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Industrial problem Viscous regime Convective re Concluding remarks

Pressurized Water Reactors (Generation Il Nuclear Reactors)

Typical engineering problems for steam generators : at component scale design
of steam generators (GENEPI code at CEA) at system scale coupling with core
neutronics and thermohydraulics for safety analysis (CATHARE code at CEA)

Transmission lines

Cantainment building Steam-generator Cooling tower
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Industrial problem

Steam Generators for Pressurized Water Reactors

Secondary loop, outflow
(steam)

Secondary loop, infow _—_
(liquid)

10m

U-tubes (~3000)

Divider plate

Primary loop, inflow Primary loop, outflow

3m

Complex geometry and excessively fine scales involved in physics :
m ~ 3000 U-tubes
m Tube support plates
m Anti-vibration bars
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Steam Generators for Pressurized Water Reactors

GENEPI code physical models coupling primary loop (core) and secondary loop
(steam generator) : homogeneous two-phase flow models with volume
averaging over the porous medium represented by the U-tubes

m Primary fluid, energy balance :

he
ppCrd:To + ppCoup - V Tp = V-(Coxr VTp) = — 22 54(Tp — Tin)

m Secondary fluid, mass balance
Bowp + V-(Bpu) =0

m Secondary fluid, momentum balance

Bpdeu+ Bpu -V u—div(B2ur(Vu+ V'u))+ B Vp = Bpg — BA - pu

— div(8x(1 — x)pur ® ug)

m Secondary fluid, energy balance

Bpd:H + Bpu - VH = V-(Bx1 VH) = 770heq(Tp — Tw)

— V-(Bx(1 = X)pLug) + DptDE

+ tabulated EQOS for water
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Underlying fluid-porous model ?

In practice : incoherent behaviour at fluid-porous interface (upper-part)

Upper part (“chignon”)
e = =

Continuous porosity Discontinuous porosity

ONE, O O~

* M2 * M
M1 H M1 4 -,
€, Caape
By y
= o
Bo 1 Bo 1
X X

m Historically, GENEPI implements (w/ FEM) the continuous porosity
approach. Mesoscopic scale = need to compute the transition region.

m Recent reflexions have favored the discontinuous porosity approach (w/
FVM). Macroscopic scale = transition modeled by transmission conditions.
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Industrial problem vs Academic macroscopic models

m Industrial problem : inhomogeneous porous matrix (tube support plates,
anti-vibration bars), complex flow model (compressible two-phase flow
and coupling with primary loop), multi-dimensional flow w.r.t fluid-porous
interface (Cheissoux & al., 1986).

m Models for the viscous regime : correct macroscopic modelling ; mainly
dedicated to homogeneous porous matrix, single-phase incompressible
Stokes, flow parallel to the fluid-porous interface (Beavers—Joseph, 1967)
(Ochoa-Tapia—Whitaker, 1995).

m Towards the convective regime : numerical studies show the dependence
of Beavers-Joseph slip coefficient with the local Reynolds number at the
interface (Sahraoui-Kaviany, 1992) (Liu—-Prosperetti, 2011).

Recent extension of Beavers-Joseph law through rigorous upscaling
(Marciniak-Czochra—Mikeli¢, 2013).

m Objective of this work : existence of a generalized Beavers-Joseph law for
the convective regime ? find well-posed interface condition for coupling
Navier-Stokes/Forchheimer in the non-linear regime.
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Industrial problem Viscous regime

Classical fluid-porous macroscopic models

Permeability K, porosity ¢, fluid viscosity jif = p, effective viscosity jiP = w/d; uf
free-fluid velocity (local), uP Darcy velocity (volume average).

free fluid free fluid

Macroscopic

Model

interface of
discontinuity

transition

porous

porous media

media

Beavers—Joseph : Stokes/Darcy with slip  Ochoa-Tapia—Whitaker : Stokes/Brinkman

velocity (1967) with stress jump (1995)
—pAu+Vp="finQf —puAu+Vp="finQf
pK lu4+Vp=~FfinQ, —jiAu+pK lu+Vp="~inQ,
V-u=0in QrUQp Vou=0in QrUQ,
«
,u8nuf = %(U,’; — Ug) onl [lfanu,{ —[Lpanug = %ui onl
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Viscous regime

Multidomain formulation for the Stokes problem

" Find (u 1 2 ind (u: ) € HL(Q) X £2(Q;
2 P) € H7(Q) X L5(Q), Find (uj, pi) € H™(Q;) X L(2),
—pAu+Vp=0inQ —piAui + Vp; = 0in Q;
V-u=0inQ V -uj =0inQ;
u=0on o uj = 0 on 0Q; N N
p=10on90Q pi = 0on 9Q; N O

(1i Vuj — pil) - n=(p; Vu;
_ —pjl) - non dQ; NIV, j#i
r=Q N, n=n

Let v € HY(Q) :

/—,uAu~v+/Vp-v:0

Q Q

<:>/ —,u(Vva)vnQ—i-/,uVu:Vv—l—/ pv~nQ—/pV~v:0
o0 Q o0 Q

@i/

0Q;NoQ

2
<:>/7,U,Au-v+/p-v+2/ ,u,-(Vu,--v)-n,'fV/ piv-ni=0
Q Q = Joqinr o9;nr

@’ [eVu—pllr-n=0 with [x]r = x*r —x*|r ‘

PiV'ni_/ piV-v=0

—,u,-(Vu,- . V) - n; +/ wniVui: Vv +
Q 89;n0% Q
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General JEBC mathematical model for Stokes

Jump Embedded Boundary Conditions (JEBC) : mathematical tool introduced
in (Angot, 2003) for modeling and analyzing problems featuring interfaces of
discontinuity, inferring fictitious domains and embedded boundary conditions.

Jump model, derived from the multidomain formulation :
Find (u, p) € Ho(Q) x L2(Q),
—puAu+Vp=0inQ

V-u=0inQ
[(uVu—pl)-n]r =Mi|r—honT bdr = It — xI,
(#¥a—pl) nlr = STllr —gon T | s (v )

Intended to represent an immersed interface between independent subdomains
or transmission conditions between coupled subdomains.

Example of coefficients pairs (Angot, 2005) :
m M =4S =2arl and h/2 — g = gr =(pVu—pl)|- - n= arulr- — gr
m M =45 =2/el and h/2 — g = up/e with e - 0 =u|- = up

Well-posedness proved in (Angot, 2010) for the general JEBC jump model.
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Viscous regime

Application to macroscopic fluid-porous models

Coefficient pairs with g = h =0 (Angot,

Beavers—Joseph

UPBn

M=cer®T1+ mn@n
Hour 1

S = bl
MT®T+en®n

Embedded jump conditions in the limit

Beavers—Joseph

[10nu-Jr=0
[un]r =0
[—Onun + p]r = \/%unlr

(—pOnu-)|r= F[[Uf]lr

2011) :
Ochoa-Tapia—Whitaker
B~ fiBn
M = TRT+ n®n
VK- v K
s=1
€
e—0:
Ochoa-Tapia—Whitaker
. ABr
—fi0au-|r = ur
[-# Ir = \/K—T urlr
[un]r =0
UBn
- 8nun + = Unp
[~ plr JK, Ir

[u-lr=0




Viscous regime
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; (0r1)e = (v = ux) /s
o n
-|<—>"—> + n |[uI|g = U,— — Us+
- T K -
Eie Ulo = (uy- + up+)/2
— - ~ 0.+
Ho— Mrr Hot+ Mrr _Mqp _Mqp 0 0
d _ 2 d . 2 2 2
o o
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S Tag, TS Srn ~Srn 0 0
_ Mnr Mnr Ho— _ Mnn Hot _ Mnn 1 -1
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Viscous regime

Numerical example

Analytic verification test from (Ochoa-Tapia—Whitaker, 1995). Assumptions :
pressure driven flow, steady-state, flow parallel to the fluid-porous interface.

Y,
2,
6U§:—1
X% Ut :U"‘
er x|r .
> au au
17X IEX | —
e0e000000 X || BYF*WX'F
a2uP
1 X _ P — _
.EWT Ug = 1P

. Horizontal velocity profile ob-
/N tained using JEBC conditions
/ expressed as internal boundary
/ conditions on the horizontal ve-
- \ locity on T.

rB p ondition ¢ 1 from a ki
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A jump model devised from a kinetic energy balance

Coupling Navier-Stokes/Forchheimer ?

m On the physics side : discontinuity of u, should yield to a jump of the
kinetic energy at the interface

m On the maths side : in a previous work (Angot, 2013) proof of well
posedness of the Stokes problem with a non-linear interface condition

We attempt an extension of Beavers-Joseph law involving a jump of the
non-linear term at the interface :

f MOlkin
ponu = L )

kinetic energy jump at interface

Version 1 Version 2, parameter v(¢) > 1
Qp, Qip,
pdnuf = ‘\‘/R’(ui - uﬁ)p pdpul = ’“\‘ﬁ’( - uT)p ]
with oy = O‘g" (1 + %) with oy = a;'" (1 + L‘Z)

Moreover for consitency with the viscous regime : limge—0 an = apy

ard, C. Zaza A non-linear
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Convective regime Concluding r

Direct Numerical Simulation : problem definition

Y

L vall m Non-dimensional problem : steady-state Navier-Stokes equations
on Q=[-H/2,H/2] x [0,L] with H=14 and L =0.4
1 . .
V(u®u)— R—eAu+Vp+<Vp> =0 inQ
= Re=Gf V-ou=0 —le in Q
UlZin = ulzoun ﬁ'zin - i’)‘fout on 002
Onux|s, = 0, uy|x, =0, ulg,,, =0
Zout . . . . . . .
ki,\ 9 m Porous inclusions : for a unit periodic cell w/ square inclusion,
F-- _ Ulra
Rej= R a [} K
[ | O Re
L - === 2/8 094  6.0e2
m . 4/8 075  14e2
6/8 044  16e3
r-- a 7/8 023  2le4
|
[ m Numerical method : unsteady Navier-Stokes equations solved
= using a 2" order pressure-correction scheme with cell-centered
nf finite-volumes on a uniform Cartesian grid 64 x 640
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Convective regime

DNS : post-processing the permeability

m Local velocity : Stokes problem on Q = [0, 1] x [0, 1] with square inclusion

—/LAu+V[3+<Vp>:%uinQ Q

V-ou=0inQ 45, es =0

u, p periodic on 992 ef = o©
n=1

m Upscaling : Darcy's law

1 KxxKx
<u>:ff( y)<Vp>é Ko =—p <u> - e
——

I Kyx Ky
=1-ex
m Results : symmetry = K = K,y and K, =0
Grid size a=2/8 a=4/8 a=6/8 a=17/8 : .
32 x 32 0.067500  0.016404  0.0021873  3.3775e-04
64 x 64 0.063030  0.015031  0.0018600  2.6829e-04

128 x 128 0.060865 0.014361 0.0017057 2.2860e-04
256 x 256 0.059797 0.014029 0.0016308 2.0987e-04

A non-linear B p ondition ¢ 1 from a ki
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DNS : post-processing the normal derivative on '

m Interface position : what relevant choice for interface of discontinuity w.r.t
free-fluid ? widely discussed in litterature but no clear optimal choice yet
(a) (b)

| (a) T tangent to inclusion, shifted by h
(b) T tangent to porous cell

300.0 |-

2000 -

<u>.

Our choice : (a) so as to avoid considering
a too large free-fluid region as belonging to
the transition region

100.0 |-

m Normal derivative : which stencil and which order ?

150.0 |-

(a) Three point finite difference across '
(b) Three point finite difference at right of I’

100.0 |-

Our choice : (b) in order to discard comple-
tely the transition region

1 from a kinetic ener
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DNS : numerical results (1)

Velocity and pressure fields :

-
-.

%
-.

%
.!

horizontal velocity vertical velocity pressure
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DNS : numerical results (2)

Fitting of interface model, version 1

Inclusion: a=0.875, ¢=0.23

528

526 /

524

/ Re Re;  uj up

10 7.0e-2 2.0e-2 2.9e-4

/ 20 2.8e-1 4.0e-2 5.7e-4

i 30 6.3e-1 6.0e-2 8.6e-4
40 1.1 7.9e-2 1.1e-3
50 1.7 9.9e-2 1.4e-3

/ 60 2.5 1.2e-1 1.7e-3
516 70 3.3 1.4e-1 2.0e-3

/ 80 4.3  1.6e-12.3e-3
514

512 / Simulation —+— |
Linear least-squares fitting —+—

1.01425  1.0143  1.01435 1.0144 1.01445 1.0145 1.01455 1.0146  1.01465
1+Up/Y;




DNS : numerical results (2)

Fitting of interface model, version 1

Inclusion: a=0.75, $=0.44

390

/ Re Re; uj up
370

1  1.0e-3 3.4e-3 2.4e-4

10 1.0e-1 3.3e-2 2.4e-3
20 3.9e-1 6.6e-2 4.7e-3

> 360 r 30 8.7e-19.7e-2 7.1e-3
40 15 1.3e-1 9.4e-3

/ 50 2.3 1.5e-1 1.2e-2
60 3.3 1.8e-1 1.4e-2
/ 70 4.4 2.1e-1 1.6e-2

540 80 5.6 2.3e-1 1.9e-2

90 7.0 2.6e121e2

/ 100 8.6  2.9e12.4e-2
330

___
‘ Linear Ieas(rsgugres Mting —

1.07 1.072 1.074 1.076 1.078 1.08 1.082
14U/,




DNS : numerical results (2)

Fitting of interface model, version 1

Inclusion: a=0.5, $=0.75

240
S
230
220 / Re Re; uj up
210 / 1 1.9e-39.3e-3 2.1e-3
/ 10 1.8e-19.0e-2 2.1e-2
2 200 20 6.9e-1 1.7e-1 4.2¢-2
> // 30 1.5  2.4e-16.3e2
40 25 3.le-18.4e2
/ 50 3.7 3.7e-11.lel
60 51 4.3e113el
/ 70 6.8  4.8e-11.5e-1
o 80 8.6 5.4e-11.7e-1
90 11  5.9e-11.9e-1
e 100 13 6.4e-12.1e-1
160
w A [ eweansamien ]
1.23 1.24 1.25 1.26 1.27 1.28 1.29 1.3 1.31 1.32

14U/,



DNS : numerical results (3)

Fitting of interface model, version 2 with parameter ~y

Inclusion: a=0.25, ¢=0.94

240
220 Re Re; uj up
200 pd 1 21e32le28.6e3
/ 10 2.0e-12.0e-1 8.5e-2
3 20 7.5e-13.8e-1 1.7e-1
2 180
3 30 1.6 5.2e-125e-1
= 40 26 6.5e-13.3e1
2 160 50 3.9 7.7el4.lel

/ 60 52 8.7e14.9e1
140 70 6.7 9.6e-15.6e-1
e 80 83 1.0 6.3el

90 10 1.1 7.0e1

120 / 10012 1.2 7.7el

100
‘ Simulation —+—
Linear least-squares fitting —+—
40 60 80 100 120 140
(1+Up/U)Y, y=10



DNS : numerical results (3)

Fitting of interface model, version 2 with parameter ~y

Inclusion: a=0.125, ¢=0.98

400

350
/ Re Re; uj up
300 1 17e335e21.7e2
10 1.7e-13.3e-11.7e1
20 6.le-1 6.1e-1 3.3e-1
30 1.2 8.3el49el
40 20 1.0 6.4el
/ 50 2.9 11 7.7el
60 38 1.3 9.0el
/ 70 48 1.4 10
15 80 59 15 1.1
9 70 16 13
/ 10082 16 14
100 -
‘ . Simulation ——
Linear least-squares fitting —+—

500 1000 1500 2000 2500
(1+Up/U)", 7=13
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DNS : conclusion

The second model is necessary to match cases with high porosities :

)
3)

,Ufanl f
pnuiy (ur

VK
with ap = in (

assuming :
m y=1for ¢ <0.75
m y>1for¢>0.75

v
0.75 1
0.94 10
0.98 13

Should rather consider an extension of Ochoa-Tapia—Whitaker law instead of

Beavers—Joseph law for high porosities ?
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Industrial problem Viscous regime Convective Concluding remarks

Results and open problems

Current results :
m JEBC applicable to classical interface models
m Macroscopic interface condition for the non-linear regime

m Verified for highly convective flows

Future work :
m Proper JEBC model generalizing our interface condition
m Investigate the pressure jump at interface for “true” 2D flows

m DNS with compressible, two phase-phase flow

Questions ?

P. Angot, M. Belliard, C. Zaza A non-linear sep e condition de from a kinetic el
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