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ABSTRACT

The use of helium and the molten salt flibe (Li 2 BeF ) is

examined for a fusion reactor blanket. Two structural

materials, 316 Stainless Steel and TZM (a molybdenum alloy)

are considered. The first wall and interior blanket regions

are analyzed separately because of their different constraints

and operating conditions.

A stagnant lithium pool is employed for tritium breeding

in the interior blanket. Heat removal is by tubes arranged

in either of two distributions. The first has coolant tubes

located throughout the blanket such that the heat removal

per unit length is the same for all tubes. A second confi-

guration was proposed in which the tubes are located at only

a few discrete radial locations forming shells. The first

gives the smallest number of tubes and lower peak thermal

stresses. The second has improved neutronics and greater

redundancy. For the first configuration with helium coolant,

analytic expressions relating the neutron wall loading to

the major design parameters of interest were found. The

expressions should be quite useful in parametric studies

since detailed design configurations and analysis are not

required. Comparisons with several designs in the literature

were made and the agreement between the analytical expressions

and the detailed designs was good. In addition, for both
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helium and flibe a design window methodology was developed

and several examples given. An example of the second concept

is given by the HFCTR conceptual design.

A tubula.r radiation shield for the first wall was

examined. Copper cladding on 316SS was proposed and found

to significantly reduce the peak thermal stress.

A second first wall configuration employing a thick

sacrificial TZI4 block with cooling tubes on the side away

from the plasma was also considered. A checkerboard pattern

of grooves is used for stress relief. The large thermal mass

of the block will protect the tubes and for short pulse

operation it can reduce fatigue damage by reducing the

altermating component of thermal stress.
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NOMENCLATURE

B Magnetic Field (T)

b Exponential decay constant for heat generation (m-1

C PHeat capacity (u/kg)

D Coolant tube diameter (m)

E Youngs modulus (Pa)

H Heat transfer coefficient (W/m 2

Ha Hartmann number

K pumping power to heat removal ratio

k Thermal conductivity (W/m-*C)

L Coolant tube length .m)

N Number of shells in Shell concept

n Number of coolant tubes

P Coolant Pressure (Pa)

AP Coolant pressure drop (Pa)

P Prandtl number
r

P W -First wall neutron loading (W/m 2

q"' Local volumetric energy generation rate (W/m3

<q"'I> Average blanket energy generation rate (W/m 3

q" Surface heat flux from plasma (W/m 2

R Gas donstant (J/kg-K)

F Average coolant temperature (*C)
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AT Bulk coolant temperature rise (*C)

ATF Film temperature drop (*C)

AT Wall temperature drop (*C)

F Bulk fluid temperature (*C)

ATLi Temperature rise in lithium pool (*C)

T IMaximum lithium pool temperature

t tube thickness (m)

U Radial displacement for stress analysis (m)

V Induced voltage (volts)

v Coolant velocity

W Surface heat flux on interior blanket tube (W/ 2

Z Blanket thickness (m)

a Energy multiplication factor

coefficient of thermal expansion (Chapter 5)

Ratio of q"' minimum/ q"'

C Mechanical strain

Viscosity of coolant (kg/m'sec)

p Coolant density (kg/m3

Pt Coolant tube density (m-3

a Hoop stress (Pa)

a Thermal stresses (Pa)

T - Resistivity vQ.m

ris Fraction of structural material

T) Void fraction

V Poisson's ratio
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INTRODUCTION

Fusion power offers a promise of a virtually limitless energy

supply for the future of mankind .1 ) For the last twenty years, science

has pursued this promise, at first underestimating the difficulties,

but through a world-wide effort, an understanding of the behavior of

this fourth state of matter is beginning to emerge. Recent experi-

mental progress has been especially encouraging. The Alcator tokamak

at M.I.T. has achieved values of nT (the product of density and con-
13 -3

finement time) which are on the order of 3x10 cm . sec are in the

the range needed for two-component reactor configurations, but at

relatively low temperatures. At Princeton, the required temperatures

for ignition have been reached in PLT but at a low nT product. (2)

If the next generation of experimental machines such as TFTR perfornm

as expected, tne scientific feasibility of controlled thermonuclear

power will be demonstrated.

For fusion cower to miake a rcaningful contribution to electrical

energy generation however, feasibility is not enough. It must be

economically competitive with the alternatives available at the time.

The scientific feasibility of fission power was proven by 1945, but

it was 20 years before it began to be economically competitive.

Because of the dwindling and uncertain extent of oil and natural

gas reserves along with real or perceived problems with other alterna-

tives, the development of fusion power as a possibility has a certain

sense of urgency. Engineering studies of conceptual power reactors have

therefore, been done and will continue in the attempt to predict as

early as possible whether a given approach would yield a desirable power

plant. Hopefully, these engineering studies will provide feedback so

that the regimes of plasma physics studies are those leading to desir-

able reactors.

. This work represents part of a blanket technology study. The ob-

jective was to evaluate the relative thermo-hydraulic and neutronic

characteristics of three coolants - helium, flibe and lithium for a
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liquid lithium fusion reactor blanket. In this thesis, the use

of helium and flibe will be examined for cooling the interior

blanket and several first wall cooling options proposed. The

use of lithium and neutronic calculations are incorporated in

(3)J. Chao's thesis.
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I. HELIUM COOLING OF A STAGNANT LITHIUM POOL

1.1 Objective and Physical Model

The objective of this section is to develop a methodology

which will permit the rapid estimation of the thermal hydraulic

requirements for removing the heat from a stagnant lithium pool

using a distributed set of cooling tubes with helium coolant.

The model used assumes that the heat removed per unit length

of coolant tube is the same for all tubes. In addition, the blanket

surface heat flux from bremsstrahlung ar.d charged particle flux is

to be removed by a separate radiation shield which will be ana-

lyzed later. It is further assumed that an initial neutronic study

will give an approximate thickness of lithium required for brceding

tritium and the energy per fusion event deposited in the region.

The plasma engineering gives the first wall shape and major radius

so that the volume of the breeding zone and energy per fusion event

to be removed is known.

The following quantities are used to describe the thermal hydrau-

lic system.

1. T (*C): The average bulk coolant temperature

2. AT (*C): The bulk coolant temoerature rise

3. P (Pa):The average coolant pressure

3
4. p (kg/m ):the average coolant density

5. v (m/sec): Average coolant velocity

6. AP (Pa): Coolant pressure drop; inlet to exit
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7. P: Friction Factor

8. K: Pumping power to heat removal ratio

9. h (w/m2-2C): Heat transfer coefficient

10. ns: The average volume ratio of structural material in the

coolant tubes to lithium.

11. fv: The average volume ratio of void to lithium zone volume
V

(i.e. void fraction)

12. a (Pa): Coolant tube hoop stress due to pressure.

13. D(m): Coolant tube diameter

14. L(m): Coolant tube length

15. t(m): Coolant tube thickness

16. P (W/m 2): First wall loading(neutron)

17. <q'''> (W/m3 ): Average energy generation rate in the lithium

18. Ws (W/m2 ): Surface heat flux on all coolant tubes.

19. ATF: oolant tube film temperature drop.

20. AT : Coolant tube wall temperature drop.

21. Pt (m- 3): Average tube density; number of tubes divided by lithium

zone volume.

These quantities are not all independent. WVat will be developed

is the functional relations between them.

Another possible parameter of interest which is not explicitly in-

cluded is-che peak temperature in the lithium pool. This can vary

greatly depending on the shape of the area of lithium being cooled by a

single tube which depends on the exact coolant tube layout. Presumably

in a point design, the design philosophy concerning maintenance
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and accessability will determine the module shape. The analysis

to be given here will give a reasonable choice for the number of

coolant tubes, their diameter, thickness and length. These would

then be arranged as most suitable for a given module and subsequently

the peak lithium temperatures and wall temperatures check by a de-

tailed analysis.

The quantity ris is 'included as a separate parameter because it

affects the breeding of tritium and there will be some upper limit

on the total fraction of structure material which also includes that

required for mechanical design.

The number of coolant tubes is included as a separate quantity

of interest because the reliability of the system is inversely pro-

portional to the nuz-ber of tube to header joints.

1.2 Governing Relations

The system being considered has the 21 unknowns listed previously.

In this section it will be shown that there are 13 applicable relations

This means there are eight degrees of freedom. In the design window

methodology to be developed, a rational will be given for fixing six quan-

tities so that on a diameter versus length plot all points are determined.

From conservation of energy the following holds

2
ilD pvCpAT = 1TDLW (1.1)
4

PtDLWs = < q ' 
.>2

(1.2)
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By definition:

a_ = <atI Z A Ef(Mev) (1.3)

P, (1-TI)VT 14.06

where Z is the blanket thickness, VT the total blanket volume, Af

the first wall surface area and EF the total energy deposited in the

blanket region per fusion neutron as determined from neutronic calculations.

H AT F= 1 (1.4)HTF S

K = AP/pCpAT (1.5)

For thin tubes and small void fractions the following averages can be found

n= p TDtL (1.6)

lTD L (1.7)
v Pt 4

Where pt number of tubes/lithium volume. For thin tubes the hoop stress

due to pressure can be approximated by:

a = PD/2t (1.8)

The pressure drop in the tube is approximated by

AP 1/2 pv 2 L/D (1.9)

Where for -smooth tubes the turbulent factor is approxinated by:

T = .184 (pvD/p)-0.2  (1.10)

A relation between the friction factor- and the heat transf

efficient can be obtained from the Colburn analogy. This gives

h = P -0.6 PVCp T/8 (1.11)r

An ideal gas law approximation gives

P
P z - (1.12)

Finally the wall temperature drop is given by

AT = (DW /2k) ln (1+2t/D) (1.13)W a

Since the thermal stresses are proportional to AT a limit

is equivalent to a limit on thermal stress.

er co-

on this
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1. 3 Design Window Develonment

The parameters a designer has the most control over are the

number of coolant tubes, their geometry and the wall loading. To

help make an initial choice for these parameters.a graphical

presentation is introduced to show the allowable range of tube

diameter, length and number of tubes as a function of wall loading

given a set of fixed parameters and constraints. In addition, ana-

lytic relations will be developed which should be very useful in

parametric studies. For a given design window, the following six

quantities were considered as fixed parameters:

a) T

b) AT

c) r

d) K

e) Tjs

f) P

The choice for T and AT would depend on the structural material

temperature limits, desired steam cycle and possibly thermal shock

considerations. The hoop stress would be based on the allowed creep

rate with a suitable safety factor. A maximum allowed pumping power

to heat removal ratio would probably be approximately 2%. This could

vary depending on the allowed recirculating power fracti6n for a given

design concept. The allowed fraction of structural material in the

tubes would be limited by a minimum desired breeding ratio. It will

be shown the void fraction is proportional to ns and increasing either
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will decrease the breeding ratio for a given thickness of lithium.

Finally the pressure choice is a compromise between decreasing the

pumping power for a given rate of heat removal and increasing the

thermal stress due to thicker walls.

With the six fixed parameters, a point on a D versus L plane

gives eight known quantities which together with the 13 relations form

a closed determined set of equations in our 21 parameters. The algabraic

manipulations to follow have the objective of obtaining expressions for

D versus L as a function of the six (or fewer) fixed parameters and one

additional quantity of interest at a time. Lines of constant Ps,, TF'

Tw, and are obtained in this manner.
T

1.3.1 Derivation of Analytic Relations

Equations 1.9, 1.11, 1.5, 1.4 and 1.1 can be combined as shown

in Reference 5 to give

2 2
AT = 16 W L (1.14)

F s_____
-.6 3
r P K AT2 D2 p2

From (2) and (6) it can be seen

W s = t <q' ' > (.5

rIs

Substituting (1.15) in (1.14) and using (1.8) and (1.2) give-s

AT 4R2  1. T <q'''> L] 2 (1.16)
F --.6 K L oAT

P C 3 s
r P.

Equations (1.11), 1.4), (1.1) and (1.10) can be combined to give

2 -.6 2
7D p v C AT = AT P  -PVC2 (.184Re (1.17)

4 1 (7rDL
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or D = TF L P 6 .002) r.e .2

2T r

but from (1.1)
(1.18)

4W L4
R pVD _ S

'P PJC PAT

Substituting (1.18) in (1.17) gives

D = .069723 P (. C) . L W. F (1.19)
r AT .2

S

Substituting in (1.19) for L-TF from (1.14) and using the relation

PD <q' '>
2ans

and simplifying gives (1.20)

5/3 3/2 7/3

.3873 V1/6 5/3 53 <'1> 32L7

C P7/3 )3/2 K 5/6 P l/6 AT7/3

This is the equation which per-its lircs of const:.wit wall 1 .

P , to be determined since<a'"> = CLPw/Z.

From equation (1.2) allowing for a finite void fraction

2
niDL WS= (V - -- _L) <q'I">

Simplifying yields

(1. 21)
D = 1 2 Crs VT

1+ CTns n PL
2P

Which for ans/2P <<lwhich-its true for small Tiv (5 5%), using the

definition of Pt yields

2 c i (1.22)
D = -- _

.'TP PtL

This gives the lines of constant p .

For a given A T a relation for D versus L can also be -found.
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Substituting for Ws and t/D in equation (1.13) gives
4k ns OAT.

D 2=
P.ln (l+P/T)<c'''>

Substituting for <q'''> from (1.20) gives after simplifving

4kATv 3/8 1/24 5/12 7/12 (1.23)

D = .7889 + K24

If ATF is fixed, then substituting for <q'''> in equation (1.16)

and solving for D gives
(1.24)

- 1/6. 3/4 5/6
--.45 1/6 1/6 T/ -,T3/ 56

D = .1345 Pr 4  R F L

C K1/12 K1 /1 2 AT5 /6 P1 /6

This is the last of the desired expressions for diamcter versus

length in terms of the six fixed parameters and an additional quantity

of interest. Sum--arizing, the applicable exnressions are:

Constant Ouantitv Equation for D vs L

P w1.20

PT 1.22

ATW 1.23

ATF 1.24

1.3.2 Void Fraction Estimate

A simplified approach can be used to estimate the required

void fraction given a, n and P.
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For a given tube

T (r ) = TrD /4

v t 2/4 + A (r ) ~ + 41 s
lTD q t D q''' (rt)

where A (r ) is the cross sectional area of lithium being cooled

by the tube at rt. For a rough averaging consider rt as a continuous

variable (Z) and a flat plane geometry with thickness L.

<n (Z)> = T) = 1 L 1 dz (1.26)

L 4W + 1

0 Dq' ''(Z)

Assume q'''(Z) = q.''' e-bx and let C =4 s/Dq
L

n 1 dz (1.27)

v L bz
1 + Ce

or - 1 ln +5Cet (1.28)
VbL L2 l+ C

An approximation can also be made for <q'''> as

<q' e dz (1.29)

L 0

or q'' bL <a'''>

-bL(1-e

Using the approximation Ws = PD<q'''>/20Tls and substituting for C in

equation 1.28 gives

- ~ 2P e 1 (1.30

n l -1 ln 1 + n\ bL

1 + 2P l-bL-

[ o bL
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for bL , 2.5

- 1 in 1 + bL Gn
v bL

for bL (n <<1

s -n

v s -bL s(1.31)

2P 2 2P/

Furthev, for typical lithium systems b is on the order of 4m-1

and L on the order of .5m so to a fair approximation.

2

ru -1
V s I s (1.32)

2P 2P

This simple expression allows a rapid estimate of the void fraction

for a given choice of CF, fl and P. A comparison with several pub-
S

lished designs gives good agreement as will be shown later.

1.4 316 - He Design Window

The allowable design window or region in the D versus L plane

is determined by the constraints imposed. For the helium - 316SS

design the following constraints were imposed.

1. AT < T .F - F Max

2. Pt < PT Max

3. ATw T wMax

4. P >P
W -- w Min

The values chosen for the constraints and parameters depend on

the structural material, overall reactor design and an evaluation

of radiation damage. Part of the reason for expressing the blanket
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design in terms of these parameters is that it should permit easy

iteration in order to find an overall reactor design with a given

heat exchange type which gives a desirable compromise between ef-

ficiency, cost and reliability.

The following table gives a set of parameters and constraints

for a 316SS system that illustrate the methodology and are believed

to be conservatively chosen.

TABLE 1.1 316-He DESIGN WINDOW EXAMPLE

PARAMETERS CONSTRAINTS

573*K ATF < 83 0 C

AT = 200 0 C AT < 17*C
W -

P a 3.8 MPa # tubes < 1.5 x1i4

ri = .02

a = 48.3 IMPa
H

K =.02

First Wall Radius = 2.25m E 15.2 Mev/neutron

Major Radius = 6.0m Z 60 cm

CONSTRAINT SECTION

The sum of the coolant exit temperature, ATF and ATW were chosen

to give a peak tube structural temperature of 5000C. The coolant tubes

could be arranged in several passes so that the portion of the tubes near

the first wall would be below 500 0 C. Available irradiation test data in-

dicates that these temperatures should be acceptable. (6)At higher temperatures

at anticipated damage rates the ductility would be excessively reduced.
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The limit chosen for AT, gives a thermal stress of 34 MPa

(5000 Psi). This provides a large margin of safety against fatigue

failure. Irradiated fatigue data is not presently available but

the loss of ductility would indicate a decrease in the fatigue limits.

The ASME code 1592 allows a ctrain range of .175% for 10 cycles at

800*F.(7)This would correspond to a peak stress of 273 MPa (39.6 ksi).

The constraint of 1.5 x 104 for the total number of tubes was

chosen arbitrarily. If testing can give reliability data then the

blanket can be engineered for a given reliability level. Fraas gives

(4)
a rough estimate for the mean time between leaks as

MTBF (hr) =10 9 A
(4tube joint + ft. weld) B

Where A = (coolant temp rise/50).
E1ss

B = noninal pressure stress/allowable stress

For A = 4, B = 2 and 1.5 x 104 tubes, the above relation would

give a mean time between failures (ignoring the feet of weld) as

10 ~ 2 1.7 4 0
MTBF 4 . - = 1.67 x 10 hours (1.9 years)

(2) (1.5xlO 4) 4

PARAMNETER SECTION

The reactor size picked corresponds to a small reactor comparable

(29) (3
to a design such as the HFCTR or NUMAK. The 60 cm thickness of

the lithium zone should insure sufficient breeding. Previous neutron

studies(3) indicate that approximately 15.2 MeV will be deposited in the

blanket region for each fusion neutron.
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The average temperature and AT were chosen to give the 5000C

maximum structural temperature limit for reasonable values of ATF

and AT . Lower inlet temperatures would be possible but the effect

on the heat exchanger design would have to be evaluated.

The pressure of 3.8 MPa (550 Psi) was selected arbitrarily.

Higher pressures give lower allowed wall loadings with the assumed

limit of 17 *C on AT and the design value of 48.3 MPa (70C0 Psi)

for hoop stress.

The fraction of structural material selected was well within

what would be allowed for tritium breeding and gave a void fraction

of 12%.

The hoop stress of 48.3 MPa is also conservatively chosen. For

316SS at 550*C the stress limit for 0.2% creep in 100,000 hours is

100 MPa in unirradiated steel.(

The pumping power to heat removal ratio was set at 2% which

(4)
is the maximum recommended by Fraas in his comparative survey.

.RESULTS

The program listed in Appendix 1 was used to evaluate the ana-

lytic expressions derived previously. The result is shown in Figure

1. From equation (1.20) lines of constant neutron wall loading of

1, 2, 3, 4, 5, .6 and 7 MW/n2 are shown. The film temperature drop

line for 83*C is graphed using equation 24. Also shown are four

lines for a constant number of tubes using the values of 5 x 10 3

104, 1.5 x 10 and 2 x 104 tubes in equation (1.21). Finally, the
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DESIG:i WINtD.E DEVELCPM2Nr

HELIUM - 316 SS SYSTE.M

Coolant Tube Diameter vs. Length

D(cm) 2 4

8.0 7 & 5 4 3 2 f-/r

ATr 8 83 C
7.0

6.0

.T 1 7 C

5.0

4.0

3.0

4 of tubes 5 x 10

2.0 
2 x

1.5 i 1

0 10 20 30

FIXFD PAPA EEPS CONSTPAINTS

Tout- Tin = 200 K A T < 17 *c

- 573 K # or TUBES .1.5 x 104

P 3.8 MPa T film < 83'C

ris .02 p>Sw_

H - 48.3 MPa

K - .02

z .60

r = 2.25

R 6.0 m

FIGURE 1. HELIUM - 316SS DESIGN WINDOW

(Case 1)



31

line for a constant wall temperature drop of 17*C is shown as

calculated from equation (1.23). For the constraints listed

above and a minimum wall loading of 1.0 MW/m2 the design win-

dow is the shaded reaion shown. The maximum possible wall

loading with the given parameters and constraints is 4 MW/rn2

and occurs at the simultaneous intersection of the 15,000 tubes

line with the AT = 17*C and ATF 83*C lines. This peak wall

loading capacity occurs for a diameter of 2.4 cm and a length of

6.0 meters.

. If the fraction of tube structural material in the blanket

Js reduced from 2% to 1% with all other parameters and constraints

kept constant, the design window changes as shown in figure 2.

In this case, the peak allowed wall loading is only approximately

2.7 2W/r2 and the optimum geometry changes as shown.

It would be desirable to be able to predict the maximum pos-

sible wall loading for a given set of parameters and constraints.

This will be done in the following section.

1.5 Analytic pxpressions for Maximum Wall Loading

For a given number of coolant tubes in the reactor, the maximum
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'D (cm)

8.0 3 2 /21 4/k2

7.0 F. 83*C

6.0

ATW 17*C

5.0

4.0

3.0

2.0 .\ of tubes = 5 x 103

1.02 x 10

0 1 A -1Y I I I I I '
0 10 20 30

L (n)

- Constraints and paraneters same as Figure 1 except

FIR 2.01

FIGURE 2. HELIUM - 316SS DESIGN WINDOW

(Case 2)
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wall loading occurs at the intersection of this line with either

the AT or ATF line, whichever gives the lower wall loading. The

wall loading at these points can be expressed as a function of the

parameters and constraints, independently of geonetry.

For l << 1 equations (1.21), (1.24) and (1.19) can be expressed
V

respectively as:

D = C L-1/2 (1.33)

D = C2 L5/ 6  (1.34)

D =C W3/2L7/3 p L(1.35)

Solving for P,, gives

"17/12
P = C 2 (.

C 3/4C 2/3
1 3

Substituting for C1 , C2, and C3 gives

P = F P* 25 . 625K .4 3 7 5 ( .AT) 375 T 17/16 (1.37)
W 1 T F

-A .875

where
-. 6375 .125 1.4375

F= .1333 r Cp

IC.875

For helium at 3000C, F1 = 12.3. The dependence of F on T is weak.
1

For a given AT the wall loading can also be found. Equation

(1.23) can be expressed as

D 2 L7/12 (1.38)

Equations (1.33), (1.35) and (1.38) can then be solved for Pw to give



(1.39)
34

2/3 1.7436

±-I1 B 2
W L C3 12/13 - 17/9 1.077 2/3

3 3C 1 C3

B 2

Substituting and simplifying gives (1.40)

, kT . .6538 .4615 .1923( A)5 38 5

P = F W s K t
W 2 aI ln(1+P/c) .3846 P .07689

Where

C .53855

F = 3.929
2 .03846 .3846

SR

For helium at 300*C F2 = 31.1

Equations (1.37) and (1.40) should be very useful to show the

relative efiectiveness of changing one parameter or constraint ver-

sus another. For example, from the first design window the maximum

wall loading was 4 M/m2 at 2% structure. Equation (1.37) predicts

that for the same film temperature, number of tubes and given para-

meters of Table 1.1 the maximum wall loading with 1% structure should

be

l\.625 '2
P1(1%) PW (2%) 2.6 MW/r

which agrees with figure 2.

Equations (1.37) and (1.40) were in fact, used for Table 1.1 to

estimate the AT which would give the maiimum wall loading for the as-

sumed T and a maximum tube temperature of 500*C. This is shown in

Figure 3 where the wall loadings limits set by the two equations are

shown for the given parameters. The lowest curve is the most limiting

1.
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P (?TW/r )
6.0

.5.0

4.0 Eq.(1.40)
AT 500 - AT - T- AT/2

3.C-

1.0-

- AT ('C)
FIXED PAR.;4ETERS

S= 573 K
P = 3.9 MPa

Tis = .02
0 = 48. 3 MPa

r. .6r2 m
r =2.25 :7
R =6.0 rm

FIGURE 3. MAXIMUM WALL LOADING VS. AT
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and the maximum occurs at their intersection.

1.6 TZM-He DESIGN WINDOW

1.6.1 General Considerations

The use of TZM as an alternative advanced structural material

was also studied. Such a refractory material offers the advantage

of higher thermal efficiency through the use of higher temperatures.

Other refractory materials such as niobium or vanadium were not

analyzed because present data indicates a strong possibility of ex-

cessive corrosion caused by trace ir.purities in the helium at tem-

peratures above 600*C.

Irradiated material data on TZM is presently lirited. Data

taken by Wiffen , however, does indicate that irradiation at or

below 450*C to the damage levels expected in a fusion reactor will

cause the Ductile to Brittle Transition (DBT) temperature to rise

to that temperature or higher. There consequently appears to be a

lower limit on the allowable temperature range, although the pre-

cise value is not presently known. For this reason inlet coolant

temperatures of at least 600*C were imposed for this study. The

upper temperature limit is set by the loss of mechanical strength.

1000*C was set as a design limit in the UWMAK III study 1 2 )and will-

be used here also. Because of the higher temperatures used in the

TZM designs, the importance of the peak lithium pool temperature in-

creases compared to the 316SS designs. The vapor pressure of lithium
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at 1070 0 C is 0.1 atm. and at 1300 0 C it is 1. atm . The pressure ir.

a module strongly effects the structural design and should be above

the vapor pressure if boiling is not desired. For the TZM designs

a rough estimate will be made for the peak lithium pool temperature

in the next section.

1.6.2 Peak Lithium Temnerature Estimate

A rough estimate of the peak temperature in the lithium pool

will be made by assuming a cylindrical lithium region with an

adiabatic boundary on the outside surrounding a single coolant tube.

It will also be assumed that within a given region the volumetric

energy generation rate is a constant and that the heat conduction is

only radial. With these assumptions, the solution of the l-D con-

duction eqiuation for the lithium pool temperature rise can be sho-.;n

to be (see appendix 1.2)

ATLi - + S ln 1 + 4W DW

16 k -- S - S
I 4k L qt''D 4k L

Where it has been assumed that the diameter of the lithium cell (D C

is such that

1TDW IT (D 2 - D2)q' ' ' (1.42)
S C

Let q 1 1 1

WS

4

<q I1

PD <qI''>
2crn

Substituting and simplifying gives
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(1.43)

AT . = <q'''> D 2 + ap ln 1+2 P
TIS 

TSs s s

For normal exponential decrease in a''' this expression will

have a maximum where q''' or $ is a minimum because of the large

conduction length required. By introducing the value for = q'''min/

<q' ''>,lines for a given maximum lithium pool temperature can be Intro-

duced into the D versus L plane. Start with the following definition for T7

TUa + AT/_+ AT W+ AT + AT *(.4TLMax W- + L. +1.F4)
From (1-23) AT = D8/3

L1.555F 8/3

where F= .7889 4k]3/8 1/24
ln (1+P/a )

From (1.24) AT 4/3F D

F24/3 10/9

were F = .1369 P -. 45 1/6 1/6 - 1/62 r Vy R T

C K1/12 ,5/6 1/6

From (1.43 and 1.20)

AT. F D8/3
Li 3 19/9

2/3 L

where F3 + P ln 1+2P) P

kL 2 s- OnSoTTs

F = .38731 1/6 5/3 - 5/3

C P 7/3 (OTs 3/2K 5/6 1/6 7/3

Let C =TLax - T - AT/2

Substituting in (1.44) gives a quadratic equation for D3/4 or
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4/3
D [ B2 + 4AC -B (1.45)

2A

4/3 10/9
where B = 1(F2 L )

A= + F
[83 14/9

F 2/3 L

4

Equation (1.45) gives the relation between D and L for a constant

maximum pool temperature under th& given assumptions.

1.6.3 Numerical Results

The 316SS design had two constraints on the peak structural

temperature and the allowable thermal stress. With ~' however,

the thermal stresses are generally not very large becal:Ee for a

given tubh thicl:ness and surface heat flkx c.!:LT is apr::r ~1el

1/10 that for 316SS. In addition, if the pool temperature is

limited to approximately lOOO0 C then the peak tube ternperature

will always be below this. It is not clear what the peak pool

temperature limit would have to be, but limiting it to 10000 C

would allow structural members to be placed anywhere.

Figure 4 shows a design window for a TZM design with parameters

similar to the previous 316SS design. For this system a higher

pressure was chosen (6.9 MPa) because it reduces the pu.ping power

required for a given rate of heat removal. Compared to the 316SS-

He system, the temperature and pressure are both higher resulting

in a gas density slightly higher (3.41 vs. 3.19 kg/m3). The higher

pressure was not used for the stainless steel design because it would
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HELTUM4 - T7M SYSTV!
Coolant Tube Diamneter vs. Lergth

D(cm)

8.0 7 6 5 4 3 2 1W/ TW/2 Tf i 75 C

7.0 T 11Coc

6.0
T x1000 C

5.0

4.0 = 90 C4.0 L "ax

3.0

2.0 4
i< of tubas = 1

1-.5 x 10
2 x 10

1.0 3 x 10'

10 20 30

FIXED PAR,!!ETERPS CONSTPAI;TS L(n)

Tout in - 200 K TLithium - 1000 C 4
- 973 K # OF TUBES < -5 x 10

P - 6.9 Pa - w < 27 Cw <27 2
T1 - .03

% = 48.3 HlPa

K -e .02

z - .60 m

r - 2.25 m
R - 6.0 m

FIGURE 4. HELIUM - TZM DESIGN WINDOW
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have shifted the constant wall temperature drop line to the right

(see figure 1) limiting the design to lower wall loadings. For

TZM, however, the wall temperature drop is not limiting. A higher

fraction of structural material was also used since this gave a

void fraction of 9.4%, which was close to the 11% void in-the 316SS.

The breeding ratio for the two designs should be close.

In figure 4, three peak lithium pool temperature lines are shown

for 900*C, 1000*C and 11000 C. The ratio of q'''min/<q'''>was esti-

mated from neutronic studies done by J. Chao (to be= 0.4. With a

10000C constraint and 1.5xl04 tubes, the maximum wall loading is

2 2
nearly the same as for the 3l6S*-He design (3.2W/m vs 42/)

The principal advantage would be the higher thermal efficiency. If

1100*C is allowable, however, up to 5zW/m2 could be tolerated.

1.7 Comrarison With Published Designs

The expressions developed in this chapter were compared with

several published designs as shown in Table 1.2.

The first column is based on a 1\b-He design presented by Fraas

in reference 14. The predicted average energy generation rate (<q'''>)

based on the nominal film drop and number of tubes using Equation

(1.37) comes within approximately 6% of the design value. The pre-

dicted diameter is larger and tube length shorter than the published

results.' It appears the discrepency is due to an error in the cal-

culated pumping power in the reference. The following parameters are

given in the reference.
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3
Heat loading of coolant tube 6100 Btu/ft/hr (5.86/10 w/m)

.D. .8 in 2.032x10-2m

L 70 feet 21.3-n

Coolant temperature rise 7270F 404 K

Pressure 494 Psi 3.4 MPa

Application of the standard correlations of section 1.2 gives a

pumping power to heat removal ratio of 5.5% not the 1.5% listed. The

film temperature drop also turns out to be 35.3*C not 55.5*C.

Substitution of the higher pumping power and lower AT then gives aF

design with nearly the sai'e <a'''> and the 2.0 cm diameter and 21 m

length.

The next comparison is with the design presented by Mitchell and

(5).- *aaey1%lw Th i
Booth ) Here equation (1.37) is approximately 10% low. The dif-

ference is probably due to error in the estimate for the tube density.

The diameter and lengths cannot be compared directly because in the

reference roughened tubes were assumed. The estimate for the void

fraction agrees quite well for a pressure of 6 MPa.

The third comparison is with a design published by G. Melesse-d'

Hospital and G. Hopkins (15). It is taken from table 1 of that reference

for L 3m and P = 30 atm. The predicted q'' is about 16% below the

design value, but the predicted tube diameter, length and void fraction

agree well.

Another comparison was made for the UWMAK III inner graphite
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blanket. As can be seen the agreement between predicted and design

values is good.

The last comparison is shown in figure 5 for a published E.B.T.

tubular design.(13) In this case the tubes were not designed to a

constant Ws so the expressiuns for ATF and ATW are not applicable.

The wall loading line, however intersects the number of tubes =

2x10 4 line at a diameter and length which agree very well with the

design values of D = 1.75 cm and L = 33.5m and n = 20,000 tubes.
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TABLE 1.2

COMPARSION OF

PARAMETER

P (MPa)

a (MPa)

n
K

Pt(m
3 )

AT (*K)

AT F (*K)

Y OK

PUBLISHED DESIGNS WITH ANALYTIC

Ref. 14 Ref. 5

3.35

13.4*

.02*

.015

5.54

404

55.5*

998

11.2

35

.049*

.012

148*

350

46

750

EXPRESS

Ref. 15

3.04

20.3*

.017*

.0224

109*

500

200*

1023

IONS

Ref. 12
(ISSEC)
6.89

62*

.'028*

.0247*

39.9*

382

4.6*

952

DESIGN (PREDICTED)

<q" 1> (MW/nm3 )

fl (%)

D (cm)

L (m)

.685*(.642)

3.6(3.8)

2.03(2.44)

21(14.8)

10.1* (9.1)

12** (12)

13.7*(11.8)

5.1* (5.3)

1.44(1.4)

3(3)

6.85*(6.03)

11* (11)

1.8(1.8)

11(12.6)

* Calculated based on data given in respective reference

** Calculated based on data in reference 3 for P = 6 MPa

* Not directly comparable because the tubes were assumed to be roughened.
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£B.T.. Desig. Example
D(cm) 2

4.0 .

# of tubes =104

3.5 - 2 x 10 -6

3.0
1.3 x 1.0 414

2.5

1.2
2.0

3.5 - t2

1.0

0.5

.9 ~ ~ ~ - 1 ,. 1 . .e i i 1 1 1
10 20 30 40

L (Mn)

FIXED PAPX*7IIE?.S

Tout Tin = 415 K

T' - 546.5 K

P - 6.9 mPa

ti - .0144

CH - 75.4 MPa

K - .05

z - .60 m

r a 1.2 i

R 60n

FIGURE 5. E.B.T. DESIGN EYAMPL E
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CHAPTER II.

FLTBE COOLING

2.1 INTRODUCTION

The coolant kno;%'n as flibe (Li B4P ) has been proposed by a
2 4

nunber of investigators as a notential coolant for a fusion reactor.

The eutectic mixture of LiF and BeF2 melts at 459*C and has been

used in the ,olten Salt Reactor experi~.n . A summary of its rphvsical

properties are given in table 2.1.

Table 2.1 PHYSICAL PROPERTIES FCR FLIBE 2 1

(66 mole % LiF; 34 mole % BeF 2

Liquidus Temperature

Viscosity (T(*K) ) Centicoise

Thermal Conductivity (W/cmOC)

Electrical Conductivity (ohm-cm)' 1

-l
Heat Capacity (cal g *C)

-1
Heat of Fusion (cal g )

Density T(*C) (q/c-2 )

458 + 10C

n = 0.116 exp (3755/T) + 151

k = 0.01 + 10

K = 1.54+GxlO-3 (t(C)-500)+ 13%

C = .57
p

Alfusion = 107

-4
p = 2.214-4.2x10 T + 2%

PRANDTL NUWBER:

T(C 0 ) Pr

500 35.6

600 20.4

700 13.1

These physical properties make possible a number of advantages
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compared to a helium coolant design but also pose certain drawbacks.

The principal differences -re that much lower coolant pressures can

be used with flibe but that 14HD effects due to the finite electrical

conductivity must be taken into account.

The physical model for the flibe systems is taken to be nearly

the same as for the helium design. The tubes are assumed to be in a

static lithium pool and distributed so that each tube removes the

same amount of heat per unit length. In addition, the tubes are

assumed to run primarily in the torroidal direction to minimize 2D

effects although multiple passes are allowed. An entry and exit ,

length pcrpendicular to the torroidal field is also assuzed. Az-: in

the helium design, the surface heat flux is removed by a separate

radiation shield.

2.2 MITD UrPECTS

The strong magnetic field can have three primary effects on the

performance:

1) Decreased chemical stability(1 8 )

2) Increased pressure drop(
2 2)

3) Delay in the transition from laminar to turbulent(22) flow.

1. The maximum induced voltage caused by flow perpendicular to a

magnetic :ield B is given by

V BvD (2.1)

Potential differences on the order of several volts will destabilize

the LiF and BeF 2 releasing flourine and making these compounds very
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(18)
corrosive toward metallic tube walls. The maximum allowed voltage

will most likely have to be determined experimentally. It will prob-

ably be a function of wall material and thickness. Grimes and Cantor (1 8 )

suggest that voltages on the order of 0.2 volts should be acceptable.

The magnetic field will also increase the pressure drop. The cal-

culation of this effect is complicated by a lack of experimental data

for turbulent flow of a weakly conducting fluid in a strong transverse

field with conducting channel walls. For an order of magnitude estimate

of the pressure drop, the correlation for circular tubes suggested by

Hoffnan and Carlson (22), was used with the substitution of a turbulent

friction fac':or (Y=.184 Re 2 ) in place of the laminar term ('=64/Re)

in the equation. For a uniform B field over an entry and exit length

of Lj and a total tube length of L the pressure drop is approximately

2 2 ,2
AP 1 pV 2L + 1.3LLN [iHa tanh Ha -3 + Ha C (2.2)

2 D (D/2) 2 Ha -tanh Ha 1 + C

where Ha is the Hartmann number and is given by

Ha BD (2.3)

2('y)1/2

and C = 2 Tr F >>I for flibe and metal walls.

Dnw
W

This poloidal field is generally small enough to neglect in these

calculations.

Hoffmn an Car son(22)Hoffman and Carlson(2suggest the following formula for predicting

the transition Reynolds number for flow in a transverse magnetic field.
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R = 500 Ha (2.4)
T

The heat removal for the model chosen is accomplished pri-

marily by tubes in the torroidal direction. For these tubes the

transverse field component would be on the order of 1T or less. At

600*C the tube diameter would have to be greater then 5cm before P

increased above 2100. This effect can, therefore, be neglected.

2._3 DESIGM WIN1DN DE7ELOPFr::T

The unknowns for the system are the same 21 listed for the

helium design, plus the Hartmann number and the maximum induced vol-

tage V m. This gives a total of 23 unknowns. The available relations

are also quite similar to the helium case. Equations (1.1) through

(1.8) still hold. Equation (1.9) for AP is replaced by Equations (2.2)

and (2.3) from this chapter. The same correlations (1.10) and (1.11)

are used for the friction factor and heat transfer coefficient. If the

film temperature drop is large an improvement could be made by the use

of the Sieder - Tate correlation which accounts for the difference in

viscosity in the film region. 23) Equation (1.12) for the density is

replaced by the correlation given in table 2.1. Equation (1.13) for

AT still holds. This gives a total of 14 relations. In addition,

Equation(2.1) for Vm from this section is .applicable. Finally, it

appears reasonable to assume that the inlet pressure is g.iven by

P = AP + 1 atm. (2.5)

This gives a total of 16 relations. For every point on a tube

diameter versus length plot to be determined,5 other quantities must
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be specified.

The five chosen quantities for a given design window are:

a.)T

b.)AT

c.)t

d.)n

e.)v
m

The average coolant temperature and AT are chosen as before

based on material properties, desired thermodynamic cycle and also

a rainimuni inlet temperature of approximately 500*C because of the

459*C melting point. The tube thickness is specified in this case

instead of the stress because low coolant pressures are possible and

a minimum practical thickness set by fabricability is greater than

the thickness required for acceptable hoop stresses. Similar to the

helium design a fraction of structural material is chosen based on a

breeding ratio consideration. The last fixed parameter is the induced

voltage. For a given 13 and T this also fixes the Reynolds and Nussult num--
bers.
2.4 ANALYTIC RELATION

From equation (1) an energy balance gives

pVD C AT = L W (2.6)
4 p

Substituting W = t aP and V = BVD
s W m
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gives

pC V fl AT (2.7)
p i=

Therefore, lines of constant neutron wall loading are inversely

proportional to L and are independent of D.

To obtain an expression for a constant pT start with eq. (1.2)

P lD Li =W <a'i>

Substituting for W gives

n (2.8)

D tL

From (2.1) the Reynolds and Nussult numbecs are given by

V
Re = "

yB

Nu = .023Re* Pr' = hD/kf

The film temperature drop can be found to be expressed by

k fPC ATV D (2.9)

F 4B Nu L

From equation (1.43) the temperature rise in the lithium

pool is approximated by

<q' ''> 2 f + 2t ln (1+4t ) -2t (2.10.1)

I.S S S]TL 18k 2 Df n Dr

where for. the flibe system from Equation (2.7)

pC V rl S AT (2.10.2)

A B t L
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For structural materials with a high thermal conductivity

and thin tube walls the wall temperature drop will be small.

For this case the maximum lithim pool temperature can be ap-

proximated by

(2.11)
T AT AT AT.

T = + + F + Li
L Max

Substituting ecuations 2.9, 2.10 into 2.11 and simplifving

gives the following relation between D and L for a constant

maximum pool temperature

- (2.12)
AT pC PV D 4k L D

-- -- + s+4t
-+ 4t, ln D)jT T-LT 16 R k, Nu - tSs

In a manner directly analogous to the helium and void fraction,

the coolant fraction is approximated by

n ls sD ] 2 
(2.13)

Flibe wil.i breed tritium itself, but not as well as pure lithium.

It will probably be necessary to limit the fraction of flibe to attain

a desired breeding ratio with a given structural material fraction. The

neutronic evaluation of this has not been done however. Calculations with

(3)12% flibe however, do indicate adequate breeding. If a limit is placed

on nC this can be represented on the D vs L graph as an additional con-

straint line, limiting the maximum tube diameter.
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2.5 CHOICE OF STRUCTURAL MATERIAL

When flibe was used in the.MSR experiment, the structural

material was Hastalloy, a nickel alloy. It performed well and

there was little corrosion. Unfortunately, the nickel-based

alloys are not compatible with- the liquid lithium, ruling out their

use in the interior blanket.

Stainless steel exhibits relatively low corrosion rates with

flibe( 2 4)and if this were the only problem it could probably be

used. The irradiation data on 316SS however indicates that at

above 500*C to 550*C at the expected damage rates, the ductility

is reduced excessively so that the uniform elongation at failure

is less then 1/2%. (25)Due to the high melting point of flibe, struc-

tural temperatures of at least 600*C are required so that 316SS and

flibe do not appear compatible. If a stainless steel alloy could be

developed that would allow operation at 600*C then an attractive de-

sign could be proposed.

The structural material that appears most compatible.with flibe

is molybdenum or TZM, a molybdenum alloy. (2 6)Further material research

is required before it can be used however, in order to determine the

effects of irradiation and develop fabrication techniques.

2.6 TZM - FLIBE DESIGN WINDOW

To facilitate a comparison with the helium coolant, a design win-

dow.will be developed here for a system similar to the He-TZM design.

The reactor size is the same and it is assumed that the total energy
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dePosited per fusion in the blanket is the same 15.2 MeV. The choice

for fixed parameters is

= 700*C

AT 200*C

t = 1 mm

1 = .02
S

V 0.25 voltsm

The coolant inlet and exit temperatures are the same as for the

helium case. The thickness appears as a reasonable minimum for fabric-

ation. Smaller thicknesses might even be possible since the clad for

fission reactor fuel pins which are on the order of several meters l--7

and 1.15cm in diameter have been fabricated with thickness between 1/2 mm

and 1 mm.27 The fraction of structural material (2%) is well within 'hat

could be used and still breed and is close to that used for the helim-7 de-

signs. Finally, the induced voltage was fixed at 1/4 volt. In addition,

to the above parameters it was assumed that the maximum B field was l0T

and the longest sum of entry and exit path lengths was 10m.

The following constraints were imposed

T <
Li Max - 1000"C

# tubes < 15,000

AP < .69 MP

The TLi Max limit allows structure to be placed anywhere. The nun-

ber of tubes corresponds to what was considered for the helium.design.

'inally, a maximum pressure drop limit was imposed. This corresponds to
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the design requirement in the proposed Molten Salt Breeder Reactor

to keep the pressure drop in a single leg to below 150 feet of head

of salt so that single stage pumps could be used. (28)

The design window was constructed using the program. -i Appendix

2 to evaluate the analytical expressions developed here. The result

is shown in figure 6. Vertical lines of constant neutron. wall loading

are shown for 3M/m2 through 10 M /2. Three lines for ,

7,000 and 15,000 tubes are shown. Lithium pool peak te-.:cerature (fz.

$=0.4) are shown for 900*C, 1000 0 C and 1100 0 C. Finally the riaxinum

pressure drop line completes the diagram. For the given Z-nstraints,

the'maximum wall loading is 7.81W/m2 and the correspondin7 geometry is

D=1.25cm and L=10.5m.

The allowable window is shaded for L < 30m. At the -.aximum wall

loading the pumping power to heat removal ratio is only a-proximately

0.07%. The hoop stress is only 4.3 MPa and the thermal stress (from a

thin plate approximation) only 6.6 MPa. The steady state performance

thus is much better then for helium.

Because of the in tersi in the expression for the maximum pool temrer-

ature (eq. 2.10.1) it was not possible to obtain simple azebraic expressions

for the wall loading in terms of the fi>ed parameters and constraints.

To give some idea of the sensitivity of the design window to the para-

meters some additional design windows are shown in figures 7 through

10 for the same basic r'actor.

Figure 7 shows the effect of reducing ns to 1%. In this case the
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FLIBE - TZM SYSTnM

Coolant Tube Diameter vs. Length

D(cm) 2  2 2

8.0 , -

7.0 a . .

f OF TUBES 5 x 10 3

7 x 103 T 10V C
4.0 L

. 1.5 x 10 4
3.0

4.0

2.0 ------ - - -

10 20 30

FIXED PARA!?TERS CO'STRAirs L ra)

Tn 600 C Z - 0.6 m TLithium < 10Z) C
T 800 C r = 2.25 m
out .6 a
B 10 T R - 6.0 m 4

SOF TUBES < 1.5 x 10
IvD - 0.25 volts

S .02

L entry & exit - 10 m

Roynolds # 10 -

FIGURE 6. FLIBE - TZM DESIGN WINDO.W

(Case 1)
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2maximum wall loading is 4 MW/mn and is constrained by T1 . and
Li Maxa

APMax. As shown in the fiyure the maximum number of tubes is limited

4
to approximately 10.

2
If 1 is increased to 3% as shown in figure 8 up to 10 1:1/m is

s

allowed by the given constraints with l.5x104 tubes. This is most

likely higher then material damage considerations would allow but in-

dicates the high heat removal capacity.

. In figure 9 the effect of reducing the allowed induced voltage to

0.15 volts is chow. In this case, the R1kynolds number is only 6000

which is most likely a borderline case between laminar and turbulent

flow. For the assuI:d lOT field this is about as low an ir..ucac vol-

tage as is possible. If the flow were to become laminar the film tem-

perature drops would increase greatly. Assuming turbulent flow, the

2
wall loading limit for this case is 5.4 1/m

Figure 10 shows the effect of increasing the inlet temperature

to 700*C with the same exit temperature of 800*C. The wall loading

limit for this case is 5.7 MW/m2
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D Ccrn)2

8.0 4 .3 .2.5

7.0 *

6.0*

4.0
7 x 10 :TS=1.50000

3.0 .X loS

4.09

3.0

~0

0 -10 20 30

Constraints and parameters are the sam~e as Lm

in Figure 6 except ns .0

FIGU.RE 7. FLIBE TZM DESIGN 1WIV-)OW

(Case 2)
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D (cm) 26 5 4 3 2 1. 5 171/::
. OF TUBES - 5 x 10

... .- 3* *

7.0 7 x 10 3

6.0

4
1.5 x 10 T,=1000*C

5.0

4.0 -

* .. 69 * - *

-3.0

0 ' ..... SL..... .Lt i ' ' ' '

0 10 20 30

Constraints and parameters are the came as in Figure 6 L()

except i .03
S-

SFIGURE 8. FLIBE-TZM DESIGN WINDOW

(Case 3)
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D(cm) 2 22
8. 7 6 5 l-W/m 2 4 7.4/m 2 3 K / 28.0 . . ..

* . I

7.0 -3 '*# OF TUBES= 5 x ID *

6.0 . . e

6.0 3 *

5.0 7 x 10 3

4.0

3.0

1.5 x104
2.0

1.0 tP .69 1,?-

0 ' 9

10 30
Constraints ard Parameters are the sie as -in Fiqure 6

L (m)

except Voltage Maximum = 0.15 volts

FIGURE 9. FLIBE - TZ14 DESIGN WINDOW

(Case 4)
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D(cn)

6 5 4 3 Kz/a 2 2 / a2 1 .5 f / 2
8.0 . .

. . .. *

* . *

7.0 3~ . * T -100*C -
. OF TUDES 5 x 13 L

* *

6.0

* *

5.0 7 x10 3

4.0

.5 x 10

2.0

1.0 -

0. . ........

0 10 20 30
Constraints and Parameters are the same as in Figure 6 L(m)

except Tin 700

FoutI 800 C

FIGURE 1O._FLIBE - TZM DESIGN W'INDOW

(Case 5)
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III. SHELL COOLING

3.1 OBJECTIVFS

The designs considered thus far have assumed that the coolant

tubes are distributed throughout the blanket such that the surface

heat flux.anywhere on a tube is a constant. To come as close as

possible to this condition requires the accurate placement of all the

tubes as determined by the neutronic heating rates and numerical cal-

culation of the heat conduction problem.

Another possible tube configuration was also examined. This

distribution assumes that the coolant tubes are located only at sev-

eral discrete radial locations, forming-cylindrical shells ar.d p-

arating the lithium (as shown in figure 11). The advantages hoped

for such a configuration are:

1.) Reduction of hot spot effects due to flow irregularities

(an extreme case of irregularities would be a blockage in

which case ability to operate under a local failure might

exist.)

2.) Easier construction

3.) Possible neutronic improvement

if a single tube has a flow blockage the heat from the lithium

pool can be easily. conducted to neighboring tubes without excessive

structur 1 temperatures. This would be especially important for flibe

with a low Reynolds number where a relatively small flow reduction might

cause the transition from turbulent to laminar flow.

It should be considerably easier to'construct large assemblies,
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Lithium Coolant Tubes

Plasma

Li Lithium Lithium

)J)

Radiation

Shield/
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Wall

*1

* I

2
Y

4.
[1

Shield

FIGUR8 11. SHELL COOLING CONCE'PT
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of tubes in concentric shells as opposed to distributing them nearly

homogeneously throught the blanket, each at a precise location.

Finally, it was hoped that the breeding ratio might be inmproved

by a kind of spatial self shielding whereby the coolant and structural

material which cause parasitic losses are located at only a fe-. dis-

crete radial locations. There was some evidence for this in the neu-

tronic studies done for the High Field Compact Tokamak Reactor study

accomplished at M.I.T. (29)

For volumetric energy generation rates that can be represented as

an exponential function of radius, or a sum of exponential f-:_=tions,

the solution of the heat conduction equation in a l-D cylinzrizal gecr::ry

is straight forward as shown in Appendix 3. Linear correlations for the

thermal conductivi.ty of lithium can be easily incorporated by using a

change in variables.

3.2 SHELL DESIGN EXAMIPLE - HFCTR

A shell cooling configuration was proposed to the High Field Compact

Tokamak Reactor (HFCTR) design group who were considering a stagnant

lithium blanket with heat removal by flibe using distributed tubes and

TZ.14 as the structural material. Initial neutronic studies arreared to

show an improvement in the tritium breeding ratio using the shell approach(

Primarily because of this, the shell configuration was incorporated in the

conceptual reactor design study. The thermal analysis was based on the

results of Appendix 3.1 and will be presented as a numerical example for

the concept.
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ZONE THICIqNESS
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FIGURE 13. NEUTRONIC MODEL FOR HFCTR DESIGN
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The average neutronic wall loading for the HFCTR design was

4MW/m2 with a peak wall loading for 5.6 7-./m . The maximum design

temperature for the lithium pool was 1000C to allow TZM structural

members to be placed anywhere within the pool.. The surface heat flux

due to particles and radiation was removed by a separate first wall

bank of cooling tubes. The proposed configuration is shown in figure

12.

Before the detailed heating rate calculation could be done, the

tube distribution was required. The optinum distribution gives the

same peak lithium temerature in all breeciing regibns. To deter-:ine

thi s ho!,,ever, actu:lly recruires a kr.c;:ledge of the sp-'tial heat dis-

tribution. To start, a volumetric heating rate was assumed based on

the wall loading and other published designs.2 3' he assumed q'''

was given by
3

,,, 2 e-4(r(m)-r,,) Mli/m .
q =20 e~rmro Wr

In addition, the peak tube wall temperature was taken to be

650 0 C for all shells. The radial location of the first three tube

shells was then varied so as to give the same peak lithium temperature

in all regions of 1000*C.

The tube distribution determined in this manner was then used

(29)
for the bteeding ratio calculations and also for the heating rate

(29)
calculation employing the NEDULA Code. The neutronic model is shown

in figure 13. The 121 group calculation gave a breeding ratio of 1.23
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for this configuration. The heating.rates were calculated by the

Nebula Code for a number of finite zones and a least squares fit was

made to express the heating rates in terms of the following expo-

nentials for a 10 MW/m2 neutron wall loading

1st Lithium Zone q''' = 31.189 e-3.6e(r-1.4158)

2nd & 3rd Lithium Zones q''' = 27.1814 e -3.21(r-1.4158)

4th Lithium Zone q''' = 27.1814 e 3 2 1 r 1*

+ 3.828 e -18.19(l.9658-r)

where 1.4158m = Start of first lithium region

1.9658m = End of last lithium region

For a 5.6 1W/m2 loading, the lithium.temperatures were recal-

culated using the normalized form of the above relations and the

results of section 4.2 as shown in figure 14. The peak temperatures

were found to vary between 940*C and 10270 C, close enough to the

design limit not to warrant further iterations.

From the analytic results, the heat flux on each bank of coolant

tubes can be easily determined. Knowing this, the coolant velocity

for each channel which will give the same desired bulk coolant tem-

perature rise for all tubes can be found. The differing velocities

can be obtained by either orificing or supplying differing pressure

heads to each shell. The details for the remaining thermo-hydraulic

parameters for the HFCTR design can be found in reference 29. Briefly

the inlet temperature was 544 0 C with a bulk coolant temperature rise for
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all tubes of 36*C and an average tube length in the torroidal

direction of 4.7m. The average film temperature drop was 600C

and a maximum wall exit temperature of approximately 6500 C. The

pumping power to heat removal ratio was quite small, on the order

of 0.3%.

3.3 WALL LOADInG LIMITS WITH !,ULTIPLE SHELLS

The assumption of equal wall temperatures is only an a2p:rox-

imation. ith the same bulk temperature for all channels and dif-

ferent surface heat fluxes and flow velocities, the wall and film

temperature drops will differ slightly between channels. An iter-

ative program was developed (Appendix 3.4) which accounts for these

effects and determines the maximum allowed wall loading given the

following:

1) Blanket inner and outer radii (ri, r )

2) Number of shells

3) Tube diameter, thickness and length

4) Maximum pool temperature

5) Coolant physical properties

6) Inlet temperature

7) Exit temperature (or velocity in 1 channel)

8) Fxponential constant for q''' = A. exp (-b(r-r)

The program solves for the shell radial locations, coolant flow

velocities and heating rate which gives the specified maxiraumn lithium

pool temperature in all regions and the -specified bulk coolant tem-

perature rise for all tubes.
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In general, the coolant velocities will be highest for the

shell closest to the plasma and decrease with increasing radius.

To achieve this orificing would be required.

For a given reactor c2esign, the length of the shells, or tules

in the torroidal direction would depend on the major radius and the

desired number of modules.

As a numerical example the allowed neutron wall loading was

found for 3, 4 and 5 shells using TZ14 as the structural material

with flibe and helium coolants. The ass-med design conditions are

given in table 3.1

TABLE 3.1 SHELL COOLITNG FXA.TLE

First ;all Padius r, (m) 2.8

Outer Breeding Zone. Radius r.(m) 3.4

Maximum Lithium Temperature *C 1000

Average Tube Torroidal Length (m) 5.0

Tube Diameter (cm) Flibe 2.0

He 2.4

Tube Thickness (mm) Flibe 1.0

He 1.5

Coolant Inlet Temperature GC 600

Coolant Exit Temperature *C Flibe 650 & 800

He 800

Heating Rate q''' + A EXP(-4(r-r )
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As in the HFCTR desiqn, a separate radiation shield removes

the surface heat flux on the first wall and there is a small

stagnant lithium region behind the first structural wall, in

front of the first shell of cooling tubes.

The inner and outer blanket radii were arbitrarily assuzed

but the results should not be.very sensitive to their absolute

values but more so on the thickness of the zone. The maximum pool

temperature of 1000*C allows structural TZM members anywhere in

the breeding zone. The tube length is an arbitrary choice. A

length of 5m would allow a machine with -a major radius of 6.-, to

be divided into octants. Tube diameters were chosen which gave

small pumping power to heat removal ratios. The tube diameters

will also have some effect on the breeding ratio, but that was not

evaluated for this work. The tube thickness was chosen as Imm for

flibe as a minimum practical. For the helium case 1.5mm was chosen

to reduce the hoop stress. At 1000 PSI the hoop stress is 8000 PSI

which appears acceptable. The inlet and outlet temperatures for

helium were chosen to be the same as for the distributed tube design

presented previously. For flibe the same inlet temperature of 6000C

was used but the exit temperature was reduced to 6501C. An 800*C

exit. temra rature would have resulted in laminar flow for tubes at

the rear of the blanket with only a 5m length.

Th& results are given in table 3.2.
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Table 3.2 WALL LOADrNG WITH MULTIPLE SHELLS

3
A, (MW/m )

3.44

4.10

7.81

7.44

8.82

16.7

13.7

16.1

30.3

P (MW/m )

0.77

0.92

1.75

1.67

1.98

3.76

3.07

3.61

6.ci

The shell radial locations, coolant velocities and average wall

temperatures are given in Appendix 3.5.

The wall loading calculations here are only meant to be

indicative of the general range possible, and to give a methodology

to be used in design after preliminary neutronic heating rates are

found. Because of the small amount of heat removed by the last shell

it may be desirable to use fewer tubes and space them somewhat apart.

In addition, some heat would be removed from the shield section.

The principal variable that determines the allowable wall loading for

a given n is the difference between the maximum pool temperature and

the coolant exit temperature.

Coolant

Hei

Flibe

Flibe

He

Flibe

Flibe

fie

Flibe

Flibe

TExit

800

800

650

800 '

800

650

800

800

650
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3.4 CONCLUSTO"S C1 S!!FLL CONCEPT

Compared to a distributed tube design, a shell design requires

more coolant tubes, a range of coolant velocities, recuiring orificing,

high peak heat fluxes and low minimum coolant velocitis . With 31GSS

tubes the heat fluxes to tubes near the first wall could limit the

allowable wall loading due to thermal stresses. With a molten salt

and TZM structure, the heating rates near the last cha.=ne% must be

known well and the coolant velocity high enough to insure turbulent

flow. The induced voltage will place an upper limit on the veloci'

in the first she)l and for a given AT this will also linit the maxi-

mum velocity for the last shell. For a given design there may, there-

fore, be only a small range of allowable AT or velocities.

It appears that the shell concept is most applicable for high wall

loading with TZM and flibe.

Several variations are possible on the configuration given in this

chapter. The first wall has a stagnant lithium section behind it, in

the hope of improving breeding. For pulsed operation, this wall would

experience a large temperature change. It may be desirable to have the

first shell of tubes next to this wall, in close contact.

Another possibility is to design the.blanket so that no structural

members are needed in the region of maximum pool temperature. Higher

allowed pool temperatures would then allow increased wall loadings.

It would be desirable to do a neutronic study to investigate more
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accurately, the effects of spatially separating the coolant into a

few radial locations on the breeding ratio. This may be even more

important if other salts which do not contain lithium are investi-

gated.

In general, the advantages in breeding, hot spot effects and

construction offered by the shell concept appear viable, but they

must be balanced against the disadvantaces of an increased nu-her

of tubes, higher peak thermal stresses and a smaller latitude in

design choices for I.T.
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IV. OVERALL COOLANT COIPARISON AND EVALUATION

4.1 Introduction

In this chapter, a comparison will be made between helium,

flibe and lithium on as common a basis as possible, with the

objective of determining which coolant has the best thermal-hy-

draulic characteristics. The physi-cal model and calculations for

lithium as a coolant are taken from J. Chao's thesis.(3)

Table 4.1 gives the coolant-material systems to be considered

here.

Table 4.1 SYSTEMS FOR COM-PARISON

System Coolant Structural
Material

1 Lithium 316SS

2 Helium 316SS

3 Helium TZM

4 Flibe TZM

TZM was not used with lithium as a coolant because its high

electrical conductivity would cause excessively high MHD induced

pressure drops for the tubular design crisidered. 316SS was not

used with Flibe because of the high melting point of the eutectic

(459*) as'discussed previously.

Two methods of comparison will be used for the four systems.

In the first method, a common wall loading will be selected and de-

sign points determined for each of the systems. The pumping power,
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number of tubes and other system parameters will then be compared.

For the second method, the maximum wall loading will be found for

each of the four systems when the number of tubes is limited to

20,000 and the peak pool temperature to 1000*C.

The reactor geometry is the same as used for the design win-

dow examples in Chapter 1 and 2. The major radius is 6 m and

the first wall radius is 2.25 m with a 6D cm thick breeding zone.

The results are insensitive to the first wall shape and an elon-

gated "D" shape with the same first wall area would give nearly

(29)
the same results. The size is roughly conarable to a HFCTR,

(3c0) (31)
NLU, IAK or -DEMO sized machine.

As before, the surface heat flux is to be removed by a radiation

shield and possibly a divertor. Tritium breeding and heating calcu-

lations were not done separately for all systems but based on previous

work, it was assumed that each fusion neutron would deposit a net

energy of 15.2 1MEV in the breeding region. This heat is to be rerovea

by cooling tubes distributed such that for each system the heat remove,

per unit length is the same for all tubes.

4.2 CHOICES FOR COMPARISON

Table 4.2 summarizes the limits and fixed parameters chosen.

The limits and parameters for the helium and Flibe systems are

the same as used previously and have been applied to the lithium-cooled

system also. There are some differences, however, between quantities

which are imposed and those which are allowed to vary up to a constraint

value. These differences result from the different physical models used

and MHD effects.
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Table 4.2 LIMITS AND PAR _ _TrRS

T (*C)
W max

C (MPa)

T. (*C)"in (C

T Out(*C)

T (*C)
Li Max

K(%)

AT (0 C)

B.R.

L. -316SS

< 500

48.3

200

400

600/1000

<2

<17

>1.15

He-316SS

< 500

48.3

200

400

<600

2

<17

>1.15

He-TZM4

<1000

48.3

600

800

<1000

2

<27

>1.15

FLIBE-T7M

<1000

48.3

600

800

<1000

<2

<27

>1.15

4.3 PH!YSICAT. CDT.F- TM-r, TT'T' t 2 C"£'~

A schematic diagram for the blanket arrangement analyzed in

(3)
Reference 3 is shown in figure 15. The cooling tubes lie in the

torroidal direction and the lithium coolant is supplied and removed

by headers which enter and exit radially. Each torroidal segment has

2N headers with n cooling tubes between a pair of headers. The tubes

are spaced along a header so that the heat removed per unit length is

the same for all tubes.

The principal MHD induced pressure drop for the blanket and shield

regions ccur in the radial headers. It is assumed that the outside

of the headers which pass through the stagnant lithium can be electrically

insulated. The method used to calculate the pressure drop is given in

reference 3 and is based on the correlations suggested by Hoffman and
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Carlson. (22)

The bulk coolant temnerature rise is the same for all tubes

and is achieved by orificing so that the flow velocity is the same

for all tubes.

The headers are to be tapered with the maximum diameter at the

rear of a shield region behind the lithium. For a given N the largest

header diameter possible is given by

27rR (4.1)
D = -- s

H N

Where R is the radius from the plasma centc-r to the outzide of
S

the shield rcgicn. The mt:-olgy for constructing a dcsi.jn win-

dow for the lithium7t system is discussed in Reference 3. The rasult

for this system is shown in figure 16. The horizontal axis is the

coolant tube length. The vertical axis is not a continuous va-iable,

but rather the numaber of tubes between a pair of headers. The con-

straint on D is shown for a 60 cm breeding zone with a 65 cm shield

region with 180 pairs of headers per torroidal segment. The coolant

velocity into the headers is fixed at 0.1 rm/sec so that for longer

tube lengths with the same AT and wall loading, a higher mass flow

rate and hence larger headcr diameter is required. Lines for 20,000,

40,000, 60,000 and 70,000 tubes are shown. With a given maximum lithium pool

temperature and geometry, the allowable wall loading depends only on

the number of tubes between headers. Interpolated integer values of

2 2
neutron wall loadings are shown for 2 M/m through 6 M/m
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N

L i-

II

Li
L i

as coolant

FIGURE 15. LITHIUM COOLANT GEOMETRY
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n

18 7x 104 tubes 6 x 10 4 tubes

17 DI 12.2 cm

16~ 6 2W/ ----- _-

15 4x 10 tubes

14

13

4 2 /_2_4--

2

10 -

4

3
0 1.0 2.0 3.0

Tube Length (n)

FIGURE 16. LITHIUM COOLANT - 316SS DESIGN WINDOW3)
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4.4 DESIGN POINT COMPARISON

4.4.1 3 MT/m2 Wall Loadina Comrarison

For systems 1 through 4 a design point was chosen for a 3MW/m 2

neutron wall loading. These points are circled on the corresponding

design windows graphs (figures 16, 1, 4 and 6). A surnnary of the

system parameters is given in Table 4.3.

Table 4.3

N tx10 3

D (cm)

L. (m)

t (mm)

fls(%)TSM

fl (%)TC

K (%)

TLi Max (CC)

AT w ("C)

W (MW/m )

ATF (*C)

H (W/m 2 -*C)

CF (MPa)

Tt Max(* )

3 MW/m 2

L. -316SS

24.3

3.2

1.96

1.28

1.9

N/A

1

600

18.2

.297

26.5

1.12x10

48.3

446

COOLANT COMPARISON

He-316SS He-TZM

10 10

2.6 2.55

7.6 7.0

1.02 1.82

2.0 3.3

11 10

2.0 2.0

580 987

13.7 5.2

.28 .304

74.1 74

3.74x103  4.15x103

48.3 48.3

488 880

Flibe-TZM

3.36

2.5

27.2

1.0

2.0

12

0.04

940

3.0

.24

62

4.06x10 3

5.2

862
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With the given assumptions the performance of the lithium and

helium stainless steel systems are surprisingly similar. The

principal difference is that more tubes are required for the lithi'--

system. If multiple passes were employed for the lithium system t-_

number of tubes could be significantly reduced, making the o systems

even more similar.

The He-TZM system parameters are quite close to the He-316SS

design except for the higher coolant temperatures which should per-i

higher thermal efficiencies.

The Flibe-TZM system has by far the most favorable parareterF.

The. pumping power is almost insignificant, fewer tubes are nceed a72

low coolant pressures and hoop stresses are possible.

4.4.2 P 1:axiimura Comparison

A second comarison of design points for the four systems was

made to find the maximum wall loadings .Ahen 20,000 tubes and 1000 0 C

in the lithium pool were allowed. The helium systems were limited to a

15% void fraction to insure adequate tritium breeding. The lithium-

cooled system was allowed 1000*C in the pool assuming no 316SS in the

high temperature regions. The system parameters for the selected de-

sign points are given in table 4.4.

Again, the Flibe system has the most favorable characteristics.

Wall loading above 10 M/m2 are possible based on only the constrainfts

considered here, although such wall loadings are no doubt unrealistizallY

high due to high material damage rates. Using only 10,000 tubes gave the

274W/mn wall loading listed in Table 4.4.
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Table 4.4 Pi Max Comparison

L.-316SS He-316SS He-TZ' Flibe-T

N x103  20 20 20 10
t

D (cm) 3.2 2.4 2.45 2.0

L (m) 1.32 6.0 6.0 17.6

t (mm) 1.28 .944 1.75 1.0

ns (M) 3.1 2.77 5.62 3.59

1c(%) N/A 15.0 15.6 15.2

K (%) 1.0 2.0 2.0 .05

T .Max (*C) 1000 596 994 96]
Li

AT (0 C) 24.1 15.6 6.0 4.0

W (MW/r2) .416 .343 .373 .364

ATF (C) 34 85.1 83.6 72.9

h (W/m 2 -OC) 1.12x10 4  4.04x103 4.46xl03 4.99xlC

CT(MPa) 48.3 48.3 48.3 48.3

TtMax (C) 458 500 890 877

P11 MW/M 2  4.7 5.5 6 7

4.5 CONCLUSIONS

4.5.1 316SS Systems

For the tubular stainless steel systems considered, helium and

lithium are nearly equally effective as coolants in terms of their

thermo-hydraulic characteristics. Both appear capable of acceptable

3
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steady-state performance for the range of wall loadings currently

considered. The helium systems required fewer tubes but a higher

pumping power and have a slightly lower breeding ratio. These con-

clusions are based on the assumption that it will be possible :o

fabricate a sandwich insulation for the lithium coolant pipes exterior

to the shield (but not for the tacered header) which will make MNi

pressure drops in that region insignificant. If the header could be

electrically insulated from the flowing lithium the lithium pressure

and pumping power would be significantly lower than for heliu. :-

versely, if the sandwich construction proves to be impractical, a

different configauration would have to be fou-d for the lithium c:ze:.> .

4.5.2 TZM Systems

If TZM structures can be fabricated and material testing shows

acceptable properties after irradiation, then the TZM-Flibe syste-

has the best thermo-hydraulic characteristics of the systems studied.

The pumping power required is extremely small and low system pressures

are required. Long tubes can be used without excessive pressure drots

so the number of tubes and welds are small.

The TZM-Helium system has similar parameters ;ompared to the

316SS-He system. The principal difference is the increase in thernial

efficiency possible at the higher temperatures. For this system, the

limiting constraint was the maximum pool temperature instead of the

tube wall temperature or wall temperature drop as in the 316SS design.

(thermal stress considerations)
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4.5.3 General Considerations

Table 4.5 is a summary of the principal advantages and dis-

advantages for the coolants considered. Some of these characteristics

were not explicitely considered in this study but because of their

impact some comments should be made here.

Helium has the advantages of being chemically inert (except for

trace impurity effects on refractory metals); having a well-developed

technology for its use as a heat transfer medium, and being insensitive

to 1D effects. There are disadvantages however. The higher pressure

and large amount of stored mechanical energy gives a potential for

catastrophic failure. For a stagnant pool design, consideration must

be given to the probability and consequences of a tube failure causing

pressurization of a module. This consideration can have a serious effect

on the structural design. Finally, the void fractions will require some

additional shielding or an increased breeding zone thickness. The

effect of neutron streaming through the helium ducts will also have to

be considered.

Lithium gives good breeding ratios with low to moderate pumping

power. Circulating the hot lithium coolant does however, increase the

possibility of a spill. Since lithium burns with nitrogen or concrete

this is a serious hazard. The header system proposed requires an in-

vention of- either a sandwich construction method or an insulator com-

patible with hot lithium. Finally, the liquid lithium would transport

activated corrosion products out of the.blanket, complicating handling

problems.
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Flibe, while having the excellent heat transfer properties, suffers.

from its own set of probleras. It requires an advanced material, such as

TZM. The development of construction techniques and a data base on

irradiated and basic properties will take time. A scheme will have to

be developed for filling the system and preventing the pipes from

accidentally being plugged by frozen flibe. It too, will transport

corrosion products outside the blanket.

Table 4.5 GENERAL CHARACTERISTICS

ADVANTAGES DISADVANTAGES

1)Chaically inert lWigh' prossure & store-3
mechanical energy

2)Present technology 2)Possible rde nressirization
due to tube failure

3)No MHD effects 3)Void Fraction requires thicker
blanket and shield

4)Neutron streaming

l)Good Breeding Patios 1)Increased chance of hot lithium
spill

2)Moderate pumping power 2)Material or design development

required to minimize M-1D effects

(Insulator or "Sandwich")

3)Mass transport of activated cor-

rosion products

1)Lowest pumping power 1)Advanced material required (TZM:

2)Lowest # of tubes 2)Coolant freezing in pipes

3)Lowest Hoop stress 3)Difficult to fill system & star

4)lighest Heat Removal 4)Mass transport of activated
capacity corrosion products

COTANT

He

Lithium

Flibe
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V. RADIATION SHIELD TUBE ANAIYSIS

5.1 Introduction

A possible configuration for a fusion reactor first wall is a

parallel array of coolant tubes. They could be welded or brazed
(33,34,)

together to form a vacuum boundary as proposed in some designs or the

coolant tubes could serve as a radiation shield for a thicker structural
(3 5

wall behind them as in the original Princeton Reference Design. In this

chapter, an analytic solution will be presented for the steady state

thermal stresses developed when the tubes are constrained to remain straight

but allowed to expand axially. In addition, copper cladding is proposed

as a r.ethod of reducing the peak stresses in a 316SS stainless steel tube.

5.2 SIMPLE TUBES

The problem is linear so that the stresses due to volbetric heating

can be calculated separately and added to the stresses resulting frcn a

surface heat flux.

For a uniform volumetric energy generation rate (q.''') the radial

(36)

and circumferential stresses in a circular tube are given by

(5.1)

1 2 (1 -2)
r = 2 2 I--n p +

4k _/2 2 -12
-- /C 4C 4

2 2 2
2p 4C P
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(5.2)

Ka 2 ''(l+p 2 ) in C 1 _ 1a q 4k II2
3 1-/C2 4C2 4 2

+ 2 2 2 1
2p 4C P

where

a = Outside radius p r/b

b Inside radius K aE/(l-V)

C = a/b

5.2.1 Analytic Solution for the Temnerature Field T(r,O)

The surface heat flux seen by a tube can be approxi:.ated by a

cosine distribution on the side facing the p1lasma and an adiab!tic

rear half for a radiation shield tube. If there is a heat flux from

both sides the stresses can be calculated separately and added.

The solution to Laplace's equation in the annular region bounded

by the inner and outer radii is symmetric about 0O as is given by(37)

(5.3)
T(r,O) =E F (r) cos n 8

n=O

where
C n(5.4)

.n Fn (r) = n+Dr
' r

The following boundary conditions were assumed
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aT a"l
r=a o<e<Tr/2 = cos

-- r k

7 /2<0<- 0
- -Wr=

(5.5)

(5.6)

(5.7)
bT

r=b k = H (T-Tf)

Equation 5.7 assumes a heat transfer coefficient that is independent

of e and a given bulk fluid temperature. The non-uniform heat flux

will actually cause some e dependence in i (38) but this effect should

be small and is not included in this analysis.

The bou.dary conditions at r=a can be expressed by a Fourier co-

sine series. This gives

co
aT C

=a + T a cos n
@r 0 n=1 n

(5.8)

where

T"
n=o a = ---

n=1 a1 = -2k
2k

2f " [ n--+ 1) ee
n>2 a = - 2 n even

0 n odd

The

boundary

cos n 0

(5.9)

(5.10)

(5.11)

cdoefficients C and D in 5.4 can be found by applying
n n

conditions (5.7) and (5.8) and equating like orders of
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For n=l equation (5.7) and (5.8) give

kC1  C1
2 - + k D,= H (- + D b) (5.12)

b b 1

- + D = (5.13)

2 1 2k

Solving for C1 and D1 gives

C = qa__ - H1b (5.14)
1 2k k (a 2--2)+Hb (a 2+b2

D= qVa 2  k +b 2 (5.15)
1 2k222

-k(a -b )+Hib(a +b)

From (5.11) C = D 0 for n odd.

Let n = 2m m= 1, 2 ........

Applying the boundary conditions in a similar manner gives

the following result.

n 2m m = ., 2,.........

C + a2m+
1 (2mk-Hb) 

(5.16)

n 'ikm (2m)21 L 2mk (C4m 1)+Hb(C 4m+1

D 2ik+1b- C (5.17)
n Om 2mk-HbI n

C =*D = 0 n odd

Where C = a/b
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If the zeroth order terms due to the surface heat flux and

also the volumetric energy generation rate are included the total

solution for the temperature is then given by

(5.18).
ei2 2

a q" l I a 1 a"' 2 2 Tr(a -b )o"'+2 aa"
k,)= + 2 ) ln b) - 4k(r b )+ 2TbH

C-CO Cn n) o+ (- + Dr) cos (n +TFn n
n=l r

5.2.2 Analytic Solution for the Thermal Stresses

The assumption will be made. that the tubes are allowed to expand

in the axial direction but that no bending is possible. If tubes

close to the plasma were allowed to bow out then the outermost sections

could act as limiters and incur large surface heat fluxes. The assumr-

tion of no bending could also be applied to tubes with a large radius

of curvature, say running in the poloidal direction, which are allowed

to expand to a larger radius, but not to change shape.

The solution for the stresses will be given by the plain strain

solution for no axial expansion (17ith' the addition of a uniform axial

(39)

stress 0Z equal to aET . The result is

ET2 2 2 (5.19)

r r 3  
2 (V)L r 2b2) n ln

r r~ 3l~- a 2_bos

- 2
+a +bEr 2- ) (,- ) Cos

2(a 2+b 2).(l-v) r 2 r2 1
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(5.20)

ae ra + aT(a)2 r 2+b 2 ~ - ~ * i

3 ( 23-V) r a-b 2) n nb

OC rr a2 2 a2 h2
SEr a2+b2 ab2+ (3- )C cos e

2(tt 2+b )(1-') r2 r

a aEr a 2  b 2
rO= 2 2 2- ) (1-7-) C sin0

2(a +b ) r.2 r

CZ V(+or aE (T-T)

Where T. = a "
7k

a ln - ) (q" + EL) -(a 4b2 )
k a2b2 b 2 2 8k

+ T (a 2-b2)o"'+2aq" + T
2 rbH F

Imposing the constraint against all bending produces a com-

pressive axial stress on the side facing the plasma which can be

much larger than the a stress.

5.2..3 Numerical Examples

As a numerical example, a 316SS tube was examined for the con-

ditions listed in Table 5.1. (The program given in Appendix 4.1 was

used for the calculations.) The value chosen for the heat transfer

coefficient was arbitrary. It could be attained by. helium at 60 atm

(35)and 700 0 K flowing at 140 n/sec or by a salt such .as HITEC ( flowing

at 3.5 m/sec.
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TABLE 5.1 316SS Tube Example

(Physical Properties Evaluated at 800*K)

a 20.3xl0-6 K

9
E = 156.2x10 Pa

V = .3

b 6 mm (Ir.side Radius)

a 7 mm (Outside Radius)

q"= .25 MW/mr2

3
q"' 10 MW/m

3 2
11 8.2x10 W/ -*,K

Figure 17 shows the temperature versus theta for the inner and

outer surfaces of the tube. Figure 18 shows CZ and C for the inner

and outer surfaces of the tube. For this case, corresponding to a

1 MW/m2 neutron wall loading, the peak stress is -104 MPa (-15 ksi)

The peak stress is a strong function of the heat transfer co-

efficient. Figure 19 shows the effect of changing H on the peak stress

with all other parameters kept constant.

The values for H above 8.2x10 W/m -*C would be very difficult

to achieve with either helium or a molten. salt coolant. For helium,

the pumpina power would become extremely high or for the molten salt

a high velocity would be required which would cause a high induced

voltage in the portion of the tube perpendicular to the torroidal field.

The peak stress is sensitive to the thickness of the tube as
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0
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FIGURE 18. 'ADIATION SHIELD TUBE THERMAL STRESS
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VS.

HEAT TRANSFER COEFFICIENT
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would be expected from a thin plate approximation, but changing

the radius has little effect. This is shown in Table 5.2 where

only a and b are changed from Table 5.1 for a 316SS tube with a

2
1 MW/m2 neutron wall loading.

TABLE 5.2

Effect of Radius and Thickness

on Peak Stress

b (mm) a (mm) I | Maximum (?!Pa)

6 7 104

9.5 10.5 106

10 11 106

14 15 106

6 6.6 88.9

9 10.5 126

The results of this section were also applied to several dif-

ferent materials using the same wall loading, geometry and heat

transfer coefficient as in the first example. Table 5.3 gives the

physical properties used, and the peak circumferential and axial

stress.

For near term applications 316SS will most likely be used.

More is k'.own about its irradiated properties and the technology

for its use is well established. The next section will discuss

a possible technique for reducing the large axial bending stress.
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TABLE 5.3

Material Comparison

Material C E V k k axZ I Max
-6

x10 GPa W/m-k lMPa MPa

316SS 20.3 156.2 .3 22 17.1 104

TZM 6.0 250 .3 101 2.2 27.5

Copper 20.3 95.1 .35 359 2.0 19.1

Titanium 9.3 92 .3 12 9.9 37.5

5.3 COMPOSITE TUBES

5.3.1 Objectives

The large axial stress in the tubes considered in the previous

section result from the temperature difference between the hot sicle

facing the plasma and the cooler adiabatic rear half. One possible

was to reduce this stress would be to remove heat from the region

behind the radiation shield in order to balance the heat flux on

(32)
the tube. Such a scheme was used in the Cassette Blanket Concept.

There are several difficulties with this however. First, for pulsed

operation when the plasma extinguishes, the heat flux will be nearly

zero on the plasma side, but still close to the steady state value

on the side bounding the blanket. The stresses then are nearly the

same as for the first case, only the signs would be reversed. Also,

the mechanical design to provide good heat transfer would be difficult.

If the tubes were simply welded together with lithium behind them, the

probability of a leak would be high.
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The concept proposed and investigated in this chapter is to

coat the tubes with a high thermal conductivity material in order

to conduct more of the surface heat flux to the rear half.

The first coating material considered was anisotropic carbon

deposited so that the thermal conductivity in the circumferential

direction was high but in the radial direction low. To find the

temperature field a finite difference code was developed and will

be discussed in the next section.

5.3.2 Thernal Analysis Finite Difference Code for C%.lindrical

Geometry and Anisotropic Materials

The finite differnce code TUBETEM? was written and is given

in Appendix 4.2. In this section, the basic finite difference

equations will be given and some numerical results.

For an interior point the following form of the heat con-

duction equation %as assumed.

(5.21)
2 k ~ 2

k 2 T r T ke 3 Tr ++- +--j+q"' = 0
r r

where kr = thermal conductivity in the radial direction

kO = thermal conductivity in the theta direction.

The finite difference approximation used for interior nodes

is the following (See figure 20).
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qVI

=A r=C

I E a2 2E4

2,r2 -

k ol k 62(,m)

FIGURE 20. FINITE DIFFERENCE MODEL FOR COMPOSITE TUBE
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k (5.22)
kr T (il, j) -2T (i, j)+T (i2, j) +kr T (il; i)-T (i2, j) (.2

Ar2  rij 2Ar

+ 2 (T(i,jl)-2T(i,j)+T(i,j2)) +q''' = 0
2 2

r .AGrij A

Where: il = i-1 ji = j-1

i2 = i+1 j2 = j+l

Ar = (A-B)/(n-1) l<i<n

AG = 7r/(m-1) l<j<m

r = A-(i-l)Ar

3JOi :(j-1)AG

For elements on the outside surface, the additional surface

heat flux must be included. Taking an energy balance on a surface

element (i=l) and solving for T(l,J) gives

(5.23)

T(l,J) = C T(2,J) + C2  T(1,Jl)+ T(lJ2)] + C3

where

= [1e+ Ar

ri (aO) (1-Lr/2 a)

C kr+2n- (aAG)2 l-Ar/2a)]C2 [ 2 + 2 k I(O 2 -
k 61  Ar -

C3 = "(j)+q"' Ar/2(l-Ar/4a)

k -
(1 - ) +k6Ar

Ar 2a aAO) 2

q'' (j) t q" cos 0
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It will be assumed that the two tube materials are in perfect

thermal contact, and therefore, at the boundary the temperature will

be the same for both materials. Using a common node at the boundary

and performing an energy balance, the following expression for T(i,j)

was obtained.

T(i,j) = C4 T(i,j)+C5 T (i2,j)+ C6 [T (i, jl) +T (i,2 (5. 24)

+ C7

Where

+kr 2 (1-Ar/2C) + 1e+ k 02 A r 2

i ri(l+A/2C .1+~2 __ -_
4 krl C+r/ k1+k1+ 2 (C r 2

Cr2 (1-Ar/2C) + kr 2 (1-r/2 C) (C.!)2

C 2 +2 kri(l+Ar/2C)+kr2(1-Ar/2C) 1

k01 + ke2.

C= q krl(l+Ar/2C)+ kr2(1-Ar/2C) + k01+ 0 2 j
7 2 (C 2

For elements on the inside surface at r=B a constant heat trans-

fer coefficient (h) and bnilk coolant temperature (Tf) were assumed.

Performing an energy balance on these elements gives the following:

(5.25)

T(n,J)= C8 T(n-1,J)+C9 T (n,J2) +T (n, jl) +C10

Where
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-1

k 2 Ar 1 hAr
8 k Me (1++r/2B) k (1+Ar/2B)r2 r

1kr2 BAG h(PAOC 2 L + --- ( (1+Ar/2B) k 2A rk 2 k 2 --r k0 r P O 2

C = ( q"' +h T
10 2 (1 4B F

k k r
Ar+2)+ 02A - + h

Ar 2B (bA) 2

Several finite difference codes were tried. The first included

the time deplndent term. The solutions using this method were time-

consuming and contained. more information than needed. An efficient

solution scheme for the steady state temperature field used the above

equations, and inverted the resulting 5 stripe matrix directly.

A graph of film temperature drop versus angle is shown in Figure

21 for the 316SS tube considered previously with a 2 mm coating of

anisotropic pyro carbon having the following conductivity:

k = 100 w/m-K

kr = 2 w/m-K

As can be seen there is a considerable smoothing of the temperature

profile.

Unfortunately, the mechanical properties of pyro carbon are not

good and there is a large difference in the coefficients of thermal ex-

pansion between the carbon and 316SS. Keeping such a coating intact
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could prove very difficult.

Copper was tried as an alternative coating (or cladding) and

found to have nearly the same beneficial effect on the temperatures.

In addition, its coefficient of thermal expansion is nearly the same

as 316SS. Since the copper appeared much more attractive, the car-

bon concept was not pursued further. With copper it was also possible

to develop analytic solutions for the temperature fields and thermal

stresses.

5.3.3 Analytic Solutions for the Terperature Field

The boundary conditions on the temperature for the composite

tube are assumed to be the following:

r = r. (outside radius)

ZT al
a= - Cos 0< <7/2

0 IT/2<e<r

r = rm (boundary between two regions)

k 1 k 2
1- = 2

T 1  T2  

-

r k 2 = H (T-T)
i 2  3r F

A solution in terms of a Fourier Series expansion can be found

in a-manner similar to section 5.1.1.
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Assume

T. = T . + E F .(r) cos nO = T . + T .
1 01i ni 01 1

Where the symmetry around e=0 justifies the use of a cosine

expansion and the subscript i refers to either region 1 or 2.

The solution for the cylindrically symmetric component of

temperature is found to be: 5.26)

2 2

r.rr T q 2_r.2 2 r nr.0 1 i
r i<r<r M, 02 k I -r )+2r, in + r

0 2  -1] 2M

+ +* n(L)+ + TF
2 L II

rri~r .

T" k 2+ kl 2 2 2 rn01 = k - - r (2. ---) r - r + 2r 0  in --01 4k k2 2' M rm

2 2

+ (r, )IIrr kn( ) n( )
2Hr. Uk 1L rm- k2i rij

The solution for the higher harmonics is given by

r <r<r :T E X (-)+ X ( ) cos me
M -- o 12 m= rlm 2m r .

. -m
r. <r<r 11  X3  -) + X4  () Cos me

Where m = 1, 2, 4, 6, 8 ....... (m even for m / 1)

k rn

k2

+ a"r +T
rr~---i F
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2 Q C
x 2m '2m

4 C3m (C 2m+1)+C4m (C 2M-1)

3m = lm 4m

C 0
4m x '

X~m C~+1 4m -
2  2m

xm c X -C cX
r =C2m 2n 3m 4m

mk - Hr
C 2i

2,m2m H M k2

r
2r 0

2
k r. m r m

C -2 C (2z) + ( )-3 m k 2 C m rI r r

3m c r. i r 2 r
0 0 1

r 2
r in

C =-C (1) -- (in)4m im r rr.
0 0 1

r
a1 -a

1 2kI

m>2 a *= (-1) y+ in even
in irk

a 0m m odd



109

The solution for the temperature field using the Fourier

series was compared to the solution using the previously derived

finite difference method for a sample problem. The 316SS tube

with the properties given in Table 5.1 was used with a 2 mm thick

copper cladding. With approximately 300 points in the finite dif-

ference mesh the temperatures at all points, using both methods

agreed with +0.05*C with a peak temperature rise of approximately

400C. The temperature profile as a function of angle is shown in

figure 22. For comparison, the tube. temperatures without the

coating are also shown. The front to back temperature difference,

the peak temperature, the peak :T and the peak heat flux to the

coolant are all reduced.

5.3.4 Analytic Solution for Composite Tube Thermal Stresses

An analytic elastic plain strain analysis for composite tubes

has been published by U. Takeuti and Y. Tanigawa in reference 45.

In their solution, a temperature profile was specified on the out-

side surface with an inside surface temperature of zero. A steady

state analysis of the copper clad tube was performed using their

solution method with several modifications:

1) The temperature field caused by the surface heat flux as

found in the previous section was used to calculate the plane

strain stresses using the methods of reference 45. (This re-

quired some modification of their expressions due to the boundary

conditions assumed for this problem. -The program used to make the

calculations is given in Appendix 4.3.)
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2) The stresses due to a uniform q'" in both tubes was added

to the stresses resulting from the surface heat flux.

3) A uniform axial strain CZ was imposed on the plane strain

solution so as to give a net axial force of zero when the

axial stresses are integrated over the cross section.

In reference 45, Fourier series solutions for the stresses

in the two regions are found by applying the boundary conditions

on stresses and displacements with a known temperature solution.

For the problem considered here, the temperature on the inner surface

is a function of e. This requires an additional term to be carried

through the analysis to obtain the plane strain stresses due to the

surface heat flux.

The plane strain stresses due to a uniform q"' were found in a

straight forward manner using a displacement approach.

To allow for axial expansion without any bending, a uniform

strain was applied such that the net tensile axial force would just

cancel the compressive axial force from the plain strane solution.

The governing equations from Timoshenko(46) are

C2 1U. = C.r +
1 11 r

a. C. C. 1.
ri 1 2i

E. (1+v.)(l-2v.) (l+v.)r (l+V.)(--2v.) Zi
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Zi (1 Vi) 2 i li
S(1+i)(1-2vi) 

+ i) 2

Where U is the radial displacement function for the inner or

outer regions. The six unknowns C l, C2i, and Czi can be found from

the boundary conditions

r (r ) = 0 r = inside radius

0r (r ) 0 r = outside radiusr2 i 0

a (ra)= (r) rm = boundary radius
ri j r2

U (r.) U (r ) between two regions

C £iZ2

2 22 2
r (r- a_ +Tr(r- -r. ) =-F

0 M Z1 m i Z2 Z

Where F is the net axial force obtained from the plane strain

solution by integrating a over the entire cross section. Only the

uniform and cylindrically symmetric components of temperature will

give a net contribution to F . A uniform temperature other than the
z

reference temperature will give stresses in the r, e and Z directions

unless a1=a; vI=V2 and E1 E 2.

5.4 Copper Clad - 316SS Design Example

For the same 316SS tube parameters and heat transfer coefficient

as given in Table 5.1, the effect of varying thicknesses of copper was

examined. The program used is given in Appendix 4.3.

-6 -1 (40) (41)At 800"K a=20.3X10 K for both copper and 316SS . The peak

stress in the 316SS versus the thickness of the copper clad is shown in

figure 23 for a 1 MW/m 2 wall loading. (The volumetric heating rate was
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estimated to be 10 MW/m.) The optimum thickness is 1.6 mm of

copper which gives a a stress of -40 MPa at 9=0 and +40 MPa

at O=7. Thinner coatings give higher compressive stresses on the

plasma side and thicker coatings give higher tensile stresses on

the adiabatic side. The stresses in the copper are lower than in

the steel. Figure 24 shows the distribution of a on the

inside and outside of the 316SS for the 1.6 mm coating. The nu-

merical results are given in Appendix 4.3.
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VI. FIRST WALL APR!OR

6.1 Introduction

The first wall concept considered in this chapter has a thick

(1 cm - 4 cm) structure facing the plasma. This structure is es-

sentially a thermal mass with cooling tubes welded or brazed to the

rear surface (away from the plasma) . There are two objectives

for having the thick wall:

1) To protect the cooling tubes from off-normal energy dumps

due to plasma disruptions or thermal transients.

2) For short pulse lengths the thermal mass can significantly

reduce the thermal fluctuations seen by the cooling tubes,

reducing the alternating component of thermal stress, thereby

giving a longer fatigue lifetime.

If such a thick wall was restrained against bending large ther-

mal stresses would be generated, both in the wall and the tubes. To

reduce these stresses, it is proposed to cut or forge a checkerboard

pattern of grooves most of the way through the block as shown in Fig-

ure 25. The portion of the wall undergoing large temperature excur-

sions would then be free to strain as required to relieve the stresses.

The wall is not meant to be a structural member but only as a protective

sacrificial piece.

6.2 Thermal Analvsis

A simplified thermal analysis to estimate the transient temperatures

was performed using a l-D slab geometry with the following boundary con-

ditions
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25.A FIRST WALL ARPXOR

y

A

25.B 2D MODEL

FIGURn 25. FIRST WALL ARMOR CONCEPT
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t =0 T = TF

x =0 T=q1x=O-k- =

xL -k T = h (T-TF)

with

q''' = Ae 4(t)

TF = Fluid temperature (assumed constant)

o', = q#t

a = thermal diffusivity

t)= 1 O<t<t

10 t~ <tCt

L = thickness

The fun-tion ?. (t) is periodic with a period tC'

An analytic and finite difference solution were both obtained for

this problem and programs to calculate the temperature are given in Ap-

pendix 5. The analytic solution method parallels a development given

(47)
by Boley and Weiner. The solution for a steady energy generation rate

is found and then the method of superposition is used to find the pulsed

response. For a steady q" and q''' the solution is given by

T T ) + T (X, t) (6.1)

where

' -A -bx -bL A A -bL q
T =-- (e -e )-- (X-L) + -(1-e ) X

S b2k bk bk k
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2T O -aX t
TC = F A e n Cos X X

n=l n n

and where X are the roots of the ecuation
n

X k
cot X L =

n L

and An 1- 2+C3 +C 4 )/C5

2 2
C = D /(b + X )1 0 fl

C = e-bL (X sin L- b cos X L) +b
2 n n n

L 1
C D -- sin X L - ,- (1-cos X L)

3 1 A n A 2 n
n n

D 2
C 4 X- sin X L

n

D A

0 b2k

D+ k

k A -bL q" A A -bL ci"L AL
D2( bk bk 2 e

b kk k

These results were used with several materials (Carbon, Silicon

Carbide 316SS and TZM). The solution using a finite difference method

agreed closely with the analytic solution. Also, after this solution

method wz.; developed, a slightly different method of solution was pub-

(4 9)
lished by Fillo. The program in Appendix 5 was found to give the same

results as a published solution for a thin 316SS wall.

For the application considered here, TZM appears to be the most
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favorable material because it has the highest pC product and it

is capable of very high temperature operation.

To illustrate the capacity of a TZM block to protect the coolant

tubes an arbitrary case was selected. Figure. 26 shows the temperature

on the inside and outside of a 2 cm thick TZI4 block which is exposed

2
to a 20 2W/m surface heat flux for 1/2 sec. (Such a heat flux could

be obtained if the plasma dumped all its thermal energy in a small

fraction of the first wall area over the assumed time.) While the

front surface temperature increases 560*C the rear surface only in-

creases about 30*C, corresponding to a heat flux to the coolant of

2
0.3 MTI/r , for the assumed heat transfer coefficient.

A second example is shown in Figure 27 where a 3.5 cm block is

used to provide thermal inertia for short pulse operation. A steady

state temperature profile is never reached for the 40 second burn and

20 second dwell cycle. Even with the low duty factor of this cycle,

the heat flux to the coolant only varies approximately+ 10% around a

mean value, instead of going to zero as it would without the block.

This gives the possibility of a reduced alternating component of thermal

stress in the coolant tubes which should reduce fatigue damage.

6.3 Thermal Stress Analvsis

Without grooves, the large temperature difference across a thick

wall due to the surface heat flux would cause high thermal stresses in

both the wall and the tubes brazed to the rear surface. It is assumed

that the coolant tubes and wall are restrained against bending but are

free to expand in the plane of the cooling tubes. Grooves cut most of

the way through the block reduce the stresses. A simplified model was
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adopted to estimate the relation between stress reduction and groove

spacing.

A detailed stress analysis would have required an extensive nu-

merical procedure for a specific tube size, spacing and restraint

system. It was felt that at the initial stage a simplified approach

was more appropriate.

To estimate the effects of the grooves, the small blocks were

modeled as finite sized plane stress rectangles as shown in Figure

25B. The temperature distributing was taken to be a function of y

only and to be symnnetric about x=O. This is equivalent to allowing

expansion along the x axis but no bending. (See Figure 25B) Several

approximate solution methods for this problem are available in the

literature. The approximate variational method developed by Helden-

fels and Roberts, and discussed in reference 49 was used. A program

using that method is given in Appendix 5.

Figure 28 shows the stresses for a linear temperature distribution

when the grooves are far apart. Near the middle, the peak stress in the

X direction equals -aEAT as expected. Near the edge, the X component
2

of stress falls to zero and there develops a y component of stress which

is needed to keep the x=0 boundary straight, and which has peak value

of nearly 1 CtEAT.

As the ratio of A/B is made smaller the magnitude of these peak

stresses, when normalized to cEAT decrease. -Figures 29 and 30 show this

effect for 0 and a respectively. When A/B is <1 a considerable
X y
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reduction is evident.

A numerical example is given in Figure 31 for a TZM block with

a 0.25 NW/m2 surface heat flux. The stress at y = 0 versus thickness

of the block is plotted for a block with no grooves, grooves 1 cm

apart (A=.5cm) and grooves 2 cm apart.

6.4 Conclusions

The results indicate that the thermal stresses resulting from

the temperature difference across a thick block, restrained against

bending, can be significantly reduced by grooves cut nearly through

the block and spaced apart by a distance less than or equal to the

thickness. The thermal mass of the block can be used to reduce the

alternating component of thermal stress for the tubes which reduces

fatiguc dai:age. In aQdition, the block protects the tuo;.- 're- t--

mal transients, which makes the restrictions on plasma control much

less demanding and the conseauences of sub-system failures less severe.

Further detailed analysis is-required to determine the effects

of stress concentrations at the base of the notches. These stresses

will depend on the actual manner in which the tubes and wall are re-

strained and the way the tubes are attached to the wall. A crack at

the base of a notch, however, would not be a fatal flaw since it most

likely would not propagate into the tube wall which is a separate

structural piece.
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VII. CONCLUSIOIS & RECO'4ENDATTIONS FOR FUTURE WORK

7.1 Summary & Conclusions

This thesis has examined the use of helium and the molten

valt flibe as coolants for a fusion reactor blanket. Two struct-

ural materials, 316 Stainless Steel and TZM (a molybdenum alloy)

were considered. The first wall and interior blanket reqions were

analyzed separately because of their different constraints and

oPreratino conditions.

A stagnant lithium pool was employed for tritium breeding in

the interior blanket. Heat removal was acconplished by coolant

tubes distributed either in a shell confiIur'tion or thrcughout

the blanket such that the heat removal per unit length was the

same for all tubes. The latter configuration gave a smaller num-

ber of tubes and lower peak thermal stresses. For this configura-

tion with helium coolant analytic expressions relating the neutron

wall loading to the major design parameters of interest were found.

The expressions should be quite useful in parametric studies since

detailed design configurations and analysis are not required. Com-

parisons with several designs in the literature were made and the

agreement between the analytic expressions and detailed designs was

good. In addition, for both helium and molten salts a design window

methodology was developed which gives the allowed range of coolant

tube geometry (D,L,t, # of tubes) for a required set of design para-

meters and constraints. Both helium and flibe were found to be capa-

ble of the required heat removal for wall loadings of interest
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(1 - 4 MW/r2 ) with known constraints. Flibe with 316SS was not

considered since 600*C structural material temperatures were re-

quired. - Flibe with TZM gave the lowest number of tubes, lowest

thermal stress, lowest hoop stress and by far, the lowest pumping

power.

A shell cooling design was adopted for the HFCTR conceptual

reactor. The advantages over the distributed tubes apnears to he

an increased breeding ratio and improved reliability. The penalty

is a larger number of tubes and higher thermal stresses.

A tubular radiation shield was considered and a linear elastic

thermal stress analysis accomplished under the assumption of no

bending. Relatively high axial compressive stresses were found.

Copper cladding was proposed and analyzed. It was found to be capable

of significantly reducing the peak thermal stress. A second first

wall configuration employing a thick sacrificial TZM block was also

considered. A checkerboard pattern of grooves appears capable of

significantly reducing the steady state thermal stresses. The large

thermal mass of the block will protect the coolant tubes from plasma

energy dumps and for short pulse operation it can reduce fatigue dam-

age by reducing the alternating component of thermal stress. Further

work is needed to estimate the effects of stress concentrations at

the base 6f the notches.

7.2 Recommendations for Future Work

There remains a tremendous amount of work to be done in the area
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of blanket engineering before a design could be considered as a

safe reliable device to be operated by a utility. Some areas for

further analysis will be given below but the list is far from com-

plete.

7.2.1 Interior Blanket (Stagnant Lithi-u Pool)

Several general areas in need of further study relating to

a stagnant lithium pool are:

(1) Natiral convection and consequences.

(2) Rate of helium bubble nucleation and growth, and

possibility of trapped pockets of helium.

(3) Effects of Pulsed Magnetic Fields in terms of

mechanical forces, fluid circulition &nd effects of lithium

pool on magnetic field seen by the plasma during the start-up.

(4) Effect of magnetic field on slow lithium flow. Does it

cause channeling so that the entire lithium volume is not

sampled for tritium removal?

(5) Cold Start Procedures. How is the frozen lithiur to be

heated up to operating temperature? Can fusion neutrons be

used or must the lithium be melted first?

(6) Phase change effects during pulsed operation. How does

the volume change affect the structure?

(7) Alternate Molten Salt Coolant Investigation. If a salt

with a lower melting point could be found for use with 316SS

it could yield an attractive design.
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Structural Considerations for Module Design

1. Module Structural Design

Can a closely packed module design be developed for use

with helium coolant which would allow for rupture of a coolant

tube?

2 Development of a numerical code to predict structural life-

time based on changes in material properties due to irradiation,

structural loads and thermal stresses.

7.2.2 First Wall Design

(1) Accident tolerant design. Any accident which causes a

plant shut-down for replacement of the first wall would be ex-

tremely expensive. ror a realistic design something like the

first wall armor is a necessity. A desirable goal would be to

develop a design using 316SS and copper or another high con-

ductivity material which would protect the coolant tubes from

the plasma, prevent small coolant leaks from quenching the plasma,

and allow for operation with local failures.

(2) More realistic treatment of the spatial distribution of

the charged particle flux from the plasma. There will most likely

be some variation of the charged particle ilux with poldidal

angle, causing hot spots.

(3) Integration of first wall design with the use of a di-

vertor or cold gas blanket.
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APPENDIX 1.. - HELIUM BLANKET WIINDOW GRAPH

This appendix contains a listing and description of a

program to graph a design window in the D versus L plane using

the analytic expressions developed in Chapter 1. It has

been removed for conciseness. The full report may be obtained

from the M.I.T. library system as:

T.McManamy, 'Fusion Reactor Blanket Heat Removal Using Helium

and Flibe', Ph.D. thesis, M.I.T., Nuclear Engineering,

February 1979.
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APPEVDIX 1.2 LT ESTIMATE
LITH IUM4

It will be assumed that the cross section of the region of

lithium being cooled by a tube can be approximated as circular

with a diameter DC and a uniform energy generation rate.q"'. For

a tube diameter D from energy conservation

2 2
IIDW- -(D 2_D 2q111

S 4 C
A1.1.1

or

4DW
D = D2+

For a tube outside wall temperature T let

t(r) T(r)-T

The eauation to be solved is then

V2t(r) + = 0k

with the boundary condition

D

r - =

at~

-0

D
C dt 0

after integrating the equation for t(r) and applying the boundary con-

ditions the solution for t ( C) is found to be given by

2

r2D Al.1.2

AT [- D (2 ln + D2
2 Li l6k C D .
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substituting for Dc from A.l.1.1 gives

q'Is D2 DW 4w DW
SS S

AT 16k + 4k)ln (1+ , . 4
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APPENDIX 2 - FLIBE BLANKET WINDOW GRAPH

This appendix contains a description and listing of a

program to graph a design window in the D versus L plane

using the analytic expressions developed in Chapter 2 for

a stagnant lithium blanket with flibe coolant. It liaz been

removed from this report for conciseness. The full report

may be obtained from the M.I.T. library system as:

T.:lcAanamy, Pn.D. the'is, 'Fusion Reactor Blanket Heat

Removal Using Helium and Flibe', Nuclear Engineering,

February, 1979.
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APPENDIX 3.1 ANALYTIC SOLUTIONS FOR TEMPEPATURE PROFILES

SHELL COOLING

3.1.1 Single Region

It is assumed that the blanket will be divided into a simcall

number of modules. Each moduLe will be several meters long. The

temperature gradients in the axial direction along the tubes will

be much smaller then in the radial direction, assuming cylindrical

geometry. The neutronic heating rates are assumed to be known and

capable of bzing represented by exponential functions.

The basic equation for the steady state temperature distribution

to 1e solved is

V(k7T) + q'''(r) = 0 (A3.1)

It will be assumed that the thermal conductivity is constant and

that the radial conduction is dominant.. Given the boundary

conditions

(A3.2)r =r. T =T.

r =r T T
0 0

and the energy generation rate q''

q''' = A eb(rr i

equationA3.1 becomes

2 -br(A3.3)
I d (r dt) + b Be
r dr dr
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where B ie bri

k b

The solution of (3.3) is

T= C ln r+C +B S., (br.)-S (br)-e-bri (A3.4)
1 2

where

-X

S (X) = dx
1 x

x

T.T + A br. b(r r
o - l+e i(S (br i )-SI (br)-e- ,

ln (r./r)

T. + A - C ln r.
C=

2 b2 k

For large temperatures rises in the lithium it may be de-

sirable to use a linear correlation for the thermal conductivity

of lithium. The same solution as for constant k can be used with.

a simple change of variables.

for

k k (1+ 0T)

k-k k--k
T __ 0

60 k 0

so that

VT Vk

V (kVT) 2k2

2 2
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the equation V(kVT)+q''' = 0

becomes 72k2+2k q q''' = 0
0 0

2,
which is formally similar to V T+q'''/k 0

2
with the substitutions k =>T (A3.5)

2kj => 1 (A3.6)
200=>- k

The solution given by equation (3.4) with a lincar ccrrelnti=

for lithium thermal conductivity was used to generate figure Al.

This gives the temperature difference between the walls (assumed c

be at the same temperature) and the peak pool temperature as a fun-

ction of thc thickneiss of the region and 7. %.ere

q''' = A e- (r-ri mW/m 3

A I MW/m 2 neutron wall loading corresponds to A. 4.6 M/2

Since approximately 50 cm of lithium are required to breed tritium

it becomes obvious that the peak pool temperature would become ex-

tremely high (or boiling would start) if the entire blanket were

cooled only on the inside and outside. Thus, more then one lithium.

region is required.

3.1.2 COMBINATION LITHIUM AND GRAPHITE REGIONS

Typical neutronic heating rate calculations show an increase in

the heating rate near the rear of the breeding zone if there is a

reflector such as graphite behind it. To model 'this effect, the fol-

lowing geometry was assumed.
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L.

k

-T r2

The following

r r

r =r
2

C

k 2

where: r <r<r = Lithium Zone (A3.7)

1 r +Ae 2(2ql= - rr 1 A2 b2( -r

r <r<r$ = > Carbon Zone

q' ' =A3 e-b3 (r-r )

boundary conditions were assumed

T1 T (r 1 )

T = T2

r r k2 r '' rdr
llr r3T 1 -r 3 .

r = r3 T2 = T(r2) (A3.12)

In the lithium zonc, two cxponcntial functions are avz'.c to

include a component due to reflection from the carbon zone.

An analytic solution for the temperature can be found and is

given by the following: (A3.13)
-bir -b r 3 b r. b r

r <r<r T (r) = T(r )+B (e i 1-e * )+ 2 (e 2 1-e 2 )+C1 lin .
-2 1 1 1 r r b2r

+ B(S 'br )-s (b r) ) +B) --

- -b r -br
r Cr<r T (r)= T (r )+B (e 3 2-e 3 )+C ln (r/r )

2 ~ 3 2 2 3 2 2

+B (S (b r )-S (b r)
3 1 32 1 3

Where

(A3.14)

A b r
B C

k b 2
1 1

A -b r
B 2 e 2 2

2

(A3.8)

(A3.9)

(A3.20)

(A3.11)



153

B A
3 k

3

b r

-b, r -b r
K = T(r )+B (e 1 I-e r2)+B

I1 1 2

r 2  -b r b r
+ B 1 +B e dr

I J 1 - 2 r

K 2 =T(r 3 )+B 3 (e
-D r 3rb3r3 -3r2

-e )B3

ebr b r
e 2 b-e 2 2)

S 1 (b 3 r 2 )-S 1 (b 3 r 3 )
"p

b r b2r
K3 = k B e (1+b r )+Be (1-b2r )

K = k2 3 e-b3r3 (1+b3r3

-b 1 (r-r1 )
+A e

-b 2 (r2- r 1) 3ri 4(r .rdr + 2A
3 e

r 2

- In 2 /r 1 )

in 2/r 3)

(K5 -K 4 -K 3)

k K
2 21-2

1 ln(r 2/ )
3

in ( 2/3) -C +K -K 2

in (r 2 /r

r

KS le

-b 3 (r-r )

k2

K6 1 1

1

CiC1 =

c2 =

)

K 6
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3.1.3 FIRST WALL REGION

A possible configuration for the shell cooling is to have in

the first wall region, a stagnant lithium section with a surface

heat flux on one side and cooling on the other side. Since such

a section will have a very small depth compared to its radius, a

1-D slab geometry should give a good approximation.

q''' q''' A e-bx

q+ k X =X q'' =-k -
0 o

X0 1 X 1T = T

The temperature is given by
(A3.15)

bx bx

T = T + A +A (XI- - -e
1 bk R, k L bJ 2KL
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The remaining appendices contain a description and

listing of the programs used for this report. They have

been removed here for conciseness, but may be obtained

from the M.I.T. library system in:

T.icManamy, 'Fusion Reactor Blanket Heat Removal Using

Helium and Flibe', Ph.D. thesis, M.I.T., Nuclear

Engineering, February 1979.

Appendix 3.2 Shell Cooling, Single Region: Equation A3.4

with a linear correlation for the thermal conductivity of

lithium is used to graph the lithium temperature for a

single region, given the temperature on the two walls and
-B(r-ri)

the energy generation rate in the form q ...=Qe r.

Appendix 3.3 Shell Cooling for First Wall and Tro Stagnant

Regions: Equation A3.15 and equation A3.4 are used to graph

the temperature versus radius for a first wall region and

two stagnant regions given the wall locations, temperatures

and energy generation rate.

Appendix 3.4 Shell Cooling - Combination Lithium and Graphite

Region: The results of Appendix section 3.1.2 are used to

graph the temperature versus radius for a region composed of

two different materials and cooled only on the outside.

Appendix 3.5 Shell Cooling - Iterative Solution For N Regions:

Portions of the previous shell cooling programs were combined

in an iterative procedure in order to account for the different

film and wall temperature drops for different channels which

have different heat removal rates.

Appendix 4.1 Simple Tube Temperature and Stress: This program

evaluates the temperature field and thermal stress for a

radiation shield tube based on the analytic expressions given

in Chapter 5.

I



156

Appendix 4.2 TUTETEMIP Code: This program evaluates the

temperature field for a composite tube allowing for

different thermal conductivity in the radial and theta

directions. The geometry and finite difference relations

which are used are given in Chapter 5.

Appendix 4.3 TUBESTRESS Code: This program solves for the

temperature field in a composite radiation shield tube

using the analytic solution given in Chapter 5. It also

solves for the thermal stresses using the analytic methods

discussed in Chapter 5.

Appendix 5.1 Slab Transient Temperature: This program graphs

the transient thermal response of a l-D slab for a pulsed

surface and volumetric heating source. An analytic solution

method as discussed in Chapter 6 is used.

Appendix 5.2 Rectangle Stress: The approximate variational

method of Heldenfels and Roberts as given in Reference 49 is

used to calculate the stresses in a finite plane stress

rectangle with a temperature distribution of the form

T(y) = T0 - LT (y/b)n


