
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1. PDE 4.2. Exact 3. Schemes 4. Tests

1D-SG-MONOPHASIC

» Velocity
¥V Enthalpy

o e [0}
Method of characteristics on d:h + vd, h = ﬁ = ’i—o(h —q).

» Dynamic pressure
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1. PDE 4.2. Exact 3. Scheme

1D-SG-MONOPHASIC

» Velocity

¥V Enthalpy
Method of characteristics on d:h + vd, h = ﬁ
Example: if ® and v, are constant, then

Il
33
—
>
\
Q
-

ey - L9+ (E(ED) - ) em?
| he(t*(t,)) + DY

)
where &(t,y) = (y + ﬁ%ve) e Pl — g—g)ve and
t
4 o
1
i o B Sl
~Fe In (1 + pmf(f’y)) —/f/ 7
L
\!x\ Y1 \p\
5 5
N\ A\

» Dynamic pressure

G. Faccanoni LMNC model
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1. PDE 4.2. Exact 3. Schemes 4. Tests

1D-SG-MONOPHASIC

» Velocity
» Enthalpy

¥ Dynamic pressure
Direct integration of 9,p = 8, (udyv) — d¢(ov) — dy(0v?) — 0g.

G. Faccanoni LMNC model
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1. PDE 42. Exact 3. Schemes 4. Tests

1D-SG-MONOPHASIC

» Velocity
» Enthalpy

¥ Dynamic pressure

Direct integration of 9,p = 8, (udyv) — d¢(ov) — dy(0v?) — 0g.

Example: if ® and v, are constant, then

Bt Y) = P () — w(D)
Po

+po(g+i—j’ve) /L 1
B y h(t,Z)—q

L
o[ — %2 @
+6 /y h(t72)—qc

G. Faccanoni LMNC model
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1. PDE 42. Exact 3. Schemes 4. Tests

1D-SG-DIPHASIC

D, ve, he, ho: constant; IC and BC: liquid phase.

t
G yi = & (h — he)

t; —== Yé:%(hg_he)

I < . B

I =g ln (hﬁ—%)

l: ‘I ! he —Adm
— =1+ 5 n (%)
Yo yg Y

» Velocity
» Enthalpy

G. Faccanoni LMNC model

2749



1. PDE 42. Exact 3. Schemes 4. Tests

1D-SG-DIPHASIC

D, ve, he, ho: constant; IC and BC: liquid phase.

t
I G yi = g (hi — he)
tg -—- .yg (h - he)
M: s _ h3—aqe
5 \ tg = B o |n (h — )
t£ - o—qe
[: ! l h‘_ m
|s |s t; =t + Bpod) (h§72m>
.y£ yg y
o . o __ B(h)
V Velocity: direct integration of d,v = ==®.
Ve + 22y if (t,y) € L,
v(t,y) = { ve + M Rl V7)) if (t,y) € M,

+ﬁf"’yp+ﬁm (g =)+ 22y —y5) i (ty) €,

» Enthalpy
G. Faccanoni LMNC model 2749



1. PDE 42. Exact 3. Schemes 4. Tests

1D-SG-DIPHASIC

D, ve, he, ho: constant; IC and BC: liquid phase.

» Velocity

hg —dm
S __ 4S Po
tg =t + Bon® In (h‘,’ qm>

¥V Enthalpy: method of characteristics on d:h+vd, h= B (h q(h)).

h(t7y) =

Bgo,
qe + (ho — qe)e ™o

qm +

(h - qm)e o
Be
+ (hs qgle P
+ E%y

if (t,y) € L and t < to(y),
et (t,y) e M and t < t(y),

(1) if (t,y) € G and t < tg(y),
otherwise.

G. FAccaNoNI

LMNC model
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1. PDE 42. Exact 3. Schemes 4. Tests

1D-TAB-DIPHASIC

@ Enthalpy
Using 9, (0>°v>°) = 0 we have J,h*> = 5=.

=k 52 v [ex@) e

@

@ Velocity
D

U= 0

© Dynamic pressure
Direct integration of 9,p = 8, (ud,v) — 9, (ov?) — og.
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1. PDE 2. Exact 4.3. Schemes 4. Tests

Section 4

1D-MODEL

@ Numerical schemes
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1. PDE 2. Exact 4.3. Schemes 4. Tests

MOC-scHEME (SG & TAB)

» Enthalpy
» Velocity
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4.1D 1. PDE 2. Exact 4.3. Schemes 4. Tests

MOC-scHEME (SG & TAB)

V¥ Enthalpy - key idea:

ot yi)
Deh(t"L yi) + (™ y)d, h(t" yi) = — T
RO = G )
¢
gy = 20Xy
dr o7 ()

where T € [t t"™1[, 7 > h7TH(T) Z h(r, x(7;t" 1 y;)) and x is the
characteristic flow defined as the solution of

|
CTcrx(f; t"y) = v (rx(mt" ), T <t

(™t ) = i

» Velocity

G. Faccanoni LMNC model
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4.1D 1. PDE 2. Exact 4.3. Schemes 4. Tests

MOC-scHEME (SG & TAB)

V¥ Enthalpy - key idea:

(’)ht"+1,,-+vt"+1,,-8ht"+1,,-: s Vi
t ( y) ( y) Yy ( y) Q(h(tn+1,)/i))
$
/tnﬁdil”l(ﬂ dr = /th(D(T,X(T; ) dr
P od e o(h(n))

where T € [t t"™1[, 7 > h7TH(T) Z h(r, x(7;t" 1 y;)) and x is the
characteristic flow defined as the solution of

|
CTcrx(f; t"y) = v (rx(mt" ), T <t

(™t ) = i

» Velocity
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4.1D 1. PDE 2. Exact 4.3. Schemes 4. Tests

MOC-scHEME (SG & TAB)

V¥ Enthalpy - key idea:

o™ yi)
a.h t"+1, )+ v tn+17 O h t"+1, ) = s Vi
t ( y) ( y) y ( y) Q(h(i‘"+1,y,'))
$
5 tn+1 5 tn+1(D -t”+1 )
h(e"™ i) — B (E) = / 9 prii(r) dr = / (T’XN(T’I ) 4
5 i o(h7™H (7))

where T € [t t"™1[, 7 > h7TH(T) Z h(r, x(7;t" 1 y;)) and x is the
characteristic flow defined as the solution of

|
CTcrx(f; t"y) = v (rx(mt" ), T <t

(™t ) = i

» Velocity
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4.1D 1. PDE 2. Exact 4.3. Schemes 4. Tests

MOC-scHEME (SG & TAB)

¥V Enthalpy - scheme: let &7 ~ x(t"; t"T1, y;).

o If & >0, let ?1,” = Ef*l(t") (at order 1 or higher)
and then £ = t"” and
h;1+1 _ il:1 + Atd)(t,\vgi)
o(h?)

o If €7 <0, let tf =t — y; /v ~ 7 such that

x(7; t"" y;) = 0 and then T = t; and
d(t*,0)
Bt = he(t]) + (67 — )
o(he(t}))

> Velocity

G. Faccanoni LMNC model 30/49



4.1D 1. PDE 2. Exact 4.3. Schemes 4. Tests

MOC-scHEME (SG & TAB)

» Enthalpy

B(h)®
Po

¥V Velocity : 9,v =

]_ Yi
VIR o[ F/ B(h(t"L, 2))o(t", 2) dz
0 Jy,

i—1

Ay
1 1 1
~ v =B e i)
Po
B is discontinuous at phase change points, so that if h} € (h,"fll, h,f’+1),
£ —
let y* = yi—1 + Ay 77— 7 and then
i i—1

y&(h(t”+1,z))¢(t"+1,z) dz

Yi—-1
~ (v — yic1) BRSO yim1) dy + (vi — y*)B(ATTH)S(¢", y;) dy
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1. PDE 2. Exact 4.3. Schemes 4. Tests

INTMOC-scHEME (SQG)

V¥ Enthalpy - key idea:

ShiH() _ O(mx(rit™y)

s(hr(r) (i) — a(h () po
]

1
Fh—a = / O (7, x(r; t"y;)) dr
/,“1:_1+1(E) HQITO I (7 x( ))

so that

tn+1
Bri(ent) = R (R(E,-"“(f)) s [ el dr )
t

i'1{1+1(tn+1) g+l
i

where

w [ 1
0= | s
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4.1D 1. PDE 2. Exact 4.3. Schemes 4. Tests

INTMOC-scHEME (SQG)

V Enthalpy - scheme: let &7 ~ x(t"; t"T1, y;).
o IF ¢l >0, let A ~ h™1(t") (at order 1 or 2) and then 7 = t" and

At S(t",€7) + S(" y))
Po 2

At = R (R(ip}’) +

o If €7 <0, let t7 = t"™ — y; /v ~ 7 such that x(7; "™ y;) = 0 and then
t =t and

" " —tf O(t,0) + Pt vi)
Po 2
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1. PDE 2. Exact 3. Schemes 4.4. Tests

Section 4

1D-MODEL

@ Numerical tests
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SG: MOC (orpER 1 0R 2) vs INTMOC (0ORDER 1 OR 2)

1=2.800

X
Asymplotic

Mass_fraction

o Initially the domain is filled with liquid phase
@ At t = 1.769s mixture appears for y > y; ~0.964 m
e At t = 2.929s pure vapor phase appears for y > y; ~ 4.002m

@ The asymptotic state is reached at t = 2.957 s
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4.1D 1. PDE 2. Exact 3. Schemes 4.4. Tests

SG: MOC (orpER 1 0R 2) vs INTMOC (0ORDER 1 OR 2)

1=2.800 1=3.500

MOGC 1

MOC 2
INTMOC_1
| INTMOC 2

xact
Asympiotic

X
Asymplotic

Mass_fraction

Mass_fraction

o Initially the domain is filled with liquid phase
@ At t =1.769s mixture appears for y > y; ~ 0.964 m
e At t = 2.929s pure vapor phase appears for y > y; ~ 4.002m

@ The asymptotic state is reached at t = 2.957 s
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h/106 () - K1)

2.5

Asymptotic TAB
MOC_2 TAB
Asymptotic SG
INTMOC_2 5G

FAccanoNi

h/10% (J- K1)

25

Asympttic TAB
MoC_ 2 TAB
Asymptotic SG
INTMOC 2 5G




Mass fraction

0.8

0.6

0.4

0.2

Asymptotic TAB
MOC_2 TAB
Asymptotic SG
INTMOC_2 5G

FAccanoNi

Mass fraction

0.8

0.6

0.4

0.2

Asymptatic TAB
MoC_ 2 TAB
Asymptotic SG
INTMOC 2 5G




Asympttic TAB
—— Moc2TAB

——— Asymptotic SG
- - - INTMOC25G

FAccanoNi

v(m-s")

Asymptotic TAB.
MOC_2 TAB

— -~ Asymptotic SG

- - - INTMOC.25G




0 (kg-m~?)

800

600

400

200

Asymptotic TAB.
MoC_ 2 TAB
Asymptotic SG

INTMOC_2 5G

FAccaNoNI

o (kg-m~)

800

600

400

200

Asymptotic TAB
MOC_2 TAB
Asymptotic SG

INTMOC 2 SG.




T (K)

700

650

600

550

T (K)

700

650

600

550

Asymptotic TAB

MOC_2 TAB

— == Asymptotic SG
INTMOC_2 5G




Mach number

i3

0.5

10-2 t = 2.800
: : ‘
[ p—p— 8
woc2 73
222 moczs

FAccanoNi

Mach number

102
; ; :
pRp——
— voczme
1 | = == INT™MOC_2 5G
0.5
...... H
ol
. . .




1. PDE 2. Exact 3. Schemes 4.4. Tests

Loss oF FLow

v if0<t<t,
(t) = { 2%V 'ft_<t<115 (t) ®o f0<t<t,
V, = v i _
‘ ~ ’ . ' > 7%¢0 if t > t.
v lf t 2 t37
Ve (b
A — b ——
2%V —— 7%
aok fs t ti b t3 t
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4.1D 1. PDE 2. Exact 3. Schemes 4.4. Tests

Loss oF FLow

v o
v — @
%7 %0
h 6 ) t COE 3 g

Initial data: ve(t) = 7 and ®(t,y) = ®o.

Mass fraction Temperature
t=0.000 t=0.000
12— de T T T T T T e e o— T T T T T T
Asymptotic Asymptotic
1 1 750 4
0.8 - 1 700 |- |
06 [ b
8 o 650 q
g 2
g §
8 o4r q 3
= 2 600 | |
02 1
550 [ 4
0
o 05 1 15 2 25 3 35 4 0 05 1 15 2 25 3 35 4
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Loss oF FLow

v o
v — @
%7 %0
h 6 ) t COE 3 g

Initial data: ve(t) = 7 and ®(t,y) = ®o.

Mass fraction Temperature
t=0.000 t=0.000
12— de T T T T T T e e o— T T T T T T
Asymptotic Asymptotic
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4.1D 1. PDE 2. Exact 3. Schemes 4.4. Tests

Loss oF FLow

v o
v — @
%7 %0
h 6 ) t COE 3 g

Initial data: ve(t) = 7 and ®(t,y) = ®o.

Mass fraction Temperature
= 0.500 t=0.500
12— de T T T T T T e e o— T T T T T T
Asymptotic Asymptotic
1 1 750 4
0.8 - 1 700 |- |
06 [ b
8 o 650 q
g 2
g §
8 o4r q 3
= 2 600 | |
02 1
550 [ 1
0
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4.1D 1. PDE 2. Exact 3. Schemes 4.4. Tests

Loss oF FLow

v o
v — @
%7 %0
h 6 ) t COE 3 g

Initial data: ve(t) = 7 and ®(t,y) = ®o.

Mass fraction Temperature
t=1.000 t=1.000
12— de T T T T T T e e o— T T T T T T
Asymptotic Asymptotic
1 1 750 4
0.8 - 1 700 |- |
06 [ b
8 o 650 q
g 2
g §
8 o4r q 3
= 2 600 =
02 1
550 [ 1
0
o 05 1 15 2 25 3 35 4 0 05 1 15 2 25 3 35 4




1. PDE 2. Exact 3. Schemes 4.4. Tests

Loss oF FLow

At t; most of the pumps stop = ve(t) \.

Mass fraction Temperature
t=1.500 t=1.500
12— de T T T T T T e e o— T T T T T T
Asymptotic Asymptotic
1 1 750 4
0.8 - 1 700 |- |
06 [ b
8 o 650 q
g 2
g §
8 o4r q 3
= 2 600 [ RSP
o= 7] e
0
o 05 1 15 2 25 3 35 4 0 05 1 15 2 25 3 35 4

y y
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1. PDE 2. Exact 3. Schemes 4.4. Tests

Loss oF FLow

At t; most of the pumps stop = ve(t) \.

Mass fraction Temperature
t=1.500 t=1.500
12— de T T T T T T e e o— T T T T T T
Asymptotic Asymptotic
1 1 750 4
0.8 - 1 700 |- |
06 [ b
8 o 650 q
g 2
g §
8 o4r q 3
= 2 600 [ RSP
o= 7] e
0
o 05 1 15 2 25 3 35 4 0 05 1 15 2 25 3 35 4

y y
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1. PDE 2. Exact 3. Schemes 4.4. Tests

Loss oF FLow

At t; most of the pumps stop = ve(t) \.

Mass fraction Temperature
t=2.000 t=2.000
12— de T T T T T T e e o— T T T T T T
Asymptotic Asymptotic
1 1 750 4
0.8 - 1 700 |- |
06 [ b
8 o 650 q
g 2
g §
= 2600 e J
02 1 B
550 [ 1
0
o 05 1 15 2 25 3 35 4 0 05 1 15 2 25 3 35 4
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1. PDE 2. Exact 3. Schemes 4.4. Tests

Loss oF FLow

At t, the security system drops control rods into the core
= O(t) \ 7%Do.

Mass fraction Temperature
1= 2.500 t=2.500
12— de T T T T T T e e o— T T T T T
Asymptotic Asymptotic
1 1 750 4
0.8 - 1 700 |- |
06 [ b
8 o 650 q
g 2
g §
8 o4r q 3
= 2 600 | |
02 1 k
550 [ 1
0
o 05 1 15 2 25 3 35 4 0 05 1 15 2 25 3 35 4
y y
Thoa) (how) CEw) Cow
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Loss oF FLow

At t, the security system drops control rods into the core
= O(t) \ 7%Do.

Mass fraction Temperature
1= 2.500 t=2.500
12— de T T T T T T e e o— T T T T T
Asymptotic Asymptotic
1 1 750 4
0.8 - 1 700 |- |
06 [ b
8 o 650 q
g 2
g §
8 o4r q 3
= 2 600 | |
02 1 k
550 [ 1
0
o 05 1 15 2 25 3 35 4 0 05 1 15 2 25 3 35 4
y y
Thoa) (how) CEw) Cow
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1. PDE 2. Exact 3. Schemes 4.4. Tests

Loss oF FLow

At t, the security system drops control rods into the core
= O(t) \ 7%Do.

Mass fraction Temperature
= 4.000 t=4.000
12— de T T T T T T e e o— T T T T T T
Asymptotic Asymptotic
1 1 750 4
0.8 - 1 700 |- |
06 [ 1 R
s o 650 e 4
g §
8 o4r q 3
= 2 600 | |
02 1 E
550 [ E
0
o 05 1 15 2 25 3 35 4 0 05 1 15 2 25 3 35 4
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1. PDE 2. Exact 3. Schemes 4.4. Tests

Loss oF FLow

At t, the security system drops control rods into the core
= O(t) \ 7%Do.

Mass fraction Temperature
= 5.500 t=5.500
12— de T T T T T T e e o— T T T T T T
Asymptotic Asymptotic
1 1 750 4
0.8 - 1 700 |- |
06 [ b e
5 o &Y o
g 2 -
g §
8 o4r q 3
= 2 600 | |
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550 [+ 4
0
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1. PDE 2. Exact 3. Schemes 4.4. Tests

Loss oF FLow

At t, the security system drops control rods into the core
= O(t) \ 7%Do.

Mass fraction Temperature
t=7.000 t=7.000
12— de T T T T T T e e o— T T T T T
Asymptotic Asymptotic
1 1 750 4
0.8 - 1 700 |- |
06 [ A
8 o 650 q
g 2
g §
8 o4r q 3
= 2 600 | |
02 1 .
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0
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1. PDE 2. Exact 3. Schemes 4.4. Tests

Loss oF FLow

At t, the security system drops control rods into the core
= O(t) \ 7%Do.

Mass fraction Temperature
= 8.500 t=8.500
12— de T T T T T T e e o— T T T T T T
Asymptotic Asymptotic
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1. PDE 2. Exact 3. Schemes 4.4. Tests

Loss oF FLow

At t, the security system drops control rods into the core
= O(t) \ 7%Do.

Mass fraction Temperature
1=10.000 1=10.000
e T T T T T T e o— T T T T T T
Asymptotic Asymptotic
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1. PDE 2. Exact 3. Schemes 4.4. Tests

Loss oF FLow

At t, the security system drops control rods into the core
= O(t) \ 7%Do.

Mass fraction Temperature
1=11.500 t=11.500
e T T T T T T e o— T T T T T T
Asymptotic Asymptotic
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0.8 - 1 700 |- |
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8 o 650 4 1
g 2
g §
8 o4r q 3
= 2 600 | |
02 4 -
550 [ e
0
o 05 1 15 2 25 3 35 4 0 05 1 15 2 25 3 35 4

y y

G. FACCANONI LMNC model 35/49



1. PDE 2. Exact 3. Schemes 4.4. Tests

Loss oF FLow

At t, the security system drops control rods into the core
= O(t) \ 7%Do.

Mass fraction Temperature
1=13.000 1=13.000
12 \NTMdCE T T T T T T T 800 INTMdCz T T T T T T
Asymptotic Asymptotic
1F B 750 B
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1. PDE 2. Exact 3. Schemes 4.4. Tests

Loss oF FLow

At t, the security system drops control rods into the core
= O(t) \ 7%Do.

Mass fraction Temperature
1=14.500 1=14.500
e T T T T T T e o— T T T T T T
Asymptotic Asymptotic
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Loss oF FLow

At t, the security system drops control rods into the core
= O(t) \ 7%Do.

Mass fraction Temperature
1=16.000 1=16.000
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Asymptotic Asymptotic
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Loss oF FLow

At t, the security system drops control rods into the core
= O(t) \ 7%Do.

Mass fraction Temperature
1=17.500 1=17.500
e T T T T T T e o— T T T T T T
Asymptotic Asymptotic
1 1 750 4
0.8 - 1 700 |- |
06 [ B T TR
5 o 650 4
g = £
g §
8 o4r q 3
= 2 600 | |
02 4 -
550 [ e
0
o 05 1 15 2 25 3 35 4 0 05 1 15 2 25 3 35 4

y y

G. FACCANONI LMNC model 35/49



1. PDE 2. Exact 3. Schemes 4.4. Tests

Loss oF FLow

At t, the security system drops control rods into the core
= O(t) \ 7%Do.

Mass fraction Temperature
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Loss oF FLow

At t, the security system drops control rods into the core
= O(t) \ 7%Do.

Mass fraction Temperature
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Loss oF FLow

At t, the security system drops control rods into the core
= O(t) \ 7%Do.

Mass fraction Temperature
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Loss oF FLow

At t, the security system drops control rods into the core
= O(t) \ 7%Do.
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Loss oF FLow

At t, the security system drops control rods into the core
= O(t) \ 7%Do.
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Loss oF FLow

At t, the security system drops control rods into the core
= O(t) \ 7%Do.
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Loss oF FLow

At t, the security system drops control rods into the core
= O(t) \ 7%Do.
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Loss oF FLow

At t, the security system drops control rods into the core
= O(t) \ 7%Do.
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Loss oF FLow

At t, the security system drops control rods into the core
= O(t) \ 7%Do.
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51. PDE 2. Exact 3. Scheme 4. Tests

G OVERNING EQUATIONS

3(h)
Po

[0)
Bh+u-Vh= —
‘ o(h)

o(h) (3t(u) +(u- V)u) + VB = div(a(u)) + o(h)e

div(u) =

where

- 20, u Oyu + Oyxv Oxu + Oy v 0
o(u) = u(h) (8yu+8xv 20,v ) +n(h) < 0 Oy u + 8yv)

» Unknowns
» Given quantities
» Equation Of State
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[0)
Bh+u-Vh= —
‘ o(h)

o(h) (5‘t(u) +(u- V)u) + VB = div(a(u)) + o(h)e

div(u) =

where

_ 205U Oyu + Oyv Oxu + Oy v 0
o(u) = p(h) (8yu+5)xv 20, v ) +n(h) ( 0 Oxu + ayv)

Y Unknowns

o (t,x,y) — uZ(u, v) velocity,

e (t,x,y) — h enthalpy,

e (t,x,y) — p dynamic pressure;
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» Equation Of State
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51. PDE 2. Exact 3. Scheme 4. Tests

G OVERNING EQUATIONS

div(u) = @d)
0
Odth+u-Vh= QE);I)
o(h) (9e(u) + (u- V)u) + V= div(o(w) + o(h)e
where
o) =uth) (5 254 Zor ) nm (P 5O, 000

» Unknowns
V¥ Given quantities
e (t,x,y)— ® >0 power density,
def o
e g=(0, —g) gravity,
e po > 0 thermodynamic pressure (constant),

» Equation Of State
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51. PDE 2. Exact 3. Scheme 4. Tests

G OVERNING EQUATIONS

div(u) = %d)

[0)
Bh+u-Vh= —
‘ o(h)

o(h) (at(u) +(u- V)u) + VB = div(a(u)) + o(h)e

where
- 205U Oyu + Oyv Oxu + Oy v 0
o(u) = u(h) (6yu+(9xv 20, v ) +n(h) < 0 8Xu+8yv>

» Unknowns
» Given quantities
V¥ Equation Of State
e h > p,n such that 2p+ 3n > 0,
e hi— p density (stiffened gas or tabulated),

o hs B=— 2(h)~9 '(h) compressibility coefficient.
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u-n=0
{(w(g(u)'“_f_’")+(1—w)CTu)~7-:0

e Free-slip: w=1

@ No-slip: w=0

G. FAaccanoni

LMNC model
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Section 5

2[D-MODEL

@ Analytical solutions
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1. PDE 52. Exact 3. Scheme 4. Tests

VERTICAL FLOW (i.e. u = (0,v))

o Let v., D. and ® constant. With free-slip conditions

(u7 v, h,f))(f,X,y) = (07 VlD(ta y)7 th(t7 )/)a F_)lD(t7Y))

e With no-slip conditions an asymptotic solution with u>°(x, y) = 0 does
not exist.
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Section 5

2[D-MODEL

@ Numerical scheme
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5. 2D 1. PDE 2. Exact 5.3. Scheme 4. Tests

FREEFEM++ (1)

o Let £" the foot at time t” of the characteristic issuing from x at time
"1, then the convective part of the system can be approximated by
*(t™L x) — x(t", £")
At '

[0r % +(u - V)x](t", x) ~ x=uor h

@ Weak formulation of a semi-implicit temporal discretization: at time
t" 1 find (™, p" A"TL) € (ue +U) X P x (he + H) defined by

o U ={ve (H(Q))lv(x,0)=0,v-n(0,y) =v-n(L,y) =0}
o P=1L5(Q)={q < L?(Q)] [, q(x) &k=0}
o 1 ={k e H'(Q)|k(x,0) =0}

such that ...
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1. PDE 2. Exact 53. Scheme 4. Tests

FREEFEM++ (2)

o Vutest S u

i /Q Q(hn)(un+l —u"(€")) - ugest ck

4 [ H )T 4 ()T T (o))
Q
+ / n(h") div(u™?) div(uest) dx — / "t div(ugest) dk
Q Q
- / Q(hn)g * Utest dx
Q

° vptest S P

o 1 @ n
/ div(u") prest ok = —/ B(AM)(t™ ™) prest ck
Q Po Ja

o Vhtest € H

i n+l _ pncen o ¢(tn+1)
a7 [ =€ s = [ 2 i o
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1. PDE 2. Exact 3. Scheme 5.4. Tests

Section 5

2[D-MODEL

@ Numerical tests
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1. PDE 2. Exact 3. Scheme 5.4. Tests

SG vs TAB

Enthalpy
y &
e e — —_—
h € [1.19 x 10°;3.16367 x 10°] h € [1.19 x 10°;3.08409 x 10°]
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Mass fraction
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1. PDE 2. Exact 3. Scheme
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SG vs TAB

Density
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1. PDE 2. Exact 3. Scheme 5.4. Tests

FREE-sLIP vsS NoO-SLIP

Enthalpy

B mm—

v

-

h € [1.19 x 106;2.73224 x 10°] h € [1.19 x 106; 2.54928 x 10°]
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1. PDE 2. Exact 3. Scheme 5.4. Tests

FREE-sSLIP vs NoO-SLIP

Mass fraction

- 4 A
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5. 2D 1. PDE 2. Exact 3. Scheme 5.4. Tests

FREE-sSLIP vs NoO-SLIP

Temperature
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FREE-sSLIP vs NoO-SLIP

Density

ew

0 € [64.6185; 749.97] 0 € [75.8681; 749.97]
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SUMMARY & PERSPECTIVES

@ Model

v/ mono/diphasic low Mach model with phase transition (stiffened gas &
tabulated EoS),

X Heat diffusion,
Xt po(t),

X 7-eqs A 7-eqs low Mach
Relax. Relax.

“HEM” LMNC-Model
M — 0

@ Theoretical study

v unsteady exact solutions on some cases (1D-SG-diphasic),
steady exact solutions on all 1D cases (also with tabulated EOS),

@ Numerical Method
v preliminary results: 1D & 2D

X quantitative simulations: comparison with compressible model and
experimental data,

X 2D (C. Calgaro, E. Creusé, T. Goudon).
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MOC SCHEME DETAILS

@ Foot of the characteristic &7 ~ x(t"; "1, y;).
This approximation is computed either at order one or two:
@ at order one in time we have &(t", yi) & yi — At - v(t", ;) so that we set

& =yi—At-v,

@ at order two in time we have

h(t", yi

E(E", vi) ~ yi = At v(t", ;) — %Af <6tv(t",y,-) - wv(t",y;)¢(t",y;)>

so that we set

n 3, 1 n71> At B(AY) ng,n
P=Yyi—At| v — 2V == vy O(t", yi).
&' =y (2 5 (", yi)

Q hr~ h(t",€7) ~ Bt (e").

i
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Appendix

MOC SCHEME DETAILS

@ Foot of the characteristic &7 ~ x(t"; "1, y;).
@ i~ h(tn, &) ~ BT(e").
If & >0, let j be the index such that & € [y;, yj1) and 07 e y’%;gn
@ At order one h? = 02" + (1 — 02)h,

@ At order two A = Athy +(1— )\f')h;’ where

1+H,fj!

—2£, i Pf(6F) > 0and P7(6]) >0,
N 0, if P (07 )>0ancl’P (03) <0,
), if P;"(65) < 0 and P; (65) >0,
03, otherwise,
o [ BF P (6F) < 0and P (Gu)<0
hy=
© ”) (hf_1 —2h) + h}\y) — % ( — 4h7 +3h},1) + hj1, otherwise,
h1+1,lf73(9)<0and77(9)<0
0, 03
( ;) (hfr2 —2h7 0 + H) — (hj’+2 — h}) + h7.4, otherwise,
and Pji(t‘)) o — 6].1)(0 6};1) where
s 2= h) g 2= )
ST — 2h" T " 2/1]+1 Fh,
P hi_y —4h +3h7, P hi'p — b
LT R — 2k + h]"+1 ’ ST hr—2h7 4+ b7,
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