


_ This . paper i dedteated to the‘ s

o memor;v ' of .the EBR-1 reactor aeeuient GO
. 'which happened 40 years ago’ beeause of S

L fuel rod bowmg The incident made the e

,‘necessrty of subassembly construetwn cof il
reactor cores elear 5 : T

INTRODUCTION 50

The 1mportance and complexrty of the bowrng phenomena in nuclearf" :
, reactors are well known [1-4]; apparently since the accident at the EBR-1 reactorin ' =
1955 [4]. ‘Fuel - bowing is. most lrkely to_result. from a temperature gradient . -
- transverse to_the axial- direction of the. subassemblres ‘Despite the fact that.a” =
*subassembly is a rather trght cluster of rods, the motion of the fuel due to bowing of PR
- the’ fuel elements . w1tlun subassemblres or ‘the subassemblres themselves may be
o notrceable especially in fast reactors. In a large (pancaked) reactor the bowing of ~
. fuel elements within subassemblres that are themselves constramed not to bow, has : o
a neglrgrble effect on’ reactrvrty, but in EBR-srze reactors the effect attams a valuei e
‘of the order, of 1§ per mm of éffective decrease in the core radius [1].* N o
" The” perrodrcally pulsed reactor is much more sensrtlve to reactrvrty S
: ‘rrnsemons in comparison to steady-state reactors. For example even a very small;
e ' (say 0. Olmm) radial displacement of the: periphery row of subassemblies in the: 1"
;- IBR-2 reactor (2-MW, plutonrum-droxrde sodrum-cooled perrodrcally pulsed reactor. -
arn*Dubna Russra [5]) causes a notrceable effect--'a power rise with a penod of i
~about 80 sec, ‘whereas in a. steady-state operatron mode,’ the penod would be equal o
to 25 'min, The example 1nd1cates that bowrng effects not only can, buf must be. = -
" noticeable in ' the’ IBR-2 reactor The: trme-dependence of 'the IBR-2 responseﬂf i
j functlon 61 has ‘some. typlcal features of a bowmg nature, - namely abruptf
. threshold-type “behaviour, parametnc 1nstabrlrty from , measurement to FRa
/measurement feedback nonlrneanty [71, high sensrtrvrty to average ‘power level e
‘From' the ‘calculational point of view, determination of the -overall bowmg ST
effects ‘such’ as reactivity feedback, is a huge problem that becomes unsolvable for %
' large cores contarmng hundreds of close-packed subassemblres whrch represent a
: ,complrcatrve statrcally undeterrnmed system - [1] In_the casés  like this, only
~‘estimations are available, and hence, analytrcal or sermanalyucal models descrrbrng Do
the fundamental bowmg mechamsms by simple equatlons would be useful S
- “.The method proposed here perrmts one:to bypass the solutron of parual S
drﬁ'erentral equatrons practrcally wrthout a loss of accuracy, provrded tradrtronal - f, o

iy




: 'cyllndncal geometry of the fuel elements and lmeanty of the equatrons The 1dea of -
" the method is to. extract - the first” order Fourier : harmomc from the ‘multi-'
i drmentlonal temperature drstnbutron and hence to reduce, the number of vanables R

: ,by convertmg the I(ro,0 functron into'some vector with two variables (rand t) ;

» . This’ procedure of ‘“vectorization” of functions, named" here the * ‘effective
o gradrent method” as well as. 1ts accuracy, are demonstrated by companson of two '
R ways (direct and “effective”) of solving the specral steady-state boundary-value R
. problem, that was set for the smgle eccentncally bonded fuel element placed in the
'radrally d1st0rted neutron flux and coolant température [8]., SIS e

~.The “vectonzed” model can' be generalrzed to account . for the: thermo- »

i mechamcal and thermo- hydraulrc mteractlons of. fuel elements ‘That will :give. a

Ty equatlons

IDEA OF THE METHOD

R

o The Omega Operator. The bowmg of core components such as fuel rods casr‘ gs
Tt ete,, caused by temperature T. depends on: the 1ntegral over the rod ¢ cross sectlon :

L The lmear coeﬂ'rcrent of thermal expansron (%) must be 1ncluded in; the \
mtegral but here it is assumed to be a constant The plane rad1us-vector r = Lx+1y, :

" s ongmatmg from the neutral axrs z of the rod can be represented as R
Q =icos¢p + _]COS(p is a unit vector.
i The angular part of the mtegral can be deﬂned as the operatlon

Here we have 1ntroduced the operator:'Q whlch' tums .an’ angular dependent ﬁT
functron 1nto some vector O(r) The lrmrt of the (@/ ' ):ratro at z 10 1s equal to the

A : / procedure

L - N L P

The Xy components of the @ vector are - equal to the correspondmg

’f / components (al b)) of the first- harmomc of the Founer series of T functwn In )

general for the t1me-dependent case

o T(r ®, t) ao+Z(a cosmp +b smmp) "if El o

nl‘v

Therefore the omega operator extracts the ﬁrst-order Founer harrnomc from |
- an arbltrary penodrcal angular dependence If some boundary-value problem can be

R L ot formulated i terms of “vector of: function” the problem  becomes much easier -
-, possibility for qualltatlve descnptlon of the behavrour of fuel elements ‘within_ the DRI PR T

";;_fsubassembly as well as the subassemblles themselves by means of ordmary .

S because of a reductron in the number of varlables ‘For example the actron of the
7 omega operator on the lmear equatron of thermal conduct1v1ty :

,/

e~

g1ves a couple of s(p mdependent equatlons of the fonn k", "

t.%fa—af—n@(r t)-——@)(rr I)+ .1 Q(r ‘t) e

where Ad is.now a radral part of the Laplasran If the same operatron is avarlable for‘
" the. boundary condrtlons the vectonzatlon of the problem wrll be an| exact

Some Useful Propertres of the Omega Operator. It is clear that the vector«of a" v
“constant is a’ zero vector: Some other results of the actlon of the omega operator are o
lrsted below for use later on: . ‘ B Y




e The vector of the cosrne functron of constant amplrtude € and phase shrﬂ (po is the

P d1rectedvector T R e e e
= .i'e cos% '+1je'si‘n<po = (scasrpo',s,smtpa)

i, ,’(b) & T(cp) -1, -(a,,b,)

,’ s

" harmonic of a series lrke Eq. @. The vector T of functron T can be also named the

L "'v“ﬁrst” vector So the “second” vector wrll be: 7;“—

<><m f e

,',',‘f}functlons glves two vectors One of them denoted by T( (po) 1s the’ “second”‘
"‘.fvector T = (az,b ) of T functron tumed on an angle’.'(po rn anegatrve drrectron
V‘relatlve to rts natural onentatron re ’ '

; The vector of the ‘second den jative of the arb1trary functro
i, ’;;_ vector ThlS property was used in Eq (4) : :

(e) 5} T(cp)F(q») , .foTt +aoF. F

g ij' The action’ of the omega operator -on the : product of two functrons grves ‘the: '
combrnatron of therr vectors and the 1nﬁnrte sequence of the addrtronal‘ L
o _fcomponents ,

' «?_*‘The vector of an arbrtrary functron rs equal to the vector of rts ﬂrst Founer ;' g’ Dok
{
|

g el ;pvr

S Y \THE STEADY-STATE TEMPERATURE DISTRIBUTION EXACT;

typrcal for fast reactors ' 3*,;; e

momentum -of inertia 1- of the rod cross sectlon grves the del'rmtron of- the bowmg
temperature gradlent : N : PRI

[

' The Effectnc Bowmg Gradrents The temperature rntegral dlvrded by the

VT(z) 1 fT(r (p)rrdrd(p - V”'-) '~ . / 8 (5)

Thrs vector 1s used dlrectly in bowmg calculatrons For example the free deﬂectlon
i of the rod would be descrrbed by the equatlon T Tl

e s fﬁ‘ SN

d2

dz

of thrs paper > ,/;'ti,

SOLUTION

/,

R is placed eccentrrcally 1nsrde the claddmg of inner and outer- radii, Ry and R
(Flg 1). The gap between fuel and claddmg is ﬁlled by a movable heat—conductmg

medrum “The claddmg is - cooled by a quurd of known angular dependent

temperature T((p) :The axial locatron zof the: fragment is consided as a parameter

o s ~The’ termal conductrvrty coeffrcrents of the fuel (k,) claddrng (kw) and gap
o medrum (k') as well as. the coolant ﬁlm heat transfer coeﬂ'rcrent (a) are. constants
: The axral heat flux is set to zero The tangentral component of. the heat ﬂmt in’ the

gap,’ whrch may be caused by heat conductlon ‘or natural convectron 1s also

i neglrgeble e s

= Our arm is“to’ ﬁnd the steady state temperature drstnbutlons in the fuel

’T(r (p) and claddrng Iy(r, ¢) by dlrect solutlon 'of the correspondmg boundary- ~
: value problem which wrll be set under the followmg assumptions. :

“1.:The heat generatron per umt volume of fuel has a drstrrbutron Wthh lS

Bivis

qv(’ <P) q+Vq rcos<p, 0<r<R,

The bowmg gradrents for the fuel rod and claddmg are the arm of the calculatrons

The Scttmg of the Problem The small fuel fragment of umt length and radlus T

. i

/ A

Here q is the average heat generatron at a drstance z along the fuel rod Vq is the

absolute value of the heat generatron gradrent Vq -across the fuel rods whlch 1s




L Propomonal 1© the global neutron flu‘t gradlent transverse (0, the drrectlon at Lthe" S The main assumptlon in settmg the. boundary-value Pr°b]°m is: that the
fuel fragment location in the-core. Variables » and. @ are the distance, from the - 5 .geometncally asymmetrical gap can-be replaced by a symmetrical one but having

B L AW we use only the ﬁrst F0ur1er harmomc of the angular dlstnbutron and set the :

E : ‘average fluid. temperature to zero. Paranieter <p, charactenzes the. direction in~
. which the temperature drﬁ'erence of the hquld in.the channel ‘reaches its maximum -
~ value; 20 , SO @ is the vector of coolant temperature armed in dlrectlon (p, (see
L:\~Flgl) SLETT s S e ,
Lo For the penpheral fuel elements in the subassembly, the cosme dependence $

. neutral axis and the angle measured relative to the x direction, respectively. The} + | asymmetrical heat transfer properties, according to expression (8). This assumption . - :
/-”A,]auer is chosen to comcrde wrth the drrecuon of vector Vq (See Flg l) ' foown perrmts us to use a common coordinate’ system 'for both fuel and claddmg L i
S . o R Boelo -3. Beyond the boundary layer the coolant temperature can be represented by i
l i .the cosme functron ‘_ YT e S S R ,
o } & t; T<<p) @cos(<p cpl) UL s O
y S
|
{

o of the bowmg problem, it can be: generahzed to central fuel elements too, desplte

I the * fact. that for' central cells the main harmomc rs for example the ‘sixth

: fr;;‘f,hannomc for a triangular lattlce or the fourth one in case of a quadratlc lattlce [l l]
Hrgher-order harmonics’ do not contribute to bowmg when o is constant.

: 'the eﬁ'ectlve temperature gradlent VT Further 1t w1ll be useful to deﬁne lt to
mclude the coolant ﬁlm thlckness : : PRt

Eih 2, The gap is small‘( R2 R.«R ) and hence rts heat transfer coeff crent per k
umt length can be approxrmated by a cosme dependence of the form [9)- e

i) Thus three vectors namely Vq £ and VT are the asymmetry factors of
Y the problem charactensmg, respectlvely, the dlstortlon of fission density across. the

o R
l scos((p (po

asymmetry of the coolant flow temperature They depend on the axial drstance z as
~ona parameter and all of them are ‘considered here as known vectors ;

<7 ¥The equatlons for temperature dlstnbutlons in the fuel pm and claddtng are
,'wellknown SN S e : : L

,;Here' a'—Zrcl /ln(R /R) is” the symmetncal heat transfer coefﬁcrent %

*e-Au/(R R) is the . value of eccentncrty ‘where Au isa fuel rod"
t,jrrg-t'\drsplacement S o SRy O s
: *“Thus, the VeCtOf i (0<8 <'l) almed in the Po - dlrectron charactenzes the'f‘ AT (r q)) =_—l—q'(r (P)
g 1 .

eccentnc posrtron of the fuel fragment msrde the claddmg (Frg?l) S

- of the coolant temperature has been conﬁrmed expenmentally [ 10-12] ‘For the aims - i

The vector of coolant temperature per umt length across the channel grves S

- fuel, pin,  eccentric: arrangement of ‘the fuel inside the- claddlng, and angular




e L S P =art o T s 18D
The boundary condrtlons on the gap s1des and on the outer surface of the Y N TR ) S N T s R PR R Tl
claddmgareasfollows S S R A (r)—cr"+c 'rd"‘". TR T e e e '(l9a)"""." :

ATz(" <p) 0

T‘((P’R‘) T’("”R’)‘ﬁ"z"m aT(;P,’R')l oo %) “. B, (r)écg,.r +c4n . s V‘"‘L;'vgf{,v ;;1 (l9b)

) ol

The temperature at the fuel pm center 7[, and constants cm (1 6 n > l) are\ o

. determined from boundary condltlons(l3 15). ST
" ~The, presence of the cosine function on the nght srde of Eq (13) does not_ka '

TR, - 2(;: = r) =7’L'z"/Rz,r z(g;Rz)

: certarnly convergent at. any rate: for:small g, both of .them can be mterrupted at

* constants To and ¢ The exact solutlon is obtamed asa lrmrt at N—> ., The result‘; ek
of thrs ‘procedure is lrsted below 1 f S S R
The coeﬂ'lcrents cm ‘can be wrltten in the form (n 2 l)

_nR"’ o ;
‘ 3V‘LR2 5,,,','. L
R"' '87&1 i w e
k pVa VT Sm(p‘ 8,,, 8 ‘
l+k nR,‘ l+kl Shmen e

l+k
')‘»knl Pva T
s;.? +
l+k nR l+kl

- R (p.a VTcoscp,S)“ '
l+k \ noo EAR X

R (p VTsmcp. Snr) T S ood)

cosq>, 5,.i2',~; e

R In these equatrons Va,, and Vb are. the ﬁrst denvauves of the a, and b,, functrons’ L
SR a\tthe‘fuel rod boundary, r _R‘ y ,l‘R‘ / lng, é}“ isa Kronecker delta and o

" permrt one. to calculate the sr\ constants Cin separately for. every fixed n. When e¢0',v P 2
:all the* constants are’ deﬁned by the mﬁmte system of equatrons ~The task was - ;‘
 solved by means of the following - procedure Because the series . (16- 17) are'-»,:;""r

“some number. n—N for obtaining the N-th appr0\1matron for the’ unknown S



,.f:/ The coefﬁcrents Va,, and Vb are calculated w1th the help of the recurrent relatlons:, Jf;; S

', Va,,,. —'g,,+l (Va cos<po Vb srn<po)

" is the p ameter charactensmg ¢ thermal “strﬂness “of the. fuel rod relatrv to :
: asymmetncal thermal loads 1ts clearer meanmg wrll begrven later Here we must
note that y depends on: parameter gz (see Eq (24)) Wthh isa functron of e and s .
'produced by | the second Fourier harmonrc The value of T is determrned by Eq (26)
. Thus, as the first parameters Va. and Vb, are. known it is casy- to calculate
Vay and Vb by Eqs (22) and (23) and therefore all the coeﬁ'rcrents cm deﬁned by
Eqs (20a-201) : ; ;
. The last parameter the temperature To at the center of the fuel fragment can’
be expressed relatlve to the average temperature of the yfuel fragment (Tl) :

73 (T)+q, /snx i

equauons




s s the {isual expression for the thermal r resistance of the cylrndncal fuel element ao '-/' "z / 47»: = 36K¢ ' ST
“-is the overall heat-transfer coeﬂlcrent per unit length R F ST B A];, =—50K’ R e e Y
g - The additional term AT, is the “overheating” of the fuel rod caused by the R To = 525K (at zero sodrum tempcraturc)
* factors of - asymmetry It s determmed by the scalar product of the vectors of/‘ B : e ‘ , e E R
Wﬁtw SRR R - I A h R ey STt ‘f"‘ﬁ_ The thermal strffness y(e) for IBR 2 fuel elements vanes from y(l) 036 to y(O)
;- SRR R Ll E l,"yf" 11","};‘ - The specral case of the solved problem namel) symmetncal rods and
S AT;’= mA, E ( g, g _R__ §q+ 2R2 VT) : A umform heat generatlon (e—Vq 0), were consrdered in [lO ll] ’ B :
T a"/1+y oAk ) : ' : R s
: OGNSR e R \ e SNVE T ; : The Bowmg Gradrents The e\act soluuon ‘of the boundary-value problem
Accordmg to Eq (28) the “overheatmg el’fect is absent for symmetrrcal o fuelri'\* },,;consrdered above: can be used now. “for’ drrect calculauon of the effective. bowmg '
elements and is always negative when Vg=VT=0. . N ' L gradrents for the fuel rod (VT) and claddrng 44444 (VT;) in accordance mth deﬁnruon
' " 'The problem has been solved Sequences (16 17) converge very fast even at»_ S (5)" — :

‘the point of fuel-claddmg contact” (when' & =1). The convergence is ‘faster for = - B If we mtroduce by analogy toy (see Eq (27)) the thermal strffness °f ‘h‘? o
smaller g;. In particular, for a symmetncal arrangement of-the fuel rod (=0, g:= _0)_‘_1? N R claddrng I‘ deﬁned by cquatron
“all hxgher-order harmonics (>1) are absent, as'well as the™ overheatrng” of the .~ |
~fuel. It is clear from Eq (28) that the fuel rod drsplacement by itself does not lead'to < -
', overheatmg On the contrary, it decreases the ‘average fuel temperature because of a:
reductron of the overall thermal resrstance due to the eccentncrty e S Bain

“ The App ima

“j_“ces'(p; s“c,;:/ c}r‘+c}l e e S
s For example in. the case of the. IBR-2 central fuel element provrded full b
} contact (s =1) at Vq VT -0 and pm power of ¢ qz“ l35 W/cm we should have

:,.LkﬁEqs (30) and (31) show (that the vector of eccentncrtys whrch determrnes m
he drsplacement of the fucl relatrve to the claddrng affects the fuel and claddrng in_
opposrte drrectrons; S S s TR




e operator deﬁned by Eq (l) ie. evadmg the solutlon of the boundary-value problem

o The thermal stlffness is a bamer whrch prevents the: penetratron of the
temperature ‘gradient (not temperature) into the body from: the outside.- A small-~ -
. sized body- with a'good. thermal conductrvrty ‘must ‘have a. hrgh thermal strffness
,and vrce versa. For example the IBR—2 clad to-pln stlffness ratlo i S  T ;
F/y 81/043 200 SRS
In the case of thm claddmg, \when 8 « l and
trﬂ‘nesses y and F can be determlned by equatlons = ULy

.O_,L 2 270\'2 yana ;4::-

5

2

S x,\( Ly
‘,”’\1+r l+y aR LZX

g QNow the sense of the strﬂ‘ness parameter becomes clear Eq (32) shows us that the
., rod stiffness Y is equal to a quarter ; of the ratio of the summary  thermal') resrstance of

i B ', the rod Jackets (i.e. gap, claddmg and boundary layer listed i in the rrght hand srde
. of Eq (32)) to the thermal resrstance 1/87'0\.1 of the rod rtself B S

THE EFFECTIVE GRADIENT METHOD
Now we shall calculate the bowmg gradrents wrth the help of omega

‘.j;"(lllS) prgac e
e Slnce vectonsatlon is an exact procedure for the lmear equatron of thermal
»‘conductlvrty (see Eqs.(34)) the accuracy of the method should be deterrmned by
“the adequacy of the vectonsed boundary conditions (13:15). “The’ eccentncrty g of
:the fuel makes Eq.(13) the smgle source of such’ inaccuracy, provrded o is constant.
o ~With the help of the: propertles of the omega. operator listed above the
' ;' result of the ‘action_ of the omega operator on: ‘Egs.(11- 15) can be obtalned qulte
easrly The result for Eqs(ll 12) IS almost rmmedrate R SRR

s

SR e |

Ty ’ \@2 and Qare the vectors (or “flrst” vectors) of the functlons Tl T2
- and @, respectively. - S : S
oo The boundary condrtrons can be vectonsed in an exact form 1f we may use o
. r",i:‘the g2 factor. (Eq. (29)) and the relations. (22-23) of: the direct theory "Then, the "
; ?;: tl(fm of omega o operator on the Eqs (13 15) will glve the vectonsed condrtlons m'
“the form ; \ , :

' vwhere V is a denotron for the first denvatlve ata boundary in Eqs a
heat transfer coefﬁclent o is a constant as formerly, butg, and T represent arbltmry
,;r::functrons Note that the vectonsed boundary-value problem‘(Eqs‘(34-38))can be‘?‘




that become exactly the same as Eqs (30 31) aﬁer calculatlon of the vector
constants ; s _', : L :

for the fuel rod (1 = 1) and claddlng (1 2) glves expressnons T

Vqu - :

R2

vz; 26,2 20, r :

~‘»=f"1' .

Estlmatlon of the Accuracy of the Method The vectonzed problem (34-38) is an
~exact one owmg to the presence of the g; factor in Eq.(36). That happened because
Eqs (22-23) make the “second” vector . of the Tl functlon (turned to the angle -cpo)
.to’ be . proportlonal to -its - (ﬁrst) vector (E), w1th gz as. the coeﬁ'ncrent of
proportlonahty v Gt R B e
-~ Being the product of exact theory, the gz parameter may be cons1dered
here as’ an unknown value that makes the fuel rod thermal stlﬂ'ness‘y(s) (see
Eq (27) or (32)) uncertaln : i R L
= The upper lmut of lhlS uncertalnty is"

7(0) v(e) @2
1+ (2nx2+2nozR i

5 snmllar dependence for the ﬁlm transfer coefﬁclent

The uncertamty may be appreclable for gas bonded fuel elements (small o ) For e
- the hellum bonded fuel elements of the IBR-2 reactor 1 -y (1)/ y (0) 0 16 e

Angular Dependence of Alpha. By analogy to Eq (8) for a one may suppose ‘a:

B ', Here o s the former constant e is the eccentncrty of the coolant cell
i Then boundary condmon (38) must be replaced by ‘

» 18- now' the forth factor of asymmetry and h"(e) is an unknmm”:, g
’~iparameter the second source of uncertamty ‘For a hrgh heat conductlon of- the
e = coolant (xz/ aR << 1): h2 = ek / oR; and hence lhlS parameter can be omnted ( kz,
Ay / ocR— 0.03 for the sodlum cooled IBR-Z reactor) S i
“In. ordér to- take into account the V] ’anauon for the calculauon of bomng
gradlents the replacements : :

»must be' made m Eqs (30»«31) and m t e deﬁnmons -of.
'(Eq (27) or (32) and Eq (29) or (33)) ‘

THERMOHYDRAULICS

~The Thermo-Hydrauhc Vectors of ymmetry Up to’ now, we c nsxdered, he
‘vet’fectlve temperature gradlent VT-of the coolant as. a. knovm vector In reallty it
“epends on; the dlstomon of the: claddmg temperature Wthh is dependent on all-
- the factors of asymmetry, mcludmg vr tself; and, on the other hand, upon’ the
! : ydrodynamlc asymmetry of the coolant ﬂow in’ the channel Both factors ¢an'be
Ll represented by two .vectors [8] the vector of asymmetry of the heat flux_at the -~
_ - cladding surface (.J ), and the vector.of asymmeltry of the coolant flow across the. <
-~ coolant_channel (G)..The values of the vectors are: normallsed relatne o the = . -
4 overall linear heat flux (qz) and coolant mass flow’ ® per fuel element eSS
The heat propagates from the claddmg surface to the. coolant cell at: =R. A
4Let us leldC the cell “into : two _parts, T and 2, by a: separatmg lme along the;,’f i
£ ,'claddmg diameter-. and “find the “flux and flow - dnl‘ferences ‘There. are ‘tiwo~ -
) V_~'{orrentatlons of the linc at which the diffcrences between : average fluxes </> = -
] »"Jz) and flows. <G> —V(G, - GZ) in the subcells attam maximum values Then ‘the:- .
-veclors ¢ of heat ﬂu\ and coolant ﬂow functlons can be deﬁned (accordmg to [8] and
[13])as SR : ' :




’ is the coolant cell cross ‘section-and &

I'E

- 22mR5 Vo),

. 3

Here p, and d are the hydraultc perrmeter and equrvalent drameter of the subcell i;

- p and d = 4s/p are the same values for cell, Parameter m depends on the Reynolds

_ criterium for the subcell: m =1 for laminar ﬂow m =0.25 for turbulent ﬂow (104
Re < 10, andm—O whenRe>105[12] ST P

‘The vector G is’ atmed from' the “small“ subcell (l) to the “blg“ one (2) (In R

ref [8] the opposrte drrectron for G was chosen ‘and the" G vector itself was treated

posrtlon relattve to the posrtrons of adJacent fuel elements The approxrmate
dependence of G on the claddmg drsplacement uz canbe represented by [8] :

G G—, i3 "(a, a)

o —m 2s

Here G rs the rnltlal hydraulrc asymmetry of the cell h is the prtch of the lattrce s
i, is :the’ drsplacement of the cell itself due to’

. the bowmg of adjacent fuel elements Vector i charactenses the new. posrtron of

‘the hydraulrc center of the cell (where G= 0) and is determmed by the summary :

dlsplacement of the adJacent fuel elements

Correlatron wrth the Vector of Coolant Temperature The actron of the omega

operator on the elementary angular dependent equation of the- heat-balance ‘in"the

- coolant cell g|ves ‘with the help of Eq (39) the approxrmate equatron for the vector )

' of coolant temperature e

N

1+v 4nx,q

d )2— _&(ﬂ)n R R S
NdJooo pNdJg|t e e

St

A '1s the recrprocal rela\atton length due to heat transfer across the fuel element ,
- Because. the relaxatron length is.of. the order of 2dPe 18], where Pe is the_ﬂ '9 e
Peclet crltenum (the ratio” of pcpvd and thermal conductrvrty) the rela\atron
e mechamsm has to be taken into’ account in the. constant heat-flu\ measurements L .
RR _"[12 13] at low flow rates (practrcally, at Pe < 100) AR
Wi UIn the speclal case (eccentric annular. cell, X =0, Vq_s _O\m = 0 25) S

N Eq (41) comcrdes wrth the solution of [13] whtch also has a smgulanty at G="1. "
;,“.';However,\the accuracy analysrs of Eq (41) and its subcell representatlon mdrcate

oo that at” high hydraulrc asymmetnes ‘(practically at G > 05) the use of <G> ' -
¢ ‘f‘:mstead of G in the denominaiors of Eqs.(41-42) becomes more preferable. ey
"+ Thus, the equations. of. thermoelastlclty (Eq. (6) is the simplest case) for. the

}"’1drsplacements of the fuel rod (ﬂ‘, ) and claddmg (”2) the 0bV1°US relatron f°" the 1:

i ,‘,_'when the o varratron should be taken into account

; fvy Reactors, Amerlcan Nuclear Socrety, 1970
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*fuel : element bowmg The: drsplacement

rthrn the subassembly

[terms The addltlonal equation’ (and an addrtlonal source of nonlmeanty) appea

,1‘,

: ,The system of equatrons becomes linear when\ G2 and gze / 2 are negl|g1ble'-'

e ;“Eqs (30 31) for the bowmg gradrents 'Eq. (10) and @1 for VT. and 9 as: well asf”l' W
.Eq.(40) forG represent the closed set of coupled equatlons for estrmatton of smglejj-
,’ i, of the hydraullc coolant-cell centerU‘f;
couples the behaviour of the fuel element wrth the behavrour of other fuel elements*
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;glves some vector (bowmg
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Ap analytlcal model of reactor fuel element bowmg, ‘ aused by three m.nn'

ARt

'factors M nonumform f;ssnon densnty aeross the tuel pm _(2 eu.entrlc arrnngement
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