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Abstract

Two different breeding blanket concepts are being elaborated at Forschungszentrum
Karlsruhe within the framework of the DEMO breeding blanket development, the con-
cept of a helium cooled solid breeding blanket and the concept of a self-cooled liquid
metal blanket. The breeder material used in the first concept is LigSiO4 as a pebble
bed arranged separate from the beryllium pebble bed, which serves as multiplier. The
breeder material zone is cooled by several toroidally-radially configurated helium cool-
ing plates which, at the same time, act as reinforcements of the blanket structures. In
the liquid metal blanket concept lead-lithium is used both as the breeder material and
the coolant. It flows at low velocity in poloidal direction downwards and back in the
blanket front zone. In both concepts the First Wall is cooled by helium gas.

This report deals with the thermohydraulics design and thermomechanics analysis of
the two blanket concepts. The performance data derived from the Monte-Carlo compu-
tations serve as a basis for the design caleulations. The coolant inlet and outlet tem-
peratures are chosen with the design criteria and the economics aspects taken into ac-
count. Uniform temperature distribution in the blanket structures can be achieved by
suitable branching and routing of the coolant flows which contributes to reducing de-
~cisively the thermal stress. The computations were made using the ABAQUS com-
puter code. The results-obtained of the stresses have been evaluated using the ASME
code. It can be demonstrated that all maximum values of temperaiture and stress are
below the admissible limit, - '



Zusammenfassung

Thermohydraulische Auslegung und thermomechanische Analyse von zwei
europaischen Brutblanketkonzepten fiir DEMO

Im Rahmen der DEMO-Brutblanketentwicklung werden im Forschungszentrum
Karlsruhe zwei unterschiedliche Brut-Blanketkonzepte ausgearbeitet, namlich das
Konzept eines heliumgekithlten Feststoffbrutblankets und das Konzept eines selbstge-
kiihiten Flissigmetallblankets. Als Brutstoff wird beim ersteren LigSiO4 in Form von
Kugelschiittung verwendet, die von der als Multiplier dienenden Beryllium-Kugel-
schiittung getrennt angeordnet ist. Die Kithlung der Brutstoffzone erfolgt durch zahl-
reiche toroidal-radial angeordnete Heliumkiihlplatten, die gleichzeitig als Verstei-
fung fiir die Blanketstruktur dienen. Beim Flissigmetallblanketkonzept wird Bleili-
thium als Brutstoff und als Kiihlmittel zugleich verwendet. Es stromt mit geringer
Geschwindigkeit in poloidaler Richtung nach unten und im vorderen Blanketbereich
wieder zuriick. Die Erste Wand wird in beiden Konzepten vom Heliumgas gekiihlt. -

Der vorliegende Bericht befaBt sich mit der thermohydraulischen Auslegung und der
thermomechanischen Analyse von beiden Blanketkonzepten. Als Basis fur die Ausle-
-gungsrechnungen dienen die Leistungsdaten aus den-Monte-Carlo-Rechnungen.-Un-
‘ter Berticksichtigung der Auslegungskriterien und der wirtschaftlichen Gesichts-
punkte werden die Kihlmittelein- und -austrittstémperaturen gewéhit. Durch geeig-
nete Aufteilung und Anordnung der Kiihlmittelstrome kann eine gleichm#Bige Tem-
peraturverteilung in den Blanketstrukturen erreicht werden, die zur entscheidenden
Reduktion der Wirmespannung beitrigt. Die Bere_chnungen.wurden mit dem Rechen-
programm ABAQUS durchgefiihrt. Die Bewertung der Spannungsergebnisse erfolgte
nach dem ASME-Code. Es konnte gezeigt werden, daf alle Maximalwerte der Tempe-
ratur und der Spannung unterhalb der zuldssigen Grenze liegen.




PART 1
BOT Helium Cooled Solid Breeding Blanket
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1 Introduction

The concept of a helium cooled solid breeding blanket has been elaborated at FZK
for a couple of years within the framework of breeding blanket development for
DEMO. The breeder material used have been lithium orthosilicate (Li4Si0y) peb-
bles (0.1 + 0.5 mm dia.) while beryllium pebbles (2 mm dia.} have been used as
neutron multiplier. The whole blanket is cooled by helium gas. Cold helium gas is
first passed through the First Wall and the preheated helium is subsequently
routed through the breeder material zone.

In the latter named reference concept [1] the breeder material zone is cooled by
cooling coils of tube. The breeder material zone accommodates a mixture of a peb-
ble bed of L14SIO4 and beryllium pebbles differing in size. This lowers the rela-
tively high power density of pure LisSiO4 pebble beds, especxally in the radial
front zone, and the thermal conductivity of the bed is increased by beryllium with
its better thermal conduct1v1ty However, this advantage 1s counteracted by prob-
lems of material compatibility, especially at elevated temperature and under irra-
diation. Moreover, the optimization of cooling proves to be difficult with tube coils
on account of the limited number of turns, the pipe length, and the radii of pipe el-
bows. As a result, itcane. g. not be avoided that temperature peaks occur in the
gussets between the pipe elbows. Moreover, the arrangement of tube coils must be
adapted to the tapered blanket cross section in poloidal d1rect10n

Another solution [2] in which the cooling tube coils are replaced by cooling plates
offers itself as an alternative to this concept. The LigSiO4 and the beryllium peb-
ble beds are divided by coohng plates 1nto separate chambers Thls solutlon offers
the following advantages

e Reduction of the number of material contacts.

. More degrees of freedom in cooling channel design and optimization of cool~ B
~ ing, any shape of coohng channels feasible (e. g. by milling).

. Cooling plates serve at the same time as re1nforc1ng elements of the blanket

structure.

. By parallel arrangement of the cooling plates the locations of the heat source
and sinks and consequently, of the temperature maxunum are Well def‘ined

The subJect of this report isa thermohydrauhcs de31gn for the new reference con-
cept including a solution based on cooling plates.




2 General Layout of the Blanket
The design layout of the blanket geometry is achieved by CAD.

Figure 1 is a representation of the inboard and outboard solid blankets The prin-
cipal dimensions of an outboard blanket can be seen in Fig. 2.

The outboard segment is welded in poloidal direction from eight aprons of 950 mm
height each and a straight extension piece. The relatively dense occupation by
cooling and stiffening plates, respectively, can be easily recognized in Fig. 2. Com-
pared with the old reference concept, the manifold system at the bottom part of the
blanket has been greatly simplified.

Figure 3 shows the design layout of an outboard blanket segment in an isometric
representation. The whole blanket structure is made from 1.4914 martensitic steel
(EU desighation MANET). The U-shaped First Wall, total thickness 25 mm, to-
gether with the suppofting and shielding structures, makes up a stiff segment bex.
Within the First Wall parallel cooling channels (0 14 x 18 mm) are ari‘anged.with
24 mm channel spacing. They are passed in alternating directions by cooling gas
at 80 bar, supplied from two cooling systems. The alternating directions of flow in
the cooling ¢hannels of the First Wall contribute to achieving a uniform temperaQ
ture within the external structure and thus to minimizing thermal stresses. More-
over, emergency cooling in case of failure of a cooling. system is guaranteed by the |
separate supply systems 1and 2.

Inside the segmerit box 8 mm thick cooling plates are rigidly welded radially with

the external structure at poloidal spacings of 19 and 53 mm, reSpectively. The
LigSi0y -p.ebble beds, 11 mm layer thickneés, and the beryllium pebble beds, re-
spectively, 45 mm layer thickness, are provided between the cooling plates (Figs. 4

to 6). The helium cooling channels, 4 mm depth of cooling channel, are housed
within the coolmg plates |

In the 1nb0ard blanket segment (Flg I) the hehum gas is mstantaneously fed into
the parallel cooling channels of the First Wall while flowing downward from the
blanket top without reversing at the bottom end. The helium cooling gas at 250 °C
enters the outboard blanket segment from top (Fig. 2), first flows downward
through the main supply channels on the rear side while getting warmed up but
negligibly. Having been reversed on the bottom end of the blanket, the helium gas.
from the two systems is gradually carried into the parallel cooling channels of the
First Wall. Then it is passed through the cooling channel integrated in the plates
by means of a header/manifold system (Fig. 5). The cooling plates are connected to
the header/manifold system in such a manner that they are passed in alternating
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directions. This gives a homogeneous temperature distribution in the breeding

zone,

3 Method of Design
3.1 Blanket Power

The computations are based on the blanket powers determined by the Monte Carlo
method [3].

Figures 7 to 9 show the radial power density distributions in steel, Li4Si04 and
beryllium for the central zone of the outboard blanket. The maximum power den-
sity is about 26 W/em3 for steel, about 37 W/em3 for Li4Si0y, and about 15 W/em3
for beryllium.

The heat flux density on the surface of the First Wall, input by the plasma, is as-
sumed to be 40 W/cm2 on the average and 50 W/cm2 at the maximum, respec-
tively.

3.2 Design Criteria and Coolant Flows

The total helium flow required in a blanket segment is determined from the total
power to be removed from the segment and from the helium enthalpy rise. The to-:
tal power of the segment is calculated from the volumetric and surface power of
the First Wall (for a-mean surface power density of 40 W/cm2) and from the volu-
-metric power of the total breeding zone and the rest of steel structures. The maxi-
. mum value of the power density on the surface of 50 W/em2 is taken into account
in the determination of the helium ﬂow required for the central blanket zone.

The inlet temperature of the helium cooling gas is assumed to be 250 °C, taking in- -
to account the DBTT (ductile brittle gréhsition temperature) of MANET steel. The
assumed mean outlet temperature of helium is 450 °C, taking into account the
flow conditions. This corresponds to a total enthalpy rise of the helium cooling gas
of 200 K. The mean cooling gas pressure is assumed to be 80 bar.

Regarding the First Wall exposed to the highest thermal load, the adélitional cri-
terion applies that the First Wall femperature must not exceed about 550 °C at the
maximum, taking inte account the creep rupture strength of MANET.




4 Design Calculation for the Outboard Blanket Segment
4.1 Thermal Power to be Removed

Surface power: 40x 104 W/m2-10.583m2 = 4.233 MW
Volumetric power {(according to [3]): = 32.79 MW
Total = 37.023 MW
4.2 Required Helium Mass Flow

The helium flow for a blanket segment with two cooling systems is:

™ He 1 segment

6 .
__Q _ 37.023x106 W e

- J
cpATHe 5.2510° ok (450-250 K §

This is equivalent to a flow per helium cooling system of

4.3
431

© Volumetricpower: T e e

mHe, 1 system =17.8 kglls.

Distribution of Helium Flow in the Center of the Blanket

Thermal Power to Be Removed from a 72 mm Thick
Poloidal Layer

Surface power: ' - 39,026 W -

at max: 50 W/em?2

* First Wall/Side Walls - 38,033 W
Veolumetric power:
breeding zone _ _ |
ceramic (11 mm) 123,583 W
beryllium (45 mm) 110,609 W
two cooling plates (16 mm) 41,042W

Total 352,293 W




4.3.2 Helium Flow Ratio for First Wall/Cooling Plates
For a pebble bed unit of 72 mm layer thickness in poloidal direction (Fig. 6) a he-
lium supply ratio is obtained of two cooling plates each to three First Wall chan-
nels which gives '

m) pL= 1.57h; FWK 1
Taking into account poloidal warming of helium in the main pipes, the inlet and
outlet temperatures of helium in the central zone of the blanket are assumed to be
251 °C and 449 °C, respectively. Thus, the total enthalpy rise from entrance of the
First Wall up to leaving the cooling plate is 198 K:

- ATiFwK + ATipL=198 | . (2)

QFW/..S'W + QBER/C%'?R _ 108 3)
CpHe "3 M1 FWK  CpHe® 2 11 p

with Qpwsw = 39,026+38,033 = 77,050 W |
QBERICER = 123,583 +110,600+41,042 = 275234 W

Equation (1) in (3) yields:

. 1 77059+ 275234
mil FWK = 7 . 3 W
522103 ——. 198 K
x 7ek 9
=011405kgls |
mipL = 15miFwg = 0.17108kgis
: 77059 W -

AT pwg = =433K

J kg
5.2x103 ——.3.0.11405 ~£
2K s

ATipr, = 198433 =154.7K




This leads to the distribution of helium flows and temperatures represented in the

following table:
QOutboard First Wall - Channel Cooling Plate
mpe (kg/s) 0.11405 0.17108
THe, inlet/outlet("C) 251.0/294.3 ' 294.3/449.0
T, He (°C) 272.65 371.65
ATHe (K) 43.3 154.7

In this heat power balance the heat exchange between the breeding zone and the
First Wall is neglected.

4.3.3 Design of the Cooling Channels Integrated in the Plates

" The cross section of the breeding zone as a whole is divided into six cooling zones
(Fig. 5). The thermal power to be removed from the respective cooling zone is cal-
culated from the power data in [3]. Accordingly, assuming the same enthalpy rise
for all cooling zones, the following distribution of flows is obtained:

Cooling Zone
1 2 3 | 4 5 6
| Qab (W) 28,546 | 23,756 | 23,274 | 20,638 | 22,773 | 18,630
|mfmypr | 0.2074 | 0.1726 | 0.1691 | 0.1500 | 0.1655 | 0.1354 | =
Mtheor. (Kg/s) 0.0355 | 0.0295 | 0.0289 | 0.0257 | 0.0283 | 0.0232
Mdesign (kg/s) 0.0340 | 0.0300 | 0.0294 | 0.0262 | 0.0283 | 0.0232

The cooling channel cross sections are designed in such a manner that the helium
velocity is maximum in the front zone and decreases radially towards the rear side
in conformity with the distribution of the heat source densities. The helium veloci-
ty is chosen to adopt such a value that reasonable heat transfer conditions are
achieved similar to those in the tube coil version and that no inadmissibly high

pressure drops are produced (see next section).




Accordingly, the following channel geometry is obtained for the various cooling zo-
ne, both for the toroidal channel sections (front part) and for the radial channel
segments (lateral part):

Outboard Cooling Zone

1 2 3 4 5 6
Cooling channel number 3 3 4 5 8 8
Channel width (mm)
(depth = 4 mm) .
- frontpart 64|69 55 |55]|55]|55
- lateral part ' ' 68 69|55 60|60/ 86.0
Mazx. He velocity (m/s) 75 | 64 | 55 | 43 [ 27 | 21
Total pressure drop (bar) f16|14]|13]05]|02] 03

Figure 10 shows the cooling channels designed in this way. Additional dummy
channels have been 'intf_oduced in the lateral parts in order to reduce the excessive
steel portion. ' '

4.4 Helium Pressure Losses

The total pressure loss due to pipe friction and resistance is determined using the -

following equation:

N ) b 2
Apl+c—kiR-d—+ZCJ 5 ¢ | | (4)
h _ :
with
m
c[m/s]—m {5)
Re= S %h_cdn  ®

v nip




and the constitutive equations for helium [5]:

plkg/m3] = 48.091 -

TIK]

plbar]

7=0.4646 - T0.66 g7, [K] x 10-6 [kg/ms]

44.1 Pressure Loss in the Helium Main Pipes

(7)

(8)

Position
(Fig. 2

dn
(mm)

(mm}

_k _
(rom)

dr'k

¢
(<} [nvs)

THe
°C)

AR
e

Resistance
Numbers { [6]

)4

Apyr+i
(bar)

199

18,334

0.02

9950

77

250

3.9x106

12 bends 1),

90°%0.137
1 bend, .
30%0.022

blanket curvature,

90°: 0.066

0.01'25' reduction

of area: 0.010
Ireversal,
180°:0.138

0.373

0.342

2-3 2} cold

hot

169.3
181.5

10,395
10,395

0.02
0.02

8500
9075

66 *
80 *

250
450

2.7x106 %

2.2x106%

0.128 |blanket curvature

0.07

0.013 [bend 0.03

0.10

0.077
0.080

3-4

248

7272

0.02 [12.400

68

450

2.5x108

0.0125

extension
“inarea: 0.31
2 bends,
30%0.05
2 bends,

185%021 - [

0.57

0.118

* Mean over the total manifold length approx.

d

]

Total:‘ 0.617

2} The pressure loss in the Helium distributors can be determined by the equation:

4py =

0.043466-5

0.2
He

K

l

LPHe

48
A

'3

——— * with R:radius of curvature, §:bending angle.

A 1 5
3.5 .
) 180

D Cpend = [0.131+0.159- (T
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4.4.2 Pressure Loss in the First Wall Cooling Channels

dn

(mm)

1
(mm)

kD
(mm)

di/k

¢
() Hm/s)

Tye
(°C}

AR Resistance b4

0o Numbers [6]

Apy ¢
(bar)

FW/SW

15.75

2611

0.008

1969

64 | 273

inflow SW: 0,10
2 bending
radii: 0.137

2.4x105 {0.0186 [Cutflow: 0.59 0.827| 0.569

SWiheader

1) mean surface roughness during fine milling and two 'milling operations

4.4.3 Pressure Loss during Inflow to First Wall/Cooling Plate and Re-
flow from Cooling Plate/Main Pipe

. Resistance
dh [ 1 [ kD [dwk| ¢ |Tue| Re AR 2 | Apa+g
(mm)| (mm) |mm) | O f@is)| O] @ | | Numbersie] (bar)
. inflow: 0.10
Inflow _ _ - 1bend: 90°: 0.07
FWiplate | 24 [ 213 | 0.02 | 850 | 56 | 294 | 3x105 | 0.020 loutflow: 0.49 0.66] 0.08
Reflow 24 | 225 [ 0.02 | 850 | 71 | 450 | 2.5%105 | 0.021 |inflow: 0.10 0.59| 0.10
3 la_te/ ) outflow: 0.49
main pipe

Total:

0.18
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4.4.4 Pressure Loss in the Plates with Cooling Channels Integrated

Coollthyge | dp 2 | Loy |k 3 [dwk | cme |Tre| Re | Ag | Resistance | 5z [ Ap,.,
ing | (kg/s) [ (mm) [mm)|[mm)| () |[@/s){CC)| () (h | Numbers (bar)
Zone C[6]
1 | 0.0340 | 4.92/5.04[1935]0.005] 994 |75/63| 375 | 6.5x10¢ |0.023| inflow: 0.25 1.62
2 10.0300 | 4.34/4.63 [1832(0.016; 280 [66/57}871| 5x104 {0.030]2x reversals: 1.55
3 |0.0294 14.63/4.6311700{0.025| 185 |56/56| 371 | 4.5x104 |0.034 0.30 1.46] 1.31
4 | 0.0262 |4.63/4.80|152810.025| 185 [40/37| 370 { 3.3x104 [0.034 | outflow: 0.91 0.54
5 |0,0283 [4.63/4.80]1325/0.025| 185 |27/26| 372 | 2.2x104 |0.035 0.23
inflow: 0.25
6x reversals:
6 [ 0.0232 | 4.63/4.80}2013|0.025| 185 {22/20]| 372 | 1.8-104 [0.036| - 0.80 2.06) 0.25
outflow: 0.91

2) front part/lateral part -

1) tobe adjusted by suitable throttling

3) by coarse and fine milling with different milling operation
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4.4.5 Compilation of the Blanket Pressure Losses for the Outboard

Helium main pipe : 0.617 bar
First wall cooling channels:: 0.569 bar
Coolant channels integrated in plates: 1.620 bar
Inflow and reflow connections for 0.180 bar
cooling plates:

Total : 2.986 bar

The total determined pressure loss of 2.986 bar corresponds to 3.7% of the nominal
pressure and is well below the limit of 4.9% according to which the maximum admissi-
ble compression pressure ratio of 1.05 must not be exceeded.

5 Design Calculation for the Inboard Blanket Segment
5.1 - Thermal Power to be Removed

a) Blanket main part:

Surface power: 40 x 104 W/m?2 - 6.9375 m2 = 2775 MW
Volumetric power (breeding zone and steel structure): = 16.31 MW
~Total _ _ ' _ = 19.085 MW

b)  Shielding:

Volumetric power: 030 MW
'c)' " Uppt;r divertor: _

Volumetric power (breeding zone) 1.78 MW
d)  Lower divertor: | '

Volumetric power (breeding zone) 1.71 MW

Total 22.875 MW
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5.2 Required Helium Mass Flow

The helium mass flow can be determined by the equation:

e _ QW]
He = - J
cpATHe 52x10° ——— - (450-250) K
kgK

with a temperature rise of helium ATH, of 200 K assumed for all systems.

This leads to the following helium mass flows:

Inboard . tOtEEchut;%i% ﬁ;w for mass flow of each
systems € cooling system
[kg/s] ke/s]
a) Blanket main part 18.351 9.175
b} Shielding (.288 0.144
¢} Upper divertor (breeding zone) 1.712 0.856
d) Lower divertor (breeding zone) 1.644 0.822
total ' 21.995 ' 10.997

53  Distribution of Helium Flow in the Center of the Blanket

5.3.1 Th_ermal Power to Be Removed from a 72 mm Thick Poloidal
Layer o

_ Surfacepower: ~ 30672W .~ -

at max. 50 W/em?2

Volumetric power: : _

First Wall/Side Walls 33,960 W
Volumetric power:

breeding zone

ceramic (11 mm) 70,153 W
beryllium (45 mm) 62,018 W
two cooling plates (16 mm) 23,612 W

Total 220,415 W
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5.3.2 Helium Flow Ratio for First Wall/Cooling Plates

The helium mass flow in a first wall channel and in a cooling plate of an inboard blan-
ket segment can be determined from the eq. (1) through (3) (section 4.3.2),

with  QFw/sw = 30,672+33,960 = 64,632 W
QBER/CER = 70,153+62,018+23,612 = 155,783 W

This leads to the distribution of helium flows and temperatures represented in the

following table: -
~ Inboard | First Wall- Qhann,el | CoolingPlate | o
mye(kgls) | - 007136 | 010704
THe, inlet/outlet(°C) . 2b1.0/309.1 |  309.1/4490 | )
T, He (°C) - 280.1 379.1
ATHe (K) 58.1 139.9

- “Inthis-heat-power balance theheat excharge between the breeding zone and the First =

Wallis neglected.
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5.4 Helium Pressure Losses

5.4.1 Pressure Loss in the Helium Main Pipes

Position | dy 1 k |dwk| ¢ |The Re AR N%ﬁf:f?ge[}ﬁl Z¢ | Apasg

(Fig. 1}  |(mm}{(mm)|({mm)| (-} |@vs)|(°C} -) ) (bar)

12 112 [4.000| 0.02 | 5600 | 140 | 250 | 4.0x106 [0.0125 3‘“"33313’206 0.260| 0.514

{2bends;

30°% 0.049
reduction

of area: 0.010

2-32 cold | 106 [11.000] 0.02 | 5300 | 96* | 250 [2.6x106% 0.128 |bend 135° 0.105 0.214
3.3 hot | 106 [11.000| 0.02 | 5300 | 134 *| 450 |2.1x106*| 0.013 ~ lo1os]| 0.303

3-4 112 {4000 | 0.02 |5.600| 194 | 450 | 2.5x106 [0.0125 3beg§§3206 0.260| 0.711

"i2bends,

30% 0.044

, |- Jreduction
L of area: 0.010

Total: 1.742
-#* Mean-over the total manifold length approx:

- [ dh ] 5 L
D Cpend = { 0,131+0,159 - ( )3"’ — wt*’eraﬁiﬂs of curvature, Sbending angle.

J 180

2> The pressure loss in the Helium distributors can be determined by the equation:

: =02
.18
O 043466 T 2y, mt

Ap= = e
~ PHe  g%8 2
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5.4.2 Pressure Loss in the First Wall Cooling Channels

dp 1 kD jdpwk | ¢ |Tae! Re AR N]:::f g.ggrsu[:g} Z¢ | Apayg

(mm)|(mm) |(mm}| (-} | m/s)]|(C) (-) () (bar)

inflow SW: 0,10
2 bending
FW/SW |15.75/ 1970 10.0081 1969 | 41 | 280 |1.5x105) 0,019 | radii:0.140 | 0.83 { 0.185 |
0 outflow: 0.59
SWrheader

D mean surface roughness during fine milling and two milling operations
Another pressure losses in the cooling plates ihclﬁding the inflow and reflow pres-
sure losses are estimated from the values of the outboard by the law Ap ~m2.

5. 4. 3 Compllatlon of the Blanket Pressure Loss__es for the _
' Inboard B '

Helium main ppnludnglldstbut1742 bar

First wall cooling channels: -0, 185 bar
___Coolant channels integrated in plates including .
all mﬂow and reﬂow comlectlons e . 633 bar__________;_;___ R S
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6 Power Requirements of the Helium Blower

The adiabatic power of a helium blower can be determined with the following

X-1
Pg ‘=
—_— X [ X
Pog=m—-R-T- | | ! -1

_ | x-1 [kplj J

with the helium gas constants R=2078.75 J/kgK and x=5/3.

equation:

The pressure losses in an outboard segment and an inboard segment,; as determin-
ed in the preceeding chapters, amount to round 3 bar and 2.6 bar, respectively.

Assuming additional pressure losses in the heat exchanger and other components

of about 1.0 bar, the total pressure losses in thé whole helium loop will be round
4.0 bar in an outboard segment and 3.6 bar in an inboard segment, respectively.

With an average system pressure of 80 bar we obtain for the outboard p; =78.0

bar, pg=82.0 bar and for the inboard p; =78.2 bar, ps=81.8 bar. For a given heli-

um mass flow of 35.6 kg/s in an outboard segment and 22 kg/s in an inboard seg-

ment at T=513 K the adiabatic blower power amounts to 1.9177 MW in an outbo-
“ard segment and to 1.0652°MW in an inboard segment. Thus, the total blower po- =~
‘wer re'q.u'ired for the whole reactor will be: (48x1.9177/0.8+32x1.0652/0.8)

MW =(115.06+42:61) MW ~157.67 MW, if g blower efficienicy of 0.8 [sassumed. . = =

7 2D Computation of the Temperature Distribution for the —

7.1  Finite Element (FE) Network Generation

The computation is made for two dimensions with the help of the finite element
computer code ABAQUS [7]. FE network generation [8] is performed with the
GRAFEM software [9, 101 of our CAD system. The differerit loads and boundary
conditions can be directly specified for ABAQUS. The data generated in this way
are transmitted in ASCII format to the large processor via FZK-LAN.
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In Fig. 11 a 2D network model is represented for a sector in the radial-poloidal pla-
ne (cf. Fig. 5). The model contains a total of six FW channels and four cooling pla-
tes in order te take fully into consideration the countercurrent helium flows in the
First Wall and in the cooling plates. It is assumed for the countercurrent helium
flows that in the one direction the maximum helium outlet temperature and in the
other direction the minimum helium inlet temperature of the respective front sec-
tion of the cooling channel prevail. The cooling channels passed in this way by
"hot” and "cold” helium gas are marked (H) and (C), respectively, in the figure.

7.2 Material Data
7.2.1 Thermal Conductivity

The thermal _c_on(iuctivity for the Li4Si_0_4 pebble bed (0.1+0.6 mm dia. ) can be.de-
termined as a function of the temperature from the following equation [4];

ACER[WimK] = 0.708+4.51-104 x T + 5.66 x 10-7x T2 9

L ...:._Accordlng to [4] and taking into account the. dlfference in. thermal -expansion- bet—

~oeoooween the pebble bed and: the surroundinig steel strictiire. the following relation —
hOIdS for _the ber ylhum ) pebble b‘-'d ~ with  mixed pe_bbl_e . sizes .

::::(2 LI dla + O 08 0 @18 e dla ) R O o U

,ABER [W/mK] = 6.235-{1+353-[apEg: (Tm BER20) - aMA (T MA2O)} - - (10)

With  TumBER °CE mean temperature of the beryilium pebble bed
T M4 [°Cl: mean tempeature of the MANET steel structure o

oBER [I/KI:  thermal expansion coefficient for beryllium pebble bed
(Eg. 11) '
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aMA [1/K]:  thermal expansion coefficient for MANET steel (Eq. 12)

aBer [1/K] =

8.43-[1+1.36x1023 (T, BER +273) - 3.53x10°7 - (T BER +273)%]x10 (11)

apma [1/K] =

9.7382x10-2.2234x10° (TmMaA +273)+ 1.4929x10° 11 (T MA+ 273)2
-1.0185x1071 -(Ty MaA +273)° (12)

The values corresponding to Egs. (9) through (11) have been entered in Tables 2
through 4. A mean containment temperature of 310 °C as in the previous tube coil
version has been assumed in determination of the thermal conductlwty of the be-

ryllium pebble bed.
The thermal conductivity and the thermal expansion coefficient (according to

Eq. 12) as well as further strength characteristics of MANET steel have been com-
- piled in Table 5.

7.2.2 Heat Transfer between Pebble Bed and Steel Wall _

_The heat transfer coeff1c1ent between the L14SIO4 pebble bed and steel Wall is assu-

- med to-be 0.6x104 W/m2K Iﬁﬂ

AsmtheprecedlngSectlon521the1nﬂuenceexertedbythedlfferentlalthermal S
- -linear expansion between the pebble bed and the clamping steel structureonthe =~ =~ -
~ heat transfer coefficient is taken into account with respect to the berylhum pebble - L

bed. Accordingly, a relation [4]can be- composed which reads S

aBER/W[W/m K] =3308: {1+3831[aBER (T BER—ZO) aMA o

{ AV 1/3_ \ 4
T, a1 200+ \ ( L+ ) }11+9.289107 T (19)

with  AV/V = volume swelling of beryllium under neutron irradiation

Twl°C] = local wall temperature
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For the present calculations the Beginning Of Life (BOL) situation has been consi-
dered where the highest pebble bed temperatures are expected, thus AV/V =0.
Furthermore the term in Tw for the calculation of the wall heat transfer coeffi-
cient a has been neglected to simplify the calculations. This term has not a large
effect on a and in any case it is pessimistic to neglect it.

In Table 6 the values are entered which apply to aggr/w.

To easé the computational procedure, this heat transfer coefficient will be replaced
below by an equivalent reduced thermal conductivity:

? = +is | (14)
Aog “KugelschiSt. St

7.2.3 Heat Transfer Coefficient

The general formulation for convective heat transfer reads:
GSa AT [Wind R o L (_15).

with a [W/m2K] the heat transfer coefﬁc1ent and A’I‘ [K] the temperature dlfferen-

" ce between the wall and the coolant,. -

Where Nu [-] means the N usselt number A [W/mK] is the th 'maI conducthty of
helium, and dy Tmi] is thie hydraulic diameter.

Accdrding to [5] the following Nusselt relation holds in our case:

Tw \ -0.
Nu = 0.018744 - Re0.8 (—f"l’) 018 am
E




-20-

where Re [-] is the Reynolds number, Tw [K] is the wall temperature, and Tg [K] is
the inlet temperature.

The Reynolds number can be determined from

v, pA v A n e

where ¢ {m/s] is the velocity of helium, v [m?s] is the kinematic viscosity, p
[kg/m3] is the densn:y, A [m2] is the channel cross section, [kg/s] is the mass
flow, and n [kg/m-s] is the dynamic viscosity.

In [5] the temperature dependent relation for A and n (Eq. 8)_ of helium is written

as
IHe = 3.623x10-3-Tre 066 [W/mK] .~ (19
He = 04646 X 10-6 - Ty 066 [hg/m-s] T -1t

 with T as the helium temperature in [K

- ‘The data determined in ths woy have been entered inTable 7.

In Figs. 740 9 uhe radial power distributions are represented for steel, ceramic and

beryllium. The development of the plot an be described with good accuracy by

the fo}]()W]ng exponentlal ]aw - e e e ol

q[Wiem?] = a:eb:r . e

where r is the running radius in [mm]. The factors a and b for the radial segments
can be taken from the figures.




-2%-

7.4 Result of Temperature Calculation

As the thermal conductivity of the beryllium pebble bed and the coefficient of heat
transfer between the bed and the steel wall are a function of the mean bed tempe-
rature (see Egs. 10 and 13), they can be determined solely by iterative computa-
tions. The beryllium pebble bed is divided radially into four sections. The first sec-
tion includes the cooling zones 1 through 3 (Fig. 11) and the second section the coo-
ling zones 4 and 5. The tweo remalmng sections are housed in the cooling zone 6. By
iterative computation

the following values are obtained for the mean temperature of the beryllium peb-
ble bed:

Section 1 (zones 1 - 3): : 553.10C.
Section 2 (zones 4-5): ' 516.6 0C
Sectmn 3 (zone 6 1st half): 419.4 0C
Section 4 (zone 6, 2nd half): 406.7 0C

Wholebed: . _ .. .. ___4B89OC . .

In this way, the respective material data can be determined from Egs. 10 to 13.
-Moreover; the-conditions of symmetry-are used by setting equal the temperaturss
~of the ceramic bed of the boundary planes of the.A - A.and D - D sections (Fig. 11a) -

to that of the C C mid- plane On account of the dlfferences in flow routmg in the
. ___Flrst ‘Wall and in the cooling plates; no “perfect” symmetry. actually exists in the .
.. First Wall. This canbe remedied by making a second: computatlon with exchanged S

hehum ﬂow drrectlon 1n the Flrst Wal] channels

(sequence: ~ H=C:H:€-H:C:H instead of
' C-H-C-H-C-H-C).

The temperatures of the C C mid-plane determmed in this Way can then be com-
pletely transferred to the A - A and D < D boundary planes. '

Figure 12 shows the temperature distribution iterated in this way in the front zo-
ne undergoing maximum thermal loading. The temperatures are represented as
isotherms. The influence exerted by the counter-current helium flows in the coo-
ling plates and in the First Wall can be well recognized by the slightly asymmetrie
position of the isotherms. The maximum temperature in the ceramic pebble bed is
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907 °C, and in the beryllium pebble bed it is 637 °C. The maximum temperature of
515 °C for the First Wall is clearly below the tolerable design value of 550 °C.

In Fig. 13 the radial temperature development is represented for the beryllium
pebble bed along the B - B cutting plane (Fig. 11a).

On account of the good thermal conductivity of beryllium and a relatively great
thickness of the bed, heat removal through the First Wall down to a radial depth of
about 40 mm can be well recognized here. Subsequently, the heat flow gets distri-
buted into the colder rear region.

At the beginning of the cooling zone 6 stronger cooling down due to the still littie
preheated helium gas can be well recognized. Figure 14 shows the respective
transverse temperature plot normal to the cooling plates running along the Y -
Y route (Fig. 11a) and crossing the point of the temperature maximum. The tem-
perature difference between the pebble bed and the wall is 29 K at the colder coo-
ling plate and 24 K at the hotter cooling plate.

In Figs. 15 and 16 the corresponding temperature plots are represented for the ce-
ramic pebble bed (C - C route and transverse to it X - X route, Fig. 11a). Here radi-
al extension of the heat exchange with the First Wall is only about 17 mm due to
poorer thermal conductivity and lesser thickness of the bed. Then the temperature

level is rather constant up to the end of CQoling zone 3.

The visible temperature peaks are caused by the uncooled dummy channels. The
rear-most cooling channels of cooling zone 6 provide sufficient cooling of the closu-
re plate (5 mm thickness) and the adjacent pebble bed. There is a maximum tem-
perature difference of 24 K between the ceramic pebble bed and the steel wall.

‘Summarizing, the following results can be indicated:

Maximum temperature

First Wall: 5150C
" cooling plate:  5120C
ceramic: 907 0C
beryllium: 637 0C

- Maximum temperature difference:
FirstWall: = 107K
cooling plate: = 25K
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Maximum transition temperature difference:
ceramic pebble bed/steel wall: 24K
beryllium pebble bed/steel wall: 29 K

Minimum ceramic temperature at the edge of the rear part of the bree-
ding zone (approx. 0.2 % of the total ceramic volume):

between 300 ° and 350 °C, otherwise = 350 °C.

8 Computation of Stress for the Outboard
8.1 Finite Elemént Model

A Continuum-Generalized-Plane-Strain-Element is used in the two-dimensional
strgss computation with the ABAQUS code. This element allows the stresses cau-
sed-in the toroidal direction through differential thermal expansion to be additio-
nally recorded as quasi-three-dimensional stresses. This is done by the integrated
boundary condition that the levels of computation and control running parallel to
each other remain plane. This so-called boﬁndary condition for inhibition of ben-
ding is used in the computation for the cutting planes too. Besides the temperature
distributions determined, a maximum loading by the internal pressure of 80 bar
is assumed in the computations. '

In the computation of stresses the FEM model (Fig. 11) used to compute the tempe-
- ratures is furtheremployedafterehmmatlon of the pebble bed elements. In this
way, the distribution of temperatures calculated can be directly transferred to the
secondary load cas_e. Figure 17 shows the model of computation used for the steel
structures. The points of connection of the cooling plates are assumed to be beam
supports with a rigid clamping at about 5 mm spacing from the First Wall. For the
left and right cutting planes symmetry and bending obstruction boundary condi-
tions, respectively, are used. |
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8.2  Material Data and Admissible Limit of Loading

The structural material envisaged for the DEMO reactor is ferretic-martensitic
steel 1.4914 (MANET). It excels by a higher strength, a higher thermal shock resi-
stance, and a better swelling behavior compared with austenitic steel (316L).
Drawbacks include the more complicated manufacture and the abrupt change in
crack toughness below a certain temperature value which means that a minimum
service temperature of the structural components is fixed at 250 °C.

The strength values and the thermal expansion coefficient of MANET steel are en-
tered in Table 5 as a function of the temperature. The relatively low thermal ex-
pansion coefficient and the relatively high thermal conductivity exert a favorable
effect on the thermal stress behavior, which is described by the thermal stress fac-
tor o [IMPa:m/W]l=a-E/A(1-v), where a [1/K] is the thermal expansion coefficient,
E [MPa] is the Young's modulus, A [W/mK] is the thermal conductivity, and v is
the Poisson's ratio.

In the evaluation of the stresses reference is made to the rules contained in the
ASME Code [12, 131

Ogdm = 1Smt for primary membrane stresses (op,m), average taken
over the cross sectmn

Oadm = 1.5-Sm,t for primary membrane plus bending stresses (0p,m+b)

fl

Oadm 38m for primary and secondary stresses (op m+b + Js)

with Sy = min{$-09.2, % 0w und Smt = Min{Sm, %-0R ¢, 1'01 0.

. The symbols.have the follwing meanings: Ud 2 istheoffset yield strength, oy isthe - - -

ultimate tensile strength, or s is the creep runture strength, o1+ is the 1% creep
strain limit, and t is the time to failure, with t = 2x104 b for steady state opera-
tion of DEMO. The equivalent stress intensity used in the comparison with the ad-
missible stress (Gagm) 18 the von Mlses stress derived according to the yleldmg cri-

terion:

_ro)2 _a9)2 5112 |
oy = \/ {01-02)2 + (02 gs) + (03-01) (99)
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where 01, 02, 03 are the principal stresses. The primary and secondary stresses are
superposed at the stress component level.

The dependence of the strength characteristic Sy on the temperature and creep
rupture strength is evident from Table 5. For a DEMO-specific lifetime of 2x104 h
the Sy, value noticeably decreases above 500 °C. For instance, at 550 °C it is
98 MPa and at 600 °C it is still only 41 MPa.

8.3 Result of Stress Computation

It is assumed in stress computation that the differential thermal expansions- of
cooling plates with respect to each other is accommodated by the softer rear closu-
re plate.

For the First Wall proper only the loads exerted by the internal pressure and the
temperature distribution within the wall, as represented in Fig. 18, will apply.

A distinction is made between the following cases:

(a) Normal operation with 80 bar leading by internal pressure in the
cooling channels and 1 bar in the interior of the blanket.

b) Accident due to 80 bar loading by internal pressure in the entire
blanket. |

Figures 19 and 20 show for case (a) the reference stress values for the internal
pressure load case (primary stress) and for the internal pressure plus temperature
load case (primary plus secondary stresses). The maximum primary membrane

“plus bending stresses of 56 MPa are still well below the 300 MPa limit correspon- =

ding to the temperature. In the case of superimposed loads, also the maximum
stress of 311 MPa is far below the tolerable limit of 494 MPa.

Figures 21 and 22 make visible similar results of computation for case (b). In
Fig. 21 a clearly higher maximum primary stress compared to case (a) can be re-
cognized. However, the maximum value of 131 MPa is still far below the tolerable
limit. In case of superimposed loads, the maximum stress is 361 MPa. Also in this
case the safety margin with respect to the tolerable limit is still adequate. |
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9 3D Temperature und Stress Calculation for the Outboard

Blanket Box
9.1 Generation of the 3D Finite Element Model

In the following computations the ABAQUS Finite Element computer code [7] will
‘be used. To generate the three-dimensional (3D) network [8], the CAD system
BRAVO3 [9, 10] will be referred to. For this, the GRAFEM program package will
be used which, being a part of the graphics editor, is available in the BRAVQO3 sys-

tem.

First, the editor generates the wire models of the components to be computed
which models .are needed as initial geometries for generating the three-
dimensional network using GRAFEM. At the same time, the geometrical model is
converted into a mathematical model by dividing the object into a multitude of
nodes and elements which have to be interconnected.

Severai mapping techniques of the GRAFEM software can be used for network
generation, which will be done by the following steps.

. Generation of boundary lines by having coincide individual circuits of al-
gebraic curves of the wire model.

. Generation of surfaces/planes, which are defined by an external and,
maybe, several internal boundary lines. ' I

. _Generatioh of volumes/bodies defined by 12 boundary lines.
. Ge_neraﬁion of nodes with variable densities on the boundary lines.
o Generation of the network of solid elements, starting from a plane ora

volume.

Thus, the geometric features of the Finite Element models are described if the
nodes and elements have been designated and their mutual assignments intercon-
nected; their locations are determined by the x/y/z coordinates. Each element is
provided in addition with information, e. g. address, type, material, etec. |

In the next step the various loadings and their boundary conditions are specified
which have to be assigned to individual groups of nodes and elements. GRAFEM
supports data formats of several Finite Element codes, e. g. ABAQUS in the case
considered here.
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Figure 23 shows the CAD generated Finite Element model. For reasons of sym-
metry, only half of the radial toroidal blanket cross section is used. In poloidal di-
rection the model is given a total height of 36 mm corresponding to 1.5 x the chan-
nel pitch. In radial direction the model reaches up to the the rear wall of the he-
lium main pipework system. The rear solid steel shielding, with autonomous cool-
ing, is neglected for the sake of simplicity. It is supposed that the mean tempera-
ture of the steel shielding is kept at approximately the same level as that of the
rear blanket part by a type of cooling still to be defined so that no additional rela-
tive thermal stress wil be generated.

For reasons lying in the procedure of computation, the thickness of the coolant
plate with coolant channels integrated must be smeared from 8 mm to the 5.1 mm
thickness of a solid steel plate. In this way, the same loading cross-section of the
globally mainly tensile loaded coolant plates is maintained. The connecting pipes
at the inlet and outlet of the coolant plate are also simplified by equivalent square
profiles.

9.2 Computation of Temperature Distribution in the Steel
Structure

The determination of thermal stresses in the blanket box calls for knowledge of
the temperature differences among the individual structural components. In a
coarse estimate of stresses an assumption made on the mean temperature of the
First Wall, of the side walls and of the rear blanket segment would already be suf-
ficient. Instead, a detailed temperature distribution in the steel structure will be
assessed below in order to record also the local influence exerted by the maximum
W temperature in the front First Wall. In this procedure the radial power density dis-
tribution in steel (Fig. 7) is assumed.

For reasons lying in the computational procedure the pebble beds cannot be taken
into account in addition in this model of computation. The contact temperature on
the rear side of the First Wall with the pebble beds must therefore be estimated
from the results obtained in the preceeding chapters. According to this estimation,
it is on the average about 400 °C for the front radial zone of 200 mm length and
about 325 °C, respectively, for the rest. Also, a mean temperature of 400 °C, in ac-
cordance with the results of the chapter 7, is assumed for the whole coolant plate.
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On account of heat exchange with the pebble bed the helium enthalpy rise in the
channels of the First Wall, determined before, must be corrected as well to a high-
er value in order to obtain the proper results. As an exact power balance cannot
yet be made - it would call for much more comprehensive computations - the 49 K
enthalpy rise known from the earlier tube coil version (see appendix)} will be re-
ferred to below. Compared with this result, this value is higher by 5.7 K. Thus, in
a first approximation, the following helium températures of the First Wall and
side wall channel sections with the corresponding heat transfer coefficients a are

ocbtained:
Outboard | Mean He- a
' Temperature |
[°C] [W/m2K]
| First Wall ' .

- top channel (hot) 286 5314
- bottom channel {(cold) 266 5314
Side wall

- topchannel (hot) 297 5314
-  bottom channel {cold) 254 5314
He main pipes '

- inlet channel 251 5266
- outlet channel 449 4866

9.3 Results

__Figures 24 through 27 show the temperature distributions calculated for the cen- =~

tral and side zones of the First Wall and for the rear zones accommodating the he-
lium gas header and the helium main pipes. The maximum FW temperature is
519 °C (Fig. 7). Taking into account the helium enthalpy rises as corrected here, it
agrees rather well with the 2D result in [7.4]. In the zone of the gas header the
temperature is 300 °C. The maximum temperature at the He main outlet pipe is
493 °C (Fig. 27). o '

Figures 28 through 30 show the von Mises primary stresses calculated for the cor-
responding First Wall zones and for the He header zone. The deformation of the
components resulting from 80 bar internal pressure loading of the blanket is re-
presented with a multiplication factor of 50. Accordingly, the maximum primary
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membrane stress in the First Wall is found to be 95 MPz at a mean temperature of
454 °C. This is well below the admissible value of 178 MPa. The maximum pri-
mary membrane plus bending stresses attain 80 MPa on the plasma facing wall
having a maximum temperature of 520 °C and is thus well below the admissible
limit of 180 MPa. A higher stress peak of 127 MPa in the FW coolant channel is al-
so well below the 300 MPa limit on account of the low wall temperature.

The absolute maximum value of the primary stresses determined in the Helium
header zone is 189 MP?. for the primary membrane stress and 258 MPa for the pri-
mary membrane plus bending stresses. Also these stresses are still far below the
admissible values of 227 MPa and 341 MPa, respectively. In the zone of the He
main pipes only little stresses, 75 MPa at the maximum, are measured which are

far below the limit value.

The corresponding primary plus secondary stresses have been represented in

Figs. 31 through 34. In the front First Wall zone the maximum stress attains

332 MPa (Fig. 32) which is far below the admissible limit of 452 MPa correspond-

ing to the respective temperature. The rest of maximum stresses'o_ccurrihg in the

rear box zone, e, g. in the He header zone, 487 MPa (Fig. 33) and in the zone of the
- He main pipes, 382 MPa (Fig. 34) are also noticeably below the admissible limit.

The results of computation have been compiled in Table 8. Thé miﬁimum safety
factor fg—oadmlomax is found to be 1.20 in the He header zone. Accordingly, the
maximum admissible internal pressure for the blanket box results from linear ex-

trapolation to be 96 bar
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10 Summary of Main Design Data

. outboard inboard
A) Thermohydraulics segment segment
First wall heat flux [MW/m2]
- maximum 0.5 0.5
- average 0.4 0.4
Max. power density [MW/m3]
- MANET 25 22
- ceramic : 37 33
- beryllium 15 12
Helium cooling:
~ total Power to be extracted (nuclear-
power + surface heat flux) [MW] - - 36 23
- pressure [MPa] 8 8
- temperature inlet/outlet [°C] 250/450 250/450
- mass flow rate [kg/s] 35.6 22
- max. velocity in cooling channels [m/s] 7% 50
- pressure drop in segment [MPa] 0.3 0.26
- total pressure drop in the whole helium loop,
approx. [MPa) - 04 0.36
- max. temperature [°C] _ - '
. First Wall _ . - 520 510*
. ceramic 910 890 *
.beryllium . , 640 600 *
. interface ceramic/steel 550 h45*
. interface beryllium/steel 500 495%
- minimum temperature in ceramic pebble _
bed [°C] . - 300 300%*
.- blower performance, adiabatic ** [MW]
(total for one reactor: 158 MW) - 240 1.33
*) estimated.
**)  blower efficiency of 80 % is assumed.
B) Mechanical stresses in outboard segment, calculated
for maximum surface heat load
Boundary conditions:
| -internal pressure [MPa] 8
- FW surface heat load IMW/m2], average/maximum 0.4/0.5
Mazx. FW temperature [°C], at external plasma side of FW 520
von Mises stresses [MPal:
- primary membrane (helium header) 189
limit given by ASME 227
- primary membrane +bending (helium header) 258
limit given by ASME 341
- primary + secondary (external plasma side of FW) 332
limit given by ASME ' 452
max. allowable internal pressure in the segment box during
operation {(extrapolated) [MPa] 9.6
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12 Nomenclature

A [mZ] flow cross section

Ay [m2] surface

a [W/mz2K] heat transfer coefficient

agxp [1/K]
bimm]

¢ im/s]

cp [J7kgK]
Ap[bar]

AT [K]

dp [m]

k-]

1 [m}
ATW/mK]}

AR [-]

m [kg/s]

Nul-]

n [kg/ms]

p fbar]

Rel-]
q[Wm3]
Ysurface [W/m2]
T{K]
p[kg/m3]
[°Cl.
.. ¥ [m2/s]

Subscripts:
BER

CER

FW

MA

max

SW

tot

thermal linear expansion ceefficient
cooling channel width
velocity |
specific heat capacity
pressure drop

enthalpy rise

hydraulic diameter

pipe roughness

length

thermal conductivity
pipe friction coefficient
mass flow '
Nusselt number
dynamic viscosity
pressure L y
Reynolds number
heat source density

surface heat flow density- e
- ~heat flow -

temperature

temperature

beryllium
ceramic

First Wall
helium

pipe friction
MANET
maximum

side wall

total

flow resistance

. kinematic viscosity




Table 2:

Thermal conductivity of the
Li4Si04 pebble bed according to
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Table 3:

Thermal conductivity of the beryllium pebble

bed according to Eq (10).

Eq (9.
T A A [W/mK]
[°C] [W/mK] Tm BER atTm MA=
300 0.89 ]

—350" - 094" R R 310°C . 350°C
500 107 400 11.3 10.1
250 114 450 13.2 12.1
Bo0 115 500 15.3 14.1
650 194 550 17.4 16.2
200 159 600 19.5 18.4
850 1.50
900 1.57
950 1.65
1000 1.72

Table4: - - Thermal linear expansion coefficient of beryllium pebble bed and steel gc-
cording to Egs. (11) and (12) N _' S .

a/20°C
T o x10-6 [1/K]
|  BeBed MANET L

300 14.02 11.45

350 14.42 11.68

400 14.80 11.80

450 15.16 12.09

500 15.51 12.24

550 15.85 12.34

600 16.17 i2.40

650 16:48 12:40 i
700 1677 12.33

750 17.04 12.18
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Table 5: Material data for 1.4914 steel (MANET) [11]

T A %3 v |agxp/20°Clog2 V]oy 2| Sm | Sm2x104h
[°C] | [W/mK] [I}\{/IP Al [-1 | x10-6[1/K1| [MPa] | [MPal [ [MPa]l | [MPa]
20 24.2 217 0.27 10.11 614 T3 258 258
50 24.4 215 0.271 10.23 619 773 | 258 258
100 24.7 213 0.28 10.46 623 767 256 256
150 ] 249 | 209 |o0.28| 1070 | 621 | 755 | 252 | 252 |
200 25.2 2006 0.28 10.95 612 737 246 | 246
250 25.4 202 0.28 11.20 597 712 237 237
300 25.6 199 0.28 11.45 575 681 227 227
350 25.7 195 0.29 11.68 548 644 215 215
400 | 25.9 190 0.29| 11.90 513 | 600 | 200 | = 200
450 26.0 186 0.30 12.09 473 550 183 183
500 26.2 181 0.30 12.24 426 494 165 1356
550 26.3 176 0.30 12.34 373 431 144 98
600 | 26.5 171 0.31] 12.40 313 362 | 121 41

1) corresponds to designation Rpo 2 according to DIN 50145
2) corresponds to designation Ry according to DIN 50145 -

Table 6: Coefficient of heat transfer between beryllium pebble bed and steel wall

according to Eq. (13)
) 'Tin'B'EVR” ' T 'at'Tﬁi;MA':" T
[°C]
310°C 350 °C

350 0.51 0.45

400 0.62 0.55

450 0.73 0.67

500 0.85 . 0.79 W . e i .
,55,0 ) M R ) 09,7 ) 1 o 0091 N A = Ve T T T
600 1.10 1.03

650 1.22 1.16

700 1.35 1.29
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Table8:  Computed von Mises Stresses in the outboard blanket box

Zone max. Max. Primary Stresses [MPa] Max. Primary plus
Temp. Secondary Stresses
o Membrane Stress | Membrane plus
[*C] Bending Stresses [MPa]
Omax | Oadm | fo!) | Omaz | Cadm | fo | Omaz |Cadm| fo

178 | 1.87 | 127 | 300 | 2.36 | 332 | 452 | 1.36
1.32 1 487 | 681 | 1.40
1.35

First Wall | 519 | 95
He header | 310 | 189 | 227 | 1.20 | 258 | 341
Hemain | 493 | 67 | 173 | 258 | 75 | 260 | 3.47 | 382 | 516

pipes

1) f5=0adm/Omax -
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Fig.1: Radial-poloidal section through the torus.
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Fig.11: Finite element computation model [8].
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Appendix to PART 1




-74-

Power balance of an outboard section at the torus center with a poloidal height of
12 mm for a solution with coil of tube and mixed pebble beds [1] (Fig. Al and A2).

Generated powers [W]:

First Wall

- volumetric heat power 6906
- surface heat power 6380

Mixed pebble bed including coolant tube: 45726

Sum ' 59012
Abstracted power [W]:
First Wall channel {one half) 15834

Coolant tube in the breeder zone (one half) 43178

@1}
©w
<o
P
]

Sum

Helium mass flow my. and temperature rise ATHe:

First Wall Coolant tube
channel
mye [kg/s] 0.1230 0.0556
THe, inlet/outlet [°C] 251/300.5 300.5/450
ATy [K] 49.5 149.5




-75 -

COOLANT TUBE .
BREEDER ZONE COOLANT
PEBBLE BED SYSTEM |
Be/LisSi0O4 |
LiaSiOq SYSTEM Il

PURGE GAS

" COPPER SADDLE

DIFFUSION WELDED

'STIFFENING PLATE
FIRST WALL o o

Figure A1: Layout of an outboard blanket segment for a solution
with coil of fube and mixed pebble bed [1]
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PART 2

Dual Coolant Self-cooled Liquid Metal Blanket
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-+~ ofindividual leaksappearing in the weld.

1 Introduction

Within the framework of blanket development for DEMO a self-cooled liquid metal
blanket concept has been elaborated at KfK for some years. The eutectic lead-lithium
alloy Pb-17Li has served both as the breeder material and coolant. By use of liquid
metal as the coolant the blanket layout can be made relatively simple.

However, this advantage is counteracted by magneto-hydrodynamic (MHD) problems,
which are attributable to the interaction of liquid metal flow and the strong magnetic
field. Cooling of the First Wall proves to be particularly difficult because faster veloci-
ties of the liquid metal are required to remove the high heat flow. This calls for dedi-
cated measures helping to avoid intolerably high MHD pressure losses. Therefore, in
the previous reference concept [1] liquid metal flow for cooling of the First Wall is rout-
ed parallel to the magnetic field (toroidal) through the respective coolant channels be-
cause this direction of flow avoids high MHD pressure losses.

Another solution offers itself as an alternative to this concept, with the First Wall not
cooled with liquid metal but with helium [2]. This allows the overall MHD pressure
losses to be reduced considerably. Besides avoiding MHD pressure losses, this dual
concept offers the following additional advantages:

. Plain layout of the blanket segment

.« _Rlsk of llquld metal 1eak1ng into. the plasma space. nearly excluded by double
walled confinement.

. ”Leak-tolerant des1gn not requiring replacement of the blanket segment in case

N Removal of all the decay heat feasible both with helium and with liquid metal,

* This report deals with the thermohydraulics design of the dual ceeling system (helium
and liquid metal) for the inboard and outboard segments.

2 General Layout of the Blanket

—Flgure 1'is a schematic of the layout of the hquld metal blanketin the 1nb0ard and out-

board segments of the DEMO reactor. On account of the higher magnetic field prevail-
ing in the inboard segment, the inboard blanket is divided into two halves so that the
rate of liguid metal flow and consequently the MHD pressure drop can be reduced.




Figures 2 to 4 show the structural design of an outboard blanket segment in an isomet-
ric representation with the blanket cross sections at the mid-plane and at the upper
end of the blanket. The whole blanket structure is made from 1.4914 martensitic steel
(EU designation MANET). The U shape of the First Wall, total thickness 38 mm, con-
sisting of seven diffusion bonded poloidal sections and a straight extension piece, to-
gether with the supporting and shielding structure make up a stiff segment box. With-
in the First Wall parallel coolant channels ([J 25x25 mm) are arranged at the radial
toroidal plane with 30 mm channel spacing which are passed by helium gas at 80 bar
pressure in alternating directions. The counterflowing coolant gas contributes to
achieving a uniform temperature in the external structure and hence to minimizing
the thermal stress. Besides, separation of the supply systems I and II guarantees emer-

gency cooling upon failure of a coolant system.

Within the segment box reinforcing plates have been welded together to form grids
and have been rigidly welded to the external structure. In the four radial front cham-
bers they form coolant channels for the liquid metal and in the rear chamber poloidal
channels for the main helium supply. |

The helium coolant gas enters the upper blanket segment at 250 °C, first flows through
the rear main supply channels downward while getting but slightly warmed. During
diversion at the bottom end of the blanket the helium gas is carried into the parallel
coolant channels of the First Wall. By means of a header system it is routed five times
_in.sequence in a meander shaped flow through the segment walls on its way upwards.
After the last passage the helium temperature at the uppér outlet of the blanket at-
tains a value of 350 °C.

‘ "Thé"’liijﬁia metal enters the top end of the blﬁan-k-ét---_at—a---t;é_mbér'aturie- of 275 °C; flows -~

downward through the three rear channel zones, and when it reaches the bottom end of
the blanket has been heated to 351 °C. It is then diverted into the front channel zone
where it reflows to the top at higher velocity and leaves the blanket again at 425 °C
outlet temperature. |

For the inboard blankét segmiert whose horizontal cross section is represented it 'Fi‘g‘; 5
the same principle of dual cooling applies as to the outboard blanket segment. On ac-
count of the necessity of massive shielding of the magnéts placed behind, relatively
small l'iqiii'ci‘. metal coollng zones exist there. The two rear channel zones are passed by
»cold” and the front channel zone by “hot” liquid metal.




3 Design Method
3.1 Blanket Power

The computations are based on the blanket powers determined by application of the
Monte Carlo method [3). In Figures 6 through 9 the radial power density distributions
in steel and lead-lithium are represented for the outboard and inboard blanket seg-
ments at the mid and top blanket planes, respectively. The absolute maximum values
are 25 W/cm3 for steel, and 19 W/em3 for lead-lithium at the mid-plane of the outboard
blanket. These values diminish at the upper end of the blanket, by about 30% in the
outboard segment and by about 50% in the inboard segment.

The heat flux density on the surface of the First Wall input by the plasma is assumed
to be 40 W/cm?2 on the average and 50 W/cm2 at the maximum, respectively.

3.2 Design Criteria and Coolant Flows

The necessary lead-lithium flow is determined from the power to be removed from the
respective zones of the blanket segment and from the maximum possible enthalpy rise.
The latter is limited by the maximum admissible temperature of the interface of steel
and liquid metal determined by corrosion. It is approx. 470 °C for MANET steel so that

the mean outlet temperature of 425 °C of lead- 11th1um is assumed. Taking into account:
the 235 °C fusion point_of the Pb-17Li. eutectlc the inlet, temperature of 275-°C-is c¢ho--

sen. Accordingly, the total enthalpy rise for lead-lithium of 150 K is obtained.

‘The inlet temperature of the helium cooling gas is assumed to be 250 °C, takmg inte =
- ~account the DBTT (duetile brittle transition temperatire) of MANET steel, The ther-

mal power to be removed by helium is calculated from the heat source power of th

First Wall plus side walls and the thermal power on the surface input by the plasma
For the sake of 51mp11f1cat10n ‘the’ power of the heat source in the steel walls separat—
ing helium gas from liquid metal is added with half its amount each to the two cool-

For the First Wall exposed to the highest thermal load the additional criterion helds

that the First Wall temperature, takmg irito ‘account the creep rupture strength of

MANET; mustnot exceed a” maximum of approx. 550 °C. The mean outlet temperature
of helium is therefore assumed to be 350 °C after adjustment of flow to pressure loss.

This corresponds to a total enthalpy rise of the helium coolant gas of 100 K. The mean

coolant gas pressure is assumed to be 80 bar.




3.3 Distribution of Coolant Flow

As already said, the whole First Wall is passed as much as five times by helium gas in
successive toroidal flows from the bottom inlet to the top outlet (Figs. 10 and 11). In the
main blanket part the helium cooling gas already after four passages experiences
about 95% of the total enthalpy rise. This is the reason why the helium temperature
level, after the fourth passage, is higher by 95 K than that in the bottom blanket zone.
This would raise to the same extent the temperature level of the First Wall. To coun-
teract this influence on the First Wall temperature, higher helium velocities are need-
ed in the top blanket zone in order to erihance heat transfer. For this reason, the cool-
ant channel is divided into zones for helium passage in such a way that the helium ve-
locity steadily increases from bottom to top. Such channel divisions for the outboard
and inboard segments are represented schematically in Figs. 10 and 11. This allows
the First Wall temperatures to be made uniform in poloidal direction.

The radial decrease in power within the blanket cross section (see Fig. 6) results in ac-
cordingly lower powers of the heat source for the rear lead-lithium channel zones. This
would mean that the lead-lithium in channel zone II experiences much more heating
than that in channel zone IV. To compensate for this influence and hence obtain a ho-
mogeneous distribution of temperatures in the blanket cross section, it is attempted to
achieve identical énthalpy rises of the lead-lithium partial streams in zones II, I
and IV. This is feasible, for instance, by throtthng of the mass flows at the bottom end.
of the.blanket. The. lead-lithium flows for the.channel zones.indicated.in the outboard.
segment cross section have been entered in Fig. 3. The global temperature distribution
of lead-lithium in the outboard blanket is shown in Fig. 12 (see section below).

-3.4 . Reduction of the Maximum First Wall Tempe_raturé by Arti-.

firial Ranochnececos

A ARSARAL A WALF “bil..v AT s

 The Finite Element compiuter code ABAQUS [4] is uséd to determinie the temperatures
of the First Wall. A local peak heat load of the surface of 50 W/em?2 is assumed. The
constitutive data of hehum and the Nusselt relatlons have been taken from [5] The
Prandtl number is 0. 67 The hehum counterﬂows i the nelghborlng coolant channels,
and the heat exchange at the partitioning wall to liquid metal are not taken into con-
sideration. In this way one is on the safe side.

The results of computation (see section below) show that the maximum First Wall tem-
perature under the prevailing thermohydraulics conditions exceeds the tolerable value
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by about 50 K. An increase in total coolant flow would imply a considerable loss of
pressure and deterioration of the thermodynamic efficiency of the reactor. A suitable

countermeasure would be artificial roughening of the coolant channel wall facing the

plasma. By this, both the maximum First Wall temperature can be effectively lowered

and the temperature distribution given a much more uniform pattern. This will deci-

sively reduce the thermal stresses occurring. The associated pressure loss is relatively

small because only a specified surface must be roughened. It is referred to [6] in the de-

termination of the conditions of heat transfer and pressure losses on rough surfaces.

The result of a comparison computation (see section below) makes evident that the

maximum steel temperature is lowered by approx. 70 K in case the heat transfer coeffi-

cient is raised by a factor of 2. The total pressure loss increases by about 18% as a re-
sult of artificial roughening, and its absolute value is 1.5 bar for the outboard segment

and 1.2 bar for the inboard segment. The resistance coefficients in the determination of
the losses occurring during diversion are taken from [7].

4 Design Calculation for the Qutboard Blanket Segment
4.1 - Helium Loop

411 Thermal Power to be Removed (Poloidal Sum)
Surface power: 40x 104 W/m2-8.31 m2=3.324 MW

Power of heat source (MW

First Wail o Side Walls -~ |Helium | Total
RN SRR — 1. 1 T _Ma_iz_}
Outside { Center | Inside | Total | Outside | Center | Inside | Total |PiPes
Main y } N TR N [ - [P ———— R
|blazket | 0:8605 7 0.8948 | 1152 | 232137 0.2875  [0:2419 03261 | 0.6925 {09460 | 82607 |
N Sty & Sl <G 01144 z 8.0929- 32607
Exten- - - o .
sionat | 0.0904 |0.0767 | 0,0938 | 0,2140 [ 0.0209 | 0.0163 | 0.0210 | 0.0478 | 0.0218 | 0.2836 |
e R e S i e 5 ,
Sum of heat source power: 3.5442 MW

Total (surface + heat source power): 6.8682 MW
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4.1.2 Required Helium Flow

_ Q 6.8682x10°% W kg
o= = =182 =
He ¢ AT 3 : s
P He 52x10° ——(350—-250) K

kgK

4.1.3 Nﬁmber of Parallel Helium Passages (Fig. 10)

n=4 (main blanket zone) + 1 {extension at top)

4.1.4 Coolant Channel Geometry
Channel cross seetion: 25x25 mm
Poloidal channel spacing: 30 mm

Position of the coolant channels:

Main Blanket Zone, Section No. Extension
(Figs. 10,12) at Top

1 {2345 (6| 7|8]|a]|B

Height of 1080 | 1050 | 1050 [ 1050 | 1050 | 1050 | 105C¢ | 1080 | 1200 1250
section . : '
[mm]

Number of 36 35 | 35 35 35 35 35 36 40 | 41

LTS RRY Lh

Mean toroidal } | 7 o ) B .
channel -} 881 967 | 1026 | 1057 | 1057 | 1026 967 881 881 | 881
length ' E .

[mm]

Plasma facing | 0.951 | 1.015 [ 1.077 | 1.110.{ 1:110 | 1.077 | 1.015 | 0.951 | -

surface
[m2]

Total number of coolant channels:
Main blanket zone - 282

Extension at top 31
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4.1.6 Pressure Losses due to Diversion

Pressure Loss Coefficient  for
One Passage

Inflow (117 dia./25 dia.)

normal, rounded (* broken) - 0.06 (* 0.25)
2 bends, 120°

r/d = 60/25 = 2.4; hydraulically smooth 2:0.09 = 0.18
2 bending edges (FW/SW), 93.75°

r/d= 100/25= 4; hydraulically smooth 2-0.07 = 0.14
Outflow (25 dia./117 dia.), abrupt 0.91

Pressure Loss Portions in One Passage:

Friction pressure loss coefficient:
I \ 26m
= AE—') =002 — =208 -

1 25 £ 10 _Bm_

Diversion pressure loss coefficient:

TI=129

Total: 1.29

Total pressure loss coefficient =2.08+1.29 = 3.37

2
Friction pressure loss fraction = 3 33 = 0.617

1.
Diversion pressure loss fraction = YT = 0.383




Total Pressure Losses in the Coolant Channels (without feed pipes):

A _ 0.762 bar 19355
Pase T o1y Aeoler
41,7 Further Pressure Losses in the Poloidal Helium

Feed and Discharge Channels

Geometric Data:

He header/ He main
manifold . supply
(upward) (downward)

dp, [m] 117x103 178x10-3
ltot [m] (together with extension at top) ~11 =11
A[m?] ca, 298x 104 644x 104
Hydraulic Data:

i [kg/s} (1 cooling system) _ 6.605 6.605
T [°C] ' - 300 - © 2h0

p [bar] | | 80 80

o [kg/m3] 6.7 7.4

¢ [m/s] ~332 =165 16,5

n [kg/ms] 2 31x106 - 29x10-6
Rel-] 42x105 5.7x 105
dw/k[-]withk = 0.01 mm | 11,700 17,800

A 0.0145 0.014
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Estimated Diversion Losses:

Bottom inflow: {=0.17 + 0.06 = 0.23
2x45°diversion: { = 2-0.03 = 0.06
(d/R=160/480)
7x13° diversion: (= T0.017 =012
(d/R=160/480)

X = 041

Total Pressure Loss:

Supply system:
11 T4 k m®
s, = | 00145 T+ 041 | 228152 = 0,015 bar
117210 3 m m® 2
Discharge System:
11m kg g m2
bp, ., = | 0.014 +041 | ———=.165% — = 0.011 bar
\ 178216 3m AR s2

Total Helium Pressure Losses between Blanket Inlet and Quilet:

ApH = 1.235 bar + 0.015 bar+ 0.011 bar = 1.261 ber
e, ot




4.1.8

Maximum admissible FW temperature for MANET:

4.1.

-11-

Transfer Coefficient by Artificial Roughness

550 °C

Admissible FW Temperature and Increase in Heat

8.1 Héat Transfer Coefficient in the Front FW Coolant Channels

Nu = 0.018744-(Re) *8.

(T
\":)

\ —0.18

with X [WimK] = 3.623 210 ~3.7%68 g7,
He He

TwlK]:
_TE[K]:

mean inner wall temperature;

inlet temperature.

For n=4+1 (design Sect. 4.1.5) the following a-values are obtained for the FW
coolant channels and the resulting maximum FW temperature according to the
computations with ABAQUS (cf. also Table 1): '

He Rerw | Nu Tmax,He Abe,Fw | AFW |Qsurface | 9mas. Trw [°C] ATpw | ATHe/wall
Pas- ,FW ' x104 | x108
sage _ Inside | Max.

(-] LI ror | wimk) | iwm2K) wm2) |iwmdl| - foutside} (Kl
I §1.92x105}302] 2806 | 0.231 | 2793 50 22. 1 493 597 ] 104 212
IT §2.27x105] 349 | 308.9 0.239 | 3335 50 24 493 599 | 106 184
III j2.71x105 | 406 | 330.8 | 0.245 | 3975 50 23 485 591 | 106 154
IV 13.23x105[470| 3456 | 0.250 | 4698 | 50 19 473 579 | 106 | 127
V | 2.01x105 | 323 | 349.7 0.253 3267 - 10 | 365 3n 105 20

The maximum FW temperature in this case is 599 °C which exceeds by far the

admissible limit.
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4,1.8.2 Increase in Heat Transfer Coefficient apyw™* by Artificial

Roughness
Goal: reduction of the maximum FW temperature to Tryax, FW = 550 °C.
Shape and appearance of roughness rib: rectangular, only at plasma

facing channel wall, transverse
to flow direction.

For a maximum factor fy= a*pw/orpw of 2.0 the following values are obtained:

He | Maximum | apw™ T*FW [*C] AT*ma:n:,F W AT*He/waH fAp Ap*
Pas- Factor
sage fa Inside | MX: [K]
n810E | sutside [K] [-1 [bar]
i 2.0 5586 | 391 | 509 118 110 1.90 | 0.098
I 2.0 | 6670 | 404 | 525 121 95 1.90 | 0.164
I 2.0 7950 | 410 | 531 | - 121 79 1.90 | 0.253
v 2.0 9396 | 410 | 530 120 64 1.90 | 0.362
Y% - - - - - - loio7
TAp* 0.984

Increése in pressure loss due to artiﬁcial rtr)urghnesszr |
(0.984 - 0.762) bar = 0.222 bar

| Total pressure loss in the presence of artificial roughness:
AP*He,tot = (1.261 + 0.222) bar = 1.483 bar |
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4,2 Liquid Metal Loop
4.2,1 Thermal Power to be Removed (Poloidal Sum)

Heat source power [MW] from:

Steel Components Pb-Li Coolants, Total
' Channel Zone

First Side ti]i)‘;li-::jg
Wall Wall Plates 1 I oI v

Main
blanket 1.132 | 0.3261 0.9839 9.491 [6.1685]2.6515]1.3944} 21.4188
zZone 2 2

Extensio _
nattop 0.0943 0.0211 0.0430 §0.7996|0.47410.2058 [ 0.1082 | 1.6884

Total heat source power: 23.107 MW

4.2.2 | Required Pb-Li Flow

, Q 23.107x10%w kg
m_ == = - = 815—
UPBLi ¢ AT J 5
_ P PbLi 189 —— (425—2T5) K
ke K
4.2.3 - Flow, Temperature and Velocity Distributions of Pb-
- Li Coolant Channel Zones I through v
(Fig. 3)
Chan-| Flow Cross Sectionl) Mean Pb-Li Temperature
nel [x10-4 m?] Pb-Ll Weloclty 1| Removal Enthalpy , i°Cl
Zone With With flow | Flow bf Thermal] Rise2)
) N | e, --9}
L cnannel Power? Main Blanket| Extension at
insulating inserts for _ _ 7
coatings on| . virical |[kgfsl| [m/s] | IMW] [ IK] one Top_
duct wall insulation | Inlet |Qutlet| Inlet |Outlet

10425 994.2 815 | 0.877 |11.3851 74 351 | 419 | 419 | 425

1779.8 1711.6 { 503 0.312 | 7.2232 76 280 | 351 | 275 | 280

I
I
I 1857.6 1788.6 | 202 | 0.120 | 2.9067 76 280 | 351 | 275 | 280
v 1968.5 1898.0 110 | 0.061 | 1.5867 76 280 | 351 | 275 | 280

L Around the blanket center; regarding the top blanket cross section, see Fig. 4.
2) Inclusive of extension at top




5 Design Calculation for the Inboard Blanket Segment

5.1 Helium Loop

5.1.1 Thermal Power to be Removed (Poloidal Sum)
Surface power: 40 x 104 W/m2-7.072 m2=2.83 MW

Heat source power [MW]:

-14-

Inboard First Wall Side Walls He Total
Blanket Main '
[Outside] Center | Inside | Sum [Outside|Center | Inside | Sum | Tubes
Upper half _
0.2645] 0.1967 | 0.3314 | 0.6269 |0.0967|0.0647| 0.1112 ] 0.2170 0.3517 1.1956
2 2 ' .
Lower ' .
half (.2494 [ 0.1843 | 0.3049 | 0.5862 J0.087410.0592] 0.1020 | 0.1977 ] 0.3121 1.0960
2 : 2 : '
Equatorial ' '
range of 0.0201] 6.0158 | 0.0283 | 0.0501 10.0027 |0.0019] 0.0036 | 0.0064 | 0.0659 | 0.1224
partition- 2 2
ing
Divertor _ _ _
zone, top 0.0488] 0.0356 | 0.593 | 0.1141 0.0199 0.0129] 0.0227 | 0.0441 1 0.1184 | 0.2766
2 . _ : 2 . : : ’
Divertor B .
zZone, 0.0482] 0.0356| 0.0610 | 0.1143 J0.0141|0.0105] 0.018 | 0.0336 | 0.1022 | 0.2501
bottom - : 2 P ' - o
Total heat source power: 294 MW

Total (surface + heat source power):
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5.1.2 Required Helium Flow

Total flow:
: Q 5.77x108% W kg
= = . e = 1110 —
™ e e AT J 8

p  He 52x10°——(350—250)K
x ek ( )

For one blanket half:  thye, = 5.55kg/s

5.1.3 Number of Parallel He Passages per Blanket Half

n=4 (main blanket part)+1 (divertor zone)

5.14 Coolant Channel Geometry

" Channel cross section: N 20x2t'_; mn_a_ -
Poloidal channel spacing: .~ = 30mm
Total number of coolant éhan’nels: o

- Mainblanketzone . - ".°..280 . ...
Divertor zones - o 166 - |
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- 5.1.6 Diversion Pressure Losses

Pressure Loss Coefficient  for
One Passage

Inflow(117 dia./22dia. )

normal, rounded (*broken) 0.06 (* 0.25)
2 bends, 120°
r/d = 60/25 = 2,4; hydraulically smooth 2-0.09 = 0.18
2 bending edges (FW/SW), 86.25° _
r/d= 105/22.2 = 4.7; hydraulically smooth 2:0.07 = 0.14
QOutflow (22 dia./117dia.), abrupt 0.91
Tatal - - Tgg

Pressure Loss Portions in One Passage:

Friction pressure loss coefficient:

z . s
x (A-— \ ~002— " 1M
k 'd"h') 222210 7%m

Diversion pressure loss coefficient: -
L7=129 )

Total pressure loss coefficient =1.71+1.29=3.0

i
Friction pressure loss fraction = 20 - = (.57

Diversion pressure loss fraction = -3—0— = (.43




Total Pressure Losses in the Coolant Channels (without supply pipes):

0587

Ap).+( YT = 1.03 bar

5.1.7 Further Pressure Losses in the Peloidal Helium
Feed and Discharge Channels

Geometric Data:

dn [m]
ot [m]  (with divertor part)

" Hydraulic Data:
m [Kg7s] (1 cooling systéin)
TG
p [bar]
p [kg/m3]
c¢{m/s]
'iﬂkgﬂﬂ'
Re [-]
dp/k [-]with k = 0.01 mm
A

He header/
manifold
(upward)

~100x10-3
= 7

approx._ 194x104

2.775
300
80
6.7

=~ 21/2 =10,5

2.3x 105
10,000
0.016

He main

supply
(downward)

~150x 10-3
=7

419x104

2,775
250
80

I

10,7
29x10-6

3.1x10%5

15,000
0.015
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Estimated Diversion Losses:

Bottom feed: {=0.17 + 0.06 = 0.23
Diversions: ¢ =~ 0.06
2 =029

Total Pressure Loss:
Supply System:

Tm 7.4 kgr | 27m2
8p,, = | 0016 ————+029 | —— 965" — = 0.005 bar
¢ 100210 ~% i 2 .3 s

Removal System:

Tm 62 kg ,omi
./.‘.pjl = | 0.015 - (120 | 1107 — 0.004 bar

Total Helium Pressure Losses between Blahket Inlet and Outlet:

Ap.. . =1.08bar + 0.005 bar+0.004 bar = 1.04 bar
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5.1.8 Admissible FW Temperature and Increase in the Heat
Transfer Coefficient as a Result of Artificial Roughness

Maximum admissible FW temperature for MANET:

5.1.8.1

Nu = 0.018744-(Re) 8.

(TW -0.18

kT

E

with A [WimK] = 3.623x10 ~2.7%%6¢ )
He He

TwiK]:

TrlKI: inlet temperature.

For n=4+1 (design, Section 5.1.5) the following a-values are obtained for the
FW coolant channels and the resulting maximum FW temperature according

mean inner wall temperature;

550 °C

- tothe ABAQUS computations {¢f also Table 2):

Heat Transfer Coefficient in the Front FW Coclant Channels

The maximum First Wall temperature in this case is 577 °C which is also well above

the admissible limit.

pof | Repw | Nu | Tmasg, pw | Ao, pw | 0Fw | dourfoce | max, | TEWICT - | ATHeiwen
s bl g i Bl . xi0é w08 | by T
| . . ol Max |
L1 | ] [°C) (WimK] | (Wim2K) | (Wim2) |iwim® {75198 | Outside | (K]
I §2.0x105§308 - 2512 0.234 3245 50 20 473 877 104 i82
I §2.2x105] 337 312.6 0.240 3643 .50 18 473 | . 576 103 160
I |2.4x105]365] 3300 0.246 | 4035 50 | 14 |471 | 578 | 102 | 141
v [2.8x105|413| 8441 | 0250 | 4642 | 50 | 12 | 464 | s66 | 102 | 120
VO |0.9x1091 1724 849.2 | 0.252 1958 - 4 1.359 | 361 | 2 | .10 |~
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5.1.8.2 Increase in Heat Transfer Coefficient apw* by Artificial
Roughness

Goal: reduction of the maximum FW temperature to Tmax, FW < 550 °C

Shape and appearance of roughness rib:  rectangular, only at plasma facing
channel wall, transverse to flow di-
rection.

For a maximum factor f;= o*rw/apw of 2.0 the following values are obtained:

2 L . ,T*Fw[oc} P S R R e - R Y
He M%);tl&)l;m aFw” Athknmx,F W | AT*Heiwan | fAp AP_*
_ R [K] R _
Passage fa Inside OMa:_:. K] [-] {bar]
-| Outside _
I 2.0 |6490[ 385 | 503 118 94 1.90 | 0.112
11 2.0 |7286) 402 | 512 | 110 89 '1.90 | 0.158
I | 20 [8070] 402 | 517 | 115 72 | 1.90 | 0.204
IV |} 20 -]9284} 405 519 | - 114 -] 61 [-1.90 |0.202]|"
~ - -1 -7 | T T Teaw]
" ‘ZAp* 0766

Pressure loss increase-as a result of artificial roughness:
(0.766 - 0.587) bar = 0.179 bar

Total pressure loss in the preserice of artificial roughness:
Ap*He,,,, = (1.040 + 0.179) bar = 1.22bar
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5.2 Liquid Metal Loop
5.2.1 Thermal Power to be Removed (Poloidal Sum)

Heat source power [MW] from:

Steel Components Pb-Li Coolants,
Channel Zone Total
First Side tﬁ;ﬁg
Wall Wall Plates I I I
Upper . _
half 0.3314 1 0.1112 | 0.2254 [2.715811.1917]0.7688] 5.1230
. | g . e
Lower
half - 1028049 | 0.1020 | 0.2080 [2.459411.0945|0.6967]. 4.6621. .
' 2 2 . _
Equatorial

partition- }0.0283 | 0.0036 0.0856 {0.2923(0.1380/0.0829} 0.6148
ing zone o2 2

Divertor _ ,
zone, top 0.0593 | 0.0277 0.0496 ]10.8077(0.397910.2756] 1.5718
: . 2 9 . .
~{Divertor : : -
zone,” .  |0.0611 | 0.0180 { 0.0448 |0.7718{0.3655|0.2555| 1.4772
- Total heat source power:. L 1345 MW

5.2.2 Required Pb-Li Flow

B
13.45x10°% W k
2o Pl 189 - (425-2TH K i
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5.2.3 Flow, Temperature and Velocity Distributions of the
Pb-Li Coolant Channel Zones I through II1

Flow Cross Sectionl) . Mean Pb-Li Temperature
Chan-f ~ [x10-4 m2] PoLi | VOprity | Thermal kg [°Cl
Zone . Flow Removal Rise2)

With “Zf;ggf 2) Main Blanket| Extension at
Insulating | ngergs for | @/t ey | awy | KD | Zem Top
duct v%all electrical

insulation Inlet [Qutlet| Inlet |Outlet,

I 730.7 712,83 | 237.2 | 0.357 3.935 87.8 [337.2(406.0| 406 [425.0
I 700.0 667.5 143.6 | 0.227 | 1.688 62.2 1289.61337.2( 275 (289.6
HI 680.0 648.0 93.6 | 0.153 | 1.101 622 1290.5|337.21 275712905

1 seeFig. 5

2).  inclusive of divertor zone

| 6 “ Power Requlrements of the Helium Blower and the Liquid
Metal Pump

The: adlabatlc power of a hehum blower can be determmed W1th the followmg equa-
tmn R

with the helium gas constants R=2078.75 J/kgK and x=5/3.
The pressure losses in an outboard segment and an inboard segment, as determined in.

the preceedmg chapters amount to round 1.5 bar and 1.2 bar, respectively.

Assuming additional pressure losses in the heat exchanger and other components of
about 0.5 bar, the total pressure losses in the whole helium loop will be round 2.0 bar
in an outboard segment and 1.7 bar in an inboard segment, respectively. With an aver-
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age system pressure of 80 bar we obtain for the outboard p1="79.0 bar, pg==81.0 bar
and for the inboard p; =79.15 bar, pa=80.85 bar. For a given helium mass flow of
13.21 kg/s in an outboard segment and 11.10 kg/s in an inboard segment at T=513 K
the adiabatic blower power amounts to 0.3540 MW in an outboard segment and to
0.2526 MW in an inboard segment. Thus, the total blower power required for the whole
reactor will be: (48x0.3540/0.8 +32x0.2526/0.8) MW =(21.2+10.1) MW=31.3 MW, ifa

blower efficiency of 0.8 is assumed.

The power of a circulation pump for liquid metal can be determined as

P e APyED
LM LM p

with M, the liquid metal mass flow, equal to 815 kg/s for the outboard and 474 kg/s
for the inboard, ApMuD, the MHD pressure losses [2], equal to 4 bar for the outboard
and 1.3 bar for the inboard, p, the density of lead-lithium, equal to 9.53x103 kg/m3 at
275 °C. In this case the flow pressure drop can be neglected because the velocity of the
liguid metal is very low. Thus, the power of a circulating pump amounts to 0.0342 MW
for an outboard segment and to 0.0065 MW for an inboard segment. The total circula-
ting pump power for the whole reactof, with a pump efficiency of 0.8 assumed, sums up
to (48x0.0342/0.8 + 32x0.0065/0.8) MW = 2.312 MW.

7 3D Temperature und Stress Calculatmn for the Outboard
Blanket Box
7.1 Generation of the 3D Finite Element Modei

o v ] =17 1.~

T +hn £Allawr P Tmamr bl ATIAMNMTTCA T Tasnn i 3
LULIY J.UJ..I.J.CJJ.b LULLI.PU.M':J. COae 0] Widl pe

sk ated v bt it
41l LI YYlllg LUMLPUUGULULLD l.lllC LALAOANE D 1L LT

used. To generate the three-dimensional (3D) network [8], the CAD system BRA-
VO3 [9, 10] will be referred to. For thls the GRAFEM program package will be used
which, being a part of the graphics editor, is available in the BRAVO3 system.

o
p

First, the editor generates the wire models of the components to be computed which
models are needed as initial geometries for generating the three-dimensional network
using GRAFEM. At the same time, the geometrical model is converted into a math-
ematical model by dividing the object into a multitude of nodes and elements which

have to be interconnected.
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Several mapping techniques of the GRAFEM software can be used for network genera-
tion, which will be done by the following steps.

. Generation of boundary lines by having coincide individual circuits of alge-
braic curves of the wire model.

. Generatlon of surfaces/planes, whlch are defined by an external and, maybe,
several internal boundary lines.

. Generation of volumes/bodies defined by 12 boundary lines.
. Generation of nodes with variable densities on the boundary lines.
. Generation of the network of solid elements, starting from a plane or a vol-

ume.

Thus, the geometric features of the Finite Element models are described if the nodes
and elements have been designated and their mutual assignments interconnected;

_their locations are determined by the x/y/z coordinates. Each element is provided in ad-
dition with information, e. g. address, tYpe, material, ete.

- In the next step the various loadings and their boundary conditions are specified which
-have to be assigned to individual groups of nodes and elements GRAFEM supports da-
ta formats of several Finite Element codes, e. g. ABAQUS in the case considered here.

Figure 13 shows the CAD generated Finite Element model of the steel strueture used
for the stress computations. The model has a poloidal dimension of 30 mm correspond-
ing to a coolant channel pitch. The symmetric radial-torcidal boundary planes run all
through the center of the cooling channel ligament.

Knowledge of the temperature distribution is needed to be able to determine the ther-
mal stresses occuring in the steel structures. The network ofr lead-lithium is gener-
ated in addition to allow the temperature distribution to be calculated (Fig. 14). On ac-
count of the countercurrent flows in the helium coolant channels, the two neighbormg
radial-toroidal coolant channel mid-planes are chosen as the symmetriy planes In this
way, two helium half-channels with countercurrent flows are added to the model of
temperature computation. The poloidal height of the model displaced by 1/2 pitch re-
mains unchanged (30 mm). Moreover, the steel shielding is not taken into account in
the temperature computation because that shielding will be provided with an indepen-
dent coolant system still to be designed. Therefore, in the subsequent computations the
temperature of the shielding is assumed to be constant which, however, in the later de-
sign of the coolant system has to be set at an optimum value.
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7.2 Material data and Admissible Limit of Loading

In Table 3 the thermal conductivity values, the strength values and the thermal ex-
pansion coefficient of MANET steel as a function of the temperature have been com-
piled. The values of thermal condutivity indicated in Table 4 are applicable to lead-
lithium. The thermal conductivity of steel and of lead-lithium increases with rising
temperature. At 500 °C the value for steel is 26 W/mK and for lead-lithium about 17
W/mK.The regulation according to the ASME code [11, 12] apply in the assessment of
stresses:

Oadm = 1-Sm,t for primary membrane stresses (op.m), average taken over
the cross-section;

Oadm = 1.58mt  for primary membrane plus bending stresses (op m+b);

Oadm = 3-Sm for primary and secondary stresses (Opm+b +0s );
with Sy = min (% - 60.2,% - o) und Sy ¢ = min (Sm, % - 0R .1, 1-01.).

where 09 2 is the 0.2 offset yield stress, oy is the tensile strength, oR 4, is the creep resis-
tance, 01 ¢ is the 1% creep strain limit, and t is the time to failure, with t=2 x 104 h for
steady-state DEMO operation. A relatively strong decrease of creep resistance of MA-
NET above 500 °C is clearly visible from Table 3.

The equivalent stress intensity used in the comparison with the admlss1b1e stress
(0adm) is the von Mises stress derived accordmg to the yr.eldlng criterion:

(22)

_ / (01-02)2 + (02-03)2 + (03-01)2
.ty 2

with oy, 0g, 03 as the prlnc:1pa1 stresses. The superposmon of prlmary and secondary

stresses is made at the stress component level.

7.3 Distribution of Power

The radial distribution of power densities for steel and lead-lithium according to [3]
constitutes the basis of calculation of the temperature distribution. The plets of the
power density for the mid-plane of the outboard blanket have been traced in Fig. 6. Ac-
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cordingly, the maximum power density in steel is about 25 W/cm3 and in lead-lithium
about 19 W/cm3. These values decrease in poloidal direction towards the blanket ends.
At the top blanket end (Fig. 7) the maximum value of steel is as low as 17.5 W/cm3 and
for lead-lithium only 13.5 | W/ems3, respectively. Therefore, a poloidal power distribu-
tion, as indicated in the table below, will be assumed in the following computation:

Location (s. Fig. 10) Poloidal Power Factor
Steel Lead-Lithium
A (bottom end) _ 0.7144 0.7448
B 0.8856 0.9139
C (mid-plane) 1,0 1,0
D 0.8966 0.9023
E (top end) . : 0.6730 0.7010

The thermal surface load of the First Wall is on the average 40 W/cm?2 and at the maxi-
mum 50 W/em?2, respectively.

74 Method of Computatlon
7.4.1 Computation of Temperature

In the case of blanket cooling lead-lithium, in addition to its own high heat source pow-
er, must accommodate also high thermal powers originating in the adjoining struc-
tures. Conszdermg the relatively poor thermal conductivity, strong temperature gra-
dients, normal to the flow direction, develop in the blanket, above all in the wall-facing
zones which, in turn, has an impact on the temperature level of the adJommg struc-

VLY ¥ el Y

Considering the lack of 'combined solid/fluid codes, the simultaneous determination of
the temperature distribu'ti_on-ih the steel structure and in the liquid metal flow is fea-
sible on simplifying assumptions only. In the following temperature computation the
method of the moving system of coordinates will be applied (see also [15]). The follow-
ing assumptions are made: ' -

N The liquid metal adopts the pattern of a slug ﬂow This means that the ﬂow rate
in the coolant channels is uniformly distributed over the whole cross- section and
has no elements normal to the direction of flow. Consequently, cross mixing of
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the flow does not occur implying that normal to the direction of flow heat is trans-
ported solely by thermal conduction.

. Axial heat transport in the direction of flow is neglected.

. The liquid metal temperature at the inlet of the respective coolant channel is dis-
tributed homogeneously over the cross-section by complete mixing of flows.

o Thermal barriers between the First Wall coolant channels and the liquid metal
flow due to MHD insulating coatings or flow channel inserts as another backup
solution are neglected.

Quasi-steady state computations are made over the calculated time of fluid movement.
The specific heat of the adjoining solid structure is set zero.

The different flow directions (Fig. 14) necessitate in addition to compute separately in
a first step the temperatures of some subzones and then - following temperature aver-
aging at the interfaces (ABC, ADC, AE and CG) - to repeat the computation.

7.4.2 Computation of Stresses

In accordance with the ASME rules (Item 7.2) the stresses are computed in two steps.
In the first step only blanket loading by internal pressure is taken into account to de-
termine the primary stresses. In a conservative approach a maximum internal pres-
sure in the whole blanket of 80 bar is assumed,; it corresponds to the pressure of the he-
lium coolant systeni and occurs only in an accident case of a large leak between the he-
lium and the Pb-17Li systems. In the second step thermal loading is superposed to the
already existing internal pressure loading according to the temnerature distribution
from 7.4. 1

means that the cutting planes represented in Fig. 13 remain plane and parallel with
respect to each other implying that the differential thermal linear expansmns in the
whole blanket cross-section are taken into account in poloidal direction,

The stresses are calculated solely for the blanket mid-plane of an outboard blanket be-
cause in this zone the thermal loadings are maximum. The mean temperature of the
shielding structure is conservatively assumed to be 285 °C in order to simulate the
greatest possible temperature difference with respect to the front hot First Wall.
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7.5 Result
7.5.1 Temperature Computation

Figures 15 through 23 show the temperature distributions for the bottom, middle and
top blanket zones at a mean thermal surface loading of 40 W/cm2. The development of
the temperature field in the rear liquid metal zones can be well recognized at the bot-
tom end of the blanket (Fig. 15). The liquid metal temperature in the front chamber is
supposed to be homogeneous due to flow mixing in the process of liquid metal flow re-
versal. Figure 16 shows details of the temperature distribution in a cutout of the front
right corner of the First Wall. The mean liquid metal temperature in the first cham-
ber, 348 °C, is slightly below the global design value of 351 °C in Fig. 12 which is a re-
sult of heat exchange with the First Wall. The temperature at the peint of contact be-
tween liquid metal and steel reaches a maximum of 415 °C in the second chamber. On
account of the relatively low helium temperature, the temperature of the First Wall i is
still low in the bottom blanket zone where it attains a maximum of 474 °C, In Fig. 17a
weak temperature gradient can be noticed in the rear liquid metal zone corresponding
to the lower power density. On the whole, a smaller fraction of the thermal power gen-
erated in the liquid metal is removed via the First Wall. This will lead to an additional
temperature rise of the helium gas of approximately 10 K, if all thermal barriers be-
‘tween the First Wall and the liquid metal as mentioned above are neglected. Thus, the
uncertainty of the calculated First Wall temperature can be estimated to +10 K at the
top and about + 5 K at the center of the blanket Whlch is well covered by the safty

margin.

Figure 18 shows the corresponding temperature distribution on the blanket mid-plane.
An intensive heat excharige between the liquid metal counterflows can be well recog-
nized. The maximum First Wall temperature determined in this zone is 490 °C
(Fig. 19). A weak temperature gradient is also measured in the rear 11qu1d metal zone
(Fzg 20) The temperature distribution is almost homogeneous

At the upper end of the blanket (Fig. 21) the liquid metal experiences full enthalpy
rise. This means that the temperature field has fully developed. The maximum tem-
perature of contact between the liquid metal and steel measured here is 443 °C
(Fig. 22) which means that it is well below the admissible value of 470 °C. The absolute
maximum of 505 °C is also attained here for the First Wall temperature; this value is
still far below the limit of 550 °C. The liquid metal temperature at the inlet of the main
blanket part v1a the rear chambers is 280 °C and supposed to be homogeneous (F1g 23).

In Figs. 24 and 25 the temperature d1str1but10ns in the steel structure of the blanket
center have been represented for mean and maximum thermal surface loadings of
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40 W/em?2 and 50 W/em2, respectively. These values serve as a basis for determination
of the secondary stress in a further step.

7.5.2 Stress Computation
7.5.2.1 Primary Stress

In Fig. 26 the von Mises stresses in the blanket structure have been represented for a
primary internal pressure loading of 80 bar. For the sake of transparency, only the
maximum values attained by the respective structural sections have been entered. Be-
sides, for symmetry reasons, they have been represented for only one half of the blan-
ket. The figure makes also evident the corresponding deformation of the structure in a
twenty-times enlargement. It makes clearly visible a heavier deformation occurring in
the side walls compared with that in the First Wall due to the larger spacings between
plates. In Figs. 27 and 28 the stresses have been represented for some structural cross-
sections of the First Wall and of the side wall together with the peak values measured.

The resulting maximum stress in the side wall zone is 178 MPa in the ligament sepai~
rating the c_hannels. It is far below the 1-Sm value at 300 °C of 227 MPa (Table 3), with
the stress in the ligament separating the channels conservatively considered to be pre-
dominéntly a primary membrane stress. The maximum primary membrane plus bend-
ing stresses attain here 158 MPa which is alse well below the 1.5-Sm limit.

In the First Wall zone the maximum primary membrane plus bending stresses attain
120 MPa which, considering the maximum temperature prevailing there, should be
considered as much more critical. Taking into account a maximum thermal surface
loading of 50 W/em?2, a maximum temperature of the First Wall of 527 °C is obtained
(Fig. 25). Accordingly, the 1.5-Sm limit value is 176 MPa and hence clearly higher
than the existing stress. ' |

220 MPa.

In the interior of the blanket a maximum temperature of contact between the liquid
metal and steel of 443 °C was measured, as described in 7.5.1. The corresponding 1-Sm
limit value is 185 MPa which is not exceeded at any point of the reinforcing plates in
the liquid metal zones. In the helium header zones all stresses are well below the ad-
missible values because the temperature prevailing there is relatively low.
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In Fig. 29 the toroidal developments of the primary stresses along the flow path have
been represented for the channel interior and the plasma facing side of the straight
First Wall section. The bending load in the spacings of the reinforcing plates can be
recognized well.

7.5.2.2 Primary plus Secondary Stresses at Mean Heat Flux Density
of 40 W/em?

In Fig. 30 the distribution of the von Mises stress in the case of primary plus secondary
stresses superimposed has been represented for a mean surface heat current density of
40 W/em2. The maximum stress in the First Wall measured at the point of maximum
temperature, 490 °C, is 402 MPa. It is still far below the admissible 3:Sm value of
505 MPa (Table 3). Figure 31 shows in detail the stress distributions for three First
Wall cross-sections at the locations A, B and C along the flow direction. The absolute
maximum of stress measured on the inner channel wall in the cross-section C is
441 MPa. With the local temperatﬁre of 388.°C (Figure 32), the admissible stress 3-Sm
is 610 MPa which provides for a sufficiently large safety margin. Figure 33 shows the
stress distribution for two side wall cross-sections. Considering the lower stresses and
the lower temperatures (Fig. 34), the safety margin available here is adequate. In
Fig. 35 the toroidal stress developments on the inner side of the First Wall channel and
on the plasma-facing side along the flow direction from A to B have been plotted. An
increase in stress with the rising helium coolant gas temperature along the flow path’
is well visible here. A comparison of the results with the results obtained for primary
stresses (Fig. 29) shows that the secondary stress is dominating.

7.5.2.3 Primary plus Secondary Stresses at Maximum Heat Flux
- Density of 50 W/cm? e

In the thermohydraulics design of the First Wall coolant eystem mean values were
used of the flow variables, e. g. helium flows, helium temperatures, etc;, for the respec-
tive flow passages. It is clearly visible in Fig. 10 that a single helium flow passage,
No. II, with 76 cooling channels, covers a large zone of the blanket center of approxi-
mately two sections. It is supposed that a maximum thermal surface loading of
50 W/cm2 can be expected to occur on the equatorial plane of the blanket. To be able to
adapt cooling accordingly, the distribution of helium flow within a section must be de-
termined in detail, e. g. by throttling of the boundary zones.
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In a simplified and conservative approach the stress will be caleulated now for the ex-
treme case of a maximum heat flow density of 50 W/em2, albeit at a mean helium flow
distribution (without throttling of the boundary channels). The resulting stresses are
evident from Fig. 36. Also a maximum von Mises stress of 470 MPa can be determined
at the point of maximum thermal loading of the First Wall (Figs. 36 and 37).

At the temperature of 525 °C (Fig. 38) the admissible stress (3-Sm) which can be taken
from Table 1 is 463 MPa. It is slightly exceeded here by less than 2%. This peak stress
occurs only at the point of transition between the straight part of the First Wall and
the bend. Figure 39 shows the toroidal development of stress on the inner and external
sides of the First Wall. It appears that all the other stresses occurring are still below
the admissible limit. However, this minor excessive of siress can be reduced by suit-
able flow distribution in the coolant channels during a flow passage, as already men-
tioned before. Moreover, the temperature of the rear shielding can be set at an even
higher value so that the thermal stress in the First Wall is reduced.

Figure 40 shows, e.g. the respective toroidal dévelopment of stress in the First Wall up-
on a slight increase in temperéturé, from 285 °C to 300 °C, of the shielding structure. It
appears from that figure that the 470 MPa stress peaks occuring at the external wall
(represented in Fig. 39) are reduced to 450 MPa, at the inner wall from 517 MPa to 494
MPa. Thus, all stresses are now well below the admissible limit value. |

The absclute maximum of stress on the inner cooling channel wall, 517 MPa (Fig, 37),
also remains well below the 3-Sm limit of 596 MPa because the temperature is lower,
namely 404 °C (Fig. 38). ' '

I the side wall zones and in the mid-plane reinforcing structures the stresses attain
approximately the same level as in the case in which the heat flux density is 40 W/cm2.
A slight stress relief in the side walls and a minor increase in stress in the shielding,

compared with the previous case, are attributable to the larger temperature difference
Thatrrrane +tha frant Tivrcot all ahr:l -l-]—-ue raar okielding si—rnni--nv

UCULYTCLL I-Fl.!.e LEUVLIW L LI OV YY ALt UVLE & RLXL L u\'uu.l.e.

The maximum values of temperature and stress analyses have been compiled in Ta-
ble 5.
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8 Summary of Main Design Data

© “(total for orie Teactor: 2.3 MW) i

. outboard inboard
A) Thermohydraulics segment segment
First wall heat flux [MW/m?2]
- maximum 0.5 0.5
- average 04 0.4
Max. power density [MW/m3] — — - —— — — B
- MANET 23.9 - 20:3
- Pb-17Li 19.4 171
‘Total Power - T .
(nuclear—power +surface heat flux) [MW] 30 19.2
Helium cooling: :
- power to be extracted [MW] 6.9 5.8
- pressure [MPa] 8 8 :
- temperature inlet/outlet {°C] 250/350 - 240/350°
- mass flow rate [kg/s] 13.2 5.55%
- Imax. velocity [m/s] 66 ~ 63
- pressure drop in segment [MPa] 0.15 0.12
- total pressure drop in the whole helium Ioop,
approx. [MPa] 0.20 0.17
- blower performance, adiabatic ** [MW]
_ (total for one reactor: 31.3 MW) . o...0443 | 0316 | .
o L1qu1d metal coaling: R i
- |- —--_power tobe extracted IMW]-- =231 R & X o
- temperature inlet/outlet [°C] 275/425 27_5_{425
- mass flow rate [kg/s] 815 237+*
- max. velocity [m/s] 1.1 0.4
- max. interface temperature (struct./breeder) : '
[°C] 443 430
- MHD pressure drop [MPa] [2] o L
- with insulating coatings (reference case) 0.4 0.13
. with flow channel inserts (backup 4.3 1.9
solution)
- power requirements for LM circulating
pump **TMW] 0.043 0.008

L

: -;%),,, RS for oneg blanket half N R
*¥) blower and pump efﬁc1ency of 80 % is assumed
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B) Mechanical stresses in the mid-plane of outboard
segment, calculated for average and maximum
surface heat load

Boundary conditions:

- internal pressure [MPa] 8
- FW surface heat load [MW/m2], average/maximum 0.4/0.5
- temperature of shield [°C] 285 (300)
Max. FW temperature [°C] (external plasma side of FW) 490 (527) *
von Mises stresses [MPal]:
- primary membrane (web plate between FW channels) - | 161 -
limit given by ASME . - =220
- primary membrane +bending (external plasma side of FW) 120
limit givenby ASME =~ 176
- primary +secondary (external plasma side of FW) 402 (450) *
limit given by ASME 505 (463) *

max. allowable internal pressure in the segment box during -
operation (extrapolated) [MPa] 11

*) Values calculated for maximum surface heat load with Tshield = 300°C
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A [m2]

Ay m2]

a [W/m2K}
b [mm]

¢ [m/s]

cp [J/kgK]
Aplbar]
AT[K]

dp [m]
fal-]

h [mm]
k[-]

1[m]

A [W/mK]
Al

m [kg/s)
n{-]

. nlkg/ms] - -

Plmm]
P[W]
plbar]
Rel[-]

q [W/m3]

Qsurface [W/ m2]

QIW]
RidikgK]
TIK]

o lkg/mis]
T1°C]

v [m2/s]
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Nomenclature

flow cross section

surface

heat transfer coefficient
roughness profile width

velocity

specific heat capacity

pressure drop

enthalpy rise

hydraulic diameter

ratio of heat transfer coefficients
depth of roughness profile

pipe roughness

length

thermal conductivity

pipe friction coefficient

mass flow

number of hehum passages
NuSSElt number L LI L L
dynamlc viscosity . ... . . . ..
roughness profile pltch

Power

pressure

Reynold's number

heat source density
surface heat flow density
heat flow '

- ‘gas'constant

temperature

'densﬂ:y B

temperature -
kinematic viscosity




Subscripts:

ad
FwW
He

A

LM
max
Pb-Li
SW
tot
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adiabatic
First Wall
helium

pipe friction
liquid metal
maximum
lead-lithium
side wall
total

flow resistance
efficiency
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max. 50 W/cm?

FIRST WALL, Smm PROFILE OF THE ARTIFICIAL SURFACE ROUGHNESS
@ @ ! PERPENDICULAR TO THE HELIUM FLOW DIRECTION
Qg = 24 W/cm?

»

|

l}

7 @ B oL " i
ARTIFIIALLY ROUGHENED i P e

25

He-COOLING CHANNEL
025 % 25mm

38
©
@

POLOIDAL

l RADIAL

25

30

.T.ablel_l':;.. ’I‘emperature distribution [°C] in the First Wall of the outboard blanket at
~ 77T the coolant channel end of the respective He passage.

" Without Roughehing | . With Roughemng
ltem ' C : fu— 2 01) :
em

rlm | vlb vl e lm ] w

589 | 595 | 590 | 579 | 371 | 509 | 525 | 531 | 530
597 | 599 | 591 | 577 | 370 | 499 | 513 { 518 | 517 |
- |-493-[ 493 | 485 . 473 -{-365 -] -391 |-404 |.410- 410 .
318 | 343 | 354 | 363 | 359 | 314 [ 340 | 352 | 362 | o

| 314 | 338 | 350 | 360 | 357 | 310 | 336 | 348 | 359
359 | 393 | 394 | 396 | 376 | 359 [ 393 | 394 | 396
358 | 391 | 392 | 395 { 375 | 358 | 391 | 392 | 395
335 | 363 | 369 | 374 | 367 | 334 | 363 | 369 | 374

o|afo|o|w]id] ] ~

1) P=2.58 mm, b=1.0 mm, h=0.25 mm
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max SOW/cm?

PROFILE OF THE ARTIFICIAL SURFACE ROUGHNESS
D @ FIRST WALL, Smm PERPENDICULAR TO THE HELIUM FLOW DIRECTION
I 77 Gpax = 16 W/em?
l 5 I R AN ]
/) @ b
ARTIFICIALLY ROUGHENED o - — e
o
N IRO] ® He-COOLING CHANNEL
- - :| 20x 257m7rn
'
T T T =t POLOIDAL
1 s : l RADIAL
® x @
30
I

Table 2: Temperature distribution [°C] in the First Wall of the inboard blan-
ket at the coolant channel end of the respective He passage

T T Without Roughening = I "With'Roughening™ ™ | -
- Jtem - | o fa=2.01)
I i fi v | v | i I ill \Y;

1 583 | 591 | 585 | 574 | 374 | 511 | 527 | 531 | 530
2 597 { 599 | 5921 | 577 { 370 { 500 | 513 { 519 | 517
3 493 | 493 | 485 | 473 | 365 | 392 | 404 | 410-| 410
4 364 | 387 | 387 | 391 | 370 ] 353 | 378 | 380 | 386
5 | 347 | 368 | 371 | 377 | 365 ] 338 | 361 | 366 | 373
267123907 | 425 ] 418741 T 7385 [ 73887 424 [~ 4177|417
7--}-366-[-399 |-397 1399|377 | 365--398-{-397 - 398
8 1340 | 368 | 392 | 376 | 368 | 340 | 368 | 372 | 376 |

1) P=2.29 mm, b=0.89 mm, h=0.22 mm
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Table4:  Thermal conductivity A [W/mK] of lead-lithium

Table 3: Material data for 1.4914 steel MANET) [13]
T A X]_Eog v {aExp/20°C | og2 Vloy 2| Sm |[Smoaxi04h
[°C] | IWmKI | nvipa) [-] |x10-6[1/K]| [MPa] |[MPa] | [MPal| [MPa]
20 24.2 217 0.27 10.11 614 773 258 258
50 24.4 215 0.27 10.23 619 773 258 258
100 24.7 213 0281  10.46 623 767 256 256
150 24.9 209 —--0.28 |—-10:70 -621 755 - | —252 | — 252
1 200 25.2 206 0.28 10.95 612 737 246 246
250 25.4 202 0.28 11.20 597 712 237 237
300 25.6 199 0.28 11.45 575 681 227 227
350 25.7 195 10.297 11.68 548 644 | 215 215
400 25.9 190 0.29 11.80 513 600 200 200
450 26.0 186 0.30 12.09 473 550 183 183
500 26.2 181 0.30 12.24 426 494 165 135
550 26.3 176 0.30 12.34 373 431 144 98
600 26.5 171 0.31 12.40 313 362 121 41
1) _corresponds to designation Rpo,2 according to DIN 50145 - — .. -
2) corresponds to designation Ry, according to DIN 50145

Source

Temperature ,
Material - , |
= a0 T 100 | 200 |-300 | 400 | 500 ] 600 | T

— Pe-17L 263y @s e e T s ITT

1971

A
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Table 5: Maximum values obtained from the temperature and stress analyses of

the outboard blanket
Temperature Analysis | Maximum Location Design Basis
Temperature Limit
[°Cl

- First Wall
.at q=40 W/em?2 505 top end of blanket 550
.atq=50 W/cm21) 527 blanket mid-plane 550

- PblLi/steel interface -+ 443 top end of blanket 470

1) assuming mean helium flow distribution

Stress Analysis Maximum Location Admissible
Primary Stress von Mises | - - Stress
Stress
[MPa]
a) Primary stress (p==80 bar) blanket mid-
First Wall plane
. external plasma side (T =527 °C) 120 176
.ligament (T =330 °C) 161 220
. side wall (T=300°C) 178 227
'b) Primary plus secondary stresses blanket mid-
(g=40 W/cm?2, Tghielg =285 °C) plane
. First Wall . E
- external plasma side (T=490 °C) 402 505
- ingide wall (T=388 °C) 441 810
- side wall (T=300°C) | 184 681
¢} Primary plus secondary stresses blanket mid- '
(=50 W/em2, Tgp;ad=285/300°C) - | plane
. First Wall .
- external plasma side (T=525°C) | 470/450 2 : © 463
- inside wall (T=404 °C) - 517/494 . 596
. side wall (T =300 °C) 173/162 681

2) values for average shielding tenﬁperature of 285 °C and 300 °C, respectivel.y
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vacuum
vessel
upper
divertor[™
structure
(MANET)
inboard i
blanket | F
segment] | F
lower | ¢ ‘\\\\\
diverfor N
- o outboard
N SN - blanket
= NG T 3 segment
2 | :
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Fig.1: Radial-poloidal section through the torus, schematic.
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Helium Coolant i { |
Liquid Pb-17Li B

i

Support Structure
and Shield

Liquid Metal

First Wall

Fig. 2: Isometric representation of an outboard blanket segment.
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Leak Detektion System First Wall
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tion of flow.
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Toroidal development of the primary plus secondary stresses on the

Figure 39:

inner channel wall (Point 1) and on the external wall (Point 2) from

, respectively, in the straight part of the First Wall in direc-
tion of flow, for an average temperature of shielding structure of

Fig. 37

285°C.
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Figure 40:

~ Toroidal development of the primary plus secondary stresses on the

inner channel wall (Point 1) and on the external wall (Point 2) from
Fig. 37, respectively, in the straight part of the First Wall in direc-

tion of flow, for an a\_rer'age temperature of shielding structure of

. 300 °C.




