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ARSTRACT

The min of this wvork is o propose a twvo-dlipeEnsional analytical
godel [or prediction of 'the cteaperature discribucion In o nuclesr
Fupel rod in steady operacion and In tfangient conditions. in thia
model, the cpoling rate around che ciaddimp is constdersd ro be
ponuniform. ka 3 cagleculation example, temperatwre distribuclon In a
puelenr fuml rod of a 900 H¥Ye pressurized water taactor s predicied
For quasi=-seesdy operstion. [t was found cthat (Che cladding
tamperatute reaches values whteh dre nesrly 223 C nighers chan CLhat
obtalned for uniform coaling.

INTRODU ST 0N

The surface haat Fluk ln Am operating water reaccor s of che
order af 1 Wd/fml Ji]- Such hear Eluxes can be cemoved nquite
iatisfiaccory vsing Flowling wacer {or sceam water mlxcure) at
veloclities ol a fev meters per secomd. In this case, the temperatucs
difference befveen the cladding of the fuel rod and the coolant wiil
be quite lov—-n few tens of degrees. 1f, hoswaver, the surface heat
Flux becomes tio high of alcermacively che coolant toe law {or the
Steanm content too high In a bolling system), then averheating of Cche
fuel asterisl and cladding can accwur. This asverheating OCCurs acr &
parelcular set of thermal and hydreulle tramslencts [1,2,3].

To dace, the theemal and hydrvauvlle regponse of o noclear core inm
normal and tranelent opecactlon bhas been primacly demonstrated by
compucer aaylysle. Tha valldaclon of the anlytical models wsed la
the main purpose of many ewperimencal facllicien [4,5),

One of the sost Imporcant Elelds &F study Ls tle Eumpescatuce
bebavigar is fuel and cladding baterials during normal and transient
operacing cosdicions. In many computer codes, Ehe Cemperatura
beheviour in the fuel rod hes %een trested 4u ane disenslonal problem
in which the cooling rate acourd the claddisg (s coneldered uniform

(2, 4,5, 8]. In msany one dimenslonz]l codes, solurlon of the
discretization equations has been obtslned using cthe fully expliczit
scheme which 1w condltionally stable [1]. In other codes the

solution is performed using the Fully lmplicit schums [6, 7].

Lo the present paper, & twvo-dimensional anelycical wodel for
prediccion of the temperoture behaviour in nucledt (uel rods ander
stoady and cranalent condleisons la developed. 1n this code the hoat
Eransfer race around the cladding 1s conaldered non=unifoca,
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HATHEHATICAL MOBEL

The dilfferentliel equation which governs the heat conductien
with intarnal heat generation (o unsCeady=wtute conditiona Is:

=T k3T
§ el = (1e) ek =—) » mn}- T LT | B

Ar Br “ r e
To solve che above squaclon numericslly, fuel and cladding saterlals
areg divlded Lot dLliferentlal volumes. Crid points and comtrel

yolume faces are shoen dn Fig. 1 Lo polar coordipnces. Thickoess of
tkg control volume Lm the third directlon g, L& cansidered upliy-
Hulciplying Eqg«l by rdt dr 48 and Incegrating with respect co r, 8, E
avar the coptral volese s Ara@ and over the time inteveal &Acr, one
gots the diserecizacion for the considered valume. In the following
esch term Iin Eq.l will be integrated sepacacly, and the order of
incegratlon |s chosds actording o Ehe mabturw &6 the Cerm.

I= Change ol enargy stored i Lhe volume wlementt

o represent the tern™PT/3r, the grid polneg valune of T 1a assumed
to preval. through the volume slement r Aral, then vne haw

A+ Al =+ &r T+ &L

r Jl J Ter 3T M) de dre 9%
Ly
H r t 4
a
- et - T ] T ATAB (Za)
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where T i the nev valwe and T le the erlglnal value of the
Lel £:3

grid pelat Cemperaturd-
il=Het hear fLlow in the radial directlun

To get an expresslon for the nper heac flow inp both radlal and

rangeatlonal directions, the following creasonable relatlon Ls applied
2 13

J Tdt =T &t (2h)

T
According to Eq.2b, it is assumed that che nev value of T prevalls
throughout the emtire time step t (fully lmplledicr schome). Applying
Eq.2b to the first term im the righet hapt side of Eq.l, one eobtains

L+ CES 1 b T .
| =4
J j f 2 (fk =———]) dr d® dr
A Pr D e
] = T
i+ dx
31
- f | b =¥ -Elr%";:r}r JAR di Ll
2T L+l L
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T
The tera (kr--) ¢ in Eq. 2c €an be mxpreswed In Lerma ol Lhe
;3r L
nelghbor ceapecratures am folloval
2%
i,] .
~{ky ====-- )r &® = CA (r -1 % (2d)
r i =L =141 |
whare CR ia the beat conductamce ot the lnterface I-1,1 and is
i=L;i
given by
i r EE
i
cR - - - - - - r_:l'j
1=1.1 ar | Ar
' ————— g == * 1
ik I ik J
L= L=1,1 1
Q7
fiedilazly, an empresgpion for the terem (ke == ) 7 can Br obtained.
o N L+l
Tt La glven hy
2T
={kr == T & & = 1 (T -7 )
Te 1+l L.+ L.} i+1.)

Substituting In Eg.2¢c one getu the tollowing expression for the aer
hwat flow in e=dlrection
=Gl T + CR T - CR T & = (2
Lik+el L#*1,] I=1,4 i-14j) 1T 1.)

whitras OR ] & Ch + CR
(K o bo#l £,1=1

I1L= Mot heat flov lo the tangenciounl direcrienm
Followlng cthe sane procedure in lcem 1I, the net hear flaw 1n
the #=direccion Ls given by

= [CT T = 0T - T =T T ] &¢ 12&)
Jil*l 1,5%1 Pl.1 I,3=1 3 L.}
vhere the heat conductance OT at the interface j=1.,j Ils given by
L L
&
1=1,3 r A@ r As
i 1 i
———— +
S h 2k
1 3-1 .1 1
and
CcT = [T + OT
i3 J.3*l I=1.:3

I¥V- fdeat gemeratlon

Assuming that the thermal source strength & La uniform Ehrough=
out che volume elemant and over the tlme scep AL, One ahradne
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L .
! § v dr d® dt = 5 rad ar bz = 5 Av At
L

]

-H!

Lik)

Substitutiog frowm Ega. ay; 2f, 2@: 2h in Eg§.l

and reacrangiong one
obkalns the discrecication afuistion foF

Lhe geld polat 1,] In the
farm
L T =« CR T + CR T =+ CT T
(S T T | L.+ 1+1.1 1=1,14 I1=1,;} J. 5% 1, )+l
+ O T - d t3)
1.l L= B
vhare
A = CR - gn b CT + CT » (Pcavwint)
£ L, L+1 f=1,1 1)l =15
anil o
i = &y + (% wvw/ Be) T
il kol
Soluclon of Eq.) Ls performed for the foalloving boundary condltlons
(TAg«1)3

The teaperature gradieot 4t the center lLlme of the rod (IT s}

=5
is sppronimatly zero, which la & reasonsble sasuapifon sspecisily

far unifers cecling. Te wmatisiy tbis conditlom, the cocilicients

i | ind <2 sasc have the folleaviag valuss:
a1 1.2
= = .0
o,t
r &8
A
“ - S Y L L = ] - =
1,2 st | ar
= - i e
1k b ik
L 1,1 |

= At the owter surface of the claddling
- &k 3T ) -~BLET =T )
r [ I
)
whers ¢ {a the convective heat Iransfer eosfficieant betvees
cladding surface apéd coolsat ol temperature T . Ta gpitisiy chis

-

candition; the cosfilelant € guit have thy =aime gl-#n By

S 2]
CE - o kE = e B b
N, sl el ]

= At the diamster AC
HTHI}H = ATIP9) - .0
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To satls!y the sbove condiction, the coefficlients CT have the
fnlloving values:
cT = cT = 0.0
9,1 n, M+l
Sslutlon of ihe discerecizacion 2quitlons 18 perforaed by using
the line=br=line nethod which cosvergas fast 7). Solution of
the tesparstuyre discribution is ssch lins Ia sbctalned wusing che
TOMA method explained in [6,7]. Io accouwnt Jler che CEmperatuce
dependant propertfies of the fusl and cladding waterials, a Tew
intarasl lcavacvlons are reguired.

A @ calewlacion exawpla, cthe above Jdeveloped analysis Ls
applipd to predicet the Cemperatucre behaviowr in & fuel rod of 2
900 MV@ presniurlezed water reactor.

RESULTS AND Di5COSS LOM

The follovwing data are uaed (8]
L 3
voalusetrie thernzl source strength s = 7.2uxi0 wim
=)
cladding outuide radievs 8 = &.6Exid n
a =3
eladdiong loside radius ® = &, LExLU n
i
coalast pressure and teaperature F= 13 HWFa
T=130 ¢
f
=1
Tuel rediug & = &.0585x10 a
4
satarlal propercties:

e . - - - - R R e

Deaslty . Rig/nd specific heat thersal

4 /ege eonductivicy,
0k
'. - ol
fuel macerial (0D ) L.02xL0 194 1.459
i ;|
cladding material B.3xl0 ne 15.1)

(Zircalloy)

- - — e

For sisplicity, properties of tha {uel and cladding materials
ATE consldered to be temperatocre indspendeni . Twds walues for che
heal tranater cosfficlienc are chesen to apply as shoun im Fig. 2
and given by
=3 i
& . axmie win E

5 2
By = axlld wia K
F |
Figs: 1,2 illuscerate the cesparstare Hobavlowr LIn Che fuel
material lor diffarent musber of grid design. It Ls clear cthacr
for number of radial layers BF couals or mwere than 0 ,thw woluclon
Ly coavergenc. The gain Ln the aceurcy obtalned for higher values
of NF is on the #spense of the caleulaeion Elme. The figure also
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indleaces chet the fuel ia che reglon of dsefticient coaling Iw
exposed e higher lewsl of ctesperatwcs which dw physically
expected.

Figure & #hovs the tesperatuces behavieosr of the eladdiag
surfage. The flgure Lludicates cthat the cladding materisl Le sub-
jeccred to higher values of comparature where the hest Cransfer
rate is low, Im this case, the differensce betveess the madlous snd
ololeis cladding Cemperscuces Ads about 123 €. Thin weans thas
tha eladding oatectal is pubjecced to severs therasl sccresses.

1n conpariscn with echer rcesults, the ceaperatore of the
cladding In the region vhare the high walue of hbBeat cransfer
cogfficient applies dim 325 € whiceh Ls mssrly tChe wmams walue
obtaingd uwring the one diesnsional codws [§] foc the mame rescior.

CONCLIS LObN -
The proposed analyticsl Ews dimecsiomal woodel Lx & bBighly
efficlent tool co Iavescigate the cCemperatoce behavioswr In &

npclesr fusl rod. With some davelopemsac In the proposed emaoidse,
deformacion af theée claddiag and fuel sateriai can be cakea into
cansideration.
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Fig.2 hlrrnluﬂr behaviour of Lhe
fuel material
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Temperaotura

Number of c¢ladding layers nNc- 10

T = radial distance
~ aoof Rr: fuel radius
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Fig.3 Temperature behaviour of the fupl material
for different azimuth
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