A BWTR (Boiling Water Tokamak Reactor)
Blanket Study

D.K. Sze, C.W. Maynard, I.N. Sviatoslavsky, E.T.
Cheng, C.C. Wang, J. Wrazel

May 1978

UWFDM-246

Proc. 3rd ANS Top. Mtg., 239 (1978).

FUSION TECHNOLOGY INSTITUTE

UNIVERSITY OF WISCONSIN

MADISON WISCONSIN



A BWTR (Boiling Water Tokamak Reactor)
Blanket Study

D.K. Sze, CW. Maynard, |.N. Sviatoslavsky, E.T.
Cheng, C.C. Wang, J. Wrazel

Fusion Technology Institute
University of Wisconsin
1500 Engineering Drive

Madison, WI 53706

http://fti.neep.wisc.edu

May 1978

UWFDM-246

Proc. 3rd ANS Top. Mtg., 239 (1978).


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

FUSION RESEARCH PROGRAM,

satisfied in the NUWMAK blanket design.

i INTRODUCTION
The overriding figure of merit which will de-

the utilities will be the competitiveness of the

net cost of electrical energy produced During the

past few years, increasing attention has been
directed to preliminary engineering studies of
possible fusion reactor power plants. These, how-
ever, were point studies, and were far from being
optimized. They served the purpose as problem-
finders rather than problem-soivers. The accom-
panying cost analysis indicated that tokamak fusion
reactors would be expensive,

The University of Wisconsin Fusion Research
Program has been involved in conceptual design
studies for the past five years. Our series
of tokamak reactor power plants, designated
UWMAK-I(I), II(Z), and III(B)

studies based on different philosophies and as-

were point design
sumptions. From this experience, we carried out
a second generation design study, designated
NUWMAK.(A) The purpose of this study is to in-
corporate our experience and the recent develop-
ment in plasma physics toward a more optimized

reactor design.

In particular, _we tried _to design

a tokamak reactor which is compact, has a high _

8, high wall loading, and is accessible and main-
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The NUWMAK design is a second generation reactor design study.
the experiences we obtained from UWMAK serles designs, combined with recent de-
velopment in plasma physics and aimed toward a more optimized reactor design.

The blanket for NUWMAK is designed to minimize thermal cycling, provide internal
thermal energy storage, eliminate the need for an intermediate loop, minimize
tritium inventory, facilitate tritium recovery, reduce the possibility of violent

chemical reaction, and minimize long term

termine the acceptability of fusion power plants by’
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It utilizes

radioactivity. These requirements are

Itainable. This paper discusses the blanket design

!for NUWMAK, The general introductionfa) plasma z
considerationsfs)magnet de51gn( )structural z

(7

. 4
‘material selectlonf )and maintenance procedures

.are discussed in other reports.

The blanket for NUWMAK is designed to mini- |

Emize thermal cycling, provides internal thermal ?
storage, eliminates the need for an intermediate I
loop, minimizes tritium inventory, facilitates
!tritlum recovery, reduces the possibility of v1oleﬂt
chemical reaction, and minimizes long term radio-
iactivity. These requirements are satisfied by i
'using a titanium alloy as the structural material
!and boiling water as the coolant. The eutectic
5L162 Pb38 compound is used both as the breeding
‘and energy storage material. To provide redun- i
Idancy and reduce tritium leakage into the coolant,
?a multi-layered coolant tube is used throughout
Ethe blanket. The steam conditions of such a
!system will be similar to that of a BWR. The
!blanket is operated as a latent heat thermal
{storage unit. A steam drum is used to further
'smooth out the power output fluctuations caused
%y the plasma cycle. The boiling water cooling
'senewe,_ﬁnev}etentmyeep energy storage system and

‘the turbine-generator systems for such a reactor

!are all within the present state-of-the-art, and

i ' j




should be simple, reliable and easy to maintain,

"{REACTOR DESCRIPTION

NUWMAK is a new conceptual design of a mode- |
rately sized tokamak fusion reactor of medium
toroidal field, high power density and high neutron
A cross-sectional view of NUWMAK is

The major characteristics of the

wall loading.

shown on Fig, 1,

FIGURE | CROSS-SECTIONAL VIEW OF NUWMAK
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design a}e summarized in Table 1. Some of the =

important parameters are as follows: the time
average thermal power is 2097 MW, the electrical
output is 660 MW, the major radius is 5.13 m, the
plasma half width is 1.13 m, and the plasma height
to width ratio is 1.65, the on-axis magnetic field
is 6.05 T and the maximum field at the supercon-
ducting TF coil is 11.5 T, the plasma power density
is 10.5 Mw/m3 and the surface average neutron wall
loading 1s 4.0 MW/mz. The power density
and electrical power output chosen for this unit
represent a typical full scale power reactor
operating in a bgse-loéded mode at the turn of the
century.

The plasma is not designed with a divertor but
rather fueling and plasma cleansing are affected
by periodic gas puffing. DT gas is puffed for 50
msec to invert the density profile at the edge
and then allowed to relax over about 300 msec. The
plasma burn time is 225 sec and the time between

burns is about 20 sec. Plasma heating is with RF

_—— e o e T L o L L . _breeding and.thermal energy storage material.

; TABLE 1. Parameters of NUWMAK

Thermal Power 2097 MW

Electric Power (Net) 660 MW 2

Neutron Wall Load 4,0 MW/m

Major Radius 5.13 m

Plasma Half Width 1.13 m

Height to Width Ratio 1.64

Plasma Current 7.2 MA

Toroidal Beta 6%

Aspect Ratio 4.54

'Plasma Shape "p"

iHeating Method RF at 92 MHz (2w i)
RF Heating Power 80 MW ¢
'RF Power Duration 3 sec

jAxial Toroidal Field 6.05 T

Maximum Toroidal Field 11.5 T

{Number of S/C Coils 8

‘Field Ripple Correction Cu Saddle Coils X
Number of Saddle Coils 16 |
Outer Blanket Structure Ti Alloy !
‘Breeding Material Lig, Pbag !
,Blanket Coolant Boiling H,0 :
‘Structure Ti-Alloy i
Shielding W-B4C i
‘Breeding Ratio 1.54

§
i
.at 92 MHz (chi). A heating power of 80 MW is
{

|

INUWMAK .
lcoils. located symmetrically about the machine.

sufficient to ignite the plasma in 3.0 sec.

The toroidal field magnet set is unique in

There are just 8 main superconducting TF

1

lleaving large areas between coils for access. Highi
'purity Al is the stabilizer for NbTi superconductor:
The ;

The :
rected to less than 1% by saddle shaped normal cop-

maintained at 1.8%k by superfluid helium.
maximum field at the conductor is 11.5 T.

ilarge TF ripple produced by the 8 coils is cor-

;per trimming coils located behind the outer blanket

close to the plasma. These saddle coils are easily

removable. This approach has potential for both

.near term experiments and power reactors.
i
The blanket of NUWMAK is designed to minimize

thermal cycling, to provide internal thermal

1storage, to eliminate the need for an intermediate
loop in the power cycle, and to minimize long

These requirements are satis-

,term radioactivity.
fied by using a fitaniumvalloy as the structural
:material and boiling water as the coolant. A
;lithium—lead compound, Li62 Pb38 eutectic operated
‘at its melting point is used as both the tritium

-The -

,steam conditions of such a system are almost

i
{1dentical to BWR's (300°C, 1250 psi).




MATERIAL SELECTION

1
jwhich compounds the problem even further, is that

The structural material for NUWMAK is Ti-alloy. titanium alloys, Ti-6-4 in particular, have a

Ti-alloy is used due to its high strength-to- !very narrow range of operating temperatures. The

weight ratio, good fatigue resistance, high re- ‘minimum operating temperature,which is determined

sistance to crack growth, fabricability, and low

long term residual activity. A detailed discussion is 300°C. The maximum operating temperature is
of the applicability of titanium alloys for fusion determined by phase stability and for Ti-6-4 is
reactors is given in Reference (8). Ti-6A%-4V was probably limited to 430°C. 1In order to include

chosen for the first wall and coolant tube material a safety factor and account for the uncertainties

because of its weldability, while Ti-6242 was "encountered in a fusion environment, we chose a

chosen for the internal blanket structure and tube maximum design temperature of 400°C. The maximum

support because of its high temperature stability. allowable temperature for Ti-6242 is 500°C. The

Some of the physical and mechanical properties of
Ti-6-4 are summarized in Table 2.

TABLE 2. Physical Properties of Ti-6-4 (at 400°C)

Atomic Weight
Melting Point
Mass Density
Yield Strength
Modulus of Elasticity
Yield-to-Weight Ratio
Thermal Conductivity’

Coefficient of Thermal Expansion

Heat Capacity

alloys are listed in Table 3.

Two unique properties rspect except density.

. temperature range are important considerations

I

‘cooling can be essentially ruled out for a

45.9

1668°C 'blanket with Ti structure,

4.4 g/em ; Th v . d

530 MPa i e eutectic L162 Pb38,m1xture is used as

85 GPa 'the breeding material. This compound is chosen
%ig g;:é%k for its high breeding potential, suitable melting
10 x 10° /OC temperature, low lithium chemical activity, and

668.8 J/kgk ,its relative inertness with respect to water.

‘by the solubility of hydrogen isotopes in titanium,i

.poor thermal conductivity and the narrow operating

in this blanket design. Thus, for example, helium '

i H
. |

The advantages and—pfabizh areas of Géiﬁé Ti ~ It was reported(g) tﬁﬁt“Li?bw;eéémbies—%bm&nuév;ry

of Ti-alloys, especially Ti-6-4, have to be pointed:when exposed to the flame of a gas-air torch."

out.

The first is the very low thermal conductivity, During operation, the LiPb will be in a molten

which- is about half that of 316 SS. The low ther- 'state in the blanket such that the latent heat

mal conductivity produces a large temperature dif- ‘of fusion will provide the energy storage needed

LiPb would not ignite even .

ference across the coolant tube wall. The second, fin the blanket during down time. The uncertainties

TABLE 3.

Advantages (Relative to Stainless Steel)

Ti Structure

Advantages and Problems Associated With

Iin using the LiPb eutectic as the breeding and
lenergy storage material at this time lies in the

{unavailability of physical properties data. Table

1. Higher Strength l& lists some of the properties used. They are
2. High Strength to Weight Ratio i
3. Better Fatigue Life 'TABLE 4. Physical Properties (Used)* of Li62 Pb38
4. Better Corrosion Resistance - Li 3
. Solid Density 6.5 g/cm
5. Lower He Production lLi 1d Densit 5.0 o/
6. No Void Swelling {Yet) quid Lensity D oefem
Thermal Conductivity .35 W/em-C
7. *Inherently Non-Magnetic Latent Heat of Fusi 140 kI/k
8. *Fairly Well Established Industry lHa inc eaito uston 174 J/k §k
9. *Abundant Resources eat Lapacity o/ X8
lMelting Temperature 464°C
*N R
ot Relative to Stainless Steel l*The numbers listed on this table, with the excep-
Problems tion of melting temperature, are educated guesses
1. Very Limited Operating Temperature Range | at best and should not be referred to as exact

2. Very Low Thermal Conductivity

..______.___'yer.ified.__m__.__._....____._._..__

—3.,— More Costly — —

4.

Lack of High Flux n Data
5. Hydriding < 300°C

1
jmostly educated guesses at best and should not be

, figures. The melting temperature is experimentally

1

!

|
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The very high first wall thermal loading,
combined with the low thermal conductivity and
Ethe narrow operating temperature ranges for ti-
tanium alloys impose stringent conditions on the
coolant requirement for NUWMAK, A very high heat
transfer coefficient and a small coolant tempera-

The candidate which

| best fulfills both requirements is boiling heat

| ture rise are required.
itransfer. The operating temperature of Ti-alloy
'further restricts the coolant choice to only one,
namely, boiling water. The possibilities of a
fviolent chemical reaction between water and the
:1ithium compound, and the difficulty of tritium

recovery from water have restrained designers

; from-using such a cooling scheme. However, the

'less activity of the lithium in Li62 Pb38 make the
.use of water acceptable from a safety standpoint,
"To

jwater we have proposed to use tubes of multi-layer

minimize tritium diffusion into the cooling

!
idesign. - Such tubés while inhibiting tritium dif-
, fusion also proQide redundancy against leaks.

%The use of a low chemical activity breeding

;gives as the confidence that boiling water cooling  to the power conversion system, a thermal storage

ican be both safe and environmentally acceptable.

;BLANKET DESICN
The design philosophy for NUWMAK, based on

to design a tokamak reactor which will avoid or
Thus,
Rather, it is

talleviate as many problems as possible.

INUWMAK is not an optimized design.
éa second generation design study leading toward

.a more optimized, more economically attractive

|
i
{design. The NUWMAK blanket design philosophy is

consistent with the reactor design philosophy.

i
!
; In order to avoid or alleviate as many problemsldeSign is aimed at reducing the severity of these

ias possible in the blanket design, it is useful to
‘1ist the problems. Table 5 tabulates those
‘problems and their causes. It also briefly sum-
narizes the solutlons we have provided in the
SUWMAK design. It is clear that most of the
rroblems are_caused by:
1. The cyclic behavior of the plasma

2. The requirement for tritium breeding in the

T
i blanket.

i The cyclic behavior of the plasma results in
i thermal cycling and fatigue of the structural

| material.

" TABLE 5.
i
iProblems

IThermal fatigue

ll

i
Thermal Storage
!

|

 Intermediate Loop
i

iT—Diffusion
i

High 1lst Wall
Thermal Load

Coolant Tube
"Maintenance

Waste Disposal,
{Reprocessing
iBlanket Life

iunit is usually included for load leveling. . The

To provide a constant thermal input

Problems, Causes and Possible Solutions
for a Tokamak Blanket

Caused By
Cyclic Plasma

Cyclic Plasma

Hy0-Li Compound
Reaction Possi-
bility

Toward Cooling
Water

High Wall Load-
ing, No Diver-
tor

Tube Leak

Radioactivity

Radiation
Damage ~

‘"Temperature "~

NUWMAK Solution

Ti Structure,
Boiling Water
Cooling ]
Phase Change (of
Breeding Materi-
al) Thermal
Storage |
Ligy Pb3g Breed-
ing, Redundant
Structure
Multiple Layer
Coolant Tube De-
sign i
Ti Structure,
Boiling Water
Cooling

Double Wall
Tubes (Redundan-
cy)

Ti Structure

Low Operating

tritium breeding requirement of the blanket imposes

the need for an intermediate loop to reduce tritium
t

jour experience obtained from the UWMAK series, is ‘diffusion to the power conversion system and in

'the case of a steam cycle, to avoid the possibility

4

of a water-lithium compound reaction., The effects

'of these problems are to reduce the reliability

'and cost of the power cycle and to increase the
!difference between the blanket operating temper-

'ature and the steam temperature. The NUWMAK blanket

'problems.

The cross-sectional view of the blanket is

ishown in Fig. 2.

la tube between the TF magnets, connected to a set

jof toroidal headers.

!The coolant tubes within the blanket are on a

Saturated water is fed through

ithe coolant tubes in the blanket. A continuous

Ibank of tubes form the first wall of the blanket.

The toroidal headers supply

|
!
]
of the blanket structure, to increase the complexity

- -1




COOLANT
INLEY

NITRIDE COATINGS
(200 MICRO EACH)

Pb LAYER
(.Imm)

Zr COATING
(500 MICRO)

Ti TUBINGS
(7mm EACH)

BREEDING

RATERIAL )

QUTLET COOLANT
OUTLET

. ° 3 2 3 meters

FIGURE 2. Cross~Sectional View of Blanket

triangular pitch, with the distance between two
FIGURE 3 CROSS -SECTIONAL VIEW OF

tubes inversely proportional to the nuclear heating A COOLANT TUBE

rate. The inner blanket and outer blanket are
completely separated and can be removed independent-
ly when maintenance is required. Breeding material in the blanket is 500°C, which governs the dis- !
inlets and_outlets are also provided for_each blan- tance between adjacent cooling tubes. The breeding‘
ket module, both for tritium recovery and for dump- material around each coolant tube is always solid,
ing procedures. |while between coolant tubes it is always molten.

A cross-sectional view of a coolant tube is ‘There is an intermediate zone which will change

shown on Fig. 3. The coolant tube is designed for .phase during the plasma cycle and the latent heat

maximizing blanket reliability. Double walled gof the breeding material in this zone provides the
tubes are used throughout the blanket for redun- ;energy storage during down time. i
dancy. A layer of lead fills the gap between the i The blanket design described above has a ;
two concentric tubes to increase the thermal §major impact on the power cycle. A conventional :
conductance across the composite tube wall. Out- ;power cycle(z) and the one proposed for NUWMAK are |
side surfaces of both tubes are coated with a :shown in Fig. 4 for comparison. The conventional %
nitride coating to reduce the tritium diffusion fpower cycle is not only much more complicated, and

|
into the coolant. The inner surface of the outer therefore, much more expensive, it also reduces

tube is coated with Zr which acts as a getter to :the steam temperature from the primary coolant g
absorb the tritium diffusing through the outer ftemperature by -~ 100°C. Use of a multi-layered 3
wall. Such a double walied tube will minimize ‘coolant tube, a breeding material with a low é
tritfum loss to the water while providing a re- lithium chemical activity and latent heat energy '

i

liable blanket. The cost of fabricating such tubes storage in the blanket makes a BWR type power
[

is undoubtedly high, but can be justified in view !cycle possible. The cost saving should be

of the advantages gained. significant and will be estimated in a future re-
—. The_blanket_ is filled with L162'Pb38 .among  __ __!port:._ e o e e et . e e e -
the coolant tubes, acting as both the breeding and NEUTRONIC CALCULATIONS

energy storage material. The maximum temperature i The neutronics analysis makes use of a two-

S
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TTABLE 6. Summary of Neutronics Calculations

sToRAGe Tritium Production (T/D-T INNER OUTER TOTAL
~ Negtr?n) )T (T
THX STEAM L cenERATOR S Li(n,a)T (T 0.2604 1.1249 1.3853
P)w:— I “"‘ TLita,n'®)T ?T7) 0.0375 0.1192 0.1567 |
oo s Te.+ T, 0.2979 1.2441 1.5420
coLd
STORAGE
‘Nuclear Heating (MeV/D-T INNER OUTER TOTAL
POWER CYCLE FOR A CONVENTIONAL TOKAMAK Neutron)
Neutron 2.2665 8.9298 11.1963 |
Gamma-Ray 2.4143 3,5422 5.9565
Neutron + Gamma-Ray 4.6808 12.4720 17.1528 |
o]t e
PRIMARY COOLANT
(STEAM)
POWER CYCLE FOR NUWMAK (BWR TECHNOLOGY) Neutron Multiplication INNER OUTER  TOTAL ‘
(Reaction/D-T Neutron)
Pb(n,2n) 0.1339 0.4181 0.5520
FIGURE 4 COMPARISON OF POWER CYCLE OF NUWMAK TO w(n’zn) 0.0137 ————— 0.0137
A CONVENTIONAL TOKAMAK REACTOR Total 0.1476 0.4181 0.5657
|
Maximum Atomic Displace- 2 x 10“6
) ,ment Rate in the Super-
dimensional discrete ordinate transport code ! conducting Magnet Aluminum
DOT.(lo) The calculation was performed with P3S4 Stabilizer (dpa/year)

approximation in r-z geometry. The nuclear cross

section library used is the same as described

elsewhere(ll) and is collapsed into coupled 25
neutron and 21 gamma-ray groups. The neutronics o2
i — T T 3 -
Model; which™1s essential” in order to provide the ™ ggﬁ;Nc ! I 3
more detailed spatial neutron/gamma-ray fluxes and ANET OuTER G ] |
. ! (% S" BLANKE T - :
nuclear responses, consists of important components 3 FIRST™ WTER
i ~ ] i
in fusion reactors, namely, the magnet, the shield, @ Lt / rEﬂmeR'
, 5 OUTER ]
the blanket and the plasma core. At the midplane, 32 00H \ BaC
E INNER \/ swew]
the inner blanket/shield region consists of a 10 E E é??%?" 3
, 1EL N .
cm lead shield, a 40 cm boron carbide shield, ' mIO"‘ N \ _
© E
a 35 cm tungsten and a 20 em Lig, Pb,g eutectic ! é \\ 3
blanket. 1In the outer blanket/shield region, it Q 2' \ ]
I0°F \ 3
consists of a 50 cm lithium lead eutectic blanket, ! x F INNER \ 3
) w - BaC b
a 20 cm graphite reflector and a boron carbide ! a SHIELO \\
2 -3 -
shield. Note that the blanket regions are divided ' Z10 E
into five zones to account for various amounts ! 1 NUWMAK E
o { o IV IV R BRI
of structure/piplnghand codblant water inferred H 10 o 20 20 50 0 oo
from nuclear heating distributions (two and three % DISTANCE FROM FIRST WALL (cm)
for inner and outer blankets, respectively). | FIGURE 5 SPATIAL NUCLEAR HEATING RATE
The neutronics results are summarized in i
Table 6. The spatial nuclear heating rate is shown: .
in Fig. 5. The tritium breeding ratio is 1.54, jsufficient amount . of 6Li in natural lithium within .
which 90% is contributed from 6Li(n,a) reactions. | the lithium lead eutectic (Li62Pb38)- However, thei
ThisTis™ddé o ‘the large Pb(n,2n) and W(n,2n)” ~ 7 tritium breeding ratisé is not very semsitive to ’*
!

reaction rate, ~ 0,57 per source neutron and the :the enrichment of 6Li of the total lithium inven- j




tory., It shows a maximum value of 1,64 at ~ 30%
6.1 and a value of 1.51 at 90% L1 enrichment with
most of the contribution (~ 99%) coming from 6Li
(n,a) reactions.

this sytem is 17.15 MeV/D-T neutron with ~ 35%

The total nuclear heating in
contributed from gamma-ray heating., Most of the
gamma-rays come from the neutron inelastic scat-
tering and (n,Y) reactions with high Z elements
such as lead and tungsten. The presence of such
elements also enhances the radiation shielding

capability. This table also shows that the maxi-

mum atomic¢ displacement rate in the superconducting Maximum Coolant Wall Stress

magnet aluminum stabilizer is 2 x 10_6 dpa/year.
This dpa rate will increase the resistivity of the
aluminum by 20% after one year of operation, and

will necessitate periodic annealing.

HEAT TRANSFER CALCULATIONS

The most important consideration is to verify

the concept of latent heat thermal storage.

dimensional, transient, with phase change computer 4

program was written in the course of the study.

The program calculates the temperature change in __

the blanket as a function of time during a burn
cycle as well as the location of the solid-liquid
interface between two coolant tubes. Many im-
portant conclusions can be drawn from the results.
The summary of the heat transfer calculations are
listed in Table 7.

Figure 6 shows the temperature response of the

NUWMAK first wall during a burn cycle, and compares

it with a gas cooled first wall. Boiling water
is a very good coolant and the first wall is
kept within a reasonable temperature limit. How-
ever, there is little thermal inertia in the
first wall and consequently its temperature drops
to the coolant temperéture within ~ 0.1 second of
plasma shutdownl The stress associated with such
a thermal shock 1is yet to be calculated but a
first order estimate indicates it is acceptable.
Notice the large temperature gradient across the
first wall. This is due to the high thermal load-
ipg on the first wall and the.poor_thermal .con- _
ductivity of the Ti-alloy.

the first wall is estimated to be 103 MPa and is

The total stress in

I
A two -

!
i
H
b

14
1

{TABLE 7. Summary of Heat Transfer Calculations

: Power Output (During Burn) 2283 MW

-Neutron Wall Loading 4,34 QW/m

"First Wall Area 360 m 2

i Total Thermal Wall Loading 6.34 MW/m2

. First Wall Thermal Loading 1.08 MW/m

‘Plasma Burn Time 225 Second

:Plasma Down Time 20 Second
'Structure Ti Alloy i

: Breeding Material
,Energy Storage Material
‘Coolant

Ligo Pb3g Eutectic
Ligy Pb3g Eutectic
Boiling H,0 {

 Coolant Temperature 300°C
Coolant Pressure 8.6 MPa |
Maximum Coolant Wall 400°C
Temperature
103 MPa E
Maximum Blanket Temperature 5000C i
Average Coolant Tube Thermal 44 W/em?
Load 2
‘Total Coolant Tube Surface 4350 m
! Area
Net Power Output (Continues) 660 MW(e)
| Net Thermal Efficiency 31.5%
7 T T T T
-
GAS COOLED
9oo—f’ TV [
800 H 4 7
TOOH .
4
W enol
x 60011 (1) SURFACE FACING PLASMA .
; E (2) SURFACE FACING COOLANT
w500 -
| =
W
-
‘ 400](D) A -
BOILING WATER COOLED
(2) AN
: 30% 10 20 30 40 50 225 245

i TIME, SECONDS

' FIGURE 6 TEMPERATURE RESPONSE OF THE
FIRST WALL DURING A BURN

| CYCLE, He VERSUS BOILING
WATER COOLING

,acceptable. It is worth noting that if the first
:wall is helium cooled, both the high temperature
fand the large temperature drop at the end of a burn
gcycle would result in an unacceptable design.

| __ TFigure 7 .shows .the temperature of the L162Pb38
between a coolant tube wall and midway between two

(coolant tubes at three different times during a




t=100sec. (STEADY STATE)
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TEMPERATURE, °C
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1 1 1 |
3600 0.5 | 1.5 2 215
DISTANCE FROM COOLANT TUBE, cm

FIGURE 7 TEMPERATURE CHANGE OF THE
BLANKET IN A BURN CYCLE :
(WITH PHASE CHANGE) :

‘burn cycle. One can clearly see the effect of the
'ié?éEE heat of the blanket material on tﬁe‘gém;ér;:
ture changes in the blanket. After the burn is
terminated, the liquid temperature drops to the
melting temperature of Li62Pb38 in a short time,
After this the latent heat of fusion supplies
energy to the coolant tubes, The temperature
change in the blanket during a complete burn cycle
is only 5_30°C. The slope of the temperature curve
at the coolant tube wall and, consequently, the
energy supply to the power cycle remains almost
constant during a burn cycle, For comparison,
Fig. 8 shows the result for an identical system
but without phase change, The maximum temperature
change in the blanket is 150°C and the slope

change of the temperature curve becomes significant

in the blanket is clearly demonstrated in those
two figures.
Figure 9 shows the variation of the energy

input to a coolant tube at three different loca-

tions in the blanket. For an ideal case, the

— — — —

1 i
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460
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E 4
uj 420
[4
g 235
z 5
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380
i
t 360 0(245)
340 Time, sec.
i 1 L 1 L
3205 05 i i5 2 215
DISTANCE FROM COOLANT TUBE, ¢m
FIGURE 8 TEMPERATURE CHANGE OF THE

BLANKET IN A BURN CYCLE
(WITHOUT PHASE CHANGE)

e -

/Q =10w/cm3® (NEAR SHIELD)

Q=30w/cm3 (NEAR FIRST WALL)
Q= 20w/cm3® (MIDDLE OF BLANKET)
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[
4
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0 1 ] I | 1 ! 1
0 20 40 60 80 100 225 235 245
TIME AFTER BURN STARTS, SECOND
FIGURE 9 BLANKET ENERGY OUTPUT DURING A BURN

The effect of phase change on the magnitude of the " curves should be constant.

Estate.

|using latent heat energy storage.

CYCLE, FOR THREE DIFFERENT LOCATIONS

IN  BLANKET

Figure 10 shows the benefit obtained from

‘change in the blanket, the fluctuation in_the

Without phase

]
For the NUWMAK blanket,

temperature cycling and the energy storage capacity the maximum variation is about 30% from steady

-4

'‘blanket energy during a burn cycle is significantly:

?larger. Such a system would definitely need auxil-'

|

i
!
i
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iary thermal storage. In the NUWMAK blanket, the . : !
fluctuation of energy output is still unaccept-

able for use by a stean turbine. However, study

1s underway on the possibility of using a stea

HIGH - PRESSURE
SATURATED STEAM

drum and adjusting the feed water temperature to

Q=2097TMW(+)
further smooth out the energy output such that SHIELD | (CONTINUOUS) [ sTeam
- — 2Mw SEPARATOR

T23MW,
GENERATOR

'It—kiilvhénéégeﬁzaﬁie'2o~6pé;até A“Ed¥biﬁe.

Figure 11 shows the change in the solid-1iquid
* 1 NUWMAK
interface at the same three locations in the I

blanket. These are the constant temperature

CONDENSATE

RECIRCULATION
PUMP J

lines in the blanket and the movement of this :
NET OUTPUT

interface changes the heat input to the coolant T T H ﬂ ﬂ
(]
tube. VACUUM MAGNETS RF HEATING
IMw, 60MW, 2MWy
The power flow diagram for NUWMAK is shown in
Fig. 12. The gross thermal efficiency is 34.5%.
The total auxiliary power requirement is 65 MW,

FIGURE 12 POWER FLOW DIAGRAM FOR NUWMAK

of which the magnets consume 60 MW. The net
thermal efficiency is 31.5%. lHt’the”top and bottom. 1In order for the constant
ldiameter tubes to fit the toroidal geometry in

'the outer blanket, they will have to be gradually
The blanket in NUWMAK is divided into 16 equal |,
1flattened as they approach midplane.

modules each consistin of an inner and an outer ,
& i Each blanket module will have radial plates

blanket segment. Figure 2 shows a cross-section

of a blanket module, It is 5 mhigh, 3,2 m d
& m deep jwall to the back plate. The side plates in each

and is8 1,5 m and 2,7 n wide at midplane on the ,
:module are 0.3 cm thick. In addition, struts will

i0.2 cm thick spaced every 20 cm, joining the first

in:irian: o:ter radit, respectively, The first ibe used to keep the cooling tubes within the body
wall in.both.i r-and ter-bl e e e e e e
nnet-and outer-blanket segments tof the blanket evenly spaced and supported. The

SRS

consists of a continuous bank of tubes joined .
‘side and intermediate plates combine to form a
together which are connected to a toroidal header

i
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very strong structure, The outer blanket segment ! gineering Department, University of Wisconsin,
\ Madison, 1975).

supporting the full load of the breeding material. :3. University of Wisconsin Fusion Feasibility i

]
Study Group, UWMAK-III, A Noncircular Tokamak

is designed to be free standing and capable of

In actual practice, however, the inner blanket

| :
segment will support the overhanging portion of . Power Reactor Design (Report UWFDM-150, Nuclear

| i
the outer segment. In this way the bending Engineering Department, University of Wisconsin;

moment and the resulting stress at midplane are ‘ Madison, 1976).
i

minimized. The weight of the blanket is trans- ‘4. R.W. Conn, G.L. Kulcinski, C.W. Maynard,

ferred to the shield by direct bearing and is ! "NUWMAK: An Attractive Reactor for the Main
ultimately transferred to the reactor floor through Line of Tokamaks'", Third Topical Meeting on the
columns between the TF coils. i Technology of Nuclear Fusion, May 1978, Santa

CONCLUSIONS | Fe, New Mexico. ’
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The design of a blanket for NUWMAK, a compact :5. L.P. Mai, G.A. Emmert, R.W. Conn, "MHD Equili
' NUWMAK"
medium power tokamak reactor, has been carried . brium and Stability of » Third Topical

! Meeting on the Technology of Nuclear Fusion,
i May 1978, Santa Fe, New Mexico.
i6. P.F. Michaelson, S.0. Hong, W.C. Young,

I.N. Sviatoslavsky, R.W. Conn, "A Toroidal

out with the aim of alleviating the effects of

several generic problems of tokamak blankets, in

particular, the cyclic plasma and the need for

tritium breeding. By using boiling water as the

coolant and the latent heat of the breeding materi-, Field Magnet System Utilizing Normal Metal |

R cq ot .
al for energy storage, the energy output of the ! Trimming Coils", Proceedings of the Seventh
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reactor has been smoothed out considerably, in Symposium on Engineering Problems of Fusion

spite of the cyclic nature of the plasma. The Research, October 1977, Knoxville, Tennessee.
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use of multi-layer coolant tubes throughout the #: 1.N.-Sviatoslavsky, "Engineering Design ;
blanket has minimized tritium diffusion into the Considerations for Facilitate Maintainability

" . .
coolant to a level where an intermediate loop of Fusion Reactors", Third Topical Meeting on

is no longer needed. Elimination of the inter- the Technology of Nuclear Fusion, May 1978,

mediate loop and steam generator should result ] Santa Fe, New Mexico.

{8, J.W. Davis and G.L. Kulcinski, "Assessment of
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