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ABSTRACT

The objective of this paper s to Investigale the transient
thermal psrformance af a sivgle cooliny channel in a pressurised

watbter regqotor (PURY. 4 paw Javeloped Luo dimpensional Tusl rad
in which the radial and axial hsat transfer arse taken
wangideration is wsed for calcalabion. This cude is wsed to

e
intu

slody

the stwady~statr and Eransisnl  flemperiturs  bebavior nf  neclaar

fuel rods  in Light walsr reavtors. In addilion, the
therpodynamic conditions — as the wariation of the coovlant

real
gt

transfer cosfficient alanyg the chanpal [ength and ths pap therpal

resistance— ars taken Inty consideration. These real lherpodynamic

praoperties af Lthes coolant are calculated using VDT corepsiations.

INTRODUCTION

In nuclear industry, temperature development in both steady
transient operation is important in  evaluating veactor

and
mare

thermal per formance. The behavier of the fuel—caclant combination

in respunse Um reactivity insertions, loss of cualant  or
transient effects is of vikal imporiancze such parameters as

wther

the

time takan by the fuel tu reach sleady-state temperatures from the

cold start if the rate of heat generation q fdue to fission)
suddenly raised. In case of logs of comlant aclident, the

is
time

after which the fuel or :ladding meltdown btemperatures is reached

is wvery iinpaortant, therefore a fuel rod 2ode is used

in
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conjunction with a nuclear code, core code, and luop code to
determine the temperature behavior of cladding sur face [1-31.

In light water reactors , the zoalant in the core is considered as
a boundary conditian which supplies the fuel rods with a  sink
temperature and a heat transfer coeflicient. Conduction in the
radial direction is usually taken into account 4,31 and some
codes consider conduction in the axial conduction alsa [31.  With
nonund fuarm cooling, conducticn in the azimuthal direction must  be
congidered [61. Thermal radiation from  rod-bo-rod iz negligible
when the core is filled with liquid. There are many excallent fTuel
rod codes to predict the steady and transient {emperature behavior
of nuclear fuel rods. Addilicioally, it is required Yo improve  Lbhe
time and space of computation [2,3]. The present fuel rod code is
an enhanced develuped code, in which two dimensional  bransient
heat transfer in bBoth radial and axial directions are Laken intm
congideralion.

MATHEMATICAL CONSIDERATIONS

The general healt conduction eguation is given by

Y

q 1 arT
VT g = o a8 e
b

where a is Lthe thermél diffusivity (e = ;T),

Te transform the above equalion inte algebraic equation, the time
variable @ and space variable r are braken inlto discrebe inlervals
A9, Ar, and AI as shown in Fig. (1), Multiplying Eqg.{1) by rdrdZde
and integrating over Ar, 4Z, and A® al Lhe nodal puinb i,

for two dimensional Laplacian in cyliondrical coordinates  and
rearranging, =ne gets the fullawing linear equatiaon i

a+Ag a 2] 8
= ~-F - F_.-~ F - ; .
Ti.i SRR zm Fa " Fy )Ti,j * FlTi—l;J * F2T1+1,,J
(=) a
+ F T, . + F . o« AT {2
3 it 4 Tl,j+1 - FJE A'g !
2F 2, AR . 2
h [ Or iR Foa 2F0p Ry, AR
where 1 e ' ey el
- pe s _ i A®
Rieg = F7 o Flg = ———=
k. A8 pc AR
F'3 = f""l = Fu = = .
p: AZ%
and AT = u——i”-:,i—
o k.
The following boundary condilions are applicable far Lhe
considerad case :

# Fuor the innermost nodal points i=1, we have

rdT/ar)r____0 = 0.0

To satisfy this condition , the coefficient F‘1 must =2qual Tera.
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* For the outermost cladding rnodal points i=N, we have

(aT/dr) = - (a. /L 1.{T .~ TF .}
reR_ IR (PN J
To satisfy the above condition, the coefficients Fl’ F. are given
bys 2
Z(FOY R, &R : ZFQY . a R_ AR
=N " [ o =
F ;) = = = y and F, = = =
Ry = R ke TR

T account for the effect of the helium gas gap at the interface

between the fuel sur faze and Ehe inner <cladding surface, the

coefficients Fl and F. for baoth the last fwel layer NF  and the
. =

first =ladding layer NF+1 are given by :

# For i=NF

F "NF UF
1= —= Z
Rnrer ~ Rue?
. g.FUF RNF+1 bHF
z 2 2 , . A7
kF(RNF+l RNFJ[CARszhF)+(1/agj+(ARc/“LcJ]
* For i=NF+1
- a(FU)c RNF+1 ﬁﬁc
1 2 z 1 -1
kc(RNF+2 - RNF+1]ECARF/‘LF]+(l/ng+(ARc/‘Lg)]
ZCFO 2 =
Fo o= FO = PNF+‘2 Arc
2T Z _ o2
Barez T Paper?
* For bottom nodal points j = 1, we have
(0T/02)Z=0 = Ea/h?.CTi,1 - TFLJ
The coefficients FS and F4 are then given by :
"_3 = FDZ~}—1$Z ] F4 = F\:!Z = kw =
- ALT
* For top nodal péints J = NZ, we haveg
¢ = = - . . (T, - ]
.6T/6“)Z=H (aJ/k) (TL,NZ TFEJ
To satisfy this condition, the coefficients F, and F4 are then
iven by :
9 y Foa o o ko8 F o= Fo DAZ
3 = T TaAE rTa 2 K

PcAZ”

wher 2 Foz is based wn material properties <f fuel or =cladding
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material acceording to the considered nodal point, and TF’, TFz are

the inlet and cutlet fluid temperalbures respectively.

SOLUTION OF THE FINITE DIFFERENCE EQUATIONS SYSTEM

Each bedy of the fuel and cladding is divided into a number of
concentric cylindrical layers of equal thickness ARF and AR and

each layer is then divided intas a number of axial volume elements
of equal height AZ as shown in Fig.{1}. Applying Eq.(Z) to each
volume element one gets a system of finite difference equations.
The method of iteration is used fur solubtion of this equattons
system [2,7]. Starting from initial temperature values, a nodal
temperature is recalculalted in successive steps using the five
adjoining temperatures as shown in Eq.(1). The sequence is stopped

when further iteralion does nob resull in significant changes in
values of the whole temperature field. A KWU 1300 MWe pressurized
water reactor is chosen as an illustration example [8B1. The

follywing data are required

Heat generatiun o " = 3.1x10% wm® with q_” = 4.0x10% w/m>
Inlet temperature SE4 DK,

Mageg velosity G = 3.65 Kg/mzs, Fuel raod pitch = 12.7 mm,
Fuel is UQ., Cladding is Zircaloy-4,
Fellet radius RF = 4,025 mm, Cladding thickness = 0.6 mm,
Fuel rod outside radius RD = 4.73 mm,

Fuel rod active height H= 2.9 m

The calculation of the «onlant heat Ltransfer coefficient is
per formed using a separate subroutine in which the thermodynamic
properties of water are calculated according te VDI correlations
£37.

RESULTS AND DISCUSSION

In order to examine the validity of the propused code, a comparison®

with the analytical results is required. For this purpesse «cade,
the calculations are performed for the -ideal situation which is
characterized by the following conditions :

1- material praoperties are considered temperature independent.
Z- the rladding to cowlant heat transfer coefficienk is considered
constant along the axial dirvection Z. (4.0x10 W/m°), while the
heat resislance in the gas gap is neglected.

The volumebric heab generation rate q wbeys Lhe relation :

t4" = q;" GDS(HZ/HEJ

are

where q and u:‘ére the volumetric heat generation rate at any
point z (=z=Z-0.3H) and the center of the fuel element, and He

is the extrapcoclated fuel element height (He == HI.
Fig.(2)» shows the time behavior of both fuel and cladding

£

r

i
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temperatures fuor differenlt volumebtric heat generation rates, It

is clear Lhal the steady state fuel temperature is reached in more
thag 25 and 27 - seconds for g =4.8 %10%nd 1.0x10

W/ mrespectively.

Fig.(3? illustrates a comparison between the results as  aobtained
from the one-dimensional code [10Q) and the present two-dimensiconal
code. The curves indicate that the one-dimensiconal resulbts lie
aver the twr-dimensional behaviar., This situation is physically
evpecled because the axial heat conductkion is ignored in  one

dimensional code which leads to higher temperature values.
Comparing the values of fuel steady state temperatures (1425 for
ane dimensional and 1412 %K (or Lw> dimensicnall, it is  comcluded

that neglecting the axial heat conduction is a satisfactory
assumption. This conclusion can be alsc drawn by examining figure
(47, which illustrates Gthe awial fuel , «¢ladding, and T(luid
dislribution., Again, the two—dimensiconal numerical fuel
temperature distribution lies just under the worresponding
analytical one dimensional dJdistribution,

The obtained results show thal the one dimensional code gives
temperature values which agree with that abtained using the two
dimensional code. It is expecled Ehal this situatbion is nob langer
valid if the time and spatial variations of heat generation rate
and heat transfer coafficient are to be taken into considerabtion.
Figures {3-7) illustrate the temperature behavicor under more
actual operating conditiaons where temperatures are plotted in “i.
The :considered realistic conditions are @ N

1- the heal resistance in the gas gap is taken into consideration,

where ag=4500 N/m‘,

2~ the heat btransfer coefllivient alony the <owling channel is
variable and calculated using the fallowing Sieder-Tate

correlation [21:

5]
Nu =0,023 Re”'8

B4 Huiooia

According to Fig.(8), it i1s clear that Gthe fuel centerline
temperatures (or realistic conditicons are higher than that for
idealized zase due to Che thermal resislance in Lhe gas gap. 0On
the other hand, the cladding temperature curve for realistic case
lies under that for idealized case due bt bthe wvariation of the
lozal heal transfer coefficienl along the length wf the cooling
channel as shown in Fig.(8). In addition, it is important Lo
notice that the time taken to reach the steady state temperature
for realistic case ig higher (32 seconds) than that for  idealized
vondibtions (27 seconds 2.

CONCLUSION

Although neglecting the axial heat Llransfer is a satisfaclury
assumplbion for ideal condibions, iU is nob valid for  more actuwal

siluationsg. Taking the rwmalisti. wperating undi Licns inle
zonsideration delays the btime reguired Lo reach the stwady state
temperature. The proposed code is structurally simple and reyuires

relatively small storage capacilby. Cuonseguently, the speed and
Accuracy of Lhe calculations are greatly enhbaneed.

73
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NOMENCLATURE
= Speci fic heat (J/Kg.dey.)
F Coneflicients (dimansionlesus)

Fo Fouriers modulus Cdimensiunless)
5 Mass velocity (Kg/m's)

[E
H Fuel element active height (n)
k Thermal conductlvity (W/m.deg.)

prrl

g Volumetric heat gepneration rate ¢ W/m*
NF Number ~f fuel layers
NC Number of cladding layers

NZ Number of divigions in the axial dirwction
Nu fNusselt number
R rRadius (m)

Re Reynolds number
Fr Frandtl : number

T Temper ature (TKI

4 Vertical distanze above fuel rod bottom

a Cladgding tuw fluld heabt transfer coellicient (w/mzdeg)
o Gas heat transfer coeflicient (H/m deg)

o Density (Kg/ms)

8 = Time (seconds)

AR Thickness of a aeylindrical layer (m?
AZ Height o=f a volume elemenl Gad

SUBSCRIPTS

F Fuel/Fluid

2 Cladding / center
g Generation

w o wall
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