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ABSTRACT

The use of helium and the molten salt flibe (Li,BeF,) is
exanined for a fusion reactor blanket, Two structural
materials, 316 Stainless Steel and T2M (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 ghat 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 nurber 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 paramefric studies

since detailed design configurafions and analysis are not
required. Comparisons with several designs in the literature
were made and the agreement between the analytical expreésions
and the detailed designs was good. In addition, for both




helium and flibe a design window methodology was developed
and several examples given, 2An example of the second concept

is given by the HFCTR conceptual design.

A tubular 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 conflguratlon employing a thick
sacr1f1c1al TZM 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 fatiqgue damage by reducing the

altermating component of thermal stress,
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NOMENCLATURE ) ’
B
B - Magnetic Field (T)
b Exponential decay constant for heat generation (m—l)
CP Heat capacity (J/kg) |
D Coolant tube diameter (m) | J
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Ha Hartmann number . i
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i
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‘
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Pw_ ' First wall neutron loading (W/mz) ‘ |
q"! Local volumetric energy generation rate (w/m3)
<q"'> Average blanket energy generation rate (w/m3)
q” Surface heat flux from plasma (w/mz)
R . Gas donstant (J/kg-°K)

T Average coolant temperature (°C)
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AT
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Bulk coolant temperature rise (°C)

Film temperature drop (°C)‘
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Maximum lithium pool temperature

tube thickness (ms

Radial displacement for stress analysis (m)
Induced voltage (volts)

Coolant velocity

Surface heat flux on interior blanket tube (W/m2—°C)
Blanket thickness (m)

Energy multiplication factor

coefficient of thermal expansion (Chapter 5)
Ratio of "' minimum/ g"°'

Mechanical strain

Viscosity of coolant (kg/m sec)

Coolant density 1kg/m3)

Coolant tube density (m_3)

Hoop stress (Pa)

Thermal stresses (Pa)

Resistivity”ﬂaﬂ

Fraction of structural material

Void fraction
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INTRODUCTION

Fusion power offers a promise of a virtually limitless energy
supply for the future of mankindql)For the last twenty years, science
has pursued this promise, at fi;st underestimating the difficulties,
but through a world-wide effort, an understanding of the behaviqr of
this fourth state of matter is begyginning 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-
finement time) which are on the order of 3xlO13 cm—3. 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 ntT product.(z)
If the next generation of experimental machines such as TFTR perform
as expected, the scientific feasibility of controlled therronuclear
power will bé deronstrated.

For fusion power to make a nreaningful contribution to elecirical
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 rredict 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 incorporatea in

J. Chao's thesisf3)
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I. HELIUM COOLING OF A STAGNANT LITHIUM POOL

1.1 Objective and Physical !odel

The objective of this section is to develop a methodology

which will permit the rapid estimation of the théfmal hydraulic
requirements for removing the heat from a staénant lithium pool
using a distributed set of coﬁling tubes with helium coolant.

The model used assumes that the heat removed per unit length
of coolant tube is the same for'ail tubes. 1In addition, the blanket
surface heat flux from bremsstrahlung and charged particle flux is
to be removed by a separate radiation shield which will ke ana-
lyzed later. It is further assumed that an initial neutronie study

will give an approximate thickrnes

n

of lithium r?quired f£5r breeding
tritium and the enerqgy per fusion event deposited in the regiorn.

The plasma engineering gives the first wall shape and rajor 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, E'(;C): The average bulk coolant temperature
2. AT (°C): The bulk codigﬁi'géﬁgeratpre rise
3. P (Pa):The average coolant pressure

4., p (kg/m3):the average coolant density
5. v (m/sec): Average coolant veloéity

6. AP (Pa): Coolant pressure drop; inlet to exit
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7. Y: Priction Factor
8. K: Pumping power to heat removal ratio
9. h (w/m2—°C): Heat transfer coefficient
10. ns: The average volume ratio of structu;al material in the
coolant tukes to lithium.
11. n,: The averaée volume ratio of void to lithiun zone volume
(i.e. void fraction)
12. o (Pa): Coolant tube hoop stress due to pressure.
13. D{m): Coolant tuke dianmeter
14. L(m): Coolant tube length
15. t(m): Coolant tuke thickness
16. Pw(w/mz): First wall loading{neutron)
17. <q'''> (W/m3): Average energy generation rate in the lithium
18. .Ws (W/mz): surface heat flux on all coolant tubkes.
19. ATF: Coolant tube film temperature drop.
20. AT : Coolant tube wall temperature drop.

W
2. p (m~3): Average tube density; number of tubes divided by lithiun

t

zone volume.

These quantities afe not all iﬁdependent. Wiat will be developed
is the functional relations between them.

Another possible parameter of interest which is not explicitly in-
cludéd is-che peak temperature in the lithium pool. This can vary
greatly depenéing on the shape of the area of lithium being cooled by a
single tube which depends on the exact qooiant 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 mo§ule and subsequently
the peak lithium temperaturec and wall temzeratures check by a de-
tailed analysis. |

The quantity Ns 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 guantity
of interest because the reliability of the syétem is inversely pro-
portional to the nunier of tube to header joints.(4)

1.2 Governing Relations

The system being considered has the 21 unknowns listed previously.
In this section it will be shown that there are‘l3 applicable relations
This means there are eight degrées 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 determinea.

From conservation of energy the following holds

D> pvCpAT = TDLH_ -, (1.1)
o |

ptﬂDst =< q'''> (1.2)
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By definition:

, (1.3)
gzlarn o Ehey | E (e
P, (I-n 3V, ~14.06

where Z is the blanket thickness, V,_ the total blanket volume, A

T fw

the first wall surface area and E_ the total energy ceposited in the

blanket region per fusion neutron as determined from neutronic calculaztions.

H AT, = W (1.4)

K = AP/pCpAT : (1.5)

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

ns = pt motL (1.6)
2

_ wDh°L o : (1.7)
Ny =P ™7

Where pt = number of tubes/lithium volume. For thin tubes the hoop stress
due to pressure can belapproximated by:

o = PD/2t _ (1.8)
The pressure drop in the tube is avproximated by

AP = 1/2 pv2 ¥ L/D (1.9)

Where for smooth tubes the turbulent factor is approxinated by:

¥ = .184 (pvd/u) 02 (1.10)

A relation between the friction factor and the heat transfer co-

efficient can be obtained from the Colburn analogy. This gives

h = pr”°'6 ov Cp ¥/8 (1.11)

An ideal gas law approximation gives

: P

Finally the wall temperature drop is given by

ATW = (Dws/2k) In (1+2t/D) (1.13)

Since the thermal stresses are proportional to ATW a limit on this

is equivalert to a limit on thermal stress.




1.3 Design Window Develoomant

The parameters a designer has the most control over are the
number of coolant tubes, their geometry and the wall locading. To
help make an initial choice for these parameters a graphical
presentation is introdﬁced to show the allowable range of tube
diameter, length and number of tubes as a function of wall loading
given a set of fixed parametérs 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
guantities were considered as fiigg paraméters:

a) T

b) AT>

c) g

a) K

e) ns

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 fraction 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 thickﬁess of lithiuﬁ.
Finally the pressure choice is a compromise between decreasing the
pumping power for a given rate of heat remcval and increasing the
thermal stress due to thicker walls.

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

gives eight known guantities which together with the 13 relaticns form

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

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 PV' Tpr

TV’ and T are obtained in this manner,
1]

1.3.1 Derivation of Znalvtic Pelations

Equatiocns 1.9, 1.11, 1.5, 1.4 and 1.1 can be combinec as shown

in Reference 5 to give
2 2

ATF= 16 W L (1.14)
6 3 —=
P °°C 2

r P X AT D2 p2

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

W o=t <q'tt> o (1.15)
ns ’
Substituting (1.15) in (1.14) and using (1.8) and (1.2) gives
ar R 1L [75 <q''t> L:lz - (1.16)
-.6 K n. OAT _
Pr CPB S

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

m? pvear = arp "¢ ey, 1 (.184re”"?) (1.17)

3 Fr 8

DL -
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-.6 -.2
= o
or D EE L Pr (.0%2) Fe
AT
but from (1.1)
(1.18)
Re = Ey_]? = .4..‘.%.11-
H UCPAT
Substituting (1.18) in (1.17) gives
r P . -
AT W2
W
s

Substituting in (1.19) for 47, from (1.14) and using tre relation

F
pD <q|!l>
s 20ns )
and simplifying gives ©(1.20)
5/3 3/2 7/3
p = 3373 ut/6 g 3/3 T _<a'''> L
Cp7/3 (0“5)3/2 x >/6p /6 pp 73

This is the eguaticn which permits lines of constant wall loadins

P, to be determined since<qg''™ arw/2Z.

W

From equation (1.2) allowing for a finite void fraction

. nTrD2
o = - —— <at ">
nmDhL WS (VT 4 L) <q
Simplifying yields
1 2 ons V (1.21)

D= oo T
41 4+ Cns m PL
2p

s C e . < .
Which for ons/2p <<1,which_is true for small nv (= 5%),using the

definition of Py yields
20n (1.22)
= e——S .

TP p L

This gives the lines of constant pT.

For a given ATW a relation for D versus L can also be: found.
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Substituting for Ws and t/D in equétion (1.13) gives

5 4k ns OATW 1 . , i

D =
P.In (L+p/g)<g'''>

Substltutlng for <q''"™ from {1.20) gives afte
3/8 1/24 s/

4kATw b o7 2
D = .7883 [ln (1+p/€):l 5724 ( ) (

1f ATF is fixed, then substituting for <g''"™ in equation (1.16)

r simplifving
1 7/12 (1.23)

and solving for D gives

- (1.24)
= 1/6,.. 3/4 5/6

g1/12 5.5/6 (176

D = .1345 pr "%y /6 g

1712
p

1/6

This is the last of tha desired expressions for dizmotsr versus
length in terms of the six fixed parameters and an additional quantity Co

of interest. Summarizing, the applicable exrresszions are:

Constant Cuantitv Ecuation for D vs L -
Pw 1.20
Pep 1.22
ATW . 1.23
'ATF . 1l.24

1.3.2 Void Fraction Estimate

A simplified approach can be used to estimate the required

void fraction given O, ns and P.
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For a given tube

* ar
“D2/4 + A (rt) =1+ AU
Tt
D g (rt)

where A'(rt) is the cross sectional area of lithium being cooled
by the tube at re. For a rough averaging consider r, as a continuous

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

< (z)>=n =1 ! dz (1.26)
L 4Ws + 1
0 Dql s (Z)
Assume q'''(2) = g,'"" e™P* ana let ¢ = 4ws/Dq°"'
n, 1 [ 1 dz (1.27)
L 1l + Cebz
or n_ = 1-1 1n l_i“ggfi (1.28)
bL 1+C

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

L
<qrt> oz ) fq;" eP?% gz (1.29)
L 0
or q;ll = bL___ <g''">
(1-e %)

Using the approximation Ws PD<q"'>/20'ns and substituting for ¢ in

equation 1.28 gives - -
. op (ebz,_ 1) (1.30
n, * 1 -1 1Injl+ on g bL '
bL 5L
1+ 2P (1-e )
i ong bL /]
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2P
2 ' (1.31)
fq o’n .
nv s -bL ons
2p 2 2p

Further, for typical lithium systems b is on the order of 4m-l

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

2
Ny = g o [ (1.32)
2P 2P

This simple expression allows a rapic¢ estimate of the void fraction
for a given choice of O, ns and P. A comparison with several pub-

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 ,ATF TF Max .

2. P xPpoyax

3. ATy < TwMax
‘ >
4. Py —_ Pw 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 orxder 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 6f narameters 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

-— . < (-]
T = 573°K ATF < 83°C
AT = 200°C o, < 17°C
p & 3.8 Mpa . #twes < 1,5 x10”
n = .02

s
(o) = 48.3 !MPa

H
K = .02
First Wall Radius = 2.25m ' Ef = 15,2 Mev/neutron
Major Radius = 6,0m Z = 60cm

CONSTRAINT SECTIONM

The sum of the coolant exit temperature, AT_ and ATi were chosen

F )

to give a peék tube structural temperature of 500°C. The coolant tubkes
could be arranged in several passes so that the portion of the tubes near:
the first wall would be below 500°C. Available irradiation test data in-

(6)

dicates that these temperatures should be acceptable. At higher temperatures

at anticipated damage rates the ductility would be excessively reduced.




The limit chosen forA'I‘w gives a thermal stress of 34 Mpa

(SOOO‘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 fange of .175% for lO6 cycles at

(7)

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

The constraint of 1.5 x'lO4 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
9

10 . A
MIBF (hx) = e Joint + ¢ £E. weld) B
Where A = (coolant t ise/50). —= .
era = C a emnn lse .
n - ? Euss ' oo

B = noninal pressure stress/allowable stress

For A =4, B =2 and 1.5 x lO4 tubes, the above relation would

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

9 .
MTBF = 10 . Z = 1.67 x 10% hours (1.9 years)

(2) (1.5x10Y) 4

PARAMETER SECTION

The reactor size picked corresponds to a small reactor comparable

(29) {33)

to a design such as the HFCTR or NUMAK. The 60 cm thickness of

the lithium zone should insure sufficient breeding. Previous neutron

(3)

studies 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 tha 500°C
maximum structural temperature limit for reasonable values of ATF
and ATW. Lower inleﬁ temperatures would be possible but the effect
on the heat exchanger design would have to be evaluated. |
. The préssure of 3.8 MPa (550 Psi) was selected afbitrarily.
Higher pressures gjive lower alléwed wall loadings with the assumed |

limit of 17 °C on‘ATw and the design value of 48.3 MPa (7C20 Psi)

for hoop stress.

The fraction of structural material selected was well w«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 stressilimit for 0.2% creep in 100,000 hours is

100 MPa in wmirradiated steel.(a)

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
l, 2, 3,4, 5,6 and 7 Mw/m2 are shown. The film temperature drop

Also shown are four

lines for a constant number of tubes using the values of 5 x 103,

line for 83°C is graphed using equation 24.

104, 1.5 x 104 and 2 x 104 tubes in equation (1.21). Finally, the
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DESIGH WINDOW DEVELGPMENT .

HELIUM - 316 SS SYSTEM
Coolant Tube Diameter vs. Length

D{cm)

8.0. 2 M’.l/mz 1 H'-\T/mz
7.0}
6.0}
5.0}
4.0k .
3.0l
. # of tubes=5x103 -
2.0} '
10% .
- 1.5 % 10
1.0f 2 x 10t
-
(4] ], 1 1
0 10 20 30
FIXED PARMMETERS - CONSTPRAINTS L(m)
fout‘ T, = 200 K a1, 5_;7 °c .
T = 573 K # OF TUBES < .1.5 x 10
P = 3.8 MPa Teiin < 83c ,
n, = .02 A P, . > 1t/m .
OH = 43.3 MPa
X = ,02
z = .60 n
r, = 2,25
R “ 6.0 m *
FIGURE 1. HELIUM - 316SS DESIGN WINDOW ‘-

(Case 1)
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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 region shown. The maximum possible wall .

loading with the given parameters and constraints is 4 Hw/m2
and occurs at the simultaneous intersection of the 15,000 tubes
line with the ATw = 17°C and ATF = 83°CAlines. This peak wall

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

6.0 meters.
If the fraction of tuke structural material in the blanXet
i 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 I-n-.’/m2 and the optimum geormetry 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 Expressions for Maximum Wall Ioading

For a given number of coolant tubes in the reactor, the maximum
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‘D {cm)
2 . 2
8.0 3 2 di/m 1 Nu/m
7.0 bT = 83°C
6.0

= [-¥al
ATH 17¢ec

.o
B
4.0}
3.0
f—
-
2.el =5 x 103
5 4
1.0[- 1.5 x 10 2x104
1 ] 1 | e | i | 1 |1 1 1. 1 — | ]
0 10 20 30
i L{n)

FIGURE 2. HELIUM - 316SS DESIGN WINDOW

(Case 2)
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- wall loading occurs at the intersection of this line with either
the ATw 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 geqmetry.

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

respectively as:

D = C L"1/2 (1.33)
D = c 1,>/6 (1.34)
p = c_op /273 : (1.35)
3w
Solving for P, gives
c “17/12
Pw = 2 (1.36)
c 3/4 . 2/3
1 3
Substituting for Cl’ C2, and C3 gives
be Ry 179
P =F. 7 P'zs(cn ) .6251,\.4375(p AT).,7JAT 17/16 (1.37)
W 1 = ‘T 's T F
« T = .875
T .
where
P -.6375 .125 1.4375
Fl = <1333 r U Cp )

R.875

For helium at 300°C, F, = 12.3. The dependence of F, on T is weak.

1 1l

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

&

(L.23) can be expressed as

p =5, L"/*2

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

(1.38)




(1.39)
34

B 1.7436 -

P:[:.(.:}_] l 92
1M C 12/13 - 17/9 1.077_. 2/3 '
3 » C C -
[c] 1 3
1
B2

Substituting and simplifying gives

' (1.40)
2 . sS2a%
i KAT ‘ .6538 ( on ).4615 '1923(0 AT).:>3S:>
P=Ff- w :] s K t
1) 20 In(1+P/C) §-.3846 p .07688
Vhere
CP .53855
F_ = 3.929
2 . .
u 03846R 3846

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 maximun
wall loading was 4 -I'.-J/m2 at 2% structure. unation‘(l.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

1 .625 5
. = — = . A\
Pw (1s) pw(z%) ( > ) 2.6 MW/m
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 maximum 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

-



Pw (r-m/m2 )
6.0,

1.08L

Eq. (1.40) _
ATF= 5C0 -~ ATW— T~ AT/2
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Eq.(l.Bg) R
ATw= i17°¢C

I | { 1

50 100 150 ' 200

FIXED PARAMETERS

HoN R QST

[

{1

573 X
3.8 MPa
.02

48.3 MPa
.02

5 m

'2.25 o

6.0 n

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 oifers the advantage

of higher thermal efficiency through the use of higher temperatures.

Other refractory materials such a; niobium or vanadium were not
analyzed because present data indicateé a strong possibility of ex-
cessive corrosion caused by trace impurities in the helium at tem-
peratures #bove 600°C.

Irradiated material data on TZ4 is presently limited. Data
taken by wiffen(llz however, does indicate that irradiation at or .
below 450°C to tﬁe damage levels exrected in a fusion reactor will
cause the Ductile to Brittle Transition (DBT) temperature to rise
to tha£ temperature or higher. There consequently appears to be a
lJower limit on the allowable temperature range, although'the pre-
cise value is nét presently known. For this reason inlet coolant
temperatures of at least 600°C were imposed for tis study. The
upper temperature limit is set by the loss of mechanical strength.

(12)

1000°C was set as a design limit in the UWMAK III study and will -
be used here also. Because of the higher temperatures used in the

7ZM 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°C is 0.l atm. and at 1300°C it is l atm. The pressure ir
a module strongly effects the structuralbdesign ana should be above

the vapor pressure if boiling is not desired. For the T2ZM designs

a rough estimate will be made for the peak lithium pool temperaturc
"in the next section.

1.6.2 Peak Lithium Temperature 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,
Tt will also be assumed that within a given region the volumetric
energy generaticn rate is a constant and that the heat conduction is
only radial. With these assumptions, the solution of th¢ 1-D con-
duction ejuation for the lithium pecol temperature rise can be showm

to be (see appendix 1.2)

2
= [ ] T
ATL:'L -C-I-—-I,—)- + D'qs in 1 + 4w DW
16 }\I} ) . S - S
L q'''D ak

(1.41)

where it has been assumed that the diameter of the lithium cell (DC)

is such that

TDW = T (D 2. Dz) q''! (1.42)
S 7 C
iet qlll =B <qlll>
ws ’ = PD <qlll>

. 20n,

Substituting and simplifying gives
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(1.43)
-— LI ) 2 2
AT, = <q'''> D [gs__ + p] In(1+2p Y _ P
SkL 2 GT?S :OT]S 40715
For normal expcnential decrease in a''' this expression will

have a maximum where q''' or B is a minimum because of the large
conduction length reguired. By introducing the value for B = g'''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

TLMax =T + AT/Z'_ + ATW + A’I‘F + ATL; (1.44)
From (1.23) AT, = 8/3 1
L1.555F18/3
wvhere Fl = .7889 4k 3/8Ul/24
(1+p/0)
From (1.24) ATF = D4/3
F 4/3L10/9
2
-.45 1/6 1/6
F_ = .1369 P —
vere F, 36 r ¥R = 1/6
CPl/ K;L/l2 AT5/6Pl/6
From (1.43 and 1.20)
A’I‘Li = F3 08/3
;7375 L19/9
4
where F, = 1 [_@_ + p'!ln(1+2p ) - P
8kL 2 on, | BonS ong
F, = .3873Y 1/6 573 T 5/3
Cp7/3 (Cﬂs)3/2K5/6P1/6 AT7/3
let C = TLMax - T - AT/2

Substituting in (1.44) gives a quadratic equation for D3/4 or

Loy

LXa:
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4/3 o
D = ‘Jaz + 4AC -B 1 ~ (1.45)

2A B

4/3 LlO/9)

it

where B l/(F2

SRR
- 8/3 -—m", Ll4/9
1 F4

g
il

Equation (1.45) gives the relation between D and L for a constant
maximum pool temperature under the given assumptions.

1.6.3 Numerical Results

The 316SS design had two constraints on the peak structural
temperature and the allowable thermal stress. With TII! lowever,
the thermal stresses are generally not very large becausze for a
given tube thickness énd surface heat fluy QLT is anrrziiratelw
1/10 that for 316SS. 1In addition, if the pool temperature is
limited to approximately 1000°C then the peak tube terrerature
will always be belo@ this. It is not clear what the pezaX pool
tempefature limit would have to be, but limiting it to 1000°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 pumping power
required.for a given rate of heat removal. Compared to the 316SS-
He‘system, the temperature and pressure are bo£h 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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HELIUM = TZ7Z2 SYSTEM
Coolant Tube Diameter vs. Length

765 4 3 2 Mi/ne

FIXED PARAMETEPRS
'fout.-Tin = 200 K
T = 973 X
P = 6.9 MPa
ns = ,03
O'u- = 48.3 }MPa
X =« .02
2 = 60m
Y = 2,25
w
R = 6.0m

CONSTRAIVTS N : L{m}

TLithi.un < 1000 € 4

# or TuBEs < 1.5 x 10

o, <27¢

oyl
PH Z. 1 }u‘f/ﬂ

FIGURE 4. HELIUM - TZM DESIGN WINDOW




41L .
have shifted the constant wall temperature drop line to the right
(see figure 1) limiting tihie design to lower wall loadings, Fer
TZM, however, the wall temperature drop is not limiting. A higher
fraction of structural material was also used since this gave é
void fraction of 9.4%, which was close to the il% void in-the 316SS.
The breeding ratio for the two designs should be close.

In figure 4, threec pcakvlithium pool temperature lines are shown
for 900°C, 1000°C and 1100°C. The ratio of g'''min/<q'''>was esti-
nated frem neutronic studies done by J. Chao(3)to bex 0.4. With a
1000°C constraint and 1.5x104tubes, the maximum wall loading is
nearly thg sane as for the 316SSjHe design ( .9Hw/m2 vs 4Kﬂ/m2).
The principal advantage would be the higher thermal efficierncy. If

~ 2
1100°C is allowable, however, up to 5MW/m” could be tolerated.

1.7 Comrarison With Published Designs

The expressions developed in this chapter were compared with
sevefal published designs as shéwn in Table 1.2.

The first column is based on a Nb-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
re;ults.‘ It appears the discrepency is due to an error in the cal-
culated pumping power in the reference. The following parameters arc

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

I.D. .8 in 2.032x10 ’m

L .70 feet 21.3m
Coolant temperature rise 727;F 404 K é
Pressure 494 Psi 3;4'MPa '

Application of the standafd correlations of section 1.2 gives a
punmping power to heat removal rétio of 5.5% not the 1.5% listed. The
film temperatuze drop also turns out to be 35.3°C not 55.5°C.
Substitution of the higher pumpiﬁg pover and lower ATF then gives a
design with ncarly the same <q''' and the 2.0 cm diameter and 21 m
length.

The next comparison is with the design presented by Mitchell and

(5)

Booth . Here equatibn (1..37) is aprroximately 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 aesign published by G. Melesse-d'
Hospital and G. Hopkins(IS). It is taken from %table 1 of that reference
for L = 3m and P = 30 atm. The predictea q''' is about 16% below the -
design value, but the predicted tube diameter, length ané void fraction
agree well.

 Another comparison was made for the UWMAK III inner graphite




43

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.

(13)

tubular design. ~ 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 =

2x104 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 PUBLISHED DESIGNS WITH ANALYTIC EXPRESSIONS

PARAMETER

P (MPa)
o (MPa)

<q" "> (mw/mB)
n,, (%)
D (cm)
L (m)

Foa
Ref., 14

3.35
13.4%
.02*
.015
5.54
404
55.5*
993

F
C’(,‘/,‘\;'r‘-l AN

Ref, 5

1.2
35
.049%
.012
148%
350
46
750

DESIGN (PREDICTED)

.685* (642)
3.6(3.8)
2.03(2.44)
21 (14.8)

10.1*%(9.1)
12*%(12)

* k%

*x*k

Ref. 15

3.04
20.3%*
017%*
.0224
109*
500
200%*
lo23

13.7*(11.8)
5.1%(5.3)
1.44(1.4)
3(3)

* Calculated based on data given in respective reference

%% Calculated based on data in reference 3 for P

6 Mpa

{l{/,/x Lo

o e

Ref. 12
(ISstC

6.89
62%
.028%*
.0247*
39.9%
382

6.85% (6.03) "
11%(11)
1.8(1.8)
11(12.6)

***% Not directly comparable because the tubes were assumed to be roughened,

&
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CHAPTER II.
FLIBE CCOLING

2.1 INTRODUCTION

The coolant known as flibe (Li250?4) has been propocsed by a
. _ ‘ ' . (17,1819}
number of investigators as a sotential coolant for a fusion reactor. ‘

The eutectic mixture of LiF and BeF, melts at 459°C and has been
3 3 e 4+ 3 20 £ I+ 3] i b
used in the Molten Salt Reackor experiment. M summary oI 1its pavsical

properties are given in table 2.1.

Table 2.1 PHYSICAL PROPERTIES FCR FLIBEzl
(66 mqle % LiF; 34 mole % Ber) |
Liquidus Temperature 458 + 1°C
Viscosity (T{°K) 5 Centicoise n = 0.116 exp (3755/T) * 15%
Thermal Conductivity (*1/cm®°C) k = 0.01 + 10s
Electrical Conductivity (ohm—cm)'l K= l.54+6x10_3(t(°C)—500);_10%
Heat Capacity (cal g"1°C) Cp = .57
Heat of Fusion (cal gnl) ' A“fusion = 107
Density T (°C) (g/cm>) p = 2.214-4.2x107°T  + 23

PRANDTL NUMBER:

-]
T(C®) P
_ 500 35.6
600 20.4

700 13.1

These physical properties make possible a number of advantages
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conmpared to a helium coolant design but also pose ce;tain drawbacks.
The principal differences nre that much lower coolant pressures can
be used with flibe but that MHD effects due to the finite electrical
conductivity must be taken into account.
The physical model for the flibe systems is taken to be neariy ' (
the same as for the helium design. The tubes are assumed to be in a
static litﬁium pool and distributed so that each tube removes the
éame amount of heat per unit length. In addition, the tubes are

vooy

assumed to run primarily in the torroidal direction to minimize i

&

effects although multiple passes are allowed. An entry and exit
length perpendicular to the torroidal field is also assumed. Asg in
the helium design, the surface heat flux is removed by a separate

radiation shield.

2.2 MHD ETFECTS

The strong magnetic field can have three primary effects on the

performance:

1) Decreased chemical stability(la)

2) Increased pressure drop(22)

(22)

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

1. The maximum induced voltage caused by flow perpendicular to a
magnetic Jield B is given by(l7)

Vm = BvD . (2.1)

Potential differences on the order of several volts will destabilize

the LiF and BeF2 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(lg)
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 coﬁducting fluid in a strcng transverse
field with conducting channel walls. For an oider of magnitude estimate
of the pressure drop, the correlation for circular tubes suggested by
Hoffran and Carlson(22), was used with the substitution of a turbulent
friction facltor (%¥=.184 Re-'z) in place o the laminar term (Y=64/Re)
in the equation. For a uniform B field over an entry and exit length

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

Ap = 1 pvz“x'g_ + 1.3Lguv [Ha2 tanh Ha -3 + Hazc] (2.2)
2 D 2| Ha ~-tanh Ha 1 +#¢C
(b/2)

vhere Ha is the Hartmann number and is given by
Ha = BD (2.3)
o 1/2
2 Y/

and C = 2TnF >>1 for flibe and metal walls.

an

This poloidal field is generally small enough to neglect in these
calculations.
e
Hoffman and Carlson(z“)suggest the following formula for predicting

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

The heat removal for the model chesen 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 Scm before RT
increased above 2100. This effect can, therefore, be neglected.

2.3 DESIG! WINDOW DEVELORMLNT

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

helium design, plus the Hartmann number énd the maximum induced vol-
tage Vm. 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 cocfficient. If the
film temperature drop is large an improvement. could be made by the use
of the Sieder - Tate correlatiop which accounts for the difference in

(23) Equation (1.12) for the density is

viscosity in the film region.
replaced by the correlation given in table 2.1. Equation (1.13) for
ATW still holds. This gives a total of 14 relatiqns. In addition,
Equation{2.1l) for Vm from this section is .applicable. Finally, it
appears reagonable to assume that the inlet pressure is given by

P = AP + 1 atm. o (2.5)

This gives a total of 16 relations. For évery roint 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

a.mg

e-)vm

The average coolant temperature and AT are chosen as before
based on material properties, desired thermodynamic cvcle and also
a ninimum inlet temperature of approximately S500°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 rossible and
a minimum practical thickness set by fabricability is greater than
the thickness réquired for acceptable hoop stresses. Similar to the
helium désign a fraction of structural material is chosen based on a
breeding ratio consideration. The last fixed parameter is the induced
voltage. For a given B 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)
g P S
-3 ) . = =
Substituting W, =t aPy énd V.= BVD

— S—

Ng Z
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gives
P 7% pcp vooT AT (2.7)
"TE 4B TT

Therefore, lines of constant neutron wall locading are inversely

proportional to L and are independent of D.

To obtain an expression for a constant P start with eq. (1.2)
Pp D L wS = <g'''>
Substituting for WS gives

n ‘ ' (2.8)
T

S
D =
%

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

o vm
Re = H B
.02319\63'81:’1"4

Nu = hD/k

The film temperature drop can be found to be expressed by

s (2.9)
L kprpAiva

AT, = 4B Tu L

From equation (1.43) the temperature rise in the lithium

pool is approximated by

" <q...>[ﬁ ( B + 2t )m (1+at ) -2t © (2.10.1)
L 8k 2 Dng anD Dng _
where for. the flibe system from Equation (2.7)
pC V. n (2.10.2)

<q'''> = —p m s AT
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 lithiun pool temperature can ke ap-

proximated by

- (2.11)
_ T AT AT At_,
Ty vax = + - + F + “CLi

Substituting equaticns 2.9, 2.10 into 2.11 and simplifying
gives the following relation between D and L for a constant

maximum pool temperature

(2.12)
AT cCV D 4k
L= *o'n Lo, B g (1+4t
T ~T-A7)1¢ B k Nu 4t BngDb
LMax | L

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

the coolant fraction is approximated by

2
nc = EEE = [t&ii:]
4t 4t

Flibe -viti breed tritium itself, but not as well as pure lithiuxz,

(2.13)

It will probably be necessary to limit the fraction of flike %o attain
a desired breeding ratio with a given structural material fraction. The

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

12% flibe however, do indicate adegquate breedings3)1f 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 tuke diameter.
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2.5 CHOICE OF STRUCTURAL MATERIAL

then flibe was used in the. MSR experiment, the structural
material was Hastalloy, a nickel alloy. It performed well and
there was little corrosion. Unfprtunately, the nickel-based
alloys are not compatible with'thé liquid lithium, ruling out thgir
use in the interior blanket.

Stainless steel exhibits relatively low corrosion rates with

f1ipe (24

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

(zs)Due to the high melting point of flibe, struc-

islless then 1/2%,
tural temperatures Qf at least 600°C are requifed so that 316SS and
flibe do not appear compatible. If a stainless steel alloy could be
developed that would allow opefétion at 600°C then an attractive de-
sign could be proposed.

The. structural material that appears most compatible. with flibe

(26)Further material research

is molybdenum or TZM, a molybdenum alloy.
is reduired 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. i

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 teV. The choice

for fixed parameters is

T = 700°C
AT = 200°C
t = 1l mm
ns = .02
VvV = 0.25 volts
m

The coolant inlet and exit tempsratures are the same as for the
helium case. The thickness arpears as a reasonable nminimum for fabric-
ation. Snmaller thicknesses might even be possible since the clad feor
fission reactor fuel pins which are on the order of several meters lcnz
" and 1.15cm in diameter have been fabricated with thickness between 1/2 mm o .
and 1 mm.27 The fraction of structural material (2%) is well within what .
could be used and still breed and is close to that used for the heliu- de-
signs. PFinally, the induced voltage was fixed at 1/4 volt. 1In addition,
to the above parameters it was assumed that the maximum B field was 107
and the longest sum of entry aﬁd exit path lengths was 10m.

The following constraints were imposed

Teimax < 1000°c
# tubes < 15,000
Ap < .69 MP
The TLi.Max limit allows structure to be placed anywhere. The num-— i

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

finally, 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 fe2t of head
of salt so that single stage pumps could be used.(zs)

The design window was constructed using the program in 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 3uw/m2 through 10 xﬂ/mz. Three lines for ,130,

7,000 and 15,000 tubes are shown. Lithium pool peak temrzrature (fo-
RB=0.4) are shown for 902°C, 1000°C and 1100°C. Finally t=h2 maxinum
pressure drop line completes the diagram. For the given sonstraints,
the maximum wall loading is 7.8Mﬁ/m2 and the correspondins gzometry is
D=1.25cm and 1=10.5m.

The allowable windovw is shaded for L < 30m. At the —aximum wall
loading the pumping power to heat removal ratio is only azrsroximately
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 ln term in the expression for the maxizum pool termrzzr-

1]

ature éeq. 2.10.1) it was not possible to obtain simple acebraic expression
for the wall loading in terms of the fixed parameters and constraints.

To give somé idea of the sensitivity of the design window %to the para-
meters somé additional design windows are shown in figurés 7 through

10 for the same basic reactor.

Figure 7 shows the effect of reducing Ng to 1%. 1In this case the
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FLIBE - T2M SYSTEIM

Coolant Tube Diamcter vs. Length

D{cm)
16 swm’ 4 nm 3 1/’
8.0 , . . . . :
- ‘e . . R
o Lo ) ) a0 c
5 . . . . .
6.0 | . N . . .
. . R . . .
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. hd . . .
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FIXED PARAMETERS } CONSTRAINTS
Tin =6%0C 2=0.6m TLithium < 1023 €
Tout = 8%0C =25, sv < .69 1Pa
- B =107 R=6.0m § oF TUBES < 1.5 x 10°
BvD = 0,25 wvolts
L = .02
L entry & exit = 10 m
4
Reymolds £ = 10" ) . . -

FICURE 6. FLIBE - TZM DESIGN WINDCW

{(Case 1)
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. . . 2 . .
maximum wall loading is 4 Mw/m” and is constrained by T1i pax 22

APMax' As shown in the figure the maximum nunber of tubes is limited

) 4
to approximately 10,

If ns is increased to 3% as shown in figure 8 up‘to 10 Mw/m2 is

allowed by the given constraints with l.leO4 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 voltace to

]

0.15 volts is chown. In this case, the Eéynolds number is only 6C00
which is most likely a berderline case between laminar and turbkulent

s about as low an induced vol-

poe

flow. For the assumed 127 field this
tage as is possible. If the flow were to becore laminar the £ilm tem-
perature drops would increase greatly. Assuming turbulent flow, the
wvall loading limit for this case is 5.4 Ew/mz.

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/mz.
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FIGURE 7. FLIBE - TZM DESIGN WINOOW

(Case 2)
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Constraints and parameters are the same as in Figure &
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.FICURE 8. FLIBE-TZM DESIGN WINDOW
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except  voltage Maximun = 0,15 volts

FIGURE 9. FLIBE - TZM DESIGN WINDOW

(Case 4)
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D{cm)
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FIGURE 10._FLIBE - TZM DESIGN WINDOW
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III. SHELL COOLING

3.1 OBJECTIVES

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 coﬁe as close as
possible to this condition requires the accurate placeﬁcnt 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-

(W)
[¢]
fu
| e
w0
o
0]
-
-
4]
o

3
£
6]
)

"3

!

eral discrete radial locations, forning cylindri
arating the lithium (as shown in figure 11). The advantages hoped
for such a confiquration are: |
1.) Reduction of hot spét 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 thé heat from the lithium
pool can be easily conductéd to‘neighbofing tubes without excessive

structur 1 temperatures. This would be especially important for flibe

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

cause the transition from turbulent to laminar flow.

It should be considerably easier to construct large assemblies
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of tubes in concentric shells as opposed to distfibuting then neafly
homogeneously throught the blanket, each at a precise locaticn,
Fiﬁally, it was hoped that the breeding ratio might be izproved
by a kind of spatial self shielding whereby the coolant and structural
material which cause parasitic losses are located at only a few dis-
crete radial lqcations. There was some evidence for this in the neu-
tronic studies done for the High Field Compact Tckamak Reactor study
accoinplished at M.I.T.(zg) |
For volumetric energy generation rates that can ke represzented as

an exvonential function of radius, cr a sum of exonential funcstions,

e

the solution of the heat conduction equation in a 1-D cylindriszl gecrazyy ;
is straight forward as shown in Appendix 3. Linear correlaticns for ithe -
thermal conductivity of lithium can be easily incorporated by using a

change in variables.

3.2 SHELL DESIGYN ENANPLE - }IFCTR'

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

TZ4 as the structural material., Initial neutronic studies agzreared to

(

18]
oA

show an improvement in the tritium breeding ratioc using the shell apprczch

Primarily because of this, the shell configuration was incorrorated 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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The average neutronic wall loading for the HFCTR dgsign was
4Mw/m2 with a peak wall loading for 5.6 Hw/m2. The maximum design
temperature for the lithium pool was 1000°C to allo& 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 wail
bank of cooling tubgs. The proposad configuration is shown in figure
12.

‘Before the detailed heating rate célculation could be done, the
tube distribution was required. The optimum distribution gives the

same peak lithium temmerature in all kresding regions. To detenmine
T g

™

this however, actually rezuires a kncwledse of the gpatial heat dis-

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

2,32 .
the wall lcading ané other published designéf ' he assumed q''?

was given by

q''' = 20 e'4(r(m)-r°) M’.\T/m3.

In addition, the peak tube wall temperature was taken to be
650°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. o

The tube distribution determined in this manner was then used

. . . (29) .
for the breeding ratio calculations and also for the heating rate
23

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

" 4n 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-

. 2 .
nentials for a 10 MiJ/n” neutron wall loading

-3.68(r-1.4158)

lst Lithimn Zone qlll - 31.189 e
2nd & 3rd Lithium Zones q''' = 27.1814 e ~3.21(xr-1.4158)
- 1 (-1,413¢)
4th Lithium Zone gttt = 27.1814 e 3.2 r oL
- [T XTI
+3.828 e 18.19(1.9658~x)

where 1.4158m Start of first lithium region

!

1.9658m = End of last lithium recion

For a 5.6 Mw/m2 loading, the lithium temgeratures 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 1027°C, close enough to the
design limit not to warrant furgher iterations.

From the analytic results, the heat flpx 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 L& obtained by either orificing or supplying differiné pressure
heads to éach shell. The details for the remaiﬁing thermc-hydraulic
parameters for the HFCTR design can be found in reference 29. Briefly

the inlet temperature was 544°C with a bulk coolant temperature rise for :
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all tubes of 36°C and an average tube length in the torroicdal
direction of 4.7m. The average film temperature drocp was 60°C
and a maxinmum wall exit temperature of approximately 650°C. The
pumping power to heat removal ratio was quite small, on the order
of 0.3%.

3.3 WALL LOADING LIMITS WITH MULTIPLE SHELLS

The assumption of equal wall temperaturcs is only an agrprox-
imation. With 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 (r;, r )

2) Humber 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 érogram solves for the shell radial locétions, coolant flow
velocities and heating rate which gives the specified maxinum lithium
pool temperature in all regions and the-specified bulk coolant tem-

perature rise for all tubes.




At

In gencral, 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 design, the length of the shells, or tukes
in the torroidal direction woulé 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 TZM as the structural material
with flibe and helium coolants. The assumed design conditions are

given in table 3.1

SHELL CONLING EXAMPLE

Heating Rate

TEBLE 3.1

Pirst all Radius r; (@) | 2.8
Outer Breeding Zone Radius rq(m) 3.4
Maxinum Lithium Temperature °C 1000
Average Tuke 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 °C 600
Coolant Exit Temperature °C Flibe 650 & 800
. He 800

q''' + A Exp(—4(r-ri) )
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As in the HFCTR design, a separaéc radiation shield reroves ' ~
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 innzr and outer blanket radii were arbitrarily assuned
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 TﬁM members anywhere in
the breeding zone. The tube length is aﬁ arbitrary choice., A
length of 5m would allow a machine with-a major radius of 6.4x to
be divided into octants. Tube diameters were chosen which gave .
small pumping power t§ heat removal ratios. The tube diameters
will also have some effect on the breading ratio, but that was not
evaluated for this work. The tube thickness was chosen as lmm 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
wvhich 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 iniet temperature of 600°C
was used but the exit temperature was reduced to 650°C. An 800°C
exit temr ‘rature would have resulted in laminar flow for £ubes at
the rear of the blanket with only a 5m length. .

Thé results are given in table 3.2.
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Table 3.2 WALL LOADING WITH MULTIPLE SHELLS
n Coolant T ., (C®) A (Mw/m3) P (Mw/mz)
- Exit _ ° , w
3 He 800 3.44 0.77
3 Flibe 800 4.10 0.92
3 Flibe 650 7.81 1.75
4 He 800 - - 7.44 1.67
4 Flibe 800 8.82 )..oe
4 Flibe 650 16.7 3.76
5 He 800 13.7 3.07
5 "~ Flibe 800 16.1 3.6)
5 Flibe | €50 30.3 6.92

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 preliﬁinary neutronic heating rates are
found. Because of the smq%l 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 wail loading for
a given n is the difference between the maximum pool temperature and

the coolant exit temperature.
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3.4 CONCLUSTONS O SHELL CONCEPT

Compared to a distributed tube design, a shell design requires
more coolant tukes, a range of coolant velocities, reéuiring orificing,
high peak heat fluxes and low minimum coolant velocities. With 31653
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 rear the last channel nust be
known well and the ccolant velocity high enough to insure turbulent
flow. The induced voltage will place aﬁ upper limit on the velocity
in the first shell and for a given AT this will also limit the maxi-
muh velocity for the last shell, For a given design there nay, nara-
fore, be only a small>range of allowable AT 6r velocities.

It appears that the shell concept is most aéplicable for high wall
loading with TZif and flibe.

Several variations are possible on the ¢configuration given in til
chapter. The first wall has a’stagnant lithium section behind it, in
the hope of impreoving breeding. For pulsgd 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 conﬁact.

Another possibility is to design the.blénket so that no structural
members afe needed in the region of maximum pool temperafure. Higher

allowed pcol temperatures would then allow increased wall loadings.

It would be desirable to do a neutronic study to investigate rore
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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 disadvantages of an increased nurher
of tubes, higher peak thermal stresses and a smaller latitude in

design choices for AT.
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Iv. OVERALL COOLANT COHPARiSON 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 physical 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 COMPARISON

Systen Coolant Structural
Material

1 " Lithium 316SS
2 Helium | 316SS
3 Helium TZM
4 Flibe T7M

TZM was not used with lithium as a coolant because its high
;lectrical conductivity would cause excessively high MHD induced
pressure drops for the tubular design considéred; 31685 was not
used with Flibe because of the high melting point of the eutectic
(459°) as'discuésed previously.

Two methods of comparison Qill be used for the four systens.

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

sigqn points determined for each of the systems. The pumping powver,
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number of tubes and other svstem paramcters will then be comparecc.
For the sccond 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 tempeéature<to 1060¢°C.

The reactor geometry is the same as used for the design win-
dow examples in Chapter 1 and 2. The major radiﬁs is 6 m and
the first wall radius is 2,20 m with a 03 cm thiex breeding zcne.
The results are insensitive to the first wall share and an elon-

ated "D" shape with the same first wall area would give nearly
J bl

. . ‘ 25
the same results. The size is rouchlv cemparable to a HPCTRf )
. 30 1 . .

NUMAK( ) or- }-::-10(3 ) sized machine.

As before, the surface heat flux is to be removed by a radiation
shield and possibly a diQertor. Tritium breeding and heating calcu-
lations were not done séparately for all systems but based on previous
work, it_was assumed that each fusion neutron would deposit a net
energy of 15.2 MEV in the breeding reqion. This heat is to be removed
" by cooling tubes distributedlsuch that for each system the heat removed
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 previohsly and have been applied to the lithium~-cooled

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

vhich are imposed and those vhich are allowed to vary up to a constrain

value. These differences result from the different physical models use

and MID effects. .

&
~

£
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Table 4.2 LIMITS AND PARAMETERS | .
Li*3l6SS He-316SS He-TZM FLIBE-T?au
Twmax" < s00 < 500 <1000 <1000
o (pa) 48.3 48.3 48.3  48.3
T, (°C) 200 200 600 660
T (°0) 400 400 800 800
T, 4af°C) 60071000 <600 <1000 <1000
K(%) <2 2 2 <2
AT, (°C) <17 <17 <27 <27
B.R. >1.15 '>1.15 >1.15 >1.15

4.3 PHYSICAI MODRI, Trd THR TITUTT O/ANTER oviTiY

— -— -

A scheratic diagram for the blanket arrangement anélyzed in

(3)

Reference 3 is shown in figure 15. The coolin§ tubes lie in the
torroidal direction and the lithium coolant is supplied and remﬁved
by headers which enter and exit radially. Each torroidal segment has
2N headers with n éooling 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 outsicde
of the headers which pass through the stagnant iithium can be electrically -

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

refercnce 3 and is based on the correlations suggested by Hoffman and
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Carlson.(zz)

The bulk coolant temperature 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 ke 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

R {4.1)
g

22—

H N

VWhere RS is the radius from the plasma center to the outside of
the shield regicn., The methodelogy for constructing a design win-
dow for the lithium system is discussed in Reference 3. The r:osult
for this system is shown in figure 16. The horizontal axis is the
coolant tuke length., The vertical axis is not a continuous va-izble,
but rather the nuwsber of tubes between a pair of headers. The con-
straint on DH is shown for a 60 cm breeding zone with a €5 cm shield
region with 180 pairs of headers per torroidal segment. The coolant
velocity into the headers is fixed at 0.1 m/sec so that for longer
tube lengths with the same AT and wall loading, a higher mass flow
rate and ﬁence lavger head;; diéﬁeter is gequired. Lines for 20,000,
40,000, 60,000 and 70,000 tubes are shown. With a given maxirum lithiunm pecol
femperaturé ané geometry, the éllowable wall loading depends only on

the number of tubes between headers. Interpolated integer values of

neutron wall loadings are shown for 2 Mw/m2 through 6 Mw/mz.
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2 : .
4.4.1 3 M/m” Wall Loadina Cemparison

For systems 1 through 4 a design point was chcsen for a 3Mw/m2

ncutron wall loading.

design windows graprhs (figures 16, 1,

These points are circled on the corresponding

system parameters is given in Table 4.3.

Table 4.3

v Ntxlo
D (cm)
L. {m)

t (mm)

K (%)

T (°C)

Li Max
AT (°C)
W (M /m)

S m
ATF(°C)
H (1/m2-°C)

o (MPa)

o
Tt Max( <)

4 and 6).

3 MW/m2 COOLANT COMPAFISON

L,~316SS
R

24.3
3.2
1.96
l.28
1.9

N/A
1

600

18.2

. 297

26.5

1.12x104

48.3

446

He-316SS

1o
2.6
7.6

1.02

11

2.0
580
13.7
.28
74.1
3.74x10
48.3

488

A summary of the

He-TZM Flibe-7Ta
10 3.36
2.55 2.5
7.0 27.2
1.82 1.0
3.2 2.0
10 12
2.0 0.04
987 940
5.2 3.0
.304 .24
o4 62
4.15x10°  4.06x10°
48.3 5.2
880 862
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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 lithiuz

system. If multiple passes were employed for the lithium system trs

1]

number of tubes could be significaﬁtly reduced, making the tws syste-
even rore similar.

The He-TZM system paraheters are quite close to the He-316S3
design except for the higher coélént ﬁemperatures which should permisz
higher thermal efficiencies.

The Flibe-TZM system has b§ far the‘most favorable raramneters.

The. pumping power is almost insignifican®, fewer tubes are nceded anil

low coclant pressures and hoop stresses are possikle.

4.4.2 Pw Maximun Comparison

A second compariséﬁ of design points for the four systems was
made ;q find the maximum wall loadings when 20,000 tubes and 1000°C
in tﬁe lithium pcol were alloweé. The helium systems were limited tc a
15% void fraction to insure adequate tritium breeding. The lithium-
cooled system was allowed 1000°C in the psol 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 Mw/m2 are possible based on only the constrainzs
considered here, although such wall loadings are no .doubt unrealistically
high due to high material damage rates. Using only 10,000 tubes gave Lre

'MW/m2 wall loading listed in Table 4.4.




Table 4.4

3
NtxlO
D {(cm)
L (m)
t {(rm)
ns(%)
nc(%)
K (%)
TLiMax (°C)
ATW(°C)
Ws(Mw/mz)
ATF(°C)
h (W/m2—°C)
o (MPa)

(-]
TtHax( C)

2
ER? MW /m

4.5 CONCLUSIONS

4.5.1 31658S Svstems

84

Pw Max Comparison

L.-3168S
2

20
3.2
1.32
1.28
3.1

N/A

l.o

He-316SS

596

15.6
.343

85.1

4.04x10°

48.3

500

5.5

He-T2ZX Flike-T7!!
20 10
2.45 2.0
6.0 17.6
1.75 1.0
5.62 3.59
15.6 15.2
2.0 .05
994 961
6.0 4.0
.373 .364
83.6 72.9
4.46x10°  4.99x10°
48.3 48.3
890 877
6 7

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




steady-state performance for the range of wall loadings currently
considered. The helium systems required fewer tubeé 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 To
fabricate a sandwich insulation for the lithium coolant pipes exterior
to the shield (but not for the tapered header) which will make XHD
pressure drops in that region insiqnificant. If the header could he
electrically insulated from the flowing lithium the lithium pressure
and pumping power would be significantly lower than for heliun. Cau-
versely, if the sandwich constructicn proves to be impractical, a
different configuration would have to be founrd for the lithiun cozlanz.

4.5.2 T71 Systems

————

1f T2M structures can be fabricated and material testing shows
acceptable properties after irradiation, then the TzZM-Flibe syste:'
has the best thermo-hydraulic characteristics of the systems studied.
The pumping power required is extremely small and ;ow system pressures
are required. ILong tubes can be used without excessive pressure drors
so the number of tubes and welds are small;

The TgM-Helium system has similar parameters zompared to the
3165S~-He system. The principal differenrce is the increase in thermal
efficiency possible at the higher temperatures. For this system, the
liniting constraint was the maximum pcol temperature instead of the
tube wall temperature or wall temperature drop as in the 316SS decign.

(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-develcped
technology for its use as a heat transfer medium, and being insensitive
to MID effects. There are disadvantages however, The higher pressure
and large amount of stored machanical energy gives a potential fer
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 scne
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 in;ulator 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 problens.

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. 2 scheme will have to

be developed for filling the system and preventing the pipes from

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

corrosion products outside the blanket.

Table 4.5

COOLANT

He

Lithium

Flibe

GENERAL CHARACTERISTICS

ADVANTAGES

1)Chermically inext

2)Present technology

3)No MHD effects

1)Good Breeding PRatios

2)Moderate pumping power

l)Lowest pumping power
2)lowest # of tubes

3) Lowest Hoop stress

4)}Highest Heat Removal
capacity

DISADVANTRGES

1)trigh pressure & stored
mechanical energy

2)Possible wedule pressurization
due to tube failure

3)Void Fracticn requires thicker
blanket and shield

4)Neutron streaning

1) Increased chance of hot lithium
spill

2)Material or design development
required to minimize MHD effects

(Insulator or "Sandwich")

3)Mass transport of activated cor-
rosion products

l)Advanced material required (TZM!
2)Coolant freezing in pipes
3)Difficult to fill system & star

4)Mass ffansport of activated
corrosion products
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V. RADIATION SHIELD TUBE ANALYSIS

5.1 Introduction

A possible configuration for a fusion reactor first wall is a

paiallel array of coolant tubes. They could be welded or brazed
(33,34 ,)
together to form a vacuum boundary as propoced in some designs or the

coolant tubes could serve as a radiation shield for a thicker structural

(39

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 straigh

but allowed to expand axially. 1In addition, ccpper cladding is proposed

H
¢t
l"
(W]

as a rethod of reducing the peak stresses in a 316SS stainless stee

5.2 SIMPLE TURES

<

The problem is lincar so that the stresses due to volumetric heating
can be calculated separately and added to the stresses resulting frecn 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)
o a'''kacl-0H [ anc 1 3 1
rED @ 7 - - = |Fnetz
’ 1-1/C 4c 4 :
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(5.2)

oo <o [ [ g 2 27

3 1-1/C 4C 4 2

+ “lg 1 *lE— (3'p2 + 35 )
2p 4C o
where

a = Outside radius p=1/b
b = Inside radius = aE/(1-V)
c = a/b

5.2.) Analytic Solution for the Temperature Field T(r,5)

The sufface heat flux seen by‘a tube can be approximated by a
cosine distribution on the side facing the plasma and an adiabatic
rear half for a radiation shield tube. If there is a heat flux frem
both sides the stresses can be calculated scparately and added.

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

by the inner and outer radii is symmetric about 8=0 as is given by(37)

T(r,0) =% F (r) cosn?b
n=0
wvhere
cn n (5.4)
. n> =
n_l . Fn (r) rn + Dnr

The following boundary conditions were assumed




20

' {(5.5)
_ 3T _ aq"
r=a o<8<m/2 Eyellia i cosd
[T | (5.6)
—_ or ‘
. 3T
r=b }‘5? H (T Tf) (5.7)

Equation 5.7 assumes a heat transfer coefficient that is indenendent
of 8 and a given bulk fluid temperature. The non-uniform heat flux
. ... (38) . .
will actually cause some 6 dependence in N but this effect should
be small and is not included in this analysis.
The bou.adary conditions at r=a can be expressed by a Fourier co-

sine series., This gives

37 iy
5 T4 + §=l a cos n 6 (5.8)
where
nwo a = %E' (5.9)
el oa = L (5.10)
ey
n>2 a = %%~ [p—l)(z + %]n even (5.11)
0 n odd

The coefficients Cn and Dn in 5.4 can be found by applying
boundary conditions (5.7) and (5.8) and equating like orders of

cos n B
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For n=1 equation (5.7) and (5.8) give

ke, ¢, :
- ——2—— + k Dl= H (—B- + le) (5.12)
b
e L) (5.13)
az 1 2k

Solving for Cl and Dl gives

2.2 -

o - g%’ kK - Hb (5.14)
& | k@tp?) +mpan?)
"a2 k+HDb ]

P, = "n 23 3.2 (5.15)
k(a"-b )+Hb(a"+b_)J

From (5.11) Cn = Dn = 0 for n odd.
Let n = 2m m =1, 2, cccevee
applying the boundary conditions in a similar mannexr gives

the following result.

n = 2m m = l, 2, s e 08000 .
(5.16)
o ot b 7™ omenn)
noowkmo oy 21 omk  (€™-1) +1b (c™41)
D = 1l 2mk+Hb c .. {(5.17)
n .b4m‘ 2mk-Hb n
c =D =0 nodd
tthere 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)
SRS LI GENE S A BNV WL L
A" 7 g ak \* STBH

& n n
+ 2z ( —;-+ Dnr ) cos(n C*]+TP
n=1 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

clo;e 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(37&ith'the addition of a uniform axial

(39)
stress OZ equal to GET . .The result is

o ET, a 2 rz-b2 a T (19
c_=0_ + s/ (=) (-———-)_ln———ln—-]
r r, 2(1 V)[. r a2_b2 b b
. ' 2 2 .
o Er b~ a
L 1 - —Eﬁ (l——EO Cl cos B .

2(a2+b 1.(1-V) r r
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(5.20)
2 2 .2
QET a r +b a r
0= Oy + oot & )1n—-—1n-——1]
6 93 2(1 v)[l r a2_b2 b b
o %r a2+b2 a2b2
+ 55— (3~ 5" 3 ) Cl cos €
2(e"+b") (1-V) r® r v
2 2
0 S - 2 ) -2 )¢ osin®
2(a”+b") r- : xr
O‘Z = v(or+08) - QaE (T-T)
There T, = aﬂE
T =2 a® a _ 1, a'tay 2ip2) gree
T = — in = - = (qn + = - (a ] [}
3 a2—b2 b 2 2 B
+ ﬂ(a2~b2)q"'+2aq" + T
27bH F

Imposing the constraint against all bending prcduces a com-
pressive axial stress on the side facing the plasma which can be
much larger than the 06 stress.

5.2,.3 Numerical Exarples

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
and 700°K flqyigg:at 140 m/sec ox by a salt such:as HITEQ&i?%lowing

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

(Physical Propasrties Evaluated at 800°K)

¢« = 20.3x16° kT
9
E = 156.2x10 " pa
v = .3
b = 6 mm (Irside Padius)
a = 7 mm (Outside Radius)
" 2
q" = .25 MW/m
3
q"' = 10 MW/m
H = 8.2x103 W/m2-°K

Figure 17 shows the temperature versus theta for the inner and
outer surfaces of the tube. Figure 18 shows o, and oe 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)

Tﬁe 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 8.2x103 W/m2—°c would be very difficult
to achieve with either helium or a molten-salt coolant. For helium,
the pumpino power would become extremely high or for the molten salt
a high veloéity would be required which would cause a high induced
voltage in the portion of the tube'perpendicular to the torroidal fiell.

The peak stress is sensitive to the thickness of the tube as
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T-Tf(OC)
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316 SS 5
) q" = .25 M0
: q"'= 10 /a7,
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FIGURE 17. RADIATION SHIELD TUBE WALL TEMPERATURE
Vs.

ANGLE
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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

1 Mw/m2 neutron wall loading.

TABLE 5.2
Effect of Radius and Thickness

oh Pe g Stress
b (mm) a (mm) lo,| Haximun G1Pa)
6 7 ‘ 104
9.5 10.5 106
10 ' 11 106
14 15 _ 106
6 6.6 - 88.9
9 10.5 | 126

Thé results of this section were also applied to several d&if-
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, énd the peak circumferential and axial

stress.

For near term applications 316SS will most likely be used.
More is kvown 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 o E v k |00 lMax | {oz lMax

x10"®  Gra W/m-k MPa MPa
31655 20.3  156.2 .3 22 17 104
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 resuit from the terperature difference between the hot side
facing the plasma and the ccoler adiebatic 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
the tube. Such a scheme was used in the Cassette Blanket Concept532)
There are several difficulties with this however. First, for pulsed
operation when the plasma extinguishes, the heat flux will be néarly
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 tragsfer 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 ﬁaterial in order
to conduct more of the surface heat flux to the rear half.

The first coating material considered was anisoﬁropic 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 Thermal Znalvsis Finite Difference Code for Cvlindrical

Geometry and Anisotronic Mzterials

The finite differnce code TUBETEMP was written ard is given
in Appendix 4.2. In this section, the basic finite difference
equations will be given and some numericzl results.

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

duction equation was assumed.

(5.21)
2 k
k_o°T r oT k69T —
T2t T T2 2te °
r r~ 96
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) .




101

bbbl

FIGURE 20, FINITE DIFFERENCE MODEL FOR COMPOSITE TUBE
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| X (5.22)
Ar2 rij 2Ar
%g
+ 55 (T(i,31)-2T(i,3)+T(i,32)) +q''* = 0
r,. 46
i3
Where: il = i-1 jl = -1

i2 = i+l 32 = j41

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

A8 = 7/ (n-1) 1<j<m

rij= A-(i-1)Ar

eij= (3~1)246

For elements on the outside surface, the additional surface
heat flux must be included. Taking an ercrgy balance on a surface .
element (i=l) and solving for T(1,J) gives

. (5.23)
T(1,3) = ¢, T(2,3) *C, [T(l,Jl) + T(l,J2):| +c,

vwhere
Koq 2 -1

el Ar®.
Cl = 1 + ” ‘ 5 — J

rl (ad8)” (1-2r/2 a)

-1
c [ Kb ey 2a-ar/2a) ]
2= |2+ 2 >

01 Ar

C, . g"(+g"' Ar/2(1-Ar/4a)
k.
rl Ar k01Ar
S .

2a (aAO)z

VEP3Y e o
q''(3) q" cos eij
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It will be assumed that the two tube materials are in perfect
thermal contact, and therefors, at the boundary the temperature will
be the same for both materials. Using a common node at the boundary
and performing an energy balanqe, the fqllowing expression foxr T(i,]3)

was obtained.

| (5.24)
T(i,3) = C, T(i,3)+Cg T(i2,5)+ C6[T(j,,jl)+T(i,jza
+C,
Vhere - _.-l
o ol B2 a-tr/a0) | Farifeo Ax?
4 RKpp HEX/20) 0 %pg asrsae) (i) ?
- -1
c = i+ krl (1+1x/2C) +vk91+k92 fr?
> Kpp (02/2C)  kpp (1nrs2ey (i) ? .
S I (cae)z Kei(L+tz/20) £¥e2(1-tr/20) |7
e L o ko1 + Xpo
| | -1
C. = g krl(1+Ar/2C)+kr2(l--Ar/?C) + k81+k02
7
Ar? (cAB) 2

For elements on the inside surface at r=B a constant heat trans-
fer coefficient (h) and bulk coolant temperature (Tf) were assumed.

Performing an energy balance on these elements gives the following:

(5.25)

‘T(n,>)= Cq T(n—l,J)+C9 T(n,J2)+T(n,jl)+ClO

Where
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-1
c = 1+ kezbkAr )2 1 N hAr
8 k BAB (L+Ar/2B) k (1+ir/23)
r2 X ;
' 1 kr2 ,BAS 2. h (rAS )2 .
g2 °F AT
. bAr Ar. ., -
C10 = > (1+ 4B) aq"' + h o
k k r
_rp Ar, 024"
hr (1+ 23)' *+h

(bAB)

Several finite difference codes were tried. The first included
the time dependent term. The solutions using this method were time-
consuming and contained more information than needed. An efficient
solution scheme for the steady state tempe£ature 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:

ke = 106 w/m-K

kr = 2 w/m-X

As can be seen there is a considerable smoothing of the temperature
profile.

Unfo;tunately, 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. Xeeping such a coating intact
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could prove véry difficult.

Copper was tried as an alternative coating (or cladding) and T
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 aépeared much more atﬁractive, the car- |
bon concept was not pursued further. With copper it was also possible i
to develop analytic solutions for the temperature fields and thermal
stresses. !

5.3.3 Analytic Solutions for the Temperature Field

The boundary conditions on the temperature for the composite |
tube are assumed to be the following:

r = ¥, (outside radius)

oT

”" .

—5% = —%-cos ) Q§p<ﬂ/2
1
0 m/2<8<m

klaTl _ k23T2
or or
T =T
3T2
r=x; k, 5= H(T-Tp)

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

o0
T, =T, +L P ,(r)cosnd=T,. + T,
i oi ni oi 1i
n=1
vhere the symmetry around 8=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)
- r 2 r 2
"t 2 2 2 : r o -~ 1
<r< . T = a | - — > "
r.<x<r o+ Ty Ax [i(ri r)+2r," 1n - + ( o ) q
2 i i
q"r, r, k2 a"r, m
" [1:1 G T TEH T °F
2 i
r <¥gXy:
k k 3 r
L1 ] . =
'r01= zk [-;—1—r2+(l- ;——1-)1' -r2+ 2r, (1n—§- +-—l-1n-—}]
' 1 2 "2 n 2 e
r 2 r 2 B o k r
( [-] P i )qlli ql! Q 1 E—_ l _n_l " y
AT RO ORI ) ek Ty
i 1l pu] 2 i 'rrriH

The solution for the higher harmonics is given by

e

© r ,-m Y. m
<r< : = — e .
rm__r*ro T12 xzr:1=l xlm (r ) xzm (r ) ]cos ma,
L. o o

o ‘r -m m
r.<x<r  T..=1% X (——r) + X (___r) "1cos mB
i——=m 11 _ 3m 'r, im 'r,

m=1 L i R

"Yherem=1, 2, 4, 6, 8, «cc... (m even for m # 1)




mn>2
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lo8
2 Qm C2m
C3m (C2m+l)+C4m(C2m-l)
X
Clm 4m
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Thg 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\S}l was used with é 2 m thick
copper cladding. With approximately 300 points in the finite Aaif-
ference mesh the temperatures at all points, using béth nethods
agreed with +0.05°C with a peak tempsrature rise of approximately
40°C. The temperature profile aé 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 ATW and the peak heat flux to the
coolant are all reduced.

5.3.4 Analvtic 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

' stateAanalysis 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 ¢'" in both tubes was added

to the stresses resulting from the sqrface 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 créss 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 6.‘ This requires an additional term to be carried
through the analysis to obtain the plane strain stresses due to the
surface heat flﬁx.

The plane strain stresse; cdue tb a uniform g"' were found in a
straight forward manner using a displaceﬁent 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.

(46)

The governing equations from Timoshenko are
. C
U, =C,.r + —zl
i 1i x
Ori i Sy Vi

1

2 +

- €, .
Eg _(1+vi) (1-2vi) (1+v;)x (1+v,) (1-2v,) z3
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zi _ ¢ (1-"1) . 2
i 21 144y (1-2"1) (1+V1) (1-2"1)

Q

7

Where Ui is the radial displacement function for the inner or

outer regions, The six unknowns Cli' Czi' and ezi can be found from

the boundary conditions

g = = 3 id 1
r;(r“g 0 r; = inside radius
r2(r.) =0 r, = outside radius

Y = r = boundary radius

Orl(rﬁg 0r2(r.) S m

U, (r.) =U_(r) between two regions
1 2

€21 T £33

2 2 2 2

b3 - T T e =

(ro r ) ozl+r(rm. r, )oz2 FZ

thhere Fz is the net axial force obtained from the plane strain
solution by integrating 02 over the entire cross section. Only the
uniform and qylindrically syrmmetric components of temperature will
give a net'contribgtion to Fz. A uniform temperature other than the
reference temperature wili give stresses in the r, 0 and 2 directions
unless o, =a; vl=v2 and El=E2.
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)

At B0OO°K a=20.3X10 K

and 316SS(41)

for both copper . The peak
stress in the 316SS versus the thickness of the copper clad is shown in

figure 23 for a 1 MW/m2 wall loading. (The volumetric heating rate was
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estimated to be 10 Mw/m3.) The optimum thickness is 1.6 mm of
copper which gives a OZ stress of -40 MPa at 9=0 and +40 lMPa

at B6=T. 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 distributicn of GZ 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 ARIOR

6.1 Introdvction

Thé 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 siqnificantly

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 Qall and the tukes. 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 Analysis’

A simplified thermal analysis to estimate the transient temperatures
was performed using a 1-D slab geometry with the following boundary con-

ditions
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25.A TFIRST WALL ARMOR

A

25.B 2D MODEL

FIGURE 25. FIRST WALL ARMOR CONCEPT



t=0 T= TF .
x=0 oT _ .,
k ax =dq °
= 2T
x =1L -k 5% = h (T-T,)
with
q''' = Ae—bx¢(t)
TF = Fluid temperature (assumed constant)
dq = qg"$(t)
a = thermal diffusivity
oty = (1 Q§;<tB
<<
0t <t<t,
L = thickness
The function ¢. (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 g" and q''' the soluticn is given by

o (6.1)
T = ﬂs(x) + TC (X,t)

vhere
p,o= R (@™ LA (x4 A e

” .
) - x
bk bk bk .




and where An are the roots of the ecuation

A K
cot ).nL = T
and An= (Clty2+C3+C4)/C5
_ 2 2
C1 = Do/(b + An )
C = e—bL(X sin A L - b cos A_ L) +b
2 n n n
c = D L sinA L - 1 {l-cos A_ L)
3 1 A n A2 ‘n
n n
D2
C4 = = sin Xn L
n
A
D = ——
° b2k
-
Dy = & * x
b, o K A bL_g"_ A, A _-BL g"L_ AL
2 H ‘bx ¢ k T bk 2 k bk

b7k

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 wa s developed, a slightly different method of solution was pub-
lished by Filﬁfﬁb 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 thé rost
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favorable material because it has the highest QCP product and it
is capable of very hiqh temperature operation.

To illustrate the capacity of a T2M block to pfotect the coolant
tubes an arbitrary case was selected. Figure 26 éhows the temperature
on the inside and outside of a 2 ecm thick TzM block which is expoéed
to a 20 Mw/m2 surface heat flux for 1/2 sec. (Such a heat flux could
be obtained if the plasma durmped all its thermal energy in a small
fraction of the first wall area over the assumed time,) While the
front surface temperature incre;ses 560°C the rear surface only in-
creases about 30°C, corresponding to a heat flux to the coolant of
0.3 Mw/mz, 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 cvcle,
the heat flux to the coolant only varies approximately+ 10% around a
mean value, instead of going to zeroc 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 assurmed
that the coolant tubes and wall are regtrained 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 analygis would have required an extensive nu-
merical procedure for a specific tube size, spécing 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 Fiqure
25B. The tempefature distributing was taken to be a function of y
only and to be symmetric about x=0. This is equivalent to allowing
expansion along the x axis but no bending. (See Figu?e 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 wvas used. A program
using that method is given in Appendix 5.

Figure 28 shows the stresses for a linear temperature distributibn
when the grooves are far apart. Near the middle, the peak stress in the
X direction equals %—aEAT as'expected. Near the gdge, the X cbmponent
of stress falls to zero and.thergAdevelops a y componeht of stresskwhich
is needed to keep the x=0 boundary straight, and which has peak value
of nearly %-aEAT.-

| As the ratio of A/B is made smallerlfhe magnitude of.these peak

stresses, when normalized to QEAT decrease. -Figures 29 and 30 show this

effect for U and Gy respectively. When A/B is <1 a considerable
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reductiorn is evident.

A numerical example is given in Figure 31 for a TZM block with
a 0.25 Hw/m2 surface heat flux. The stress at y = 0 versus thickness
of the block is plotted for a b}qck with no grooves, grooves 1 cm
apart (A=.5cm) and ygrooves 2 cm épart.

6.4 Conclusions

The results indicate that the thermzal 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. ihe thermal mass of the block can be used to reduce the
alternating component of thermal stress for the tubes which reduces
fatigue dumage. In additlon, the block protects the tulcs frem thex-
m2) transients, which makés the restrictions on plasma control much
less demanding and the consequences of sub-system failures less severe.

Fufther detailed analysis is required to determine the effects
. of stress concentrations at the b;se 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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VIX. CONCLUSIONS & RECOMMENDATIONS FCR FUTURE WORX

7.1 sSummary & Conclusions

This thesis has examined the use of helium and the rolten
calt flibe as coolants for a fusion reactor blanket. Two struct-
ural materials, 316 Stainless Steel and TZM (a molybdenum ailcy)
were considered. The first wall and interior blanket regions were
analyzed separately because of the%r different constraints and
operating corditions.

A stagnant lithium pool was erployed for tritium breeding in
the interior blanket. Heat removal was accomplished by coolant
tubes distributed either in a shell configuration or throughout
the blanket such that the heat removal per unit length was the
same for all tubes. The latter configuration cave a smaller nun—
ber of tubes and lower éeak thernal 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 analysié are not reguired. Com-
parisons with several designs in the literature were made and the
agreement between the analy;;c’eﬁéressions and detailed cCesigns was
good. In addition, for both helium and molten salts a design window
hethodoloéy 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 lcadings of interest
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(1 -4 Mw/mz) with known constraints. Flibe with 316SS was not
considered since 600°C structural material temperatures were re-
quired. " Flibe with T2M 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 appecars to he
an increased breeding ratio and improved reliability. The penalty
is a larger number of tubes and higher thexmal stresses,

A tubular radiation shield was considered and a linear elastic
thermal stress analysis accomplished under the assurmption 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 shortmpp;sg.pperation it can reduce fatique dam-
age by reducing the alternating component of thermal stress. Further
work is needed to estimate the effects of stress concentrations at
fhe base of the notches.

7.2 Recommendations for Future Vork

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 Lithium Pool)

-

Several general areas in need of further study relating to
a stagnant lithium pool are:

(1) Natural convection and coﬁseqﬁences.

(2) Rate of helium bubble nucleaticn and growth, and
possibility of trapped pockets of helium.

(3) Effgcts of Pulsed Magnetic Fields in terms of

mechanical forces, fluid circulation and effects of lithiun
pool on magnetic field seen by the plaswa during the stari-up.
(4) Effect of magnetic field on slow lithium flow., Does it
cause channecling so that the entire lithium volume is not
saﬁpled for tritium removal?

(5) Cold Start Procedures. How is the. frozen lithium to be
heated up to operating temperature? 'Can fusioﬁ neutrons be
used or must the lithium be melted first?

(6) Phase change effects during pu}sed 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 6f 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 desigﬁ. Any accident which causes a
plant shut-down for replacement of the first wall would ke ex-
tremely expensive. For 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 theWEharéed éarticle tlux with poléidal
angle, causing hot spots.

v

(3) Integration of first wall design with the use of a di-

vertor or cold gas blanket.
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APPEUDIX 1.1 - HELIUM BLANKET WINDOW 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, Mcianamy, 'Fusion Reactor Blanket Heat Removal Using Helium
and Flibe', Ph.,D, thesis, M.I.T., Huclear Engineering,
February 1979,
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ESTIMATE

PPENDIX 1.2 AT
RPPENDIX 1.2 b rrnron

It will be assumed that the cross section of the region of
lithium being cooled by a tube can be approximated as circular
vith a diameter DC and a uniform enerqgy generation rate.q"'. For

a tube diameter D from energy conservation

v 2 2
. 10 T - — "
TDH = & (D D) g |
Al.l.1
or’
4D
_ 2 S
DC D7+ g

For a tube outside wall temperature Tw let
t(r) = T(r)-T,

The equation to be solved is then

Vzt(r) + g%L =0

~with the boundary condition

r=-g. t£=20
a

..-—._0

D .

c & _

r=—3 & °

after integrating the equation for t(r) and applying the boundary con-

ditions the solution for t (Eg) is found to be given by
2 - .

D S A1.1.2
20 C - _ _"' 2 __(_:_ N 2
£(—)= At = Llek [pc (2 In — 1) + p:] |
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~substituting for D, from A.1.1.1 gives

C

q"'02 Dw 4w Dy

S S S
-Ziﬁln (1+ )

8Ty; = b T A%

i “CTex
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APPENDIX 2 ~ FLIBE BLANKET WINDOW GRAPH

This appendix contains a description and listing of a
program to graph a design win@ow in the D versus L plane
using the analytic expressions developed in Chapter 2 for
a stagnant lithium blanket with flibe coolant. It has been
removed from this report for conciseness, The full report

may be obtained from the M.I.T. library system as:

T..ic.lanamy, Pih.D, thesis, 'Fusion Reactor Blanket Heat
Removal Using Helium and Flibe', Nuclear Engineering,

February, 1979.
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APPEMNDIX 3,1 ANALYTIC SOLUTIONS FOR TENPEFATURE PROFILES

SHELL COCLIMNG

3.1.1 Single Region

It is assumed that the blanket will be divided into a small
number of modules. Fach moduie 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 heoing represented bv exponential functions.

The basic equation for the steady state temperature distribution
to he solved is

TxYT) + q'''(x}y =0 (a3.1)

It will be assumed that the thermal conductivity is constant and

that the radial conduction is dominant. Given the boundary
conditions
rer, T =T, (A3.2)
i i
r =r T =T
o o

and the energy generation rate gq''’

q''* =A e-b(r-ri)

equationA3.l becomes

(A3.3)
(r QE) + sze br

ia
r dr dr

i
=
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wvhere B = Aebrl
k b2
The solution of (3.3) is
~br .
— { bt - - K 4
T= C, 1n r+C+B {s, (br,)-s, (br)-c } (A3.4)
where
[+ ]
-X
e
(%
x
Ti-T5+ 2 {l+ebri(s (br.)-8, (br )—e-b(ro“ri) }
2 1 i 1 o
' bk
Cl =
ln(ri/ro)
T, +A~C, 1In r.
c = i _ 1 i
2 2

bk
For lardge 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

b
"

ko (l+B°T)

k-k k-k

i
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the equation V(kVT)+q''' = 0

becones V2k2+2k Bq''t=0
. oo

which is formally similar to V2T+q"‘/k =0

+3

with the substitutions k2 => {r3.5)

k P

XoPo => (n3.6)

bl o

The solution given by equaticn (3.4) with a lincay cecrrelaticr
for lithium thermal conductivity was used to generate figure aAl,
This gives the temperature difference between the walls (assumed 2
be at the same temperature) and the peak pool temperature as a fun-
ction of the thickness of the region and L where

-4(r—ri) Mw/m3

q''* = A e
Al Mw/m2 neutron wall loading corresponds to A =4.6 MW/LZ.
Since approximately 50 em of lithium are required to breecd 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 lithiunm

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 c where: rl§;<£2 = Lithium Zone (A3.7)
. ~b_{r-r.) -b_(r_.-r)
(- |
ky k, q'''=ae 1 14ne 272
o h T, T, r
Ly<y .
Y2223 = > carbon Zone (A3.8)
q"'=A3e*b3(r'r1)

The following boundary conditions were assumed

r=rx Ty =T (rl). (A3.9)
r=ur, Tl = T2 (A3.10)
d’i‘l 'd‘I‘2 T
P > '_ ot = 1 10 »
flklE~—| r r3k2 3 Ir J-q rdr (A3.11)
b o 1 X 3 -
1
= = ' A3.12
r=r, T, T(rz) (A3 )
In the lithium zene, two exponential furnctions are ascumad to

include a component due to reflection from the carkon zone.

An analytic solution for the temperature can be found and is

given by the following:

(A3.13)
r<r<r T (r) = T(r )48 (e 21 1-e 03Ty 45, (P, T e, Ty 4cy In K
= — 2 1 3 1 bor rl
rrr o Y2%gy
+B (S/hr)-s(br)) +B -
1 11 1 e ¥
r_2
r <x<r T ()= T(r )+B (e~b3r2-e—b3r)+C in (x/x ) (A3.14)
2 — 3 2 2 3 2 2

4B (S (b r )-s (b xr) )
3 1 3 2 1 3

where
A b.r
B = —% e 11
1l X b 2
1 .
A b r
B = 2, 22
2 g2
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-br - b b
T(r )48 (1T 1-e b;rz)+ez (eP5%1-e",% )

2 -b r br
+ J‘(B-e 1 1.n e 2 ) dr
1= 2
rl r r
—b3r3 -b r
T(r3)+B3(e -e ) 83( sl(b3r2) -5y (b r ))
b.r .b x

271

k B el l(l+‘o r . )+B_ e (l—bzrl)

1 1 171 2

—b3r
k2 BE_e (L+b_x.)
rs3
Y
~b, (r-r.) -b. . (r.-r.)) -b_(r-r.)
1 2\¥7 1) ]
{téle +A2e dr 4 A3e
r
rl 2
r -1
1-1m (R
X
ln( 2/r3) k1
K X
Xe 11 ky A% )
x, (KgKy=K)4=* 1=
1 l , ( 2/r3)

In (72/73)°C 4K =K,

In ("2/r))
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3.1.3 FIRST WALL REGIOY

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 cocoling 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't!’ q"'=Ae—bx
g > k X=X gt =k on
0 oX

->
XO Xl X=Xl' =Tl
The temperature is given by
{A3.15)

bx bx
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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.llcilanamy, 'Fusion Reactor Blanket Heat Removal Using
Helium and Flibe', Ph.D. thesis, M.I.T., Hucleax

Engineering, February 1979,

Appendix 3.2 Shell Cooling, Single Region: Eqguation 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

the energy generation rate in the form q"'=Qe"B(r'ri).

Appendix 3.3 Shell Cooling for First Wall and Two Stagnant

Regions: Equation A3,15 and eguation A3.4 are used to grapn
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

Reyion: 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 Reglons:

Portions of the previous shellvcooling 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,

Appehdix_4.l Simple Tube Tenmperature and Stress: This progrdm

evaluates the temperature field and thermal stress for a
radiation shield tube based on the analytic expressions given

in Chapter 5.
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Appendix 4.2 TUBETE!P 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 tihe thermal stresses using the analytic methods

discussed in Chapter 5,

Appendix 5.1 Slab Transient Temperature: This program grapias

the transient thermal response of a 1-D slab for a pulsed
surface and volumetric heating source, An analytic solution

method as discussed in Chapter 6 is used,

Apnendix 5.2 Rectanale 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) = T, = &T (y/b)",




