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cients 4. Numerical resultd

3x6 plaques cintrées
Entrefer : 1,84 mm

Hauteur active : 600 mm
Combustible U-7Mo & 8 gU/em3
Gainage : AlFeNi (cf. RHF)

Caisson monobloc en alliage d'aluminium Fast Bl’eeder ReaCtOr
48 alvéoles (version a 600 kW/L)
2 réservées pour des dispositifs spécifiques (FB R)

Jules Horowitz Reactor (JHR) B e WEEr
Reactor (PWR)
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1.2. Up-scaling
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Macroscale simulation

Subchannel fine scale simulation
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AVERAGING PROCEDURE
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Instantaneous microscopic scale  Statistically averaged microscopic scale Macroscopic scale

Pedras and De Lemos (/JHMT, 2001), Quintard and Whitaker (Transport Porous Med., 1994) @
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HYPOTHESIS

Properties of the flow

@ Incompressible flows;

@ Constant fluid properties;

@ Laminar to high Reynolds
number (Re ~ 108) flows;

@ Velocity no-slip condition at the
wall.

Properties of the media
@ Stratified (flow along the z-axis);
@ Spatially periodic;
@ The porosity is constant;

= Heat exchanger study is reduced
to a unit cell study.
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STATISTICALLY AVERAGED TEMPERATURE EQUATION

Microscopic temperature balance equation

oTs 6(Tfu,) 0 oTs 8u,- ou; Q
- = 2 s Pr— —
a T o\ Vo) T2 T o ax T )
Boundary condition on the wall: « @n- = L
y o faX,' I_(pCp)f.

Marie DROUIN (LETR, IMFT) 6/19



STATISTICALLY AVERAGED TEMPERATURE EQUATION

Microscopic temperature balance equation

aTy 6(Tfu,)_ 0 ( 6T,)+2 ou; Ou; Q

af Pr—

at | ox,  ox\ @ ox ax dx; ' (pCp)s’

%
(PCp)r

Satistically averaged temperature equation
aT J _= a ar g Q
f + — ( uj f) f a. , T,
ot | ox; ax; 6x,  Ox; v (pCp)f

turbulent
heat flux

oT;
Boundary condition on the wall: af—fn,- =

6x,-

I
" 0Go)r

0
Boundary condition on the wall: a¢ o
i

where: —u/T! =« B—Tf = ia—?f
T T T Pry ox
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SPATIALLY AVERAGED EQUATION OF THE TEMPERATURE

T 4 . = d [ Tpr\ (Q

T — (TN(T =_

T 6Xi<ul>f< i (U D+ ’( af o )+(pCp)f
(D 6u)r - 0 _

(@ 6T ¢ Nibw)r ———(OT; 6T
+ (°Co)r +6x,-<af f Nidw)f 6x,-< Ui 0T )y
—— -
Wall heat transfer Tortuosity Thermal

dispersion

a?
where: —(u S dff ( f>f.
(9x,-
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SPATIALLY AVERAGED EQUATION OF THE TEMPERATURE

aﬁm) N Q)
24 (PCp)r
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ot
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+ (°Co)r +6x,-<af f Nidw)f 6x,-< Ui 6Tr)
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Wall heat transfer Tortuosity Thermal
dispersion
a?
where: —(u S dff ( f>f.
6x,-

@ For flows in flat plates, circular or annular pipes, the tortuosity contributions are
zero.
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SPATIALLY AVERAGED EQUATION OF THE TEMPERATURE

KTy a . — 9 a [ aTpr\, @
-~ 7 — ()T =_
ot + (9X,'<u,>f< ) <U >f+ /( af D0 )+(pCp)f
(P 6.,)1 - o _ -
— (@ 6T MiSuY —=—(6T; 6T
+ (PCo)r +6x,-<af f Nidw)f 6x,-< Ui 6Tr)y
S )
Wall heat transfer Tortuosity Thermal
dispersion
a?
where: —(u S dff ( f>f.
6x,-

@ For flows in flat plates, circular or annular pipes, the tortuosity contributions are

zero.
@ We focus on the analysis and modelization of the dispersion term.
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ANALYSIS AND MODELIZATION OF THE DISPERSION TERM

@ Closure relationship (Carbonell and Whitaker, 1984):

Ty | (P8

6Ty

where ¢,, is the Dirac function associated to the wall;
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ANALYSIS AND MODELIZATION OF THE DISPERSION TERM

@ Closure relationship (Carbonell and Whitaker, 1984):

KTy | (PSu)s

6T = ,
= s T oG

where ¢,, is the Dirac function associated to the wall;

Dispersion term

4 _ = d X Tpr)\. @ (D61
—— 0T 6T = — | =(5Uu 1n: — | =(ST;
0x,-<6u'6 e ax,-( Ou; n)¢ o )+6x,-( (ou; {>f(pcp)f
passive dispersion active dispersion
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ANALYSIS AND MODELIZATION OF THE DISPERSION TERM

@ Closure relationship (Carbonell and Whitaker, 1984):

= KTy | (PSu)s

where ¢,, is the Dirac function associated to the wall;

Dispersion term

4 _ = d X Tpr)\. @ (D61
—— 0T 6T = — | =(5Uu 1n: — | =(ST;
0x,-<6u'6 e ax,-( Ou; n)¢ o )+6x,-( (ou; {>f(pcp)f
passive dispersion active dispersion

@ Passive dispersion: additionnal
macroscopic diffusion term related to the
velocity spatial heterogeneities;

@ Passive dispersion tensor:
DF = ~(5T; ).
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ANALYSIS AND MODELIZATION OF THE DISPERSION TERM

@ Closure relationship (Carbonell and Whitaker, 1984):

= KTy | (PSu)s

where ¢,, is the Dirac function associated to the wall;

Dispersion term

0 S <$6a)>f
o (—(5Ui nj) (pCp)f]

passive dispersion active dispersion

6<Tf>f) 0

o _ —
_0_)(;(6”’ 0Ty = 8)(/ +(9_X,' (—(67, O)f

@ Passive dispersion: additionnal
macroscopic diffusion term related to the
velocity spatial heterogeneities;

@ Active dispersion: related to the wall heat
flux;

. ) . ) @ Active dispersion vector:
@ Passive dispersion tensor: -
DI = —(5T; Or.

Df = (T ).
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MODELLING APPROACH

@ Fine-scale simulations in a unit cell ; y

(1D in a section) : 1

- u,n,d; / )
@ Local results are spatially averaged

over the unit cell D D7 [ R ——

— DP DA,

@ A macroscale model is proposed;

Bs858883585233

@ Validation:
Macroscale 3D fine-scale
model simulations

» 1D simulation || » FLICA-OVAP
along the z—axis
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FINE-SCALE SIMULATIONS IN A UNIT CELL

@ Spatially periodic porous media:
= Heat exchanger study is reduced to a unit cell study;

@ Steady flow along the z axis in plane channels, circular or annular pipes:
= Tortuosity terms are zero,
= We only need to know D%, and D%;

@ Simulation results for turbulent flows obtained thanks to k — € Chien model;

@ Dimensionless formulation:
P
DP *_ @zz DA* _ 'Dﬁ
p4 (Zf 2 p4 Dh
@ Péclet number:
Pe = ReX Pr. J
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PASSIVE DISPERSION MODEL
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ACTIVE DISPERSION MODEL
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NUMERICAL RESULTS OBTAINED FOR PLANE CHANNELS,

CIRCULAR AND ANNULAR PIPES

Plane channels Circular pipes

5

z

= 255.2-341.5(q%~2)+1263.8[In(1+q)—

’ CIam
1
== 2 oy = 1.292-0.362(q°—29)—5.367[In(1+q)— ﬂ]
c;gm 107.0-33.5(¢%~2)+862.4[In(1+q) - 9]
]

cf, = 2.16-0.715(q°~2q)-6.45[In(1+q) -
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WALL HEAT FLUX HETEROGENEITIES

entrée
du canal

P o e o o e e e A A A A e e e o)

3
Data ¥
@ Plane channel; @ Laminar regime:
@ Pr=0.74, L=60D, =6 m; Re = 175;
® (Tr)i(z=0)= Ty, @ Intermediate turbulent regime:
(Tyr(z=L)=Ty; Re =7.6x10%
@ & is such that: @ Asymptotic turbulent regime:
Ty —To=AT=10; Re =1.14x108.
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WALL HEAT FLUX HETEROGENEITIES

@ Laminar regime:

Without dispersion —s—
With dispersion ——

0.8 0.025 |
/ 0.02 |
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S |

04 EAC O p—
With dispersion —— 0ot }
Without dispersion —s— -
02

@ Passive dispersion is negligeable;
@ Wall heat flux heterogeneities = Active dispersion effects;
@ Active dispersion neglected = (7,),« underestimated.

Marie DROUIN (LETR, IMFT) 15/19



WALL HEAT FLUX HETEROGENEITIES

@ Intermediate turbulent regime:

01 T T —T— T
Without dispersion —s—
4 oS With dispersion ——
A/ 0.08 |
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R E| oosp
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@ Passive dispersion is negligeable;
@ Wall heat flux heterogeneities = Active dispersion effects;
@ Active dispersion neglected = (7,),« underestimated.
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WALL HEAT FLUX HETEROGENEITIES

@ Asymptotic turbulent regime:

0.08 T T T————
Without dispersion —s—
1 With dispersion ——
S 007 | 1
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3
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@ Passive dispersion is negligeable;
@ Wall heat flux heterogeneities = Active dispersion effects;
@ Active dispersion neglected = (7,),« underestimated.
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EVOLUTION OF A TEMPERATURE JUMP

. 420
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Data Wl Different Reynolds numbers
@ Plane channel; @ Laminar regime: Re = 175;
@ Pr=0.74; @ Intermediate turbulent regime:
_ 4.
@ L=60D,=6m; Re =7.6x10%;
o (THi(t=0,z) = Ty =398.2; @ Asymptotic turbulent regime:
= Re = 1.14x108.
@ (Tp)(t,z=0)= T, =418.11;
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EVOLUTION OF A TEMPERATURE JUMP

@ Laminar regime:

z=:10Dy, z= 30D, z=>50Dy,

08 ( /F I{/‘ @ No wall heat flux

= No active dispersion
effects;

Te—To
o
>

(Tr)i—To

@ Passive dispersion:

04 additional macroscopic
With nence diffusion term.
0.2 J Without dispersion —=—-
LA
0 0.2 0.4 0.6 0.8 1 1.2 1.4
£x <ﬁz>f
L
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EVOLUTION OF A TEMPERATURE JUMP

@ Intermediate turbulent regime:

z=:10Dy, z= 30D, z=>50Dy,

1 ( > /
08 f @ No wall heat flux

= No active dispersion
06 effects;

(Tr)r—To
T.—Ty

@ Passive dispersion:
additional macroscopic
EEEED = diffusion term.

With dispersion —=—

0.2 ! ithout dispersion —=—1
0

0.4
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EVOLUTION OF A TEMPERATURE JUMP

@ Asymptotic turbulent regime:

1.2
z=i10Dy, z=30Dy, z2=50Dy,
1 [
0.8
hc’ =3
T os
S
0.4
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0 —l J
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@ No wall heat flux
= No active dispersion
effects;
@ Passive dispersion:
additional macroscopic
diffusion term.
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CONCLUSION

@ Double averaging procedure puts forward dispersion terms;

@ A model is proposed for dispersion in pipes, we relate dispersion coefficients to
the Peclet number and the friction coefficent;

@ Macroscopic model with dispersion terms gives satisfactory results for steady
and transient flows in plane channel, circular and annular pipes;

@ Simulations show the importance of dispersion effects for heated flows in pipes
with wall heat flux hetrogeneities or temperature jumps;
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APPENDIX A: AVERAGES

o Classical statistical average: & = & +¢.
@ The spatial average of & is defined by:

E(y,t)avy.

Ei(x.1) = AVE(x) Javi(x)

@ The spatial decomposition reads:
E=(E)r+0E.

@ Porosity: ¢ = AVy/AV where AV is the
volume of the Representative Elementary
Volume (REV).
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APPENDIX B: PROPERTIES OF THE AVERAGE OPERATORS

Statistical average

The statistical average follows the Reynolds axioms:
Linearity A&+ = A&+ if Ais a constant;

Idempotence é=Z & & =

Commutative property with 0 _ 08 0 _ 6
the differential operators ot 4t’ 8x; Ox;

Spatial average

@ Linearity;

0 0
° ¢<6—i)f = %‘?f + @< ni 60)r;

0 0
° ¢<a—j>f — ¢% B i S,
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APPENDIX C: k — € CHIEN MODEL (CHIEN, AIAA J., 1982)

6k+U_(')k — ,6_U;+i ( ﬁ)a_F =
at " Tax i ax ox |V o ax ’
9 _ O€ ap— A e 2 —
(9t+uj6 Cg1f1 ?UI ’ a—-i-aX] (_+Vf)6_x,- —CEzfgf—Ep.
yt = @ f, = 1—exp(-0.0115y%),
f
o= 1, h = 1-0.22exp(—Re?/36),
& = 2v,(y52), E, = 2vf( )exp( yt/2),
C,=009, C,=135 C,=18, ox=1, gc.=13,
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APPENDIX D: PASSIVE DISPERSION

Model proposed for D7,

Pe?
— if Re < 2000,
C
lam
DY =1 aRe™
if 2000 < Re < 10°,

b+ ReP

ch \oPe if Re> 10,
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APPENDIX E: ACTIVE DISPERSION

Model proposed for 1"

P
e if Re < 2000,
Clam

D = Pr—Pry) if2 Re < 10°
b+HeP+m( r—Pry) if 2000 < Re < 10°,
ey if Re > 10°,
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APPENDIX F: ANNULAR PIPE (1/4)

We look for dispersion coefficients of the form:

px P& A Pe

_—’ ‘D 9
“ cf(@) T ci(a)

lam
with:
Cam(@) = &+ a; (P —29) + a§'A(In(1 @)= g)

Approximate dispersion coefficients for laminar flows in annular pipes

; P&
Z)ZPZ q 2
255.2—341.5(¢g° —2q) + 1263.8 (In(1 +q)- 5)
o Pe
DY =

107.0-33.5(q2 - 2q) + 862.4(In(1 +q)- g)
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APPENDIX F: ANNULAR PIPE (2/4)

Passive dispersion coefficient: Active dispersion coefficient:
1e+06 | 0=0.95, Pr=7 simulation ~ + 4
=04 x 100 F  4-0.95 Pr=7 simulation ~ + 1
EERTEIRTED — R " g=0.85, Pr~7 modele -
100000 |- 9=0- ffp | g=0.45, Pr=0.2 simulation ~ x .
, Pre s q=0.45, Pr=0.2 modele e o
q=0.75, Pr=1 simulation -
i q=0.75, Pr=1 modele
10000 L 4 L
7 10 E 4
N b N + X
& 1000 b ‘ 1 = =
- :
. x
100 £ = . 1 s X e 1
. x
10 £ E|
. x
1 L L 041 n L
100 1000 100 1000
Re Re

Figure: Laminar flow in annular pipes: D’z’z* vs Figure: Laminar flow in annular pipes: Dﬁ* Vs
Re for several q et Pr. Our model matches Re for several q et Pr. Our model matches
numerical solutions. numerical solutions.
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APPENDIX F: ANNULAR PIPE (3/4)

We look for dispersion coefficients of the form:

P * [ i A* _ A
lim Dzz _Cturb Pe RLITooDZ - Cturb(Q)'

Re—oo
with:
coA(q) =a" +af*(a? —29) + (In(1+q)—g),

Approximate dispersion coefficients in annular pipes for high Reynolds

numbers

o = {1.292—0.362(q2—2q)—5.367[ln(1+q)—g]} JhPe.
DA = 2.16—0.715(q2—2q)—6.45[ln(1—i—q)—g]_
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APPENDIX F: ANNULAR PIPE (4/4)

Passive dispersion coefficient: Active dispersion coefficient:
i
m
10‘7
)4
o
2 X Simulation q = 0.45 Pr = 0.2 X Simulation q = 0.45 Pr = 0.2
i) ~——— Modele g =0.75 Pr= 1 ~— Modele q=0.75Pr=1
© Simulation = 0.75 Pr=1 ® Simulation g =0.75 Pr=1
Rl v 2 ey
#  Simulation g =0.95 Pr=7 & Simulation q = 0.95 Pr=7
.

Re

Figure: Flow in annular pipes: z);’z* vs Re for  Figure: Flow in annular pipes: Z)ﬁ* vs Re for
several g et Pr. Our model matches numerical ~ several q et Pr. Our model matches numerical
solutions. solutions.
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