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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, D( 20545
1. iNTRODUCTION

A nurber of potential applic tiuns of tusien rractors
have been identified and investigated: sieveral examples thal
anpear technically and economically {easible are productian
¢t (a) clectricity, (b} process heat, (¢) wynthetic fuels,
amd (d) ftissile tuels.  Realization of  these applications
vequires solution  of  many  outstanding  and 1 ihallenging
scientifiv and ongineering pncoblemi. G of the ants tanding
pranlets 1oy mest tusion systems is medeling and analysts oi
wyolic therial stresses with the view tawara reouring their
ettty on comonent availabiiily, reliability, and Titetime.

iron  the mechanical  engineerin, point of  view, one
fandamiental  difterence  hetwoen the tasion aml lission
e s (indludiag acivanced  tuel teesders) §o the type of
vpevation:  fissing reactors operate n a steady tlate while
tusian reactors, e general,  mre expected aperate
v hicallys The cyele time or period may vang o fron tens of
winate: to small !fraciione of a second and the fractian of
‘he cyele during which fuston coerdqy s released aay 1range
from nen unity e In b, therelore, bolh the enermy pulse

duration end the cycle Tength may he less than, cqual Lo, or



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

In this paper we model and analyze cyclic thermal loads
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 adjarent to tne fusion plasma ("tirst wall") and
the fuel elements locatcd in the high power density region of
the blanket. Tnese two components exemplity two limiting
cases ol thermal loadi~<: the first wall loads are gene oted
v predapinantly  shallow  cneryy  deposition  that may be
approntttated with a [lua a ross the uarface and the fuel
rlement loads are genervated by predaminantly velume  energy
Jegmnition o voluwnetr i heating.,  ior these tun types af
Peacan we derive appresivate clensed tarm egpressions  for
tetaperatare  increases  and  therml o steesars ihat gy he
vvalugted  conveniently  and  ragidly  ler comparison  of
dilterent  systone., :-lhv tesilts” me analylca to iJefitity
sardmeter raniges  where Aitlerent phenonena Jeminate (ana
thepetere where dJifterenst approsmagtions are valid) dmit Lo
weLorming p(ﬂ‘dllllctl”l(. dependengics and U ady in tihe ‘:i‘."h-r nt
pdmnwﬁvrlwnmvstf

e ceplicth o erprescian tor Lthe pardee e sdebendenciew
i therma]l streswes e el te identite cetical streas

aitedy Lo aqerave camparisens between the rebulive merits of
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fucion reactor operations in different paramcter regimes, anc
to estimate benefits that may obtain firom changes in
operating characteristics. The results provide a
quantitative basis for tradcoff studies and assessments of

different fusien core systems.

2. TEMPERATURE DISTRIBUTIOHS AND EXCURSIONS

Thermal stresses ~n reactor cumbenents gre indutcd hy
and /o
nonuniformyunsteady Llemperature distribution.. The first
step in their analysis is the derivalion ot the cspressions
frr the  mean  steaay  state and  dluctucting  temperators
cxcursrens s results are uscd in tie nesl o ceclion e caloulate
the v oerespanding stren,ea.

Ao mrabiee tarmulation

Tne problem of e deteraination of oyclic temperature
variationg in the fasion reactar tiest wall ol face! elemente.
iv ferwulated as fallows. ke assume thal the rading g
curvature ot the farst wall is sa large relative Lo ity
thickeouy that the wall <an be approximated with ¢ flat plate
and  Lhat power procuction in the plasma t4 w0 wymmetric that
e energy Thow paraliel to th. surface can be neylected. Ko
also postulate that feel elementy in the hylnid blanket are
in e torm of thin plates that ¢an be approximated, as the
firot wall, with one dimensicnal slabs.  In a onc-dimensional
sltab. ot materlal xeom thick, thermal eneryy is generated in

a Liver a-un Lhivk (« + ») as shown in iy, la. 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 tp s and lasts for 1 s with
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
T, Ty s,
IR A (1

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

erg/uwis. shown in Fiy. 1b, 95 aqiven by si{x,t) - 5, c
X oy ntp R ntp boeeon - Goo b, 2, 3,
oo s{a,t) - O cotherwisc: and o is  the tiormal

ttusavity equal to Ly, & being the hedt o comidctivity,
the density. and o the heat capacity ot the waterial; aild
dre asumied ta remain constant.  the postalate of wniform
intensity  ducing At pulee duration 1 iy made enly  to
simplify the computations.
The boundary conditians are qpecitied at the surface
facing the plaswa (o1 the centorline of the wuel element),
4« -0, and at the surface facing the caolant, x - x; they

Jdre
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%%-= Qatx=0and T=0atx =4 . ( 2)

The firsi condition nxpresses the assumption that n¢ heat is
transferred to the interior of the reactor cavity or across
the symoetry plane of the fuel clement andg the seccnd
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
stresscs, 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
cofa oo 1, the above formulated jroblom Wiy be
appresimated with the homogeneous heat cenduction g¢quation
and the boundary conditioa that prescribes 2 siesified cnergy
flux acrounss the surtace » - (0. However, the sclution of this
problem breaks down (T » o) when 0 « G while  the amount
it oenerygy deposited remains oonstant. 1,  The solation of the
probYewm formulated in this paper reuiging valie ftar all valucs
nf 1/Lp (1] and we use it for that reason.

The periodicity condition on the solution ot Eq. (1)
suggests the use of Fourier scries tor the determination of
cyctic tomperature fluctuations.  Toward this ceni we expand
the source six,t) in Igq. (1) into a Fourice serics as an even
function of x and t over the intervals -2 0 . ox - ?¢

and  -0.5 tp st 0k tp. the ase ol ¢vea  tunctions
a5 the expansion basis improves the aceuravy aignilicantlyl2]
and e doulle length interval in x is necessdry to satisty

both lhoundary conditions, bkq. (?), 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) temperature distribution, TS. and the fundamental
harmonic component of th2 temporal fluctuation Tf:

T1(X,t)=T +Tf . (3)

S

After tedtions hut eleis ntary computations, we obtain for the

mean temperature

S 1 . . r )
Lo e Y B i cos \
]: k-tl)[c-' (.- - A ) 1 § -"“l'{n.. ¢05 Yy ( 4.

wit, for the fundamental narwonic

t

T, = in At
Fe = A sin X ) B] LS lt , (5)

] » I'

where
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25, sin l"T)[ + sin l )J

2 cos l%i'] »

2t
3 T E)
] +
( o1 o2

2 . My ] 10
sotp sin (g] [I + s1n (ﬁ}

- cos |
2

? n
41 pctc 1 + 75 tz-)

A =

B] 2 ’

kR

-

and the characteristic thurmal diffusion time, tc' is t

C
= LZ/K.
The amplitude of the harionic  {luctuation, A
oy
s /Az + Bz , 18
1 1
2s tp sin (kl)l - + sin (—-)]
RSP R _ Xy,
A 2 t 175 Icos Ih . (u)
}
" P
h |L(1 + - 04 .))

the apuroximate soluilon representued by bgs. (3)=--(h)
simplifics considerably when specialized to particular cases
‘1 the peactor first wall ami fuel elewenats; the detailed

drralysis will be published clsewhere.

3. inNFRMAL LTRESULES

Thermal  stresses arise when  tomperatinee  distrihution
induce in:ompatible thermal expansions in different jarls of
structurdl clements. because  the  competibilitly ot the
disun‘-tiun distribution depends ot only on the material
stitiness but also on the clomnt stiffness that may be

provided by its shape, the same Loemperature 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 Hall

Examination of the general cexpressions for the thermal
stress distribution in a hollow cylinder induced by tae
temperature distribution T(x,t) shows [3] that the tangential
stress «»  equals the %§i%} stress and cxceeds the radial
stress by the factor : k where R is the radius of the

cylinder. Therctfore, and because of the space constraint, we

Timit our presentation to the tangential stress.

An approxinate cApression for vy, valid for
l.._/H «« | is

Yo '[Tav - Tix,e)] ¢4
where
OR4EA L 09/1%5/81



§T(x,t)dx
0

Tav ©

) —

and & =aE/{(1 -v) with o being the coefficient of
1inear thermal expansion, E the Young's modulus. and v the
Poisson?Z;tio.

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

steady state component of the stress, (g is

solotc

Xy
U, ¢ = E._C-L—t;_ I‘F] (5 ’ ( 8)

vhere

2
X 1 8 1 X" 4 nX
@ =gr3-4 0 -5 -Z5cos (3
n k n
Similarly, the amplitude of the fluctrating stress comporient,
C.par 18

rnfa = FAF R/, (9)

where ﬁ" is the masimuwr amplitude of the temperature

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

x, 2 nx,
51 - 5 - cos (5

-

The functions Fl 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 + Uefa)/ces'

This ratio, Rs' is given by

R =1 +-2fa (10)

wherc

CLfa 2 41 sin(ii/t ) ( ) Fo(x/k)
B S Y TR T2 S [ i (1}
G w2 nt/tp p’ "¢ F}(§7k)

«nd the function G(tp/tc) is

2
t
1 + P
64 tz
c

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

The three functicns that appear in Eq. (11) are plotted
in Figs. 3--5. The plot in Fig. 3 indicates tha* the stress

ratio decreases as the pulse length o approaciies the cycle

h

perio’ Lt and becomes unity at < = t“, as  oxpected in
the case of steady state operetion. The plet of  $he

frequency functicn in Fig. (d4) shows thal the siress ratio

0385A 0 09/15/81



decreases monotonically as the firequency increascs (tp/tC
decreases). This i¢ an expected behavior: when the load on
the wall is pulsed repidly relative to the thermal pesponse
time (tp/tC << 1), the wall  cannot  respond  to
individual pulses and thoir magni.cde is small.  The plot of
the ratio FZ/F1’ shown in Fig. &5, indicates that its
value is 1.576 at the inner (x = G) and 1.499 at the outer (x
= &) faces of the first wall. fhe values of this ratio in
the range of x/v frow C.5% Lo 006 are not seanmdngtul Lecause

Both stress companenis ventsi thero as shovn i Uiy, 7,
¢ The Fuel Llenent

A aysesclric Letiporature distrabuci o b ox, 0 hoelvren O

fooee of a tein fhabl plate with dree cdyey Tedbice, a0 tnerial

stress i the plane af the plate given by b
A '
' ‘ ()
P ﬁ(lav T
where
! : ,II , Too Uhds
1A% )

Horng bgse (we--{0e) with the characlerization o tie fucl

cloment, whith 15 -« s we olitain:
o't :
) o . . I [ ( f
%Y ! ¢ L 30 \‘
p

whopre



2 .
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and

"M'a = :,Amf';!(ll.-) . (11,

the functinn F, i3 plotted with F, in rig. .
The stress rativ ! the el oianent §- giver by [q.

v ) with
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Lquation tlht imaice® - teal the behavior ol i stress
ratto lor the fael elomest de che s w tas the tirst wall,
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however it covers the corplete range ot potential operating
conditions and thus providecs quantitative nasis  for
Lradeoft studies of aif .rent fusion coare wype..

Because ot space: iwitations, the  prescitation  is
sketchy, in particular, it conlaing neither the valiuity and
accurdty estimates nor b w@incussion ol special cases when
the validity of the ygoaceral  solucion bregks  down (for
ciample, when tp/tt. i large ). A complete desarintion of
the work, i92cluding cawparisuns with previeusly  obtained
special resulty will be submitted for publical:ion in the near

fature.
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