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Temperature profile (loaded condition)
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Measured thermal conductivity tensor

kb k| ke

unloaded 2.442 2.726 0.230 1.11

loaded 2.253 6.531 0.109 2.90
. ke i
;=
-kxy ky:y-
q, =k £+k g, q, =k £+k .

ax 9y g gy
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= Distribution function of Fabric tensor

The structural anisotropy of
granular packings is quantified by a
fabric tensor

F; = [nn E(n)dQ = 4[1\@]. - % 54
Q
N

1
Nl.j =N nn,

c=1

Isotropic  pistribution function of inter-particle

T Egigzged contacts
E(n)= 2i[1 +(1-F,)cos26 + F, sin 26|
JU



/’%ﬁﬁ%ﬁ%
- easured fabric tensor

Unloaded 0.955 1.045 4.183x1073 1.09
Loaded 0.485 1.514 3.724x10°3 3.12
ke | Ry | kg | ke
Unloaded 2.442 2.726 0.230 1.11
Loaded 2.253 6.531 0.109 2.90
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Company Estimation

OT: Last Pump Testing AR

187 (Hs=391) Ap = Aphydrodynanic + Apene + APy
1.6T(Ha=344)
1.2T(Ha=258)
0.8T(Ha=172)
0.4T(Ha=86)

OT: CurrentSetup

0.25

MHD Effect

0.2

0.15

meOP>PoON

,Ou [
Ap hydrodynamic — 7 {ﬂ’ d g bends +3 expansioninM.T. }

R T— APuynp = (C)O uB* Lsfieus + kN%puz

* [ Nak- /
& Estimation 1 + C
0 ! | | , | | , , , | \ ]\

DevelopedPressure [MPa]

0 20 40 60 80 100 ! !
Flowrate [L/min] Main MHD Pressure Effect of Fringing Magnetic
" Drop Field
Testing the EM pump . .
(Flowrate versus Pressure) (AP is estimated by the same formula)

- Wii5B=18T HwmAiR=:81/min HHE:0.16 MPa
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Magnetic Field Profile(D=50mm)
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outlet stiffening
grid, inlet breeder

purge outlet units )

manifold breeder units
purge inlet coolant outlet
manifold manifold

blanket box (top cap and / outlet FW,
breeder units not displayed) | inlet stiffening
grid/caps

FW coolant
inlet header

blanket box main

coolant outlet

pol
collector

"Pebble-Breeder C"anrant fn

2000 mm

headers and collectors

Ceramic container with
He cooling channel system

tor separator
plateA  pack
rad plate B separator
plateC closure
plate D Plasma-
neighbouring
side
—

FW channel ——>"

145 |6, 19

Ceramic container

r Fl

bent First Wall/
side wall

breeder unit

Stiffening grid

v
‘900 caps not disp!' 1yed (top and bottom)
7

7y

Breeder unit

Central He cooling HCPB jacket

channel system

Ceramic breeder bed

Top Inlet
He collector

Welding Line for
evacuated HCPB
jacket

HCPB carrier
backplate

/- |
S

Top Outlet
He collector

Inlet/Outlet
He collector

Ceramic breeder bed

Beryllim pebble bed Bottom Outlet He collector

Bottom Inlet He collector



reeder Unit for EU Helium-Cooled Pebble Bed Concept

pol
. rad
Ceramic container with Central He cooling mRE SRl i
He cooling channel system channel system Ceramic breeder bed
Top Inlet Welding Line for
/ He collector evacuated HCPB
jacket

HCPB carrier

backplate
Plasma-
] : Top Outlet
neighbouring —
side He collector
&

Inlet/Outlet
He collector

Ceramic container v \

; Ceramic breeder bed
Beryllim pebble bed Bottom Outlet He collector

Bottom Inlet He collector
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MateraCooled Solid Breeder Blanket Desi

-

- Modular type, front access
replacement on sight

- Box wall with embedded
coolant channels

- Pebble bed type breeder and
multiplier layers separate with
cooling tubes and partition
walls

- Supercritical Water for coolant
(25MPa, 280-510°C )

- Coolant flow pattern to cool
first walls first and, then,
breeder and multiplier layers

of multiple blanket modules

Surface Heat Flux: IMW/m?

Neutron Multiplier
Be, Be,,Ti (<2mmg)

Optional W coating for
FW protection_ .«
| »

1 Tritium Breeder
J

Li,TiO,, Li,O

L}
Gy
llllllll
!

First Wall
(RAFS, F82H)

Neutron Wall Load: SMW/m?(1.5x10n/cm?s)

[M. Enoeda, et al., “Design and R&D results of Solid Breeder Blanket Cooled by Supercritical Water in Japan”, FT/
P1-08, Fusion Energy 2002 (Proc. 19th Int. Conf. Lyon, 2002) (Vienna:IAEA) CD-ROM file FT/P1-08 and http://

www.laea.org/programmes/ripc/physics/fec2002/html/fec2002.htm.
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~ Thermo-mechanics of pebble bed

differential thermal expansion between the beds and the
structures (“interference”)

elastic & plastic deformations of PBs & N
structures
§ I modulus of elasticity
irradiation swelling §

bed-to-wall heat transfer coeff.

thermal creep % “ thermal COhdUCtiVity “
“bed ratcheting” % 1

development of efficient
gap formation
computer codes
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Conventional measured effective thermal conductivity

S heat flux is parallel to the uniaxial stress
uniaxial set-ups ‘

>> the stresses normal to this direction
l obtained the pebble bed thermal

contact zones between pebbles are also conductivity would be non-
larger in the direction of the uniaxial stress ‘ isotropic with the largest value
than in other directions being measured by uniaxial
experiments

In the blanket, the situation is much

more complicated

volumetric heat, temperature profile, geometry

k, -k,

g'ks+(1—g)-kfSk@ﬁ”sg'ks-l-(l_g)'kf - k,,
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Anisotropic+non-equilibrium —Two Eqg. Model

(e ), Y el ) 2, Mg, B
- <Kff>f<§j>f+<l<fs>f§§>s ca (T ~(5))

1-o)pe), 242y ~(ue), 2L a2

-2 e, 202 g, 2By - a-e ey

Kss: solid phase effective thermal conductivity tensor , Kff: fluid phase
effective thermal conductivity tensor, Kfs: fluid phase coupled thermal
conductivity tensor
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Unloaded

Loaded

Isotropic

Center region
Near x-wall region
- = = - Near y-wall region
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Unloaded
Loaded

Unloaded
Near x-wall

Unloaded
Near y-wall

Loaded
Near x-wall

Loaded
Near y-wall

0.955

0.485

0.943

1.165

0.823

0.897

&

RS I

Measured fabric tensor

:

Y

1.045

1.514

1.057

0.834

1.176

1.103

K-F,

Y

4.183x103

3.724x103

0.123

1.502x102

5.547x10?

0.140

/

/V

K is the function of particle
properties and loaded
pressure

1.09 1.11
3.12 2.90
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2. Heat Transfer Issues (impinging jet)

Effective parameters

* nozzle shape

e nozzle-to-plate distance
e jet Reynolds number

e presence of external disturbances, such as cross-flow
(scheme)

e impingement surface shape (curvature, obliquity,
fabrication)

e ratio of jet temperature and ambient temperature
e nozzle pitch






Impinging jet heat transfer

Crossrib  Cross braid

Successive braid

Wall rib
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Effect of nozzle-to-plate space
H/B<0.5
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Rough estimation

Single circular jet heat transfer

0.4 0.5

Nusmg =0.94Pr"" Rej
T. =600°C, P, =10MPa, G,,.=7.9g/s(25holes), D=1.0mm, H/
D=1.2, q,=10MW/m?
Rep=22100, U,,=165m/s(M=0.1),Nu, =117,
h.t.c.=38,583W/m?K, AT=259K (T,,=859°C)
Rep=30000, U,,,=224m/s(M=0.13),Nu,,, =136,
h.t.c.=44,953W/m?2K, AT=222K (T,=822°C)



- Expected issues

Very restricted heat removal
area

Flow instability due to non- o
uniformity of ejected mass flow =
Predicted tool (standard k-¢

model or SST model)
e Anomaly

Laminarization (laminariscent)

4gt T
9i Li _15%107% | 0(10%)

K:
Re T,




I[The reference design ]

[Design temperature windows J

L 18 |

Tile(W) | = W-WL10 joint brazed
with STEMET® 1311

(Ni-based, T, 1050°C)

Thimble
(W-alloy)

Transition

Jet holes
WL10-ODS Eurofer joint

e
Vv

piece
(steel) brazed with 71KHCP® | [ 1711°C (¢alculated) 445 MPa\allowable
- ©
Structure Piaond Tt 244 MPa/calculated

(steel)

Cartridge
(steel)

EB seal welding

=]
=

\.-

functional mat. 700°C outl.

, | )
l,_ Layout refernce case | e
|10 MW/m? ! e00°Cinl.

{ mfr 6.8 g/s per finger : e
| pumping power < 10%Q emovai ’ structural parts y (DBTT, irr.)
44 Divertors, Prachai Norajitra, 22.09.11 § FUSION KiT; = tie Koopesaion von f FORpCaY [  Forschungszentrum Karlsruhe
A el mmtnmﬁmnﬂ)smm % |o(u£mslcuan r SRS e S




He stream lines & velocities Temperature distribution
vel. Im/s o °
240 ] . T[°C] Tmax 1710 °C ]
| ' 171608  (<2500°C) Tax 1170 °C
1.6G6e+03 (<1 3oooc)
.60e+03 \\ .
1.55e+03
1 49e+03
1440:03
1.39e+03 |
1.33e+03
IMF Ill, CFX peniion '
htc [W/m2K : 1 22e+03 i
[4_98%04] = Max. He velocity ~ 240 m/s { 176403
4590404 = Mean htc ~ 30 kW/m?K 1.12¢+03
4.20e+04 = AD.. ~0.12 MPa ) 1.06e+03
3.81 3104 pstis(\‘__ — -~ 1.01e+03
3.420+04 9.54e+02
3030404 800002
26424+04 BEE B4/le+)2 7 T h i m b Ie %
2.25e+04 L 798e+02 )S
1860404 ¥ 7.390402 Y)S" v
1.47e404 (. / 6.85e+02

1.082+04 z 8.31e+02 [R. Kruessmann)]



~100 mm

Graded transition
between W and ODS FS

)
He coolant inlet
and outlet

Armor Layer (W)

Cartridge (W-Alloy)
insulation
region

Cap (W-Alloy)

|

Plate type
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