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ABSTRACT . ;
In this paper a new enhanced simple numerical fuel rod code is
daevelaped, which is, used to calculate the transient

one-dimensicnal fuel temperature behavior in Light Watey Reacters.
The proposed code is then applied to determine the transient
temperature behavior of fuel due to sudden rise in heat generation
rate. The obtained results are then compared with that obtained
from an analytical transient solution. The steady state wvalues
cbtained from both solutions are then compared with that abtained
from the corresponding clesed form solution of this problem. It is
proved that the numerical code is more power ful and accurate.

INTRODUCTION

Heat conducticon with internal heat aeneration is an  important
problem in the fields «f nuclear and electrical engineering. Solid
reactor and radiocisoctopic fuel rods  and electrical resistance
heaters are elements in which heat is both generated and
conducted. Temperature development in both steady and transient
aperation  is important in evaluating reactar care thermal
per formance. The amount of power generation in a given reactor is
limited by bthermal rather than by nuclear consideraticons (1,21,
The reactor core must be operated such  that with adequate heat
remasval system. the temperature of the fuel and claddina anywhere
in the core must not exceed safe limits. The behavior of the



.12

Mahgoub M.

fuel-coolant combipation in response to reactivity insertions,
lasg of coolant, or ather transient effects is o f vital
importance. In case of loss of coolant accident, the time after
which the fuel or <ladding meltdown femperatures is reached is
very important, therefore a fuel rod code is used in conjunction
with a nuclear code, core code, and locp code to determine the
temperature behavior =f cladding surface [31.

Exact amalytical solutions of this problem in 2nly a few cases far
different geometries may exist. Exact solution to the tramsient,
one—-dimensicnal faorm of the heat eguation have been developed for
an infinite bare cylinder with internal heat generation [Z,4]1. The

solution with surface condition which 1is characterized by
convecfive heat transfer coefficient heff is as follows [23:
w
* z z *
= C - - [wp :
T E:(,n/(n).tl.o EXF( (nFJJJ.JDCKHr 1 (i
W n=1 -
where T = (T-T_2/T_, T = (g''’ R Isk
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Ln* (_!EHJEJI((n_/{JDL{nJ+§ (Kn},
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and the discrete values (eigenvalues) (‘ are positive roots af
= r

the transcendental equation

r iliiﬂl = Bi

n Jm(Co) -
The quantities J1 and Jn are BHessel functicns of the first kind.
Accordina to C2] it can be shown that for values of Fo z 0.2, the
infinite series solution can be approximated by the first term of
the series.
In light water reactors, the coolant in the core is considered as
a boundary condition which supplies the fuel rods with a sink
temperature and a heat transfer coefficient. Conduction 1n the
radial direction is usually taken into account [35,6]1] and some
codes consider conduction in the axial conduction also. With

nonuni form coaaling, conduction in the azimuthal direction must be
considered [7J]. Thermal radiation from rod-to-rod is negligible
when the core is filled with liquid. There are many fuel rod codes
to predict the steady and transient temperature behavior of
nuclear fuel rods. The problem is to 1mprove the time and space of
computation. For this purpose, the present fuel rod code is
developed, in which one dimensional transient heat conducticn is
taken into account.

MATHEMAT ICAL PROCEDURE
The general heat conduction equation is given by

g .
o a Tt
" = B = 21
v k i e g
To transfaorm the above egquaticon into algebraic equation, the time
variable 8 and space variable v are broken into discrete intervals
A® and Ar as shown in Fig. (1),
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Fig. 1 Nodes in one-dimensional cylindrical system

Applying Eqg.(2) to the nodal point i for one dimensicnal Laplacian

in cylindrical coardinates and rearvanaina, cocne get the fallowing
linear equaticn =
&+ A8 a e e
= -F, - T . + F.T, + FO AT (37
T U=F T * Tt 2 i1 aTq =
2F0 F. AR ZF0 B,  , AR
h F - 1 F ::—t-i‘1
where O 2 A
A=rRD -RE o i
: oo RS
I'!'z
and ﬂT :9_-.._;-‘:!;_
C k
The following boundary conditions are applicable far the
considered case
# For the innermost layver 1 = 1, we have
(aTs8r) = 0,0
r=0
To satisfy this condition , the coefficient Fl must equal zero,
* For the outermost cladding layer 1 = N, we have
4 ; = = s ), - :
aT/ar)r=RD (a/lca (TN TFJ

T2 satisfy the above condition, the coefficients Fi‘ F. are ogiven

£
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To account for the effect of the helium gas gap at the interfarce
between the fuel surface and the inner cladding surface., the
coefficients Fl and F2 for both the last fuel laver NF  and the

first cladding layer NF+1 are given by :
* For the layer i=NF
2(FOY_ R A

_ FNF F
1l = = Z
“Pnrer ~ P’
- .:.(FG)[__ F:NF+1 éRF _
FQ - = = E (52
hF(RNFbl - ENF)[QARF/:kFJ+(1/th+iARcK2kc)]
* Far the layer i= NF + 1
Z(FO)_ R <2
F _ (FO [ r’NF"I‘l MI:
i 2 z _— . .
I"-:[RNF+2 = F!NF_+1JC(AF{FJ:.‘.:.I__}+(1/hg)+(AR':/2!:.I: 21
Z(FD}C ETNF+'2 ﬁP‘c
F. = = =
“Cnrez T Faper
Each body of the fuel and <claddinag is divided intea a number of
concentric cylindrical layers of egual thickness aﬁF and AR
<
yF21g. (1), Applying Eg. (3} to each layer wone gets a system of

fimite difference equations. There are several methods for the
solution of a system of simultanecus linear eguaticns Lz2,4,5,6,81.
The forward difference technigue t(explicit scheme) is however
simpler but is not uwnconditionally stable, while the backward
technique ¢implicit scheme) is unconditiconally stabel but more
complex [4,6,81. The forward differences applied in the present
code result in ervaors that are proportional tao ﬁrZAG £2,81. A  KEWU
1200 Me pressurized water reactor is chosen as  an illustration
gxample [33. The following data are reguired

Average volumetric heat generation rate qé;‘= B.xloa N/m3

Inlet temperature 291 °r, Fuel rod pitch = 12.7 mm,
Fuel is uO., Cladding 1s Zivcaloy-4,
Fellet radius RF = 4,025 mm, Cladding thickness = 0.64 mm,
Fuel rod outside radius RD = 4.75 mm,

Fuel rod active height H = 2.3 m,

o -
b= 4.oxio’ W/m“deq (5-71, hu = 4500 W/n dea [(5-71
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k_ = Z.20 W/m.deq., pF = {0200 Kg/m~, c_ = 296 J/kg.deqg.

Dl Pt -

k= 1%.13 W/m.deg., o = E30 Ka/m~, = = 519 J/Kg.deq.

For simplicity, material praoperties are  considered temperature
independent and the heat tranzfer rcoefficient h i3  assumed
constant along the length aof the fuel rod. First, the maximum fuel
temperature and its correspanding coalant and zladding
temperatures are calculated analytically us:ng separate
subroutine. The developed code is then applied at this section.
The volumetric heat generation rate g’’'’obeys the relation

a =g " Cost(rz/H_ 3 = (a/2y q.  Cos(az/H_)
. R = av e
where g and qc arg the volumetric heat genevation rate at any
point z and the center of the fuel element, and Heis the
extrapolated fuesl element height (He = H).
RESULTS AND DISCUSSION

To examine the validity o»f the proposed code, the time behavior of
temperature in a cladded fuel rod is estimated using the propeosed

code and the results are compared with +that obtained from  the
infinite series solution given by Eq.(lJ, which is also
computerized using the approximate series of Bessel functions
L10].

To make sure that the solution converges, the comfficients of  the
finite difference pquatiaon (Eg. (3)) must be pesitive. applying
this principle to the cuter most cladding'layer where the Lterm F
is the largest term because it includes the heak {iransier
coefficient h.

(L = F1L - F2) 2 0,0
Substituting for Fi and F2 from Egs. (42 , one obtains,

1
gy = -~ (E
¥ Ry 4F. ¢Bi) _ARS
2| = S —
RQ - |=!'N RO - r'.N
and the time step 48 is then given by:
= '2 4 L7
Ag (pC)CbRc (FD)C/IC 7
Theg above stability criteria can be approximately reduced bos
(p:\e aRf
A8 £ ——— (g1

k_+ AR _h

which about twice the time 1nterval used in [5].
It 1s concluded that the new condition improves the economics of
computatiaons due the higher time interwval 48.
The analytical calculations (Eg. (1)) are conductied considering the
effective heat transfer coefficient given by:
1
= v
Mets : R = 3
—_— > SRy o+
i FineR R
a [ o>

The effective heat transfer cosfficient of the considered case
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takes the convection through the gas nap, the conduction thraugh
the «ladding material, and the convection through the cuolant inta

consideration., Using the «corresponding wvalues heff is then
2

atculated and has the value of 23481 W/m~.kK -

Using the proposed code for fluid temperature of 311 °C one  gets
the numerical solution as shown in figure (2). Fig. (2} illustrates
the time behavior of fuel temperature for a normal cooling channel

( q"'=3.0x108 H/ma). According to the figure it is clear the fuesl
centerline temperature ‘veaches the steady wvalue 970 o in

approximately 27 second. Comparing this value of the centerline
temperature with the analytically obtained corresponding value
(948 °C) a well agreement is found. In additian, the numerically
obtained values lie above the analytical values, which means more
conservative solution is obtained. Ancther important fact is that
the steady state values abtained numerically is closer to  that
obtained from the cleczed form analytical steady state closed form
solution which is given hy:

qfl’fRz qFI‘FF"’z (=g 1 q)‘”’r.'\-
T -T, = £ FILyn 2+ P €10
F f 4 k 2 k R h R Zz h ’
F [ F o a
According to the relation (102, the steady state fuel centerline
temperature for the cansidered case is 974 0, while the

analytical transient solution (Eg. (1)) _gives the value »f 348 and
the value abtained numerically is 370 i

Figures (3) and <{4) illustrate the temperature behaviar for
different volumetric heat generation rates q''’'. It is clear that
raising the geutrnn flux from zerao to the wvalue which produces
£.0x10 W/m in a hot rchannel leads to raising the fuel
Eemperature from initial value of 211 °C to a steady value of 1629
C in approximately 30 seconds, while  the cladding temperature
rea-hes the value of 237 “C.. This steady state fuel temperature
is less than the melting point of the UO0Z fuel material which 13
2749 °C [21. In addition ’ the obtained wvalues of fuel and

cladding temperature are comparable tao the wvalues obtained ;rmm

the closed form solution given by Eg. t10» ¢ 1636 and 33 Gy
while the value obtained from the analytical transient solution
fEqQ.t12) is 1584 “. Investigating the time behavior af fuel and
cladding temperatures as shown on Figs.¢2) and t4r, it can be
deduced that the surface of the <cladding reaches 1ts stable

temperature faster than the fuel cnterline temperature. This is
-5
because the thermal diffusivity of the cladding material (7.5x10

- £5
m2/s) is higher than that of the fuel material ( B.3xl0 7 m-/s).

CONCLUSIONS

From tie above discussion it is concluded that the proposed code
is structurally simple and requires small storage capacity.
Consequently, the speed and accuracy of the calculations are

greatly enhanced. In addition, even thouah exact analytical
salutions may be available a numerical technigue might prove
economical and caonvenient.
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NOMENCLATURE

E1 Biot Mumber = h R_/k
T =

[ Spevcifis heat (J/Kg.deog.?
F Coefficients (dimensiconless),
Fo  Faouriers modulus = k A8/ (pcARTD

h Cladding to fluld heat transfer coefficient tN/ijng
hD Gas heat transfer coefficient tW/mTdea
h:?” Effective heat transfer coefficient (Eq.(3))

H Fuel element active height «m)

2.  Thermal conductivity (W/m.deq.)

g Volumetric heat generation rate (¢ mea)
NF Number of fuel layers
NC Number of claddinag layers

r Radial distance (m}
Ro Cladding outer radius (m?
= Fugl radius t(m?

T Temperature (°K)

z Vertical distance measured from fuel rod center

z Vertical distance measured from the bottom <f fuel raod
Fod Density (Ka/m )}

e Time (seconds!

AR Thickness of a cylindrical layer fm)

SUBSCRIPTS
F o Fuel c Cladding / center
ffluid {coalant)
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