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Introduction




Cea The Fictitious Domain approach

Complex flow regimes combined with time-varying geometries
B Fluid-Structure Interactions in the nuclear components
Flow-induced vibrations — possible fuel-rod or U-tube damages
Fast FSI computations with large deformations
B Vitrification process for the storage of radioactive wastes

Multiphase multicomponent flow at high temperature (gas bubbles, molten glass)
Static (vessel structure, measuring apparatus), moving (mechanical stirrer) bodies
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Ce2 The Fictitious Domain approach

Complex flow regimes combined with time-varying geometries
B Fluid-Structure Interactions in the nuclear components
Flow-induced vibrations — possible fuel-rod or U-tube damages
Fast FSI computations with large deformations
B Vitrification process for the storage of radioactive wastes

Multiphase multicomponent flow at high temperature (gas bubbles, molten glass)
Static (vessel structure, measuring apparatus), moving (mechanical stirrer) bodies

Fictitious Domain approach

Pioneer’s work ([Saul’ev 1963])
B original domain embedded in a

geometrically bigger and simply-shaped
domain : fictitious domain

B computat. domain = fictitious domain

B Cartesian mesh = fast linear solvers,
good numerical properties, easy \
multiresolution techniques M. Belliard & al. | Direct Forcing methods in Trio_U ... | 28/01/2015 | PAGE 2/17
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Ce2a The Direct Forcing method

Fluid governing equations

% +V-(ueu+ivp-vviu=g and V-
u = Uup on 0Q2F

0 inQF

<
Il

fluid flow

physical domain
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Ce2a The Direct Forcing method

Fluid governing equations

% +V-(uou)+ivp-vVPu=g and V-u=0 inQr
u =upondQe

fluid flow

immersed boundary,
u—u" N N approach
—— 4+ V. (U QU
At & e
+ 1y _uvA = gina
pJ vv u = Q physical domain
b=u + AtF e 2
)
U — U* = Q  computational domain
Fpr = Xxm=—7—1inQ / D N
At . \ ¢
1 forx e Q) u
xXm(X) ;
= 0 otherwise.
i

M. Belliard & al. | Direct Forcing methods in Trio_U ... | 28/01/2015 | PAGE 3/17



A test case from Seo & Mittal, JCP 230 (2011)

X(t) = xc(0) + Xo(1 — cos(2rfpt))
Ye(t) = ye(0)

B Fluid at rest
m Drag coefficient Cr = Cp + C,
- CDF _ JHQSI__PEDF@XC’Q

Lrer-€x

.‘\
\
> '
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A test case from Seo & Mittal, JCP 230 (2011)
X(t) = xc(0) + Xo(1 — cos(2rfpt))
Ye(t) = y.(0)

m Fluid at rest
m Drag coefficient Cr = Cp + C,

JSJo. PEDF€,dQ
B Cpr="5—

Lrer-€x

1 12 14 16 18 2

Axg = D/16 and Aty = 0.002 Ty
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A test case from Seo & Mittal, JCP 230 (2011)
X(t) = xc(0) + Xo(1 — cos(2rfpt))

Ye(t) = y.(0)

m Fluid at rest

m Drag coefficient Cr = Cp + C,

[1fo

B Cpr=—%

Lrer-€x

pFpr-€,dQ2

|
.Ox
'
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Theoretical
developments




The Penalized Direct Forcing method

Cea [Belliard, Fournier, C.R. Acad. Sci. Paris, 2010] & [Introini et al., Computers and
—  Fluids, 2014]

B A combination of the Direct Forcing method and
L2-penalty methods

The incompressible N-S equations with a penalized forcing term

%+V-(u®u)+VP—uV2u = F and V:u = 0 inQ
where F = 2X5 (y; —u) witha > 0, 0 < 5 < 1 (here, 7 = 10~'2) and xs — [0, 1]

u; depending on us and u following the requested accuracy

F is only applied on Cartesian nodes near/inside the immersed boundary (xs > 0)
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The Penalized Direct Forcing method

Cea [Belliard, Fournier, C.R. Acad. Sci. Paris, 2010] & [Introini et al., Computers and
—  Fluids, 2014]

I A combination of the Direct Forcing method and
L2-penalty methods

The incompressible N-S equations with a penalized forcing term

%—kvv(u@u)—i-VP—quu = Fad V-u = 0 inQ

where F =

ax
Ui
u; depending on us and u following the requested accuracy

S (uj—u) witha >0, 0 < < 1 (here, n = 10~"2) and xs — [0, 1]

F is only applied on Cartesian nodes near/inside the immersed boundary (xs > 0)

E A consistent fractional step method
O_nn
i %(u,"+1 — 1) inQwitha = 1/At
n

~~ At this stage, IBCs are only satisfied by the provisional velocity u

(prediction) + V- (uU"®u") — VV20 =

(correction) v - 1 VP = XS @ _uT)inQ
At h nAt
~~ At the end of the projection stage, IBCs are also satisfied by the new velocity u”t"
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The Penalized Direct Forcing method

Cea [Belliard, Fournier, C.R. Acad. Sci. Paris, 2010] & [Introini et al., Computers and
—  Fluids, 2014]

B A combination of the Direct Forcing method and
L2-penalty methods

The incompressible N-S equations with a penalized forcing term

0 .
6—:‘+V-(u®u)+VPqu2u = F and V:u = 0 inQ

ax
n

u; depending on us and u following the requested accuracy

where F =

S (uj—u) witha >0, 0 <7 < 1 (here, n=10""2) and xs — [0, 1]

F is only applied on Cartesian nodes near/inside the immersed boundary (xs > 0)

E A consistent fractional step method
u-—u”

(prediction) +Vh- (U @u") - V2= stt(u,f7+1 —u) inQwitha =1/At
n
~~ At this stage, IBCs are only satisfied by the provisional velocity U
) T RT] Nt s . Xs 1 (fluid)
(correction) P—pr = —VpP"inQ where = (1 + T]> - { 1+1/n (solid)

~> At the end of the projection stage, IBCs are also satisfied by the new velocity u™+!
~~ Homogeneous Neumann BCs for P are naturally enforced on obstacles (3~1 ~ O (n))
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Cea Interpolation schemes u; = Uy, (us, u*)

Base scheme

B Ubase(X) := Ug(x) ifd(x)>0 & Qbase — ()
B d(x) signed distance to £ (> 0 in Qs)

*

k3

v‘\‘k_o_)”/
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Ce2 Interpolation schemes u; =

Base scheme

B Uhae(X) = Uglx) ()20 & Qe = {0, 4}
B d(x) signed distance to £ (> 0 in Qs)

Linear interpolation scheme

*

) Ui im(x) i —Ax<d(x) <0 ¢ .o
glinear(z) - gs(l) if d(l) > 0 <> Py

* 9

k3

"X

)

g

2 u
/'
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Ce2 Interpolation schemes u; =

Base scheme

B Ubsse(X) = Ug(x) d(x)>0 ¢ QN = {0, 4}
B d(x) signed distance to £ (> 0 in Qs)

Linear interpolation scheme

. AN
Uy (X) = Uy (%) T —Ax<d(x) <0 ¢ 4 \
Yjinear\&) -= ug(x) ifd(x) >0 ¢ > %
But possible other choices (higher order Y /J!

schemes, extrapolations, . ..)

[ Um0 -Ax<dx)<0 4
gm@)'*{ U (0) () >0 o
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02 Regularized Direct Forcing

In literature ...
B Volume-weighted model : Kajishima & al., IJ Heat and Fluid Flow 23 (2002)
B Differentially interpolated DF : Chiu & al., JCP 229 (2010)
B PDE/interpolation hybrid formulation : Luo & al., Comp. & Fluids 56 (2012)
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02 Regularized Direct Forcing

In literature . ..

B Volume-weighted model : Kajishima & al., IJ Heat and Fluid Flow 23 (2002)
B Differentially interpolated DF : Chiu & al., JCP 229 (2010)
B PDE/interpolation hybrid formulation : Luo & al., Comp. & Fluids 56 (2012)

Regularization of u; (Belliard & al. in prep.)

{ U =bmly + (1 — Em)u*

*
_ Y—u

ERG - At

0 < &m(x) < 1 :regular function of d(x)
Uy — U”
At

EHG =&m

v
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B Differentially interpolated DF : Chiu & al., JCP 229 (2010)
B PDE/interpolation hybrid formulation : Luo & al., Comp. & Fluids 56 (2012)

Regularization of u; (Belliard & al. in prep.)

{ U =ty (1= n)u"

ERG = g’;,g 12t ‘ } ‘ ‘ ’t‘: ,,,,,,,, i
: Ax :
0 < &m(x) < 1 : regular function of d(x) N 3 h
* 08 - | / ]
u,—u Col
EHG - fm 7mAt7 06 | i ,'/ ]
B Anexample ... sl
I //
A 2 _qm Al -
fm(x) = 2XF [d(x) = o] _ 0z y

2AX m(x) /

v
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02 Regularized Direct Forcing

In literature . ..

B Volume-weighted model : Kajishima & al., IJ Heat and Fluid Flow 23 (2002)
B Differentially interpolated DF : Chiu & al., JCP 229 (2010)
B PDE/interpolation hybrid formulation : Luo & al., Comp. & Fluids 56 (2012)

Regularization of u; (Belliard & al. in prep.)

{ U =ty (1= n)u"

ERG = g’;,g 12t ‘ } ‘ ‘ ’t‘: ,,,,,,,, i
: Ax :
0 < &m(x) < 1 : regular function of d(x) N 3 h
* 08 - | / ]
u,—u Col
EHG - fm 7mAt7 06 | i ,'/ ]
B Anexample ... sl
I //
A 2 _qm Al L
fm(x) = 2XF [d(x) = o] _ 0z /

2AX m(x) /
B And also regul. hybrid PDF/DF method . .. ‘ ‘
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Ce2 Penalized heat equation

m The heat equation with a penalized forcing term

MNT) = L :
T = V VT
! (PoCPo ) \\
Q .
+ (1=
( XS)POCPO \
— (1—xs)V %’T+%(T,—T) /
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Ce2 Penalized heat equation

m The heat equation with a penalized forcing term

MNT) = L :
T = V VT
' (PoCPo ) N
Q L] [
+ (1=
( XS)POCPO >

— = XS
— (VT (T T)

m A fractional semi-implicit time scheme

x__ TN ny — « — =
T = VEEAVT) = (1= xs)pnd —(1-xs)V7- VT
T”“‘fT*_ﬁ(T,_TnJﬂ) _ 0

ot n\!
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Ce2 Penalized heat equation

m The heat equation with a penalized forcing term

NT) = - :
T = VT
: poCpo ) N
Q A
o= xs)
( XS)POCPO >

—_— = XS
~ (X V- VT +25(T - T)

m A fractional semi-implicit time scheme

L AT * — , Q —
{ Tnjt T*_ v(po(cp())VT ) = (1-— XS)m —(1—xs)V"-VT"
5T >;S(T Tn+1) _ 0
m Models :
Base: T, =Ts

Weighted : Tj = 75 Ts + (1 — 75) < Theig. > With 75|k = vols|k /volk
Treatment of fresh cells by an averaging process
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Numerical
applications




C22 CFD Validation

B Poiseuille and Taylor-Couette flows

w0t | base ]
slope 1 ===~
slope 1.0361
g linear —+—
107 F 1
& slope 2 ------
slope 1.8785
10° | 1
10?2 10" 10°

hry

Present Ref.
results [ [T] ] 21 ]
Cy 1.12 1.1080 1.0979
CE; +0.11 +0.0986 +0.0988 (solid/dotted lines : neg./pos. contours)
C 2.51 2.504 2.4833
C; +0.37 +0.3616 +0.3603
St 0.165 0.1658 0.1650 . Belliard & al. | Direct Forcing methods in Trio_U ... | 28/01/2015 | PAGE 9/17




About the SFO damping

Analysis for the base model ...

Eride - /  Fhord®
s,h

O(1) + O(At) + O(Ax) + O(AL) + O(AX) + O(At
KEQISH;J nat, KeDC KeFC

= O(1)+ O(At) + O(Ax™) ™ :2forthe linear model

n+1
Qs,h
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Ce2 About the SFO damping

Analysis for the base model ...
/ E%}:dﬂ - / FrordQ =
QmH Qgh
' Keaminan

= O(1) + O(Al) + O(AXY)

O(1) + O(At) + O(Ax) + O(At) + O(Ax) + O(At

KeDC

KeFC

™+ 2 for the linear model

Pressure drag

15

Ongina‘l method’
Presgnt method

Time

At=18"Aty, Axy=DI16

c, B, DFbase & [
RGbase o
185 ——
10+ 6
C,%\0x DF base
RG ba

0.001

5000

1000

2

. Cy2%yax DF base

e P M¥RG base =

004 - 100 0.9018
0.0085 -----

Grid spacing = D/16, & t = 0.002*To

€%, DFbase &
RGbase ©
0.472

0377 ——

002 00625 0125 025
AxIBx,

05

001 L L
01202505 1 2 4 8 16 64 256 1024

U vA)
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_ An oscillating cylinder in cross-flow (g, = 1s5,

Guilmineau & Queutey, JFS 16, 2002)

B (D/ax -5
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An oscillating cylinder in cross-flow (. = 1ss,

Guilmineau & Queutey, JFS 16, 2002)

[ B (D/ax=125)

2

15

alized coefficients

L GYINE a5 s

2 2
181 182 183 184 185 186 187 181 182 183 184 1ss 186 187
v ur
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Guilmineau & Queutey, JFS 16, 2002)

C@@ An oscillating cylinder in cross-flow (. = 1ss,

[ B (D/ax=125)

Stand. linear DF

2

panpans
M
o "MWWWM"WWMWWMM
— 4 N
= | g ! Ip ’f W‘ ‘/\ A g
b | | il ]
o %05‘/'1“1 Jl“w H
L H / \ I \ M /12
= A L 3
= SRR ARARIANIIEr
ey
.. : »l‘,r\‘w\lug
1 f \ W
- vy
B (D/Ax=25) 15
N 2131 182 183 184 185 186 187 2131 182 183 184 185 186 187
" "
o
Cp Average : LID = 60 ’ Cpe:LUD=60 Cq:LID=60
165 :
Fi
DF linear —— 017 09
Ref: /D =50, 1.42
a 0.16 N
155 *
g 15 .
H §
§ 145
o7s
Ret- LD =50 0oy
13 0.09 07 -
e - * 2% M. Belliagfi,& al. | Direct Fdrcing lethods in Triog ... | 28/01/2015 | PAGE 11/17
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C22 2D molten glass flow over a cold cylinder

®m ,(T) € [1;10°%], A(T) and Boussinesq approx.

B Fluent benchmark simulation -
(boundary layer : AMR ; 14,000 faces) i )

B Mesh convergence study (2,400 — 10 M cells)

ke b s
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C22 2D molten glass flow over a cold cylinder

®m ,(T) € [1;10°%], A(T) and Boussinesq approx.

E Fluent benchmark simulation
(boundary layer : AMR ; 14,000 faces)

B Mesh convergence study (2,400 — 10 M cells)

ke b s

: 1500 — — 012
1 1400 * 4 0.1
oo % 1800 - ¢ 008 @
3 2 E
H 5 1200 |+ <
005 2 g N 006 2
i g 1100 1 8
o 5 ot 004 =
Jom 900 Température  + | 002
Vitesse
‘ POV I L o
e 005 1 15 2 25 3 35 4

Distance de la paroi (cm)
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Ce22 Cold crucible simulations

Hydraulic validations of flows induced by a stirrer

I Experimental device filled with viscous oil (® ~ 100) - PIV -
I IBC Lagrangian meshes from CAD
B Regular Eulerian meshes
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_ Cold crucible simulations

Hydraulic validations of flows induced by a stirrer

I Experimental device filled with viscous oil (® ~ 100) - PIV -
I IBC Lagrangian meshes from CAD

B Regular Eulerian meshes
B
B

Velocity-profile comparisons on a cut-plane and lines

Fluent body-fitted sliding-mesh simulations (1 M cells with
AMR)

U
periment

oo * Experiment
04 Zone nan compores

03 0z a1 ] 01 02 LE]
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B Base model : mesh convergence study (0.05 — 20 M cells ; 2 — 400 CPUs)

Temps calcul | Précision calcul Evolution de I'erreur en fonction du maillage

@ [Fe—Entainy

2006 mailles EnL2(Uz) L 1@

15 |—e—ent2(um} ;_ %0 " =)
T [ ey 3E 5 ] EnLaUz)
H ) s
E10 4e6 mailles Emmum) EE w |eEnLzim)
S [+ i . I+ Entsasiuy)
S a

5 0.8e6 mailles ;é 2 it ] -+ EmaaUz)

0.1e6 mailles E5 m ;! [+ EnMaxium)
&
10
o —— [ s 10 15
0 20 40 60 80 100 Pas du maillage [mm]
Erreur relative Calcul-Expérience (%]

Experimental rate of convergence about 0.6
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B Base model : mesh convergence study (0.05 — 20 M cells; 2 — 400 CPUs)

Temps calcul | Précision calcul Evolution de I'erreur en fonction du maillage
20
[—4—EmL2A(Ly)
2066 mailles Ena(uz) L
15 |—e—En2um) ;_ : N EMLIUY]
E —o—:x:iz SE L EnL2iUz)
—— Y]
210 426 mailles EnbiaxiLin) EE & |@EnL2(Um)
S it 22 %0 + |+ Emtasity)
S BE w
5 0.Be6 mailes 55 @ it H +EmdasLiz)
0.1¢6 maillcs E5 m ;! [+ Enblaxium}
Yo ow
a = o s i) 15
0 20 40 50 80 100 Pas du maillage [mm]
Emeur relative Calcul-Expérience %)

» Experimental rate of convergence about 0.6
B Linear vs base model : cost \ for a given accuracy (1 M cells is quasi-optimal)

Veloity oo
Voloity ¥ s forw = 0 -
.
° 0.18
005 o
010
01
o
2 015 5 o
£ H .
5 o0 B 0o
0.6
02
| 000
base model (2107 eements) ——
03 finear intscheme (5.10° elements) 002
Tnearin schome (10°slements) —
Spenmen
035 .
s 02 01 o o1 o2 o3 R T S T TS
y(m) y

o Experimental rate of convergence about 1.0 for coarse meshes (but, exp. errors. . .)
e Trio_U results compare well with experiment and Fluent ones
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cea Cold crucible simulations

B Thermal-hydraulic simulations ; u(T) € [1; 10°%], A(T) and Boussinesq approx., i =~ 100
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cea Cold crucible simulations

B Thermal-hydraulic simulations ; u(T) € [1; 10°%], A(T) and Boussinesq approx., i =~ 100

D8: post thorm_vatata
Timase0 0y

I Hydraulic bubbling simulations

cold crucible

molten glass

cold crucible
current

solidified
glass

glass current

inductor
current

«
water =34
inductor
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Conclusions -
Perspectives




Conclusions and perspectives

Development of a Penalized Direct Forcing method
e Finite Volume approximation with a staggered arrangement of variables
~~ To solve the Navier-Stokes equations on Cartesian grid with penalized
forcing term taking into account immersed boundary conditions
~~ To account for the IBCs in the prediction and correction equations
Development of an original robust interpolation scheme
~~ To reconstruct accuratly the velocity field near the immersed boundary

SFO analysis & development of regularized DF and PDF methods
CFD assessment on Academical test cases (O (h2> in L2- and L*°-norms)

Cutting off the SFO without altering physical phenomena nor the space
convergence orders

Numerical simulations of the cold crucible process
~~ Hydraulic assessment vs experiment and code results
~+ Thermal-hydraulic assessment vs code benchmark
~~ Hydraulic bubbling simulations with IBCs give satisfactory results
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Ce2 Perspectives

— Increase of the validation basis
— Extension of our Penalized Direct Forcing method

Energy equation : linear interpolation for the temperature
Including AMR ...

Increasing the Reynolds number ...

— FSI applications for single-phase and two-phase fluids

= Cold crucible process simulations

Bubbling : convergence study and assessment vs experiment
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