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CYCLIC THERMAL STRESSES IN FUSION REACTORS

Thor 0. Bohachevsky Ronald M. Kostotf
Los Alamcs National Laboratory Office of Energy Research
Los Alamos, NM 8754% U.S. Department of Energy

Washkington, DC 20545
1.  INTRODUCTION

A number of potential applic tions of fusicn rractors
have been identified and investigated: several cxanples ithal
anpear technically and oconomically {feasible are production
el (a) clectricity, (b) process heat, (<) synthetic fuels,
and (d) tissile tuels.  Realization of these applications
requires solution  of  many  outstanding and  hallenging
scientitic and engineering problems.  Gne ot the outstanding
probleis tor moust tusion systems is medeling and analysis oi
wyelic therial stresses with the view towara reauting their
eticats un comtonent availabiiily, reliability, and 1itetime,

iror the mechanical  engineerin, point ot view, one
tundomental  dilference betwoen the  tusion and  {ission
e ters (includiog advanced  tuel breaxders) §y the type ol
cpevation:  fission reactors operate n a steady slate while
tusinn reactors, 1o general,  are expected operate
cchicallys The cycle Lime or period may rang: frae tens of
minutes to small ‘ractions of a sccond and the fraction of
the cycle during which tusion cnerqy s released aay range
from new unity to 10 b, therelore, bolh  tiwe cnergy pulse

duration end the cycle length may be less than, ecqual te, or



greater than the characteristic thermal response times of
differen. structural components.

In this paper we model and analyze cyclic thermal 1oads
and stresses in the complete range of potential operating
conditions. We 2xamine two critical components of fusion
reactors (including fusion-fissior hybrids); namely, the
solid wall adjacent to tne fusion plasma ("tirst wall") and
the fuel elements locatid in the high power density region of
thc blanket. These two components exemplity two 1imiting
vases of thermal loadi~+y: the first wall loads are gene oted
v predominantly  shallow cnergy deposition  that may be
appromimated witi a [lua acruss Lhe surface and the fuel
element loads are genecrated by predominantly velume  energy
depusition or volunetr ic heating,  ior thess twn types of
Peadom) we derive appresitate clesed Torm egpressions  for
teperature increases  and thermal  streesacs (hat iy be
evalugtod  conveniently  and  rapidly  tor comparison ol
difterant systeme., : fhe resulls” e analysoo o idefitify
sarameter  ranges  where  Aitterent  phenoicna JorRinate  (and
thepetere where dJifterent approsmaations arc valid) ‘u'm Lu
delorming pardﬁwtr1u dependencices and teends in the di{lur-nt
NAFARC LT algey l'

e crplicit erprossiony tor the pardte-teew devendencies
i thermal stresses ace ased e ddentite omitical o stress

areas o Leoaerive camparisens between the relative merits of

(MIRLA D 9/14 /11



fusion reactor operations in different parameter regimes, anc
to estimate benefits that may obtain from changes in
operating characteristics. The resul s provide a
guantitative basis for tradcoff studies and assessments of

different fusion core systems.

2. TEMPERATURE DISTRIBUTIONS AND EXCURSIONS

Thermal stresses ~n reactor cumpenents gore  induccd hy
and /o

nonuni formyunsteady Llemperature distributions. The first
step in their analysis is the derivation ot the cspressions
for the  mean  steady  state  and fluctuating  temperature
cxeurciens:, results are used in the nest section Lo caloulate
the rorrespurding sireases.,
Sob Trabiein tormulation
Tne problem of 'he deteraination of cyulic temperature
variationg in the fusion reactor tivst wall and fucl element:
i fermulated as follows.  We assume thal the radius g
curvature of the fairst wall iy so large rolative Lo ity
thickeoys that the wall can be approximated with ¢ flat plate
and that power procuction in the plasma 15 4o symmetric that
e energy flow parallel to the surfice can be neylected.  Ke
also pustulate that fuel elements in the hybrid blanket arc
in the torm of thin plates that ¢an be approximated, as the
first wall, with one dimensicnal slabs.  In a onc-dimensional
stab. ot material x-cm thick, thermal eneryy is generated in

a laver g=um thick (o « x) as shown in 1igy. ta. This



formulation allows a uniform treatment of surface energy flux
and volume energy deposition cases. The heat generation
because of the absorption of x rays, ions, or neutrons occurs

periodically with the period t_s and lasts for 1 s with

P
T/tp <1 as shown in  Fig. ib. The temperature
variatior T(x,t) at the point x inside the material and at
the time t is given by the solution of the inhomogencous heat

ronduction equation

2
oT o' T S
R A €1

where the source function (rate of energy depusicien) s{x,t)

erg/umis, shown in Fiy. 1b, 95 aqiven by s(x,t) - 5, c
Xt ntp R ntp e on - G, 2, 3.
e s(a,t) - O otherwisc: and . is  the tiormal

dittusavily equal to ke, o, & obeing the hedal conductivity,
the density. and ¢ the heat capacity ot the material: ail
dre o assumed to remain constant,  the postalate of  undform
intensity ducing  tae pulse duration o is owade only  to
simplify the computations.
The boundary conditions are specitied at the surtface
facing the plasma (er the centerline of the suel clement),
4« -0, and at the surface facing the coolant, x - x; they

Jdrc
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—=0atx=0and T=0at x = & . ( 2)

The first condition expresses the assumption that no heat is
transferred to the interior of the reactor cavity or across
the symmetry plane of the fuel clement and the second
condition expresses the assumption that the face of the
material contiguous to the coolant remains at the constant
coolant temperature. Because we are interested in cyclic
stresses, we seck a periodic solution T(x,t + tp) = T(x,t)
and not a solution of the initial value problem with an
arbitrary initial temperature distribucion.

Under certain conditions, in Jarticular when
PR T I the above fornulated prroblom may be
appresimated with the homogeneous heat cenduction cquation
and the boundary condition that prescribes 2 siecified cnergy
flux across the curtace » - (.  However, the sclution of this
problem breaks down (T » ) when o - 0 while the amount
ot energy depusitea remains constant.( 1, The solution of the
problem formulated in this paper reisgineg valid tor all values
0f 1/LP (1] and we use it for that preason.

The periodicity cundition on the solution ol Eq. (1)
suyqests the use of Fourier scries tor the determination of
cyclic tomperature fluctuations. Toward this emi we expand
‘he source s{x,t) in Fq. (1) into a Fouricer series as an even
function of x and t over the intervals -2 . - x - 7¢

and  -0.5 tp <t 0lh tp' The use ol cven  tunctions
dy the expansion basis improves the accuracy significantlyl2]
and th double length interval in x is necessdary to satisty

both houndary conditions, tq. (2), exactly.

2.2 Approximate temperature distribution.



We have calculated complete Fourier series solution of
the above formulated problem and the details will be
published elsewhere. Here we use an approximate expression
for the temperature distribution denoted by T](x,t),
consisting of the first approximation to the steady state
(mean) teniperature distribution, Ts’ and the fundamental
harmonic component of the temporal fluctuation Tf:

T1(x.t) =T+ Te . (3)

s
After teddions but elesa ntary computations, we obtain for the

mean temperature

-

S .1 . « )
) _\'_ < s \ H] Coein il eae 17_X, \
]: k-tp-[’f; (.- - A ) 1 --.J ..lnl,{;., C05 .,/ ( 4,

an for the fundanental narwonic

.t vt
; §in .q, I By cos ltr [ (5)

-r" = A

wherue
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A = 5 cos l%i—] ,

B] - cos | .
' L
4 pct 1 +-6—4- tz)
<

and the characteristic thermal diffusion time, tc. is t:c
= Lz/x.

The amplitude of the harionic fluctuation, A

2.

= /A] + U] » 'IS

2e,t sin (ﬂl)l— + sin (—-)]
op .
A = - .-_.-_-..P Ticos 15, ( b)

' Zt NV 2
e (14 iy 3

ihe apuroximate solutlon representoed by Fqs. (3)--(h)
simplifics considerably when specialized to particular cases
1 ke peactor first wall amd {fuel eletenls: the detailed

arilysis will be published c¢lsewhere.
. THFRMAL STRESLES

Thermal  stressces arise when  temperature distributions
induce in:ompatible thermal expansions in difterent jparls of
structurdl clements. because  the  competibility ot the
distuu_'tiun distribution depends not only on the material
stitfness but also on the clement stiftness that may be

provided by its shape, the same Lemperature distribution may



induce different stresses in a cylinder than in a flat plate,
even though the ratio of the wall thickness to cylinder
radius may be very small. We calculate the thermal stresses
by postulating that the first wall of the reactor vessel is a
cylinder and that the fuel elements in the hybrid are flat

plates.

3.1 The First HWall

Examination of the general cxpressions for the thermal
stress distribution in a hollow cylinder induced by the
temperature distribution 7(x,t) shows [3] that the tangential
stress - equals the ﬁ§ii} stress and cxceeds the radial
stress by the factor : k where R is the radius of the
cylinder.  Thercfore, and because of the space constraint, we
Yimit our presentation to the tangential stress.

An dpproximate cApression lor C valid for

|..,/H <« 1 s
coos g [T = T(x,¢)] ( ;)

v av

where

OMGEA
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T =

av §T(x,t)dx

0

o) —

and £ =aE/(1 -v) with o being the coefficient of
linear thermal expansion, E the Young's modulus. and v the
Poissonﬁz;tio.

Using Eqs. (4)--(6) in Eq. (7)., we determine that the

steady state component of the stress, Glgt is

solotc X,

U":S = ;._C-h—t;_ I'F'I l: s ( 8)

vhere

2
X 1 . 8 1 X" 4 X
Rl =g*+3-40-79 -2gcos iz)
n k n
Similarly, the amplitude of the fluctrating stress component,

“:ra’ is

pa = PAF KA (9)

whare q" is the masimum amplitude of the tempuratwre

iluctuation given by Eq. (6) for x = 0 and

- (%, . 2 X,

"2(;] T cos (2’ .
The Ffunctions F1 and F? are plotted in Fig. 2; the plots
show that both stresses change from tensile to compressive at
points that are very closc together. The amplitude of the
fluctuating component vanishes at x/& = 0.560.

In the anmalysis of fluctuating stresscs and the



associated fatigue failure cf interest is the ratio of the

peak to steady state stresses, (oes + Uﬂfa)/UBS'
This ratio, Rs’ is given by
[0}
Ry =1+ 208 (10)
Gs
wherc
¢ _sin(ac/t) Foix/i)
(ufa - £ ; : YA 'G(tp/tc) FiT§7fY (.
‘us n p 1

nnd the function G(tp/tc) is

Jecause  the ratio tc/tp is a nondimens inal frequency
expressed  in cycles  per  characteristic  thermal  time,
G(tp/tc) may be called the frequency function.

The three funclicns that appear in Eq. (11) are plotted
in Figs. 3--5. The plot in Fiyg. 3 indicates tha* the stress
ratio docreases as the pulse length  approaches the cyclo
perio ! Lp and becomes unity at 1 = tp, as oxpuected in
the case of steady state operation. The plet of  +he

lrequenty functien in Fig. (4) shows that the stiress ratio

0385A o 09/15/81



decreases monotonically as the frequency increases (tp/tC
decreases). This i< an expected behavior: when the load on
the wall is pulsed repidly relative to the thermal response
time (tp/tC << 1), the wall  canmot  respond  to
tadividual pulses and their magni.ode is small.  The plot of
the ratio FZ/Fl’ shown in Fig. &5, indicates that its

value is 1.576 at the inner (x = 0) and 1.499 at the outer (x
= &) faces of the first wall. ihe values of this ratio in
the range o! x/« from G5 Lo 0.6 are not meaningtul Lecause
both stress componenis vanish thero as showi in ifig. 7.

i

o7 Thc_Fucl L]pmcn?

A synmetlric temperature distiabuut b oay s helweed

fooee of a tin thiabl plate with Tree edges dedtces, a fnevial

stress in the plane of the plate given by ol
P |
' ) (!
D /‘( by T ~
where
! : ] ' oo b )dx
Vv o

Hoing tgs. (ag=-{0) with the characterization ot tne tueel

cloment, which 15 - - v we obtain:
\UQ LL .
SR |
( 'S ! [ 30 \
P

where



2
X 1 16 1 X 8 . i X
FSlT % * 1" ) o - ;2'] - ___3 05 llz'f

and

'.i‘fa = :,Amf';!‘lla) . (1%,

e fundtinn F1 is plutted with F, in ig. n.
ihe stress ratio ! the fuel ciawent i giver by [q.

|:l‘, with

' Y ' .
LN W i \ . ‘I'll

Lyudticon t1h) mmuice*s, kAt the hehavior of the stress
ratie ter the tael element §on he e an o the tirst wall,

eyl o thts cane b vatwe b the patt L i

i, b e o ler e oAl e Al et

] v ’

v Siv el indig. L.
Wy rheiPLgNe REFARe *
e Pave sutlined the appreach, amalysis, amd reaulls o

‘e modeling of oyl themaml sticsses an fusion reactor-.

e omodel s ideabieed oane e amalysis {0 approximate,
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however it covers the corplete ranye ot potential operating
conditions and thus provides quantitative bhasis  for
tradeott studies of ait'crent fusion core wypen.

Because ot spacee limitations, the  proscitation  is
sketchy, in particular, it conlains neither the valiuily and
daccuracy estimates nor lhe discussion of specidl cases when
the validity of the ygcaerdal solucion breagks  down (for
ciample, when tp/tL is large). A complete desarintion of
the work, including comparisons wilh jpreviously obtained
special resulty will be submitted for publication in the near

fature.
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