Thermal and Mechanical Design Considerations
for Lithium-Cooled Tokamak Reactor Blankets

D.K. Sze, W.E. Stewart

March 1973

UWFDM-41

FUSION TECHNOLOGY INSTITUTE

UNIVERSITY OF WISCONSIN

MADISON WISCONSIN



Thermal and M echanical Design
Considerations for Lithium-Cooled Tokamak
Reactor Blankets

D.K. Sze, W.E. Stewart

Fusion Technology Institute
University of Wisconsin
1500 Engineering Drive

Madison, WI 53706

http://fti.neep.wisc.edu

March 1973

UWFDM-41


http://fti.neep.wisc.edu/

Thermal and Mechanical Design Considerations for
Lithium~Cooled Tokamak Reactor Blankets

Dai-Kai Sze and Warren E. Stewart
Wisconsin Fusion Feasibility Study Group
University of Wisconsin
Madison, Wisconsin

March‘1973

FDM 41.

These FDM's are preliminary and informal and as such may con-
tain errors not yet eliminated. They are for private circula-
tion only and are not to be further transmitted without consent

of the authors and major professor.



Abstract
A strategy is described for the design of lithium~cooled
tokamak reactor blankets, and illustrated for a conceptual reactor
éystem with 1167 MW thermal output. The calculated‘pfessure
drops, power consumétion and heat transfer performance of the
ﬁroposed plunket are very favorable. Considerable uncertainty

exists, however, regarding operating life of structural materials
i i l
|

under,the?unUSUal radilation conditions of such a reactor.
|



Introduction

The Wisconsin fusion feasibility study group is currently
working on D-T fucled toroidal reactors. A conceptual design is
glven in Refefcnces 1-4 and is shown schematically in Figure 1;
the system parémctcrs are given in Téble 1. The present paper
gives an improved blanket design'for this reactor, and indicates
some important problems for further study.

The blanket of a D-T reactor has three’main tasks: removing
heat, tra&ding tritium, and moderating neutrons. _Theée tasks have
to be berformcd in the presence of intense radiation, high tempera-
tures and strong magnetic, flelds. Magnetohydrodynamic'effects
are imporgunt, unless very low velocitiles are used for circplation
of the breeding material (lithium or flibey Thus, the design of
a blanket is a complicated problem, requiring input from many
disciplines. The design given here'represents the latest iteration
In a cooperative study of the whole reactor systeml, in which
detailed consideration is being given to plasma physics, neutronics,
magnets, divnrtnrs,'muturidls, fucling, rcactor Qafety, e;ology
and economfcs.

‘Tn this study, lithlum is used both as the coolant and the
breeding materfal; a grnnhiteiluyér is used for neutron moderation.
The use of lithium as a coolant rcqﬁires carcful attention to
magnetohydrodynamic effécts on the flow distribution, heat transfer
and pressure drops. ‘Early workerssf6 reported unacceptably large
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pressure drops, but this difficulty has recently been reduced by

more efficient coolant flow dcsign94’7’8

. The present design re-
presents a further improvement, such‘that>lithium éooling appears
very attractive for D-T reactor systems.
The combinatlon of high magnetic field and eléctrically'conducting
coolant produces laminar flow throughout the blanket for all feasible
|

coolnwL velocities. 'Thus the temperature profiles are predictable

once the flow conditions are determined. The main problem in the

1

blankqt design is the selection of appropriate means to distribute
the coolant flow, and to achieve good heat transfer effectiveness
in a limited space without excessive power consumption Or pressure

drop.



Design Stratepy
| The design given here is based on several simple rules obtained
from Figure 1 and physical considerations:

1. Coolant must enter and leave the torus through the gaps
between the curved portions of the D-shaped magnets.

2. The main headers inside the magnets shbuld folléw'tﬁe
torodial(magnetic field lihes to minimize pressure drops and utilize

‘available space.

l ‘
3. jA large cross section should be provided for poloidal headers
i

to minimize the pressure drops in these long flow paths perpendicular
to the torodial field.

4; 'All the coolant should be routed to the first wall in
wéll distributed radial ducts. The radial velocities should be small
to minimizc'ﬁhgnetohydrodynamic pressure drops, but large enough to

avoid undesired heat exchange between adjacent radial streams.

System Description

A design consistent with these ideas is shown in Figures 2 and
3. The reactor is a low-B Tokamak with four divertor slots; the main
parhmcters are givcn in Table 1. The blanket structure is 316 stainless
steel, and 1s designed with a maximum temperature of S500°C on the
cooclant walls to limit cofrosion by the lithium. A corrosion loss
of 2 mm and sputtering loss of 1’mm are inéluded in the first wall

thickness for a projected blanket 1life of 20 years.



The reactor has lzyindependent modules, one for each magnet.
Each module has four blanket units: one between the upper and .
iowcr divertors and three for the rest of the wall;
sce Filgure 2. The coolant is supplied and removed throggh bundles
of four pipes, rather than single large pipes, to reduce magneto-
hydrudyﬁnm(c losses as discussed below. These bundles are connected
to the 7orodinl hoadcrs,which conncect to poloidal headers that
open inTo the radial flow cells as shown in Figure 3.

Ea%h radlal flow cell consists of four U-bends connected in
serics along the first wall. Series connection is used to decrease
the residence time in each bend, and thus reduce undésired conduction
of heat betwcen adjaceﬁt radial strcamsa. To further reduce this
exchange, the outlets of adjaccnc cells are juxtaposed; this requires
provislon of a different flbw resistance in each cell t§ distribute
the cooiunt properly. The U-bends are reinforced by poloidal tie-
‘rods to walntain their allignment aad contain the .coolant pressure.

The alternating inward and outward rudiﬁl flows in the U-bends
produce corrvﬁpéndiug alternatiom In the induced electric field
{v. x BJ. Itbls destrable to place the walls normal to this electric
fleld to avoid short circulets between the adjoining radlial streams.
The arrangement In Figure 2 1s conslstent with this except for the

small poloidal component of B.



Pressure Drops

The coolant pressure drop inside the reactor is almost entirely
due to magnetohydrodynamic effeets. It is calculated here by summing

the following contributions as described by Hoffman and Carlsong.

Entrance

- = K %
Ap oLF bu |AEBY) | or Exit 1)
! 2 ,
! _dp | vBY oty _ Steady flow in (2)
dx  a(l + C) large uniform
4 ’ ducts

i ,
Equation | Is applied here to changes In velocity, transverse

magnetic ficld, or both. The coefficient KplE is obtained from
Flgure 14 of Reference 9 by usinglﬂ@Bf)in place of vA(BE).
Equation 2 is an asymptotic result for H >>1 + Cnl,where H, is
the transverse Hartmann number; this condition of validity is well
satisfied here since i, ~10° and C~0.1.

Thulcalculated pressura dtops are summarized in Table 2 for
each blanket unit. The calculqtions are based on local magnetic
fluxes B, Including the polotdal and toroidal components. The re-
sulting pres#urus are shown In Figure 4 for the unit between the
dlvertqrn. The pressures are much lower than in the design of Reference 4;
this Ls mainly due to changes in the feed and discharge tubes and in

the structure of ‘the poloidual headers. The maximum coolant pressure

“on the first wall is 175 psia. The pumping power required is 2.3 MW,

*Notation 15 at the end of the article.



whiéh amounts to 0.2% of the reactor's thermai output.

Equation lAindicatcs‘that a‘buud}e of feed or discharge pipes
gives less entrance pressure drop than a single pipe of the same
total cross sec;ion, since both b and KplE of Reference 9 increase
w;Lh the pipe diameter; The presspre gradient of Equation 2, however,
increcases with decreasing pipe size when a corrosion allowance 1is
1nc1udeq in ty. The pressure gradient is reduced in‘this design

; .
1 !

by usiné laminated pipes with an electrical insulétingrlayer pro-
tected %y a thin inner wall of stainless Steel. An inner wall
thickncés ty of 2 mm s used to withstand corrosion by the lithium;
a heavier outer wall»carries the hoop stress.

The pololdal headers are designed with similarly laminated
walls to reduce pressure drop, and also to reduce heat exchange be-
tween Lﬁe adjoining streams.  An alternative to eléctrical insula-

| S ‘
tlon 1sito-usu tapered héadersa to cqualize the induced voltages
in udjnécnt hondﬁrs.

Rectangular orifices are used to connect the poloidal headerg
to the radinl flow cells. Thglprcssure drop, according to Equatioh 1,
is nearly proportional - to vb = V/a, where V is the volumetric flow
and a Is the orifice width in the polodial direction. This gives
Lhe‘surprlsing result that the pressure dfop is independent of the

orifice length b in the the toroidal direction. TFor purposes of

flow dlsteibution, b Is taken here as the full poloidal header width.

t



The pressure gradient in the radial flow cell is due‘mainly to
eddy currents, which flow through the fluid in the directdion
of [v x B] and ruturn thrOugﬁ the poloidal tie~rods. Radial flow
‘1s thus resisted by the toroidal magnetic’field, but toroidal flow
is not; this causes the flow‘to distribute readily over the |
toroldal length of each heat removal cell. TFor these cells, tw/a'v
of Fquation 2 {s taken as the ratio of the conducting cross sections

of the ﬂ(e—rods and fluid.

i

E{LL'LE rresses

Th& maximum pressurce at the first wall of the blanket is
175 psia. To contain this pressure and impart rigidity to the
blunkcﬁ, we use a wall of toroidal half-tubes as shown in Figure 2.
A tube size of 7.5 cm 1is used; lﬁrgcr slzes give larger total
stresses in the first wall.

Thé local stress in the wall is the resultant of the therﬁal
and hooﬁ sLYessed. The mnximﬁm stress occurs on the coolant side
of the wall where both stresses are tensile. Figure 5 éhowé these
stresses and thelc sum as functions of the wall thickness. The
combined stress poes through a ﬁlnimum at a wall thickness of
2.5 mm. With allowance for a 3 mm loss by corrosion and sputtering,v

4.5 mm is a reasonable initial thickness.

Temperature Distribution

Steady state temperature profiles have been calculated for a

radial flow cell on the assumptions of negligible temperature



—

changes in the headcrs and uniform fluid speed throughout the
cell. The uniform speed assumpﬁién 1s adequate in view of the
high transverse Hartmann numbers and small Peclet numbers encounter-
ed in this design. The calculatlon was done as in Reference 4,
by an implicit finfte~difference method with a two-dimensional
point mesh conforming to the streamlines. The surxface and volumetric
heat inqut rates were taken from neutronics calculations reported
for a similar blanket in Figure 6 éf Reference 1. Thé inputs wére
normall4cd upward to compensate for the heglect of hcat generation
in the‘dcuders; thus the calculated temperature gradienﬁs are
conservative (larger than actual) by about 202.

Thé calculated coolant temperatures in a radial-flow cell
are summarized in Figure 6. The main conclusion to be drawn
iy thatithe coolant can be discharged at a temperature qdite close

'

to the structural material corrosion limit of 500°C.. The tempera-
‘ |

ture approach is closer than in Reference 4 because the coolant

residence time is more nearly optimal.



Discussion

An efficient design has been proposed for a lithium-cooled
rcactor blanket. The same type of design is adaptable to other
~wall loadings and magnetic fields over the expected range for
toroidal fusiou reactors.

Present knowledge appears to be adequate for detailed

cnlculntibn of the fluild velocity, pressure, and temperature

profilos Ihrnughout the blanket. The calculations made here

are approximate, but sufficient to establish the feasibility of

l

the design.,
The main uncertalnty in blanket design lies in the lack of
informatién on‘degradation of the structural materials in the
reactor. |S5Swelling and embrittlement will occur, especially in

i
the firstiwall, under the intense high-energy neutron radiation.lo

|

i
Research fs  urgently needed on these effects and on
radlation-resistant materials. Work is also needed on alternate
blanket deslpgns to facilitate replacement of the first wall, or

to ¢liminate the need for a solid wall as in the Blascon reactor

concept,
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Notation

a effective half-width of the flow cross—-section in the

direction of B,

B, - transverse component of the magnetic field

b effective half-width of the cross—section in the direction
of the magnetic field (a =b = 7 D/8 for a pipe of diameter D)

C =0t / 0a, ratio of wall and fluid conductances

plE dimcnslonless function of geometry and wall conductance ratio
C, given in Figure 14 of Reference 9

|
p coolant pressure

i

|
t wali thickness

\' Volumetric flow rate
|

|
v coolant velocity

g electrilcal conductivity of the coolant
U electrical conductivity of the wall material



Table I

Major radius

Minor radius

Maximum magnetic field
Thermal output

Nominal wall loading
Structural material

Coulant

Max{mum coolant temperature
Coolant temperature rige

Blanket materials
Lithium
Graphite
31688

Design Specifications for Fusion Reactor, Ref. (1)

12.5m
2.8m
8.6 Tésla
1167 MW
0.85 MW/’
316S8S
Lithium
500°C

200°C

0.50m
0.25m
0.03m
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PRESSURE, PSIG

FIG. 4. COOLANT PRESSURE DISTRIBUTION
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FIG. 5. STRESSES IN THE FIRST WALL AS FUNCTIONS OF
WALL THICKNESS -
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