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ABS TRACT

A methodology for the design of lithium cooled

blankets is developed. The thermal-hydraulics, neutronics

and interactions between them.are extensively investigated.

In thermal hydraulics, two models illustrate the

methodology used to obtain the acceptable ranges for a

set of design parameters. The methodology can by used to

identify the limiting constraints for a particular design.

For typical tokamaks, the header diameter is about

12 cm; coolant inlet velocity is found to be less than

0.1 m/sec in order to maintain a reasonable hoop stress

in the header. For the constant ' model, where tubes

are distributed to match the volumetric heat generation,

the limiting constraints are found to be the total number

of tubes and the maximum size of the headers that can fit

into the blanket radially. The maximum first wall neutron

loading is 7 14W/m2. For the constant Tmax model, where

cooling channels are placed so that the peak temperatures

between the channels are equal, the limiting constraint

is found to be the thermal stress in the channel wall.
2

The first wall neutron loading is found to be 2.1 MW/m2

A complete neutronic scheme is set up for the calcu-

lations of the volumetric heating rate as a function of
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the distance from the first wall, the breeding ratio as a

function of the amount of structural material in the blanket,

and the radiation damage in terms of atom displacements

and gas production rate.

Different values of the volume percent of Type-316

stainless steel are assigned in four breeding zones to

represent a nonuniformly distributed structural material

which satisfies various thermal-hydraulic requirements.

For a 10% average volume percent stainless steel in the

blanket filled with lithium, the difference in breeding

ratio between having a uniform structural distribution and

an exponentially decreasing distribution is 4%. The

difference in breeding ratio where the value of albedo is

changed from 0.0 to 0.45 is 1%. The effects on heat

generation of different structural distributions and

different albedos are insignificant. For values of volume

percent of stainless steel in the breeding zone ranging

from 5% to 15%, the breeding ratios range from 1.481 to

1.256; thus, the amount of structural material needed to

cool the blanket is not limited by the breeding ratio.

The role that the radiation damage plays in the overall

design methodology is described. The product of the first

wall lifetime and neutron loading is limited by the radiation

damage which degrades the mechanical properties of the

material.
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NOMENCLATURE

a - half width of an adiabatic box in Fig. 4 (cm)

bi - half length of an adiabatic box in Fig. 4 (cm)

B - magnetic field strength (tesla)

,max - the maximum value of magnetic field stength (tesla)

B.R. - tritium breeding ratio

C 1- pumping power ratio

C p- specific heat of lithium (joule/Kg0C)

DH - header diameter (cm)

Dt - tube diameter (cm)

DH, i - the width of the header-channel intersection area at channel i

F - a safety factor in the calculation of MHD pressure drop

H - Hartmann number

K - thermal conductivity of lithium (joule/m-sec0 C)

L - major circumference of a toroidal reactor (m)

M - energy multiplication factor - energy generated in the blanket
divided by the energy of neutrons pass through the first wall

N - number of sectors, each sector has one inlet header and one
outlet header

NCH - number of coolant channels

n - number of tubes per sector

Nu - Nusselt number

Nt - the total number of tubes in the blanket

AP t- total pressure drop (MPa)

c - first wall loading (1/m )

- heat received per unit length per unit time by each'tube (W/m)
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Q - volumetric heat generation rate (W/cm )

R. - distance between the first wall and the coolant tube or
channel i (cm)

RW - first wall radius (cm)

Ar1  - effective coolant channel width (cm)

S - a constant in Eq. (1) ((w/cm3 )I(M/m 2)

ATf - film temperature drop in the coolant (0C)

ATM - temperature difference between the hot spots in th lithium
pool and the tubes per unit wall loading ( C/(MW/m ))

ATC - temperature rise in the coolant (0C)

Ti - coolant inlet temperature (0C)

t H - header wall thickness (cm)

tt - tube wall thickness (cm)

Tmax - maximum temperature in the lithium pool (0C)

UH - coolant velocity at inlet (m/sec)

U1  - coolant velocity in channel i (cm/sec)

v - a constant in Eq. (1) (cm~)

W - total heat flux into channel i from walls on both sides

X - tube or channel length (m)

Y - distance from the first wall (cm)

Z - blanket thickness (m)

a - fraction of structural material in the blanket

- cross section area of adiabatic box i

- viscosity of coolant (kg/m.sec)

p - mass density of lithium (kg/m3

CaC - electric conductivity of lithium (m'0)
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- hoop stess of tubes or headers (MPa)

- stress limit (MPa)

- thermal stess on tube (MPa)

- electric conductivity of tube wall (m-s)

- ATm value at the outer edge of the blanket

- lifetime of the first wall (year)

(b

ar .
at

a

ATm,edge
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CHAPTER 1

INTRODUCTION

1.1 Foreword

Lithium, helium and flibe (LiF-BeF2) have been considered as the

primary candidates for coolants in tokamak fusion reactor blankets. Each

coolant presents certain advantages and disadvantages. Liquid lithium

metal seems to be the logical first choice since the blanket will need

lithium to breed tritium; however, the widely recognized MHD effects en-

countered, when conducting fluids are moved across magnetic fields, could

cause high system pressure drops.

In order to achieve acceptably low pumping power and high heat

transfer coefficients, helium must be used at moderately high pressure.

Helium also has a neutronic disadvantage because the relatively large

ducts for coolant passages represent potentially serious neutron stream-

ing paths; furthermore, the breeding ratios achieved by helium-cooled

systems are low compared with lithium-cooled ones.

Flibe appears to offer a compromise. It has a relatively low

vapor pressure at temperatures of interest and can be pumped through a

magnetic field with little MHD - pressure drop. It offers better heat

transfer than -helium, but less breeding ratio than lithium. The most

significant disadvantages are the high melting point for flibe and mater-

ial compatibility problems.

The MIT fusion group has undertaken a study to evaluate and



compare the uses of these coolants, and to ultimately offer a figure of

merit, based on which the best coolant can be determined for a given fus-

ion reactor blanket. In order to accomplish this task, a series of system-

atic studies, quantitatively evaluating the design constraints for differ-

ent systems geometries, is required.
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1.2 Literature Review

One finds in reviewing the literature on fusion blanket tech-

nologies that papers and reports published on this subject have focused

on the qualitative discussion of the system's design requirements, identi-

fication of problems and difficulties, and the development of methods for

future analyses(2 ,3,4). Little quantitative insight has been presented.

Nevertheless, several specific designs for fusion reactor systems have

been proposed, including physical dimensions and other features (515).

However, in none of these designs have the geometry and the operating

parameters been optimized to achieve the best operating condition for the

coolant chosen. For example, in a lithium-cooled system, the design could

be based on the pumping power limit due to high MHD pressure drops. But

one can easily reduce the pumping power by using a larger duct or deliver-

ing coolant at a lower velocity. In the latter case, the temperature of

the coolant could rise significantly at exit. This would cause high

temperatures in the blanket near the. outlet region. Temperature in the

blanket would then be the design constraint. If one employs a large

number of coolant channels or tubes, the temperature in the blanket could

be decreased; however, the use of more tubing material. may well cause a

decrease in tritium breeding ratio. In order to achieve an optimal de-

sign, it may be necessary to seek a compromise among design constraints.

This is true not only for the given example, but for helium-and flibe-

cooled systems, as well. Thus, the information given by these specific

designs is insufficient to be used to compare the coolants and determine

the best of the three.



1.3 Scope of the Work

The objective and the scope of this thesis is to develop a meth-

odology for obtaining the acceptable ranges of operating parameters (de-

sign window) for blankets cooled with lithium. A specific design can be

extracted from the design window by choosing the appropriate design limits.

The specific design can be used for the comparison between systems using

other coolants. The parameters under consideration are the first wall

neutron loading, coolant channel length, diameter of coolant tubes and

headers, thickness of tubes and headers, number of tubes, number of modules,

and coolant velocities.

To obtain such a design window, the principles of conservation

of energy, conservation of mass, and conservation of momentum must be

satisfied as well as all other thermal-hydraulic constituti.ve relations.

The constraints to be satisfied include upper bounds on pumping power,

stress level, temperature, fraction of structural material in the blanket,

and number of tubes.

As part of the integrated design methodology, neutronic calcu-

lations are pursued to support the thermal-hydraulic analyses. These

calculations provide tritium breeding ratios, volumetric heating rate in

the blankets and radiation damages caused by high-energy neutrons. Both

breeding and heating are dependent on the amount of structural material

and coolant used in the breeding region. The volumetric heating in the

blanket as a function of distance from the first wall is required for

heat transfer analysis of the blanket design. The limit on the allowable
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quantity of structural material in a blanket, to achieve an acceptable

breeding ratio, brings forth an engineering design constraint. The term

(X q) represents the product of the blanket liftime and the first wall

neutron loading. The limit on this parameter is dominated by changes of

the material properties, caused by the high radiation damage rate near

the first wall.
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1.4 Outline of the Thesis

The work reported here is organized as follows: Chapter 2 will

be concerned with thermal-hydraulics. Two design models, one based on

constant Q', the other on constant maximum temperature, are used to arrange

the cooling tubes between the headers, in order to perform the thermal-

hydraulic analyses. In the constant Q' model, tubes are spaced so that

each tube will receive an equal amount of heat. In the second model, tubes

are concentrated at several radial positions.to form "coolant channels".

The channel positions are chosen so that the maximum temperatures between

the channels are the same. The detailed methology and the comparison of

these models are presented in the chapter.

In Chapter 3, a complete scheme of fusion neutronics is estab-

lished using a number of codes such as TAPEMAKER and ABTR, as well as

ANISN and NEBULA. Effects on breeding and heating due to the use of

different albedo values and different input geometry configurations are

examined. The results on Q''' , breeding and radiation damage are pro-

duced and used to support the thermal-hydraulic calculations.

In Chapter 4, The interactions between thermal-hydraulics and

neutronics regarding arrangement of cooling tubes and calculation of

Q''' are discussed. The roles that the breeding ratio and radiation damage

play in the overall design methodology are described.

Finally, in Chapter 5, the results and conclusions of the study

will be summarized together with recommendations for future work. Sever-

al appendices are included containing subsidiary analyses and techniques

supporting the work reported in the main text.
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Chapter 2

Thermaihydraulic Considerations

2.1 Magnetohydro dynamic Considerations

In a fusion power system the hot fusion plasma would be in a

vacuum vessel, but would be kept away from the walls by strong magnetic

fields. A substantial fraction of the energy release of the fusion re-

actions would appear in the form of high-energy neutrons. The kinetic

energy of these neutrons would be converted into thermal energy in a mod-

erator blanket of li.quid lithium which would surround the plasma just

outside the inner wall. The neutrons would be slowed down by collisions

with the Li nuclei, thereby transferring the neutron energy to the Li.

The Li would be carried in pipes to a heat exchanger where it would de-

liver heat to the working fluid of an electric power plant.

The magnetic coils used to generate the high-strength magnetic

fields must be outside the high neutron flux regions. As a result,

they would have to be outside the Li blanket. This, in turn, means that

the LJ flow pipes must pass inside the magnetic field region. Since

there are large pressure losses associated with the motion of conducting

fluids in magnetic fields, magnetohydrodynamic (MHD) problems should be

given special attention in the design of fusion reactor blanket.

To define the flow regime of Li-coolant in the blanket regions,

we make use of the following dimensionless parameters:

Transverse Hartmann number,

H = DBL ID -
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parallel Hartmann number,

H1  = fDB1

For flows without presence of a magnetic field, Reynolds number

Re is sufficient to determine whether the flow in a pipe or channel will

be in the laminar or turbulent flow regime. The transition Reynolds num-

bers is around 2300 for fully-developed flow in a smooth walled pipe or

channel.

When a magnetic field is applied to the flow of an electrically

conducting fluid, the transition Reynolds number becomes a function of

the Hartmann number H because the Lorentz or U x B forces tend to supress

turbulence. This magnetic damping effect delays the transition from lami-

nar to turbulent flow to higher Reynolds numbers. The new transition

Reynolds numbers can be shown as: R = 500 H. , for flow parallel

to B field and H > 20

R( = 60 H, for flow perpendicular

to B field and H > 401

In the fusion reactor Li blankets, calculations indicate that we

are almost always in the laminar flow regime due to the high Hartmann

numbers encountered.

An electrically conducting channel wall in good electrical con-

tact with the fluid can provide a return path for magnetically induced

currents in the fluid resulting in a large pressure drop due to electro-

magnetic body forces. The steady state electromotive force is proportional
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to U x B, where U is the local fluid velocity and B is the magnetic

strength. Therefore, in any conduction region where (U x B) -d is non

zero, local electrical eddy currents will be induced. The phenomena respon-

sible for MHD behavior of the fluid can be categorized in three ways:

1. If the channel walls are electrically conducting, eddy

currents generated in the fluid can return throgh these

walls, resulting in a net electromagnetic body force in the

fluid which opposes its motion.(Fig. 1).

2, Electrical eddy currents flow in "end regions" in a plane

perpendicular to the magnetic field where the liquid enters

or leayes the magnetic field or where there are gradients

of magnetic field strength. These eddy currents also re-

sult in a net retarding electromagnetic body force (Fig. 2),

3. When flow turns its direction from perpendicular to parallel

to B field, or vice versa, additional pressure drops are

induced at pipe corners.

Without the presence of the poloidal field, the Li coolant in

the parallel tubes could De in the turbulent regime. Assording to the

Lyon-Martinelli liquid metal heat transfer correlation, for Peclet Number

equal to 300 the Nusselt number is greater than 9. When a poloidal field,

which is perpendicular to the tubes is assumed, the. Nusselt number will

approach a value of 7 as the Hartmann number gets larger than 100(22)

In this thesis a Nusselt number of 6.9 is used. Axial heat conduction

along the coolant channel is neglected.
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Figure 1. Effect 1 in a magnetic field B.
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Figure 2. Effect 2 in a space-varying field.
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There are four contributing terms to the total pressure loss: the MHD

pressure loss in the header due to the perpendicularity of the fluid to

the B field, the friction pressure loss everywhere, the MHD corner effect

when the flow changes its direction at the intersection of the header and

the tube, and the MHD end effect when fluid sees the magnetic field

changing as it passes through the inlet or outlet regions. Compared to

the MHD losses, the friction loss is insignificant. Experimental evidence

indicates that the corner pressure drop will -not cause as severe a problem

as predicted theoretically (23), and is small compared to ordinary trans-

verse MHD duct effects. To calculate the end pressure drops, one must

know the time and space distribution of the magnetic field, which varies

from one specific design to another.

Hence, a safety factor is introduced to accomodate the uncertain-

ties of existing calculation models for pressure drops. The total pres-

sure drop is taken and is defined as the header MHD pressure drop times

a safety factor. The safety factor is chosen such that the sum of pres-

sure drops due to the space variation of magnetic field in the blanket,

end effects at header entrance and exit near reactor outer edge, corner

effects, friction, and MHD effect in the header, in any of the configu-

rations used for this study, is always less than the total pressure drop.

The philosophy' of introducing the safety factor is to keep the methodology

of the systematic analysis valid, until better models become available,

by adjusting the safety factor as a parameter. Better models are needed

to include effects due to time varying field and flow in a variable cross-
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section pipe in a transverse or parallel field. In this study, the safety

factor is conservatively taken to be 1.6. The actual sum of pressure drops

due to the various effects is less than 1.6 time header MHD pressure drop,

as has been calculated for several specific examples. The calculations

and the techniques adopted are documented in detail in Appendix A.



I

28

2.2 Constant Q Model

2.2.1 Physical Description of the Model

Figure 3 shows the layout of the cooling tube and header arrange-

ments. The reactor is divided into N sectors azimuthally. Each sector

contains two headers and n cooling tubes between the headers. Tubes are

spaced so that each tube will receive an equal amount of heat. Besides

the regions of coolant passages and the tube walls, the blanket is filled

with stagnant lithium.

Since the strength of the poloidal field is usually much smaller

than the toroidal field, the MHD pressure losses in the tubes are neglec-

ted. The headers are perpendicular to the toroidal magnetic field B and

hence the major MHD pressure drops take place in the header.

In order to have the same velocity in each tube, one has to

provide the same total resistance for each flow path. Orifices of

different sizes are introduced at the intersections between the header

and tubes to manipulate additional pressure drops and thus adjust the

flow rate in each tube.

It is not the objective of this study to select the most suit-

able material for the tubes; nevertheless, stainless steel is used here

because of its relatively low electrical conductivity.

When stainless steel is chosen as the tubing material, the

limitation on temperature is imposed by the degradation of the material

properties. A recent study showed that the temperature limit was approxi-
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mately 5001C ( .4) Thus, the temperature rise in the coolant is carefully

chosen so that the wall temperature is lower than that value. Typically

a lithium inlet temperature of 2000C (T. ) and a temperature rise in the

coolant of 200 0C (AT.) are adopted in this study.

While the wall temperature is at low values, the peak tempera-

tures occuring in the lithium pool between the coolant passages are in-

evitably high. It is possible that structural materials, used as module

container walls, grids, and supporting elements between the coolant

channels, could reach such high temperatures. Therefore, one must either

design the structural components to be close to coolant channel to avoid

high temperature, or use materials other than stainless steel, such as

refractory alloys, for structural components near high temperature regions.

The maximum temperature in the lithium pool is set arbitrarily from 900C

to 1000*C, simply to demonstrate the methodology of the current analysis.
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2.2.2 Calculation - Q' Model

The volumetric heat generation rate in the blanket is calculated

using ANISN and NEBULA. The procedure of the calculations is discussed in

the next chapter. For the thermalhydraulic analyses in this chapter, the

calculated result is approximated by a curve fitted expression

o = S qw e-vR (w/cm3) (1)

Since the volumetric heat generation rate decreases exponenti-

ally as the distance from the first wall increases, the distance between

tubes in radial direction increases in order that each tube receives an

equal amount of heat. Figure 4 is a cross-sectional view of the tube

arrangement. In the model, the Q''' is assumed constant within the adia-

batic boundaries. The value of the constant, however, varies as an ex-

ponentially decreasing function of the distance from the first wall to

the center of the tube.

The dimensions of the "adiabatic box" are determined by satisfy-

ing the requirement of constant ', (c.f. Fig. 4) as

' f' (R) d = f (R2 d2
box 1 box 2

ox n ''' (Rn) d n (2)

or

a bI exp [-VR1] = a2b2 exp [-VR 2] = ---anbn exp [-Vn]
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For geometry consideration the following expression is obtained:

b = 21 (R + R.)2b =W 1 ..... ,n (3)
N

Therefore, a is found as:

2a = 2 aI R exp (VR ) ... (4)
(R. + RW)

where a is the half width of the adiabatic box near the first wall and is

taken as the tube radius if tubes are considered closely packed near the

first wall. The number of tubes that can fit in the blanket radially will

be:

n = dR (5)
2a(R)

Thus, the relation between Dt and n is established.

The details of the methods to calculate temperature difference

between the tube wall and the maximum temperature which occurs between

the tubes, are shown in the Appendix B. The result is plotted in Fig. 5

for cases of N = 78 and N = 117 with n = 13. As can be seen from the

figure, the maximum temperature in an "adiabatic box" decreases as the

distance from the first wall increases, and after passing a minimum, in-

creases again. This is because Q''' is a rapidly decreasing function of

the distance from the first wall, and thus the maximum temperature will

decrease when the tube is farther from the first wall. However, to satis-

fy the condition of constant Q' when Q''' becomes small, a tube has to
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cover a large "territory" to obtain enough heat. The longer distance,

between the "hot-spot" and the tube, competes with the low Q''' and causes

the AT to increase as the tube gets nearer the outer edge of the blanket.

When the blanket is divided into more sectors, i.e. N increases,

one will note from the figure that the longer dimension of the "adiabatic

box" near the wall and the shorter dimension of one near the outer edge

of the blanket, will decrease. This explains why AT decreases more near

R=o region in Fig. 5, than it does near R=Z region.

To avoid excessively high temperatures at the first wall, a

larger value of N is chosen. A typical value of N is 160 in this study.

The following variables are taken constant through the calcu-

lation, althoughethey may- vary with temperature or position:

B = 10 testa

K 38 joule/m-sec*C

p 475 kg/m 3

C = 4200 joule/kg*C

S 4.67 (in Equation 1)

V = 0.043 (in Equation-1)

0
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2.2.3 Governing Relations

As discussed in the previous sections, the total pressure drop

is (25)

1.3 ZB 2 a U 2tH

AP .F .3 max w H (

1 + 2tH w
DH cc

The hoop stress is within a limit:

D t
AP a < af (7)

2tt t h r

We assume that the maximum hoop stress of a tube is the same

as that of a header, allowing that tubes or header might be clogged. In

that cdse, the pressure is equalized everywhere in the passages.

Then:

__ Dt(8)
tH t
tH t

The definition of pumping power ratio

2

SAP.t H DH ) (9)
Z . ~I

Q''(R) 2n(R+R ) X dR

0
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Energy balance:

7

JQII'(R) 2Tr (R+RW) X dR] N p UH DH2 C ATc

Heat transfer to the flowing lithium in tubes:

[f '' (R) 2 'ir (R+R ) X dR]

0

= nN N K X 71 AT f

The volumetric fraction of coolant tube material in the blanket:

*2

N2 tH ( + z DH) + N n tt X 7 Dt

X 7 [(R + Z)2  2

The total number of tubes:

Nt N-n- L

The maximum temperature in the blanket:

T = T. + ATC + AT + ATm,edge

The thermal stress is within a limit:

t = at (tt '.i , <a r(

(10)

(11)

(12)

(13)

(14)

0

(15)
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2.2.4 The Results

The analysis is carried out by the use of a digital computer.

The program is documented in Appendix C. As one of the results of the

analysis, the coolant inlet velocity UH has to be less than a value

Uf, critical'

When UH is larger than UH,critical' the increase of the header

wall thickness will not reduce the hoop stress. Since an electrical con-

ductor is used for the wall, as one can see in Fig. 6, the thicker the

wall becomes the more electric current will be drawn through it, and thus

causes a high'MHD pressure loss. A high MHD pressure loss means' high

pressure is needed to deliver coolant from the inlet which will give rise

to high stress in the tube wall.

When UH is less than UH,critical the header (or tube) thickness

can be as thin as possible and still maintain a reasonably constant hoop

stress without failure, until the thickness is limited by corrosion or

fabrication considerations.

The UHcritical is found to be:

UH,critical - 8 F B 2  ( C P AT + (16)

8Fc ZBmax c av

and a typical value of UHcritical is 0.1 m/sec. The derivation of

UfHcritical is documented in Appendix D.

The procedure to construct the design window for the rest of the

parameters of an example calculation is shown in Fig. 7 through Fig. 9.
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Figure 7 shows the relation of the total number of tubes with the tube

length and the number of tubes along a header, via Equation (13).

In Fig. 8, an upper limit on the peak temperature in the lithium

pool, which is likely to appear near the outer edge of the blanket in the

exit region, is specified. To satisfy this limit, the first wall power

must decrease as fewer tubes are employed along a header, because of the

longer conduction length caused. Two horizontal lines of constant maxi-

mum first wa.ll power in the figure can be explained by this logic.

One more variable, the temperature rise in the coolant, is held

constant in Fig. 9. Unless the coolant flow rate increases, the coolant

temperature will rise to a higher value after traveling in a longer tube.

Since the coolant velocity is fixed at 0.1 m/sec, the header size has to

be enlarged to accomodate higher flow rates, in order to satisfy the re-

quirement of a constant temperature rise. Therefore, in Fig. 9 the dia-

meter of the header increases in the direction of abscissa. As the number

of tubes on the header increases in the direction of the ordinate, the

maximum first wall power increases (as illustrated in Fig. 8). Hence, a

higher flow rate is required to keep the temperature rise constant.

The result discussed and given in Fig. 7 through Fig. 9 can be

combined to obtain a design window for a hypothetical reactor of given

dimensions and for a given set of limiting criteria. In Fig. 10, a window

is formed by the DH l2. 8 cm, and 11 = 80,000 lines, and.the x-axis. The

2
maximum first wall load is about 6MW/m .DH = 12.8 cm is the l'rgest

header diameter at inlet for N = 160 and the header is tapered. Therefore,
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the limiting constraints are the total number of tubes and the largest

header size that can fit the blanket.

A thermal stress of about 20.7 Mpa is uniformly distributed in

the x-n space. The value of CV, the pumping power ratio, is found to be

below 0.01. Thus, neither the thermal stress nor the pumping power is

considered the limiting design constraint in the constant Q' model.

Taking a "design point" in the design window on the x-n plane,

one can find the dimensions associated with the cooling modules. The

point A in Fig. 10 gives a design with I, tubes along a header in a

module, each is 1.7 meters long and the header diameter at inlet is 12.8

cm. Such a design takes 73,000 tubes in order to operate the reactor at

2
a maximum first wall power of !.O Mw/m without exceeding the temperature

limit of 1000 9C anywhere in the blanket.

The methodology we have demonstrated here may be used in general,

for different choices of structural materials, reactor dimensions or mag-

netic field strength, in the analysis of a hypothetical reactor.
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2.3 Constant Tmax Model

2.3.1 Physical Description

The difference between the constant Tmax model and model dis-

cussed. in the previous section is that the tubes, instead of spreading

radially are concentrated at several radial positions to form "coolant

channels" and appear as a set of concentric cylinders.

Figure 11 shows the blanket cross section of the constant Tmax

model. The headers are tapered and are adjacent to each other. Coolant

passes through the headers perpendicularly to the B field and turns into

the channels, where the flow becomes parallel to the field.

The effective channel width Ar. is assigned at channel i such

that the cross sectional area of the channel is the same as that covered

by tubes.

For the constant Q' model,- the design window is confined parti-

ally by the header diameter. In order to obtain a maximum coolant flow

rate, an upper limit of the header diameter is assumed in the constant

Tmax model.
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2.3.2 Calculation Tmax Model

All the assumptions in Section 2.2.2 remain valid. The computer

code BEERCAN (see Appendix E) is developed to search for the channel posi-

tions R. in order that in any cross sectional plane (i.e. x = constant

plane), the values of maximum temperature between the channels are the

same, when NCH and Z are given, by solving the conduction equations in

cylindrical coordinates.

The boundary conditions require that the temperatures at the

channel walls at equal distance from the inlet header are kept the same.

Since the heat fluxes into the coolant at the walls are different from

channel to channel, the coolant velocity in each channel must be adjusted

by using different sizes of orifices so that the coolant temperatures rise

at the same rate.

More specifically, the coolant velocities have to satisfy the

following equations:

Energy balance

AT . D . Ar p C U. = X D W., i = 1,...... N (17)
C, H 1 p i hi cH

Continuity:

NCH

U DH r = D 2 U (18)
1 HJ 4 H
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With required condition:

AT# AT c, 2  .... ATc, NcH (19)
x x x

Since we have neglected conduction and natural convection in the

lithium pool, the wall temperature will then increase linearly at an equal

rate for all channels, with the coolant velocities solved by Eqns. (17)

and (18). Hence, the temperature profile (see Fig. 11) in cross sectional

plane is the same, at any distance along the channel from the header.
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2.3.3 The Results

The methodology of the constant Tmax model is demonstrated

by the analysis of a sample design using the computer code BEERCAN.

The results are plotted in Fig. 12. The fixed parameters of such

a design are shown at the bottom of the figure. Since the header

size and the coolant velocity are kept constant, the coolant flow

rate is fixed. Therefore, to achieve a constant temperature rise

in the coolant, the first wall loading must be lessened as the tube

length increases. The NcH - X space of the figure can be then

visualized as an NcH - qw space. As the first wall loading decreases

in the direction of the abscipsa at a given value of NCH, the

thermal stress in the channel wall decreases because a smaller

amount of heat is generated in the blanket. As NcH increases in

the direction of the ordinate at a constant q or X value, the

thermal stress decreases. This occurs because a smaller amount

of heat is incident on a channel, due to an increase in the num-

ber of channels employed. The two thermal stress curves shown in

the figure can be explained by this logic. The same reasoning

applies to a set of constant Tmax curves. Nevertheless, only one

constant Tmax curve (T = 10000 C) is shown in the figure.max max 10

It is clear that as NcH increases along the ordinate,

the value of the fraction of structural material in the blanket

(a) becomes larger. However, at a given value of Nc, decreasing

X also causes an increase in a. This occurs because the adoption
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of a shorter tube length causes an increase in the number of modules

required to cool the whole reactor; hence, more headers are needed, which

will cause a to increase.

The two constant Nt curves are obtained using the same

method as the Nt lines in Fig. 7.

I.n Fig. 13, the design window is obtained by choosing the

following design limits: a t 41;4Mpa, Nt = 80,000 and a = 4%.

For example, design point A (in Fig. 12) gives the channel

axial (in X direction) length 4.5 meters, when four coolant channels

are used in the blanket. Such a system can operate up to a first wall

load of 1.8 Mw/m2

Although the result of a specific design is shown, the

methodology used can apply to the cases where the blanket is composed

of heterogeneously distributed materials or has a different Q'' as a

function of position.

To choose an appropriate'value for stress limit is not

the goal of this thesis. From a recent study, a stress value between

69 Mpa and 138 Mpa, for stainless steel at operating temperatures up to

n,600 0C, was used to identify the most life-limiting mechanical properties

along with other radiation effects (26). Hence, a value lower than 69 Mpa

for the stress limit is arbitrarily chosen to demonstrate the methodology

represented by the design window.
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2.4 Discussion

The major tasks of designing a Tokamak blanket are to identify

the potential design constraints, and then to develop configurations which

satisfy them. This study has shown so far the methodology to achieve such

objectives by analyzing two basic configurations: the constant Q''' model

and the constant Tmax model.

As a result of the analysis, the design window of parameters is

formed for each model and the most limiting constraints can be identified

from it. The formation of a design window is useful in determining the

maximum first wall loading for a particular design. Thus, it provides a

common basis to compare different designs. The size of the blanket module

and the geometry of the coolant passage arrangements can be generally pre-

dicted'from the window.

Table f shows the comparison of the two design models proposed

in this work. The maximum wall po%'er for each model and the design para-

meters used to reach such maximum power are listed in the table. In the

constant Q' model, the first wall power is limited by the total number of

tubes and the largest size of the headers that can fit in the blanket.

2
The maximum first wall power is found to be about b 14w/m . In the con-

stant Ta model, the thermal stress in the coolant channel wall is

the - limiting constraint, while the header size is fixed

at the largest 'value found in the constant Q' model. Because of its lower

maximum wall loading, the constant Tmax model. is considered inferior to

the ,constant Q' model.
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TABLE I, Comparison of the Two Models

Parameter Constant Q' Constant T
Model Model

limiting total number of tubes thermal stress

constraint(s) = 80,000 and maximum 41.4 Mpa
header size = 12.76 cm

maximum wall
loading (MW/m 6 2.1

tube length 1.7 3.7
(M)

number of coolant
channels or tubes 13 5

along the header

pumping power ratio 0.01 0.01

tube diameter 2.0 2.55
(cm)

header diameter 12.76 12.76

(cm)

inlet coolant 0.1 0.1

velocity (m/sec)
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It is not the objective of this thesis to arrive at any specific

design. The two proposed models are merely used to illustrate the methodo-

logy of determining the design window for the design parameters. Neither

is it the goal of this work to search for the appropriate values for the

design limits. The proper choice of a value for stress limit, for instance,

depends upon the success of modelling and obtaining the data on mechanical

behavior of structural materials in a simulated CTR environment. A better

design window can be easily constructed, from the methology proposed, by

employing the appropriate values for the design limits. Some aspects of

these limits are discussed in Chapter 4.

The calculation methods for MHD pressure drops in this study are

considered approximate and are used here for the purpose of demonstration.

The same methodology can be exercised repeatedly to reach a specific blan-

ket design upon the development of methods which could incorporate the

effects of time varying fields or varying cross section of headers. In

this case one could simply recalculate a new value for the safety factor

which is introduced in the present approach.



57

CHAPTER III.

NEUTRONIC CALCULATIONS

3.1. Introduction

A complete neutronic scheme is prepared for calculations

of the volumetric heating rate, the breeding ratio, and the radiation

damage rates.

The volumetric heating rate as a function of distance from

the first wall is required for heat transfer analyses of blanket design.

An acceptable breeding ratio limits the allowable quantity of structural

material in a blanket, thus establishing an engineering design

constraint. The first wall lifetime for a given neutron loading is

limited by the radiation damage which degrades the mechanical properties

of the material.

Due to the non-uniform heat generation throughout the blanket

region, it is desirable to arrange the coolant passages in a non-

uniform distribution which matches heat generation thereby reducing

the possibility of hot spots. Such arrangements have been discussed

in the previous section. To determine the difference in breeding

and heating for lithium coolant and different structural distributions,

the neutronics in this study extends works reported in the literature

where only regionally uniform blankets were considered.(27,28,29)

In the previous section, stainless steel with its low electrical

conductivity is used to demonstrate the design models and the

associated thermal-hydraulics. In a recent study , 20% cold

work 316 stainless steel was also suggested for use as a first wall

material in near term tokamak fusion devices (30) and is thus again
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o be the first wall material as well as the structural material

in the blanket in the neutronic calculations.

(31) (32)
A number of computer codes, including ANISN, ABTR,

TAE4AKER, , NEBULA and RECOIL(33), are used to complete the

neutronic scheme. ANISN, a one dimensional discrete ordinates

transport code, is used to calculate the flux distributions and

breeding ratios. Previous efforts showed that a P3 - S4

approximation would be adequate when detailed spatial information is

not desired.(34) In this study, all ANISN runs use a P3 - S4

approximation.

NEBULA is developed in this work to calculate volumetric heat

generation rate in the blanket by inputting Kerma factorsand fluxes

calculated by ANISN. NEBULA is also capable of radiation damage

calculations using the sare fluxes calculated by ANISN, and cross

sections for atomic displacements and gas production which are generated

by RECOIL. The definition of Kerma and detailed information on

NEBULA are documented in Appendix F.

The cross sections for ANISN flux calculations, and the

Kerma factors are stored on DLC-37D tape, (35) which contains an up-

to-date 100 neutron and 21 gamma group data set for fusion reactor

materials. Both DLC-37D and RECOIL were obtained from the Radiation

Shielding Information Center at Oak Ridge National Laboratory.

ABTR (ANISN Binary Tape Routine) was developed by Franklin

Chen in his thesis work. (32) It retrieves and selects the cross sections

of the materials needed from DLC-37D for a particular blanket model.
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TAPEMAKER helps reduce the storage required for ANISN runs.

ANISN solves neutron and gamma fluxes group by group starting from the

first (highest) energy group. Thus, the computer space needed

for each ANISN job is greatly decreased with the input of cross

sections already ordered by group number. However, the cross

sections in DLC-37D are stored in the sequence of material number

TAPEMAKER was coded to rearrange the, cross section in order

of energy group and store them on a storage tape. The tape was used

regularly for inputting ANISN.

*
The material number is defined in Ref. 31 and 35.
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3.2. Blanket Model and Calculation Procedures

Three types of blanket configurations are considered.

Figure 14 shows the blanket configuration (type A) with a uniform

breeding zone. The blanket consists of a 0.5 cm first wall, an 80 cm

breeding zone, and a 10 cm graphite zone. Lithium is used as both

coolant and breeding material. When structural material is distributed

to accomodate a non-uniform heat generation, the blanket configuration

in FiC. 15 (type B) is assumed for netronic calculations (to simplify

input to ANISN). The value of volume percent structural material

is calculated by averaging the values for all breeding zones. To

model the effect of varying amounts of structural material in the

blanket, x (cf. Fig. 15) is varied from 1.5 to 0.5.

In principle, toolant passages -may also be arranged to

form coolant channels. The channels can be spaced such that the maximum

temperatures between the channels are the same. This has been

demonstrated in the constant Tmax model in Chap. II. To evaluate this con-

stant Tmax regionally homogenized model of the non-uniform distribution

of structural material, which we have considered so far, a third type

of configuration is used. Figure 16 shows such a conf'guration (type c),

in which six channels are employed and 3 percent of the structural

volume is assumed to account for materials used as module walls,

grids and supporting elements in the regions between coolant channels.

A 10 cm thick graphite zone is placed for reflection at

the blanket's outer edge, and an albedo value is chosen there for all

models in this work. In most cases, an albedo of zero is taken to
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ensure a conservative estimate of breeding. Some ANISN runs with albedo

values of 1 and 0.45 are also executed to examine the effect on breeding

and heating. Cylindrical geometry is employed for all ANISN calculations.

Table II give the nuclide densities of consitutent material used.(36,37)

The high cost of running ANISN with 100 neutron groups (see

Ref. 35 for group structure) is the incentive for seeking a calculational

procedure which uses fewer groups. The cross sections using fewer groups

are obtained by running an ANISN case of 100 neutron and 21 gamma groups

in a group collapsing mode. A previous- study (38) concluded that 20

neutron group calculations were appropriate for blanket neutronics. Use

of 20 neutron groups could reduce the cost by a factor of 30 provided a

few benchmark cases with 100 neutron and 21 gamma group are run. The

calculations for a blanket using lithium as coolant can be successfully

performed in 20 neutron and 6 gamma groups. Table III shows the reduced

group structure.

The overall scheme for the neutronic calculations is shown

in Fig. 17.
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Stainless Natural Flibe Graphite

Steel 316 Lithium

Ni 0.00985 Li6 0.00344 Li6 0.00175 C 0.0804

0.01575

0.05642

0.00175

0.00126

Li 0.04296 Li 7

A 4 4-

Be

0.02185

0.01215

F 0.04790

TABLE IL Summary of Nuclide Densities (atoms/cm x 10 -24)

Cr

Fe

Mn

Mo
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E (MeV)max

14.918
13.499
12.214

2.4082
4.0657
2.2313
1.2246
0.67206
0.40762
0.30197
0.22371
0.16573
0.12277
0.067379

7.1017 x 10-3

7.4852 x 10~4

1
2
3
4
5
6
7
8
9

10
11
12
13
14

15

16

17

18

19

20

x 10-5

x 10-5

x 10

L1

E min (eV)

13.4999
12.214
2.4082
4.0657
2.2313
1.2246
0.67206
0.40762
0.30197
0.22371
0.16573
0.12277
0.67379 -3
7.1017 x 10

7.4852 x 10-4

7.8893 x 10-5

8.3153 x 10-6

8.7642 x 10-7

5.3158 x 10~

21 14 12

Gam a 22 12 10
23 10 8
24 8 5
25 5 2
26 2 0.01

26 Energy Group Structure

Neutron

GROUP
,TUMBER

7.8893

8.3152

8.7642

Therma

TABLE III,
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3.3. Results and Discussion 68

In order to check AMISN calculations in this study, the

benchmark fusion blanket. problem is solved. The breeding ratio

is in good agreement with published value.(39) The volumetric

heat generation similiar to published work done with ANISN in slab geo-

metry(27) is produced by NEBULA using kerma factors from DLC-37D and

a flux distribution generated by ANISN in cylindrical geometry.

To ensure the proper use of the 26 group structure, both

121 group and 26 group calculations are perfor med once for each

blanket configuration. Some calculated breeding ratios presented in

Table IV show that the few group structure adopted here is appropriate

(c.f. cases 1 and 3). Figure 18 shows the heat flux as a function

of distance from the first wall as calculated by NEBULA for a

lithium cooled blanket with 5% stainless steel non-uniformly distributed.

Both 121 group and 26 group calculations are done by ANISN. The

difference is insignificant.

The albedo value of zero for each energy group is used to

give conservative estimates on breeding in all but two cases (Table IV)

which are used to check the effect of albedo value on breeding. In

Table IV, cases 2, 4, and 6 use albedo values of 0.045 , 1 , and 0 ,

respectively. It was suggested that an albedo of 0.45 would be.

(40)
adequate for blanket models with a short reflector. The error intro-

duced by using an albedo of zero, comparing cases 2 and 6, is appro-

ximately 1.5%. The volumetric heat generation rates for the two cases

are shown in Fig. 19. Except near the reflector, the heating curves
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Case Coolant Structure Energy Blanket Albedo Breeding
Used Fraction Group Type Value Ratio

1 Li 5% 121 B 0 1.481

2 Li 10% 26 B 0.45 1.368

3 Li 5% 26 B 0 1.481

4 Li 10% 26 B 1 1.463

5 Li 15% 26 B 0 1.256

6 Li 10% 26 B 0 1.351

7 Li 10% 26 A 0 1.402

8 Li 5% 26 D 0 1.474

TABLE IV. Breeding Ratios of Various Blanket Configurations

and Different Coolants

i
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in the breeding region coincide. The objective of comparing the two

cases is to show the change in heating caused by assuming an albedo

of zero for lithium cooled blankets.

Figure 20 shows the breeding curves for lithium coolant as

a functions of structural volume fraction in the breeding zone. The

dotted line represents results published for UUMAK-I, which uses

a blanket with a 58 cm breeding zone, and is different from the

configurations employed in this study. Other breeding curves for

helium-and flibe-cooled systems are also shown in the figure. The

details of the helium-and flibe-cooled blanket configurations are

shown elsewhere.(41) From these curves, the lithium-cooled design

seems more attractive than those using flibe or helium as coolant,

with the same amount of structural material (stainless steel) present.

In Table IV, comparing case 3 and 8, and cases 6 and 7, we

conclude that the error in breeding due to different structural

distributions or arrangements is within an acceptable range, and is

less than the error due to an uncertainty in the partial cross sections

of lithium.(39)

For the simplicity of the analysis, the use of lead, beryllium

or their compounds has not been considered, although several studies(42,43)

have demonstrated the merits of using them for neutron multiplication

Fro a ecet sudy(42)purposes. From a recent study , the minimum thickness of a

blanket can be found through optimization procedures for a specific

design. However, seeking a minimum thickness is not the goal of this

study; instead, the thickness of the breeding zone is held constant

at 80 cm to illustrate the neutronic performance of blankets to support
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the thermal-hydraulic analysis.

The displacement per atom and gas production rates

have been calculated for Type 316 stainless steel at the first wall

of blanket configuration type B (Fig. 15). The results and the comparison

with other works are shown in Table V . The only other works on such

calculations were done at University of Wisconsin (44) and Oak Ridge

National Laboratory.(45) The reasons for the slight discrepancies

among their results are also listed in the table.

Differences in ENDF/B-III(46) and ENDF/B-IV 47 ) (ENDF

stands for Evaluated data file) cause discrepancies between the cal-

culations done by the University of Wisconsin and Oak Ridge. In the

Oak Ridge tokamak reference design, a 3 mm graphite curtain is placed

on the first wall(6) and will give a neutron spectrum different from

that of a bare first wall. The discrepancies between Oak Ridge's

results and this work is due to such differences in the spectra.

Although, only examples are shown for the calculations

of radiation damage in the first wall, NEBULA can calculate the

displacement per atom and gas production rate as a function of position

anywhere in the blanket.
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TABLE V. Radiation Damage Rates in Type-316 Stainless Steel

as the First Wall Material*

*Neutron
**Reasons

Wall loading = 1 Mw/, 1 2
responsible for the difference in the results

Displacement Helium Hydrogen First** Cross**
Damage (appms (appm/s) Wall Sections

Source .(dpa/a) Design Used

(xl0~-) (x10~ ) (x10~ )

This Work 4.0 51 161 bare wall From
ENDF/B-IV

Ref. 44 3.1 64 170 bare wall From
ENDF/B-III

Ref. 45 3.6 46 169 with 3mm From
graphite EIIDF/B-IV
curtain
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CHAPTER IV.

INTERACTIONS BETWEEN THERMAL-HYDRAULICS AND NEUTRONICS

4.1. Design Procedures

The overall design procedures incorporating both thermal-

hydraulics and neutronics studies are summarized below:

1. Define the physical dimensions of the blanket to be

considered. Choose inlet temperature and temperature

rise of lithium coolant.

2. Choose a design model. In this work, two configurations

for the tubes have been proposed in Chapter II:

the constant Q' model and the constant Tnax model.

3. Determine the liquid lithium velocity at the header

inlet. Section 2.1 discusses the significance of this

parameter. The derivation of the upper limit on UH

is given in Appendix C.

4. Selecta Q''' , the volumetric heat generation rate,

as a function of the distance from the first wall; for

a stainless steel blanket, the following expression

is used (descriped in Chapter III)

"' =1A.67 e-0042Y (w/cm3

5. For a given number of cooling channels or tubes between two

headers, determine the tube positions by satisfying the

constant Q' condition in the constant Q' model, or

the channel positions by satisfying the constant Ta

condition in the constant Tmax model.
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6. Calculate a new Q based on the structural

distribution proposed in Step 5.

7. Repeat Step 5, using the new Q'' from Step 6.

8. If the tube or channel positions determined in Step

7 are not the same as those obtained in Step 5, go to

Step 5. Repeat Steps 5 and 6, until the tube or channel

positions are the same as those obtained in the previous

iteration, or the differences between the two sets

of positions are within an acceptable range.

9. Calculate the peak temperatures in the stagnant

lithium pool as a function of distance from the first

wall by solving the conduction equation. The calculational

methods are given in Appendix B.

10. Select a value for N such that the hot spot is away

from the first wall.

11. Calculate DH corresponding to N chosen in Step 10.
max

12. Choose an upper bound on the peak temperature in the

lithium pool based on the limit of the vapor pressure

of lithium at high temperature, or the temperature limit

on the mechanical properties of the materials used as

module container walls, grids, or supporting elements.

13. Calculate radiation damage rates in the structural

material.

14. Determine the limit on the stress level. It will

be a function of radiation damage rates obtained from
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Step 9, and the cycling characteristics of the power

generation.

15. Choose a limit on Nt . To increase the reliability of a

cooling system, a low number of weld joints is desirable.

The number of weld joints is proportional to the number

of tubes. Therefore, a limit on tube number must be

specified. Reference (48) provides a method to estimate

such limit.

16. Determine the upper bound on a, the fraction. of

structural material in the blanket, based on the

breeding ratio achieved by such a blanket. Breeding

ratios of more than 1.15 are desirable. 09) It is

necessary to breed more than one triton per triton burned

because of the loss of tritium by radioactive decay, and

because of losses in plant holdup tanks, and in recovery

and recycling operations.

17. Obtain design windows from thermal-hydraulic analyses.

In this work, codes BEER-CAN and WINDOW have been used in

the constant Tmax model and constant Q' model,

respectively. Results given in Steps 11, 12, 14, 15

and 16 are required to define the window.

18. From the design window, the maximum first wall neutron

loading of the system is identified and the dimensions

associated with the cooling modules .are deduced. Other

results include the pumping power to heat removal ratio,

tube and header thicknesses, and coolant velocities

in the channels.
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4.2. Interactions Between Thermal-Hydraulics and Neutronics

Strong interactions exist between neutronics and thermal-

hydraulics. This fact can be observed in Step 5 through 8 in the previous

section. The cooling channel arrangements depend on the neutronic

calculations and vice versa. However, the volumetric heat generation

is insensitive to the material distributions adopted in this study;

hence, convergence could be reached in one or two iterations. Never-

theless, only the demonstration of the design methodology is presented

here; therefore, no iterative process has been attempted in this work

due to the high computer cost of using DLC-37D and ANISN.

One assumption has been made to obtain U H in Step 3. A

coating layer of electrical insulation material on the surface of

cooling tubes is assumed. Since no existing insulation material has

demonstrated the chemical compatibility with the stagnant lithium

in the blanket, another layer of stainless steel over the insulation

material must be used to prevent direct contact with lithium. This

additional amount of stainless steel implies a decreased breeding

ratio. The purpose of using the electrical insulation layer is to

prevent the electrical current from leaking into the lithium pool.

Any current leakage would result in a higher voltage drop across the

cooling tubes and thus would cause higher MHb pressure drop. The neu-

tronic performance with the presence of the insulation material is

unknown. Thus, the breeding ratio calculated in Step 16 serves as

a limit on the quantity of structural material required to cool the

blanket and has an indirect impact on the pressure drop.
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The limit on stress level uf the material is a function of

radiation damage rates and other thermal and mechanical parameters.

Radiation damage rates calculated by neutronic codes in this work

include displacements per atom, helium production rate, and hydrogen

production rate. The high helium production rate caused by the

reactions of steel with 14-MeV neutrons generated in a fusion reactor

is more significant than that in a fission reactor. Loss of ductility,

swelling, and possible reduction in fatigue resistance are enhanced by

the helium production. Yet, no data or theoretical model which

accounts for helium effects is available to predict the limit on stress

for chosen lifetime of the material. Thus, studies on the effects

of neutron interactions on material properties are needed to

provide information on the deisgn limit for the thermal hydraulic

models. In this study, a stress limit basedon fission data is used

to demonstrate the overall design methodology.
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4.3. First Wall Considerations

For each fusion reaction a 3.5-MeV alpha particle and a

14-MeV neutron are produced. Neutrons penetrate through the first

wall and convert their kinetic energy into sensible heat in the blanket

region. Alpha particles with much less' penetrating power are stopped

by the first wall and hence impose a high surface heat flux to the

wall. Such heat flux may cause high temperature and high thermal

.stress in the wall. The pulsing nature of the fusion power may create

fatigue problems in wall material. High radiation damage reates

will occur in the material due to the bombardnents with neutrons

of high energies, and will degrade the mechanical properties of the

material. The volumetric heat generation rate in the wall is more

than twice as high as that in the blanket region behind the wall.

Thus, the cooling of the first wall requires different design strategies

due to the complexity associated with the thermal-hydraulics, neutronics,

and the interactions between them. A set of design constraints different

from those for the rest of the blanket are imposed. Such constraints

may vary from one specific design to another and are difficult to

generalize. Therefore, the first wall should be considered separately

from the rest of the blanket. In this work, we have assumed that

the surface heat flux from the plasma to the first wall has been

removed by a separate cooling system.

The methodology developed in this study can be used to

-predict- the maximum first wall loading with the constraints satisfied

by the blanket parameters. For example, a maximum first wall loading
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2of 6 3w/, can be achieved by the constant Q configuration

(described in Chapter II). However, the integral lifetime (defined

as X- qw yr - Mw/m ) is limited by the loss of ductility of the

material caused by radiation damage ,rates based on fission data.

An upper bound on the integral lifetime was found 2-3.5 yr Mwi/m2 (2650)

A blanket operated at 6'Mw/m2 wall loading will then have a

lifetime for the first wall less* than 0.5 year. Such design is not

economically attractive to reach an optimum design. The methodology

presented in this study should be incorporated to the first wall

cooling system consideraiions.
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CHAPTER V.

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

5.1. Summary

A complete design methodology for a lithium cooled tokamak

blanket has been developed which determines acceptable ranges for design

parameters. Two design models illustrate the thermal-hydraulic portion

of the methodology. One model is a constant Q' model, and the other,

a constant Tmax model. In both models,.tubes are arranged parallel

to the toroidal field to minimize MHD pressure drops, and headers oriented

perpendicular to the field are used to. deliver the lithium coolant.

In the constant Q model, tubes are spaced so that each tube will

receive an equal amount of heat. In the constant Tmax model, tubes

are concentrated at several radial positions to form coolant channels.

The channel positions are so chosen that the maximum temperatures

between the channels are equal.

To obtain acceptable ranges for design parameters (design

window), the principles of conservation of energy, conservation of mass,

and conservation of momentum must be satisfied as well as all other

thermal-hydraulic constitutive relations. The parameters considered

are first wall neutron lcading, coolant channel length, cooling tube and

header diameters, thicknesses of tubes and headers, number of tubes, number

of sectors, and coolant velocities, The constraints on a blanket design

include an upper bound on pumping power, stress level, temperature,

fraction of structural material in the blanket and numberof tubes.

A comparison of the two models has been made.
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The methodology demonstrated by the two models can be used

to identify the limiting constraints for a particular design. The

size of the blanket module and the geometry of the coolant passages can

be deduced from the design window. The design methodology may be used

in general for different choices of structural materials, reactor

dimensions, or magnetic field strength, in the analysis of a hypothetic

reactor.

A complete neutronic scheme has been prepared for the

calculation of the volumetric heating rate as a function of the distance

from the first wall, the breeding ratio as a function of the amount of

structural material in the blanket, and the radiation damage in terms

of displacements per atom and gas production rates.

A non-uniform distribution of structural material is modeled

by choosing different volumetric percentages of 316 stainless steel in

several breeding zones, while still satisfying thermal-hydraulic

requirements for the two models. The effect of using different albedo

values at the outer edge of each blanket configuration has been

examined in this study. The role that the radiation damage plays

in the overall design methodology has been presented and discussed.
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5.2. Conclusions

1. The fraction of structural material in the blanket

does not impose a design constraint for the cases

considered, because of the high breeding ratios achieved

by a lithium blanket.

2. The pumping power required for a lithium cooled system is

low. The pumping power ratio (C,) is typically equal

to or less than 0.01.

3. For the constant Q' model, the design constraints are the

total number of tubes and the maximum header size that

can fit radially in the blanket. The maximum first wall

2
loading for this model is 6 Mw/n.

4. Thermal stress is the constraining factor in the constant

Ta model. The maximum first wall loading for this

model is 2.1 Mw/m2

5. For an average volumetric fraction of stainless steel in

the blanket of 0.05, the difference in breeding ratio

between the constant Q model and the constant Tax

model is less than 1%.

6. The difference in breeding ratio where the albedo value

is changed from 0.0 to 0.45 is 1%.

7. The effects that different structural distributions and

albedo values have on heat generation ratp- are insignificant.

.8. The lithium coolant velocity at the header inlet should

be equal to or less than UH,crit (eq. 1), to avoid exceeding
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a reasonable hoop stress. A typical value for U icrit

is 0.1 m/sec.

9. For a coolant inlet volocity less than U H,crit , the header

and tube thicknesses are limited only by corrosion and

fabricability consideratidns, and may be as thin as

practical.
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5.3. Recommendations

At the conclusion of this study, several areas which would

benefit from further study are identified.

An additional heat flux is generated due to the impact of the

charged particles upon the first wall. A separate design study for

transferring the surface heat flux on the first wall is needed. The

design limits considered in this case include an upper bound on the

temperature, thermal stresses, and wall lifetime. The wall lifetime

is limited by the degradation of material properties due to radiation

damage rates, and fatigue resistance of the material.

Within the stagnant lithium region, the free connection

will have effect on heat removal. The interactions of MHD forces with

the buoyant forces in the stagnated lithium region should be investigated.

This additional heat transfer reduces the maximum temperature, which

may be a design limit.

A three dimensional heat conduction analysis should be performed

for the blanket, in order to determine more accurately the temperature

distribution.

A serpentine tube arrangement between the inlet and outlet

headers will increase the langth of the tubes and thus decrease the

total number of tubes (c.f. figure 21 ). The total number of tubes

is a design limit in this study. Therefore, serpentine tube

configurations should be examined in further design studies.

The blanket thickness has been assumed to be constant in this

work. The neutronic scheme could incorporate optimizing procedures

that seek a minimum blanket thickness within the limits of acceptable
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breeding ratio, shielding effectiveness, and ene.rgy multiplication.

For fusion reactor blanket, a method to estimate the design

limit on the stress level is needed. This limit should be a function

of helium production rate, atomic displacements, temperature, the

pulsing nature of the heat flux passing through the material, and the

specified lifetime of the material. The lifetime of the material is

limited by certain failure criteria, such as strain and swelling.
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APPENDIX A: CALCULATIONAL TECHNIQUES FOR

MHD PRESSURE DROPS

The calculation methods for the total pressure loss discussed

in Sec. 2.1. are presented in this appendix. The friction pressure loss

is insignificant compared with other contributing terms and hence is neg-

lected here.

The pressure drop in the header due to the perpendicularity of

the flow to the B field is calculated by the following equation:

=2 .2

APH H tanh H - + C] x 1.3 + 8
APH D2 ~ H -tanhHJC

4

where H = DHB c is the Hartmann number

and Ct = 2 tHC w

DH c

In the main text, the blanket thickness has been taken 80 cm.

To include the flow passage perpendicular to the B field in the shielding

region, the Z used in Ap calculations is 125 cm. To calculate the MHD

corner pressure drop at the intersection of the tube and the header the

following equation is used [51]:

R, AP corner = 0.02 C _H

t X

Additional pressure drop is due to the space variation of the

I
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field strength. The following equation is used to account for such

pressure drop:

Cr D U B
APfrn = K c H H max FR 2 APfringe p .2- 2 H

where K is a coefficient given in Ref. [52]. For the dimensions of the
p

blankets considered in this study, Kp is less than and taken 0.1.

The total pressure drop is calculated by the following express-

ion, and the safety factor is also determined here:

total = FC * H > I + corner + &fringe Fcs s

Table Al summarizes a number of calculated examples of which

the parameters are within the range of interest. In these examples,

UH, B , Ct are constant values. They are:

UH = 0.1 m/sec

B max = 10 tesla

Ct = 0.034

The safety factor used in this study is taken conservatively

to accommodate the uncertainties of existing calculational models for

pressure drops. When better models are available, the methodology of the

systematic analysis can be kept valid by adjusting the safety factor.

Better models are needed, for instance, to include effects due to time-

yarying field and flow in a shape varying pipe in a transverse or
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parallel field.

The current leakage through the header walls into the stag-

nant lithium is not included because a layer of insulation material is

assumed to exist on the outer surface of the tube (c.f. Sec. 4.2). This

layer is needed because a higher MHD pressure drop is caused by the

current leakage. The following is a simplified model for the calculation

of s.uch pressure drop if the insulation layer is not used.

Figure Al shows. a rectangular coolant channel of height 2a,

width 2b, and length L. The magnetic field strength B is normal to the

channel and hence is perpendicular to the direction of the coolant

velocity U, E is the induced electrical field across the channel from

the bottom to th.e top.

The induced current density is

J% (E - U F3)

Therefore, the current is

2ia J L= et C L)(tAf3- E) (2)

The current will return through the channel wall and the

stagnant lithium. The resistance represented by such a path is R.

Therefore,

2Eb _J+
.R RW R (3)

where RW is the resistance of the wall and Rpoo is the resistance of

the pool. It is easy to show'that ' tL (4)

Figure A2 shows the model used to calculate Rpoo1 . A number

I
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~13

Figure Al. Cross section of a coolant

channel with conducting wall

T
217
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TL

2I

Figure A2. A simple model for the resistance

in the pool

-x

- ! 1
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of resistors of conduction length Si are in parallel.

Therefore, --+ L+-2 - - -

/ L

Elimanating E from Equations (2) and (3), the expression for I is

obtained as follows:

A t-bQA 13if (:k.A )

i+ 0 L

for = 2.2X10 6 (mQ)- 1  +b( _ +

a = 0.95X10 6 (m- 1

B = 10 tesla

U = 0.1 m/sec

L = 1.25 m

a = b = 7.45 cm

Y = 4.5 m

Ap =2788 psi (19.2 Mpa)

If Y is assumed equal to

6p = 3988 psi (27.5 Mpa)
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Case I H A(M RIX104  R 2  F c.Number II j m1 C

1

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

TABLE AI.

0.05

0.07

0.10

0.05

0.07

0.15

0.05

0.1

0.15

0.05

0.10

0.15

0.05

0.10

0.15

0.20

0.05

0.10

0.15

0.20

0.5

0.5

0.5

1

1

1

2

2

2

4

4

4

5

5

5

5

6

6

6

6

3.71

5.19

7.42

1.86

2.60

5.57

0.93

1.86

2.78

0.46

0.93

1.39

0.37

0.74

1.11

1.48

0.31

0.62

0.93

1.24

0.046

0.064

0.092

0.046

0.065

0.139

0.046

0.092

0.139

0.046

0.092

0.139

0.046

0.092

0.139

0.185

0. C46

0.092

0.139

0.185

1.046

1.065

1.093

1.046

1.065

1.14

1.046

1.092

1.139

1.046

1.092

1.139

1.046

1.092

1.139

1.185

1.046

1.092

1.139

1.185
1 .185-~ I 4z

The Results of the Examples Calculated for the

Various Types of Pressure Drops.
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APPENDIX B: METHODS TO CALCULATE THE HOT SPOT TEMPERATURE

The methods to calculate the temperature difference between the

tube wall and the maximum temperature, which occurs between the tubes, is

illustrated from Fig. Bl(a) to Fig. Bl(c), where AT = Tm - Tt can be

written as

ATm (Tm - Ta) + (T - Tt) (Bl)

The dimension w in Fig. B1(c) is determined by letting the

shaded area A equal to area B shown in Fig. Bl(d), so that the total heat

generated in each area is the same. Then

W = b - a (B2)

The problem shown in Fig.'.12(a) is represented by the

following equation:

K r[r r T (r) + 0 (B3)

With boundary condition:

T(Dt/2) = Tt (B4)

-T(a) = Ta (B5)

dT
K (r) = heat generated in the shaded area/

unit length 1>i' to
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2. (2a.w)

2 a ir

After the albegra is worked out, Ta - Tt is found to be:

T lt 2Q 2 D t
a t 4K (a -4

+ a 2 (b - T. a)Q'''
iTK + ' 'a]2

Similarly, solving the following equation will lead us to the

answer to the problem of Fig. Bl(b):

K d T(X +
dX

Q''' = 0i (B8)

with boundary conditions:

T (b-w) = Ta

T (b) =Tm

dT
U (b) = 0

The solution is

Tm - Ta
QIWS

(B9)

(810)

(B11)

(B12)(b - T a)2

And finally, combining (B7) and (B12), we get,

= T - T = " (b

2(b - )
+ a[ +

r a)2 +-4a, 4K

'''a 2a
2K ]tn uat

2(a i t )

(06)

2a
U- (B7)

ATM (B13)
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when b > a

or:

ATm = (a b) Q b2 (B14)

2(a -- b)Q''' ''b
+b[ K + -K ]n 2, a > b

vK 2K t
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APPENDIX C: PROGRNA WINDOW

This appendix is a description and listing of the

program WINDOW used to generate design windows for the

constant Q' configurations. It has been removed for

conciseness. The full report may be obtained from

the M.I.T. library system as:

J.Chao, 'Thermal-Hydraulic and Neutronic Considerations

for Designing a Lithium-Cooled Tokamak Blanket',

Ph.D. thesis, M.I.T., Nuclear Engineering, December

1978.
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APPENDIX D: DERIVATION OF UHCRITICAL

UHcritical presented in Chapter 2 is derived in this appendix.

Equations (6), (7), (8), (9) and (10) in Chapter 2 are rewritten as follow-

ing:

APt

D
AP2tt t

SZ2
=2 Fc (T) Zmax

2 tH
1 + DH

2 tH
a UH

a
w

"c

= ah

D

t

NAPt (UH 0DH 2

[fQ''' (R) 2w(R+RW)

C

X dR]

(R) 27T (R+R ) X dR] = N p UH 4H
C AT (C5)

Substituting Eq. (C2) into Eq. (Cl), we obtain the expression

for a,:

(Cl)

(C2)

(C3)

fQ II

(C4)



h = (!t )
Sh (g)t

2 Fc

Using Eq. (C3),
t H

DH
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4 max
7r Zmax

2

1 2tH a

DH ac

can be solved by Eq. (C6).

tH
F ( Z Bmax 2 Oc UH

C i a h
c

(C7)

Substituting Eq. (C5) into Eq. (C4), we obtain the following

expression:

AP C P Cp ATc (C8)

Using Eqs. (Cl) and (C8), we can get the equation to solve

for UH. Then,

CI p C ATc

The t H
DH

fore, combining Ec

(-i) Fc7T C

( 1

2
Z2B ma w H

+ 2tH aw)
DH 0c

2t H)
D H

(C9)

term is a function of UH as shown in Eq. (C7). Ther

s. (C7) and (C9), we can have the expression for UH'

C1 p C AT cU =
H ac (-)2 F Z B 2

C 7FV c ma

+ ah

2 aw ) Fc Z max

U 2tH
w H _ DH I (C6)

Then,

e-
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The hoop stress should be within a limit (i.e. oh < ar); thus,

UH < UHcritical* The UH,critical is:

UH,critical
C, p Cp ATC .+ r)

8 F Z Bax 2 c w

I
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Appendix E: Program BEERCAN

E.1. Description

Program BEERCAN has been developed to generate design for the

constant Tmax configurations. A typical window is shown in figure 13. The

output of the program has been used directly to produce a set of family

curves in the figure.

With given values for the blanket thickness and the number of

channels, BEERCAN solves the conduction equation in cylindrical coordinates

to determine the position of each channel and the peak temperature in the

lithium pool. The problem to be solved can be defined as follows:

V2 T(r) + 0

is in the form:

KBe-vr (W/cm )

with boundary conditions:

TI , T =T

T r2 , T = T2

The solution can be found in Ref [53 ] and is given here:
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T(r) = T, + A + Cin (r) + B

b K r, b

where

CA = A A rbri

b K b K

1
Y, n

r2(

____ brbr dr - e-b (El)

Jr 2

-br dr - eb(r2 - rl)
r - d -eI

, A = KBe-brl

With Eq. (El) the value of peak temperature and the positions of

coolant channels are found by iterative procedures. The procedures are

illustrated by the flow chart shown in Fig. El.

The boundary conditions used in Eq. (El) provide that the tempera-

tures at the wall channels atr equal distance from the inlet header should

be equal. Since the heat fluxes at the walls are different from channel

to channel the coolant velocities in each channel must be adjusted so that

the coolant temperatures rise at the same rate.

More specifically, the coolant velocities must satisfy the

following equations:

Tc'i DH'i Arip C U. = XDH'i W

NC 
2

E U D Ar D U
i = 1 1 H i 1 4iH i

i 1 ,1 , NCH (E2)

(E3)
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Guess the position of 1st channel, r,

Calculate peak temp.,T 1 in lithiun pool

Guess the position of 2nd channel, r)
r --

Calculate peak temp. T2 in lithiu: pool

between rI and r2

Compare Ti and T2

If T 2 T 1 T If T > TT2 <T 1  If T 1 - T 2  2
increase r 2  decrease r

Repeat the dash-line box for the rest of the

- channels till the one before the last channel

I 
Take the Out edge of the blanket to be

the Neq .channel position

Calculate peak lithiu pool temperature T",

Compare TCt and T1

, f TNCH T If T -T liT
decrease r1  increase rl

SEND

FIGURE El. FLOW CHART FOLLONED TO DETERMINE CANNEL POSITIONS

AND PEAK TEMPERATURE IN BEER CAN
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With required condition:

AT AT ATc,Nc ,l c,2 .:c. .cH (E4)

The above equations are, in fact, used to determine the coolant

velocities.

The total number of tubes in the blanket can be solved by Eq. (13)

in Chapter 2. The effective channel width tr. is assumed a constant for

a particular design, and is assigned at channel i such that the cross

sectional area of the channel is the same as that covered by tubes.

Thus,

D t2 =DtAr

or Dt =-r r

The thickness of cooling tubes is determined by specifying a hoop

stress within a limit. Thermal stresses can then be calculated with tube

thickness and heat fluxes passing through the coolant channels provided by

the program WINDOW.

By specifying the temperature rise in the coolant, the constant

first wall loading lines are determined as functions of the distance that

coolant has travelled. The value of D is fixed in this case thus resulting

in a constant flow rate.
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Thec - X space depicted in Fig. 12 can be

interpreted as an N,, - qw space, from which t1he constant

peak temperature curve is obtained by the solution to

conduction equations.

E.2. Program Listing

The remainder of this appendix contains a listing

of the program BEERCAN. It has been removed here for

conciseness, but may be obtained from the I.I.T. library

system in:

J. Chao, 'Thermal-Hydraulic and Neutronic Considerations

for Designing a Lithium-Cooled Tokamak Blanket',

Ph.D. thesis, M.I.T., Nuclear Engineering, December

1978.
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APPENDIX F: PROGRAM NEBULA

Fl. Heat generation. calculation

The program NEBULA has been developed to calculate the volu-

metric heat generation rate and radiation damage rates.

For multigroup calculation, the volumetric heat generation is

expressed as the following:

Qan E a n Ka=l y ay y

G 121Q = rz
TG E EQ

a 0=101 aB n ayB

Q + QQ
a a a

where:

G volumetric heat generation due to gamma heating at-Qa
position a ( )

Qfl = volumetric heat generation due to the neutronQa

heating at position a ( 3v
cm -sec

Q = total volumetric heat generation at position a ( )
M 3.sec
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* =neutron or gamma flux of group at position

a (cm 2sec) I

n= number density of material y at position

a (atom/cm3 x 10- 24

K kerma factor of material y, group $ (ev-barn)

The difficulties of using ANISN to calculate the Q's which

necessitate developing of NEBULA are the following:

a) ANISN only calculates the quantity

121
D E - n K
aiy B=1 Oa O

T
To get Q , additional calculation is needed. Even only for

DC, more artificial ANISN materials( need to be added in the mixing

table of input and that causes more complication for inputting ANISN,

which has already been a complex task.

b) When ANISN calculates D , the summation is taken from

1 to 0 - 121.

Therefore, information on Q n or QG each is lost.

c) Kerma factor's from DLC-37D used to calculate Q or Q

are of 121 groups. Thus, there are 121 numbers of Kerma values for each

material. In DLC-37D, Kerma factors of 26 materials are given in a 121 x

124 matrix, filled with numbers from first row to twenty-sixth row and

the rest filled with zero's. In an ANISN run this Kerma matrix is treated
vee Ref. -31j for the definition
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as one of the ANISN materials and is mixed with other materials in the

mixing table.

When ANISN runs in group collapsing mode and generates few group

cross sections, the scattering cross sections filled in the fourth row and

below are shrunk differently from absorption, fission and total cross

sections, which occupy the first three rows in a matrix. This shrinking

procedure of scattering cross sections does not apply to the kermas. The

few group kermas shrunk by ANISN are, thus, incorrect except those in the

first three rows. Therefore, ANISN i.s not capable of calculating Q or

D for a few group runs.

T n G
NEBULA is then coded to calculate Q , Qa, Q individually,

with neutron and gamma fluxes supplied by ANISN punched output and Kerma's

obtained from DLC-37D.

The capability of calculating heat generation with a few group

structures is another feature of NEBULA. The few group fluxes (of 26

groups) are expanded into 121 groups weighted by 121 group fluxes, from

any appropriate 121 group ANISN run, to match the kermas of 121 groups.

F2. Radiation Damage Rates

NEBULA can also be used to calculate radiation damage rates in

terms of displacements per atom, hydrogen production rate, and helium

production rate. In this case, the Kerma's are replaced by multigroup

displacement cross sections or gas production cross sections generated

by RECOIL.
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The radiation damage rate is then:

100
R = E $ n a
a 0=1 l Y ya

where:

th
R =radiation damage rate of the i kind

r = cross sections of material y, group a
OY

i =1, 2 or 3 stands for displacements per atom,

hydrogen production rate, or helium production

rate, respectively.

F.3. Program Listing

The remainder of this appendix contains a listing

of the program NEBULA. It has been removed here for

conciseness, but may be obtained from the M.I.T. library

system in:

J.Ciao, 'Thermal-Hydraulic and Neutronic Considerations

for Designing a Lithium-Cooled Tokaimak Blanket',

Ph.D. thesis, M.I.T. Nuclear Engineering, December

1978.


