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SCHEME OF THE CORE OF NUCLEAR REACTORS WHOSE

COOLANT IS WATER
Control Rods

_
Water coolant/
(330°C) Fuel Elements

H ' O ~170 MW

Water: coolant /

and moderator
po =~ 155 bar N

!

Water coolant (280 °C)
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GOVERNING EQUATIONS: THE 1D-LMNC MODEL

g
oyv=—9o,
g Po ®
6th—|—v8 h—E

de(ov) + 9y (ov? + p) — 8, (udyv) =

Unknowns

Given quantities
Boundary Conditions
Initial Conditions
Equation Of State
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GOVERNING EQUATIONS: THE 1D-LMNC MODEL

Oyv = EQD,
Po ®
3th - v8 In= E

de(ov) + 8y (ev® + p) —

9y (noyv) =

Unknowns

o (t,y) — v velocity,
o (t,y) — h enthalpy,
o (t,y) — p dynamical pressure;

Given quantities
Boundary Conditions
Initial Conditions
Equation Of State

1S. Dellacherie, On A Low Mach Nuclear Core Model ESAIM Proc 35 (2012)
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GOVERNING EQUATIONS: THE 1D-LMNC MODEL

Oyv = EQD,
Po ®
3:/7 - v8 In= E

de(ov) + 9y (ov? + p) — 8, (udyv) =

Unknowns

Given quantities
e po > 0 thermodynamical pressure (constant),
(t,y) — ® > 0 power density,
(t,y) — p viscosity,
g gravity.

o Boundary Conditions

@ Initial Conditions

o Equation Of State

'S. Dellacherie, On A Low Mach Nuclear Core Model ESAIM Proc 35 (2012)
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GOVERNING EQUATIONS: THE 1D-LMNC MODEL

Oyv = EQD,
Po ®
3:/7 - v8 In= E

de(ov) + 9y (ov? + p) — 8, (udyv) =

Unknowns

Given quantities

Boundary Conditions

|0| I e p(t,y = L) = po dynamical pressure on the top

o (ov)(t,y =0) = De(t) entrance flow rate

I o h(t,y =0) = he(t) entrance enthalpy
o Initial Conditions
o Equation Of State
1S. Dellacherie, On A Low Mach Nuclear Core Model ESAIM Proc 35 (2012)
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GOVERNING EQUATIONS: THE 1D-LMNC MODEL

g
oyv=—
7 Po

o,
3,3/7—1— V(? h—

de(ov) + 9y (ov? +p) 9y (ndyv) =

rble

Unknowns
Given quantities

Boundary Conditions

Initial Conditions
o h(t=0,y) = ho(y),
o v(t=0,y) = wv(y) = ve(0) + [ B(ho(2))®(0,2) dz/po,
o p(t=0,y)=po

o Equation Of State

1S. Dellacherie, On A Low Mach Nuclear Core Model, ESAIM Proc 35 (2012)
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GOVERNING EQUATIONS: THE 1D-LMNC MODEL

p
oyv=—9o,
g Po ®
3th—|—v8 h—E

de(ov) + 9y (ov? + p) — 8, (udyv) =

Unknowns

Given quantities
Boundary Conditions
Initial Conditions
Equation Of State

+[(hp=r) ]

aw po 9o
° A= 0? oh|,

compressibility coefficient.

1S. Dellacherie, On A Low Mach Nuclear Core Model ESAIM Proc 35 (2012)
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OUTLINE
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MoNoPHAsIC STIFFENED GAs EOS

Y po+T
o(h, po) = po
where

@ v > 1 adiabatic coefficient,
o 7 reference pressure,

@ g binding energy.

G. Faccanont (Université du Sud Toulon-Var)
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MoNoPHAsIC STIFFENED GAs EOS

Y po+T
Q(haPO) = m h— q
where
@ v > 1 adiabatic coefficient,
o 7 reference pressure,
@ g binding energy.
I
b= 7—_1L constant
Y PotT

G. Faccanont (Université du Sud Toulon-Var)
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MoNoPHAsIC STIFFENED GAs EOS

Y po+T
h, po) = ——
Q(aPO) ’Y_l h—q

where
@ v > 1 adiabatic coefficient,
o 7 reference pressure,
@ g binding energy.

~7=1 po
Y PotT

constant

G. Faccanont (Université du Sud Toulon-Var)
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EXACT SOLUTIONS

@ Velocity
@ Enthalpy

© Dynamic pressure
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EXACT SOLUTIONS

@ Velocity
Direct integration of d,v = %Cb.

B

V(tay) = VE(t) + E

W(ty),  W(ty) / T ot 2)

© Enthalpy

© Dynamic pressure

G. Faccanont (Université du Sud Toulon-Var)
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EXACT SOLUTIONS

@ Velocity

@ Enthalpy
Method of characteristics on 0:h + vd, h = i—(h q).
Example: if ® and v. are constant, then

e,y = {TH o€t y) —q)em" i &(ty) 20,
’ he(t*(t,¥)) + ooy E(ty) <O

where

() = (y+ 2] m - 2,

t(t,y) = — o In

© Dynamic pressure

G. Faccanont (Université du Sud Toulon-Var) LMNC

pe )
~3 (1+ Pov £(t y)) for £(t,y) <O.
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EXACT SOLUTIONS

@ Velocity
@ Enthalpy

© Dynamic pressure

Direct integration of 9,p = 8, (udyv) — d¢(ov) — dy(0v?) — 0g.
Example: if ® and v, are constant, then

B(t,y) = po + i—‘:’(u(y) — (L))

Be L
+_Ve
+Po(g 2 )/ 1 "
y

6 t7Z)_q

+B¢2/L; &
y h(t,Z)—q

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

© The diphasic LMNC model with Stiffened Gas EOS & Phase Transition
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DirHASIC STIFFENED GAs EOS wiTH PHASE TRANSITION

©,

o Liquid x = ¢ and vapor Kk = g are characterized
by their thermodynamical properties

(h, pO) = Ok

o The two-phase mixture is constructed according to the second principle
of thermodynamics: when phases coexist, they have the same pressure
po, the same temperature and their chemical potentials are equal.

ge(po, T) = gg(po, T) = T =T°(po)-

o We define values at saturation:

hi Zhe(po, T*(po)), 05 = 0x(po, T°(po)) = s (K3, po)-

G. Faccanont (Université du Sud Toulon-Var) LMNC 10/ 20
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DirHASIC STIFFENED GAs EOS wiTH PHASE TRANSITION

po/B(h, po)
h
( o ) h— Q(h,PO) &
where
Be, if h < h3(po),
: 0 — 0} :
h,po) = { Bm = —po——=2—"— if hi(po) < h < hs(po),
B(h, po) B Po o oi(hs — ) 7(Po) 2(Po)
/6g7 if h > hZ(PO)a
qr, if h < h3(po),
« 0ghg —ophi
q(h, po) = { qm = EE—22 if hi(po) < h < h5(po),
Qg — g[
e if h> hg(po),

G. Faccanont (Université du Sud Toulon-Var)
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EXACT SOLUTIONS

Let &, ve, he and hy be constant and suppose liquid phase in entrance.

yi = Be(hi — he)

vs =B(h3 — he)
_ hi—q

5= %5 In (=)

Yi Vg y

Q@ Velocity
@ Enthalpy

G. Faccanont (Université du Sud Toulon-Var)
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EXACT SOLUTIONS

Let &, ve, he and hy be constant and suppose liquid phase in entrance.

YZS = %‘(h? - he)
y; = %(hz - he)

s _ _Po_ hi—qe
t = Fe In (ho—qe)

hg —am
S __ 4S Po g
0 te =t 3.0 (h;—qm)

@ Velocity: direct integration of J,v = Blbupo) ¢y,
Po

Yi Vg

Ve + ﬁz¢y if (t,y) € L,
v(t7y)= Ve+ﬁz¢yé+ﬁ;;¢(y_y;) lf( )EM
et SV SR )+ —yp) Wty €d,

@ Enthalpy

G. Faccanont (Université du Sud Toulon-Var)
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EXACT SOLUTIONS

Let &, ve, he and hy be constant and suppose liquid phase in entrance.

@ Velocity

@ Enthalpy: method of characteristics on d;h+vd, h= B(h £o)® (h_q(h, po))-

h(t,y) =

he + D,y

Bp®

qe + (ho — qé)e"%t
Gm + (h — qm )e wo (ttD)
qg+(hs — Qg )e o

®(t—13)

if (t,y) € L and t < ty(y),
if (t,y) € M and t < t(y),

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

G. Faccanont (Université du Sud Toulon-Var)
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ASYMPTOTIC SOLUTIONS

(he®, D > 0,0%(y)) = lim (he(t), De(t), 9(t,))

t—+oo

@ Enthalpy
Using 0, (0> v>°) = 0 we have 9,h™ = gz.

=i+ 1w e e

© Velocity

D

U= )

© Dynamic pressure
Direct integration of 9,p = 8, (ud,v) — 9, (ov?) — og.

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

© Numerical schemes
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MOC SCHEME

@ Enthalpy
@ Velocity

Faccanoni
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MOC SCHEME

@ Enthalpy
6th(tn+17 }’/) + V(t’H—la }’i)ayh(tnﬂa yl)
/6 h tn+1a.yl' ® tn+1’yl' n n
- A DRI 1, y) — e, )

i
L)

dT 1
_ B(E;’Jrl(q-))d)(f, X(7; 71 y) (775,4.1(7_) _ q(i~75’+1(7')))

Po

where 7+ h7"(7) £ h(r, x(7; t"1y;)) and x is the solution of

d
X t"yi) = v (r,x(rt"y), T <t

t"+1' tn+1

x( Vi) = Yi-

@ Velocity

G. Faccanont (Université du Sud Toulon-Var)



1. Introduction 2. Monophasic-SG 3. Diphasic-SG 4. Schemes 5. Tests 6. Conclusion

MOC SCHEME

@ Enthalpy
6th(tn+17 }’/) + V(t’H—la }’i)ayh(tnﬂa yl)

_ Bt yp)) (I (h(em+3, ) — qh(2, 1)

tn+1 d i
—h™(7) dr

-
t”ﬁ(h”“ (T)® (7, x(7: t" 1 y;))
Po

(Rr2(r) = a(Br () o
where 7 h"+1(7') “h(r, x(m;t"*1y;)) and y is the solution of

d
X t"yi) = v (r,x(rt"y), T <t

t"+1' tn+1

x( Vi) = Yi-

@ Velocity

G. Faccanont (Université du Sud Toulon-Var)
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MOC SCHEME

@ Enthalpy: let €7 = x(t"; t"1, ;).
o If €7 >0, let h? ~ h™*(¢") (at order 1 or 2) and then

h7+1 _ ;‘_hn —{—Atﬁ(hi )q;(t 7§i)(";1 _ q(i.':‘l))
0

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

byt = he(ef) + (¢ = 1) POLEDE D () — ghe(ei)

S
T
5
=

Y ) Yi Y

@ Velocity

c——————————————————— J J
G. Faccanont (Université du Sud Toulon-Var) LMNC 14/ 20
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MOC SCHEME

@ Enthalpy
@ Velocity

Po

1 Yi
vt =yl g —/ B(h(t", 2))d(t"H, 2) dz
Yi—1

2

A
Viar p—jﬁ(hpﬁf)wt"“,yf_l).

/3 is discontinuous at phase change points, so that if h% € (h7'} A7),

s _ pn+l
K

A"
let y* = y; 1 + Ayh,,—u%,,h- and then
i i—1

B, 2))0(e74, 2) e

Yi—1

~ (v — yic1) BT D™y 1) dy + (vi — y*)B(ATHO(t"H, y,) dy

) ) ) )

c——————————————————— J J
G. Faccanont (Université du Sud Toulon-Var) LMNC 14/ 20
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INTMOC SscHEME

@ Enthalpy
ah ™ (r) _ O(mx(mi " y)

B(R (o) (R () — a(h (7)) Po
:

i]7+1(tn+1) ¢ntl
1

1 n
/ﬂm(tn) s B = o /t (n x(: £ 1)) o

so that

tn+1
Bt = R (R(B,-"“(r"» to [ et t"*l,y,-))dr)
tﬂ

where

i [ 1
"% | e

G. Faccanont (Université du Sud Toulon-Var)
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INTMOC SscHEME

@ Enthalpy : let £7 ~ x(t"; t"™1, y;).
o If &7 >0, let A ~ IN7,f’+1(t") (at order 1 or 2) and then

N n ¢n n+l
h:_‘l+1 _ R—l <R(h,n) + %Q)(t 751 ) +2¢(t ayJ)>
0

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

t"t — tf o(t7,0) + ¢(t"“,yi))
+
Po 2

t
tl‘l+1 _____________
|
|
ir==r=== 1
I |
I |
I |
I |
| |
Yi Ty Vi y %
en
j

e —————— y y y
G. Faccanont (Université du Sud Toulon-Var) LMNC 15 /20
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OUTLINE

© Numerical examples




3. Diphasic-SG 4. Schemes 5. Tests 6. Conclusion

1. Introduction 2. Monophasic-SG

MOC vs. INTMOC

Mass_fraction

Mass_fraction

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

o The asymptotic state is reached at t = 2.957 s

G. Faccanont (Université du Sud Toulon-Var) LMNC 17 1 20
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Loss oF FLow

v ifo<t<t,
ve(t) = 4 2% e s ee s (=4 H0st<h
= Vo , = .
‘ ~° . L ’ 7%¢0 if t > t.
v if t > t3,
Ve [0)
v — e 1
2% v —— 7%Pg
t1 b t3 t t1 t t3 t

G. Faccanont (Université du Sud Toulon-Var)
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Loss oF FLow

v o

2 —_ @

2% %0
hon 3 t 3 3 t

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

Mass fraction Temperature
1= 0.000 t=0.000
1. NTNOC, — T T T T T T 800 NTHIG - - . . .
Asymptotic Asymptotic
P 1 750
08 - b 700 |
06 B
H o 650
: :
% 04 | 2
= 2 600
02 4
550 =
0
o 05 1 15 2 25 3 35 4 o 05 1 15 2 25 3 35

Faccanoni (Université du Sud Toulon-Var)
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Loss oF FLow

v o

2 —_ @

2% %0
hon 3 t 3 3 t

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

Mass fraction Temperature
1= 0.000 t=0.000
1. NTNOC, — T T T T T T 800 NTHIG - - . . .
Asymptotic Asymptotic
P 1 750
08 - b 700 |
06 B
H o 650
: :
% 04 | 2
= 2 600
02 4
550 =
0
o 05 1 15 2 25 3 35 4 o 05 1 15 2 25 3 35
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Loss oF FLow

v o

2 —_ @

2% %0
hon 3 t 3 3 t

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

Mass fraction Temperature
= 0.500 t=0.500
1. \NTMdCz S T T T T T T 800 INTMdCz S T T T T T T
Asymptotic Asymptotic
1t B 750
08 - B 700 |
06 1
§ ® 650
: :
% 04| g &
= 2 600
02 4
550 =
0
o 05 1 15 2 25 3 35 4 o 05 1 15 2 25 3 35 4

) )
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Loss oF FLow

v o

2 —_ @

2% %0
hon 3 t 3 3 t

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

Mass fraction Temperature
1= 1.000 t=1.000
1. \NTMdCz S T T T T T T 800 INTMdCz S T T T T T T
Asymptotic Asymptotic
1t B 750 B
08 - B 700 | i
06 1
§ ® 650 b
: :
% 04| g &
= 2 600
02 4
0
o 05 1 15 2 25 3 35 4 o 05 1 15 2 25 3 35 4
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Loss oF FLow

v o

2 —_ @

2% %0
ho6 3 3 3 3 t

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

Massgaction
°
R

Faccanoni (Université du Sud Toulon-Var)

t=1.500

Mass fraction

Temperature

1=1.500

INTMOC, - .-

Asymptotic

INTMOC, - . -
Asymptotic

750 4

700 - 4

650 - 4

600 -

Temperature

550 - J

L L L 500 . . . L L L . L
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Loss oF FLow

v o

2 —_ @

2% %0
ho6 3 3 3 3 t

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

Massgaction
°
R
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t=1.500

Mass fraction

Temperature

1=1.500

INTMOC, - .-

Asymptotic

INTMOC, - . -
Asymptotic
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700 - 4
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Loss oF FLow

v o
2 —_ @
2% %0
ho6 3 3 3 3 t

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

Mass fraction Temperature
1= 2.000 t=2.000
1. NTNOC, — T T T T T T 800 NTHIG - - . . .
Asymptotic Asymptotic
P 1 750
08 - b 700 |
06 B
H o 650
: :
% 04 | 2
= 2 600
02 —H K
550 [
0
o 05 1 15 2 25 3 35 4 o 05 1 15 2 25 3 35
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Loss oF FLow

v o,
2 —_ @
2% %0

n oo 3 t PR3 [ t

At t, the security system drops control rods into the core

Mass fraction Temperature
1= 2.500 t=2.500
T o—— T T T T T el v — T T T T T
Asymptotic Asymptotic
P 750 - g
08 - 700 | i
< 06 @ J
: g
= 2 4
02
550 f= 4
0
0 05 1 15 2 25 3 35 0 05 15 2 25 35 4

v y
I GED GED GED aEbd

G. Faccanont (Université du Sud Toulon-Var)
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Loss oF FLow

v o,
2 —_ @
2% %0

n oo 3 t PR3 [ t

At t, the security system drops control rods into the core

Mass fraction Temperature
1= 2.500 t=2.500
T o—— T T T T T el v — T T T T T
Asymptotic Asymptotic
P 750 - g
08 - 700 | i
< 06 @ J
: g
= 2 4
02
550 f= 4
0
0 05 1 15 2 25 3 35 0 05 15 2 25 35 4

v y
I GED GED GED aEbd
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Loss oF FLow

v o,

2 — %

2% %0
oo 3 t PR3 3 t

At t, the security system drops control rods into the core

Mass fraction Temperature
1= 4.000 = 4.000
12 INTMGG, o T T T T T T 800 NTMOC, T 5 . . . .
Asymptotic Asymptotic
P 1 750 B
08 - b 700 | |
H o 650 [ o
% 04 | 2
= © 00 4
02 4
550 [ E
0
0 05 1 15 2 25 3 35 4 0 05 1 15 2 25 3 35 4

Yy y

) )
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Loss oF FLow

v o,
2 —_ @
2% %0

n oo 3 t PR3 [ t

At t, the security system drops control rods into the core

0
Mass fraction Temperature
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