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SIMULATION OF THERMAL BEHAVIOR OF
NUCLEAR FUEL ROD BY

ELECTRICALLY HEATED PIN
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INTRODUCTION

The thennal behavior of nuclear fuel rod i s of
major importance in the analysis of nuclear reactor sa-
fety. The fuel clad represents a ba r r i e r for the re lease
of f i ss ion products in the reactor coolant. The occur-
rence of dryout in the fuel cladding surface, during
t rans ien t condit ions, can y ie ld overheating and, even-
t u a l l y , clad melting. Overheating associated to in terna l
pressure of f i ss ion gases can also provoke clad swell ing.
Such swelling wi l l reduce the coolant flow area , worse-
ning the heat removal and potent ia l ly allowing the
release of large amounts of radiact ive products in the
primary coolant. Therefore, i t i s necessary to prevent
fuel rod overheating even in extremely accidental
t rans ien t condit ions.

Experimentally, the r e l i a b i l i t y of a nuclear fuel
rod, in t rans ien t conditions, i s established by the
general procedure of u t i l i z i n g e l ec t r i ca l ly heated rods
in thermalhydraulic loops.

The generally adopted configuration of the nuclear
fuel rod and the e l e c t r i c a l l y heated pin are shown,
schematically, i n Fig. 1.
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Figure 1. Transversal cross section of rods

Mien both rods are submitted to the same power
transient, the thermal behavior of the coolant, in either
case, will be different due to differences in thermal
properties of the materials involved in their fabrication.

fwo different approaches have been considered to
overcome this problem. The first one, followed by Burgess
et alii [1], consists in the design of an electrically
heated pin considering an adequate combination of mate-
rials and geometry such that the pin would have the same
behavior of the nuclear rod for a given transient of

interest. To date, this method has not been widely
adopted due to its inherent limitations.

The second approach represents an effort to find
the linear power to be applied to the electrically
heated pin in order to yield the same coolant thermal
performance that would be observed in case one had a
nuclear fuel rod submitted to a given power transient.
This approach was analysed by Maslo and Hyer[2], using
an hybrid simulation of both rods by a nodal discre-
tization. The electric power is established by an error
signal generated by the difference between the surface
heat fluxes calculated for the two rods. Soda£3]
established a correction for the electric linear power,
based on the difference of the observed surface heat
fluxes and on characteristic time constants for heat
conduction estimated for either rod.

In essence, the two methods that follow the second
approach are based on the surface temperature differences
calculated for the two rods, disregarding the trends of
the temperature time variation. This fact leads to
oscillation in the obtained electric linear power, as
mentionned by Soda and attributed to numerical
calculations.

Based on the lumped parameter method, proposed by
Tong[4] for the thermal analysis of nuclear fuel rod,
expanded for electrically heated pin, the present method
provides a stable electric linear power for a given
nuclear transient.

PROPOSED NCTHOD

For a given nuclear power transient, it is sought
an electric linear power that would reproduce, in the
electrically heated pin, the same behavior of the clad
surface temperature that would be observed in the nuclear
fuel rod. This criterion provides the same surface heat
flux and the same coolant behavior for both case:.

Equations for nuclear fuel rod. The equations for
conduction heat transfer in the nuclear fuel rod, given
by the lumped parameter method[4], are:

a. Fuel

(1)

b. Clad

dT

f'irrV (2)

where:
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T. « average temperature of region i;

q*(t) " linear power generated by the rod.

The subscripts f, r and c refer to fuel, clad and
coolant, respectively.

The clad surface temperature, TN, is given by

Rr \ Rr

Defining

" TC

and eliminating T r and Tf from equations (1) and (2), it

follows that the clad surface tenperature is described
by the equation:

dti

a • b + c.

da.
(5)

ac, e = n(R - R ),

with

where:

Definitions of remaining parameters are given in
Appendix A.

Equations for electrically heated pin. The
application of the lumped parameter method, for the
conduction heat transfer, in the electrically heated pin,
leads to the following equations[5]:

a. Electric heater

b. Electric insulator

dT,
2 / 1 . I I . ,

(6)

1 T i + r r T3 • (7)

c. Clad

dT,

where:

T. • average temperature of region i;

qÉ(t) • linear power generated by the electric
heater.

The subscripts 1,2, 3 and c refeT to the electric
heater, electric insulator, clad and coolant,
respectively.

The clad surface temperature, T£, is given by:

(9)

Define
'= TE - V (10)

Prom equations (6-9), it follows that the clad
surface temperature is described by the equation:

d \ *\ (ID

with

fi£ > u • s(a • b • c • d • e ) ,

+ I + 1 + I + 1
c T g K

where:

a * • b • d *= TT~. • c * ITT- • d * TTT- •R2C2 R3C3 R1C?

R2°l
• n

Definitions of remaining parameters are given in
Appendix A.

Determination of For a given nuclear
y the variation of q'(t),transient, established

equation (5) provides the behavior of the clad surface
temperature, e^. For the electrically heated pin
simulate, adequately, the nuclear fuel rod, q£(t) must
be such that the behavior of ôg, given by equation (11)
be the same as the behavior of %. Therefore, q£(t) i~
given by equation (11), substituting 9g by 0^, with ©^
given by the solution of equation (5), that is:

d d \

Based on the analysis of order of magnitude, it
established the simplification:

(13)

Applications of expressions (12) and (13) did not
produce any observed difference in q£( t ) , even for the
most severe transients. So, equation (13) i s
recommended for the calculation of the e lectr ic linear
power, for i t s simplicity.

RESULTS

The present method was applied to the simulation
of a typical PWR fuel rod with UO, fuel and zircalloy
cladding. Regarding to the e lec tr ica l ly heated pin, i t
was considered a Cu/Ni (70/30) e lec tr ic heater, tygO
electric insulator and stainless s teel cladding. Data
of considered rods are shown in Table 1.

Variations of nuclear power in step and in slope
were simulated.

Step of nuclear power. The nuclear fuel rod
operates at a nominal power, q i , and, after t«l s , power
i s suddenly reduced to 101 of i t s in i t i a l value.

Figure 2 shows the obtained e lectr ic power as a
function of time, compared to results obtained without
compensation and with compensation given by Soda's
.•nethod. Surface heat fluxes are shown in Fig. 3.
Ratios between heat fluxes of e lectr ica l ly heated pin
and nuclear fuel rod are presented in Fig. 4. From
Figs. 2 to 4, i t can be observed that the absence of
compensation would lead to heat fluxes around 231 of the
expected values. Also, the correction method proposed
by Soda generates cumbersome osci lations nard to be
followed by a loop control system. The present method
yields precise values of linear power, eliminating
these problems.
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Table 1. Parameters of rods for applications

Parameter

NUCLEAR FUEL ROD

fuel pellet radius, r.
clad inside radius, Tj
clad outside radius, r.
gap heat transfer coefficient.
film heat transfer coefficient

ELECTRICALLY HEATED PIN

electric heater inside radius,
electric heater outside radius
clad inside radius, r2

clad outside radius, r^
film heat transfer coefficient

, h

' rl

, h

Data

4.096*10~3 m

4.178*10~3 m

4.750x10"3 m

5.0*10' w/m*K

38.6*103 w/m2K

2.606X10"' m

3.6Ot>xio"3 m

4.178x10"' m

4.750*10'3 m

38.6*lO3 w/n>2K

0 *

Of

C

«ti,

Oy»

0 *

Soda's fiwltwtf [3]
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Figure 2. Variations of electric peer as a function of
time for a step of nudec: power
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Figure 4. Heat flux deviations as a function of time
for a step of nuclear power

Slope of nuclear power. In this transient, the
nuclear linear power is raised from its initial 101 of
nominal full power to full power in S s. After that
time, the linear power is kept unchanged.

Figure 5 shows the obtained electric linear power
with and without the prescribed compensation, as a
function of time normalized by the linear full power, ql
Figure 6 shows the variations of the surface heat
fluxes, for both situations. Comparisons of these
results with the actual heat flux are dramatically
exposed by Fig. 7. It can be observed that the absence
of compensation would lead to heat fluxes up to 781
higher than the expected values.

0

Figure 3.

Soótt» m*1hoô[i]

PrtMnt mafftotf

Figure 5. Variations of e l e c t r i c power as a function of
time for a slope of nuclear power

No s igni f icant deviations or osc i la t ions were
observed from the expected values due to the u t i l i z a t i o n
of the proposed method of compensation.

CONCLUSIONS

The developed method takes into account differences
between thermal properties and geometrical characterist ic
of the rods.

., . . , . . , , * »•«_ The analogy between the equation* of th i s lumped
Variations of surface heat flux as a function p a r a m e t e r {OTmfanm má t h o ^ c f e l e c t r i c c i r c u i t
of time for a step of nuclear power
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Figure 6. Variations of surface heat flux as a function
of time for a slope of nuclear power
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APPENDIX A. Formulae to Evaluate Parameter of Rods

Nuclear rod

0
t(.J

Figure 7. Heat flux deviations as a function of time
for a slope of nuclear power

allows the pronpt utilization of microcomputers in the
control of thermalhydraulic loops for transient
simulations.

Obviously, this model has the inherent limitations
associated to the lumped paraweteT method, which was
developed for slow transients. Nevertheless, its
simplicity makes it atractive for loop control
operations.
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