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ABSTRACT

Undesirably high temperatures are possible in irradiated fuel

assemblies because of the radioactive decay of fission products formed

while in the reactor. The COXPRO computer code has been used for some

time to calculate temperatures in spent fuel when the fuel is suspended

in a stagnant gas environment. This code assumed radiation to be the

only mode of heat dissipation within the fuel pin bundle. Refinements

have been made to include conduction as well as radiation heat transfer

within this code. Comparison of calculated and measured temperatures in

four separate and independent tests indicate that maximum fuel assembly

temperatures can be predicted to within about 6%.

*Research sponsored by the Office of Spent Fuel Management and
Reprocessing Systems, U.S. Department of Energy, under Contract No.
DE-AC05-840R21400 with Martin Marietta Energy Systems, Inc.



1. INTRODUCTION

Fuel from nuclear reactors continues to generate heat long after

withdrawal from the reactor core because of the radioactive decay of

products formed while in the reactor. Undesirably high temperatures are
»

possible during the subsequent handling of fuel pin assemblies. The

greatest concern occurs when the fuel assembly is handled in a stagnant

gas atmosphere (e.g., during loading and unloading of short-decayed fuel

assemblies from shipping containers and during head-end operations at

fuel reprocessing facilities) where radiation is often the dominant mode

of heat transfer. Recently, improvements have been made to computational

methods to account for gas-phase conduction as well as radiation heat

transfer. Convection heat transfer is negligible at elevated

temperatures. The accuracy of the improved computer code, COXPRO II,

has been verified by four independent experiments.

2. TEMPERATURE COMPUTATION MODEL

A computer program was developed a decade ago at Oak Ridge National

Laboratory (ORNL) for calculating temperatures in irradiated fuel pin

bundles when there was no forced gas-phase convection cooling. It was

assumed then that radiation heat transfer was the only mode of heat

dissipation within the array of parallel cylindrical fuel pins. This

program modeled the radiation interchange between individual fuel pins

in an assembly by considering the circumferential variation of the heat

flux leaving a fuel pin surface (i.e., radiosity varies). Calculated

and measured temperatures agree when the fuel assembly is contained in a

vacuum, but calculated temperatures are substantially higher when air

fills the test chamber.



The method for calculating fuel assembly temperatures has been

improved to include gas-phase conduction within the fuel assembly. The

resulting computer code, entitled COXPRO II, assumes that natural

convection within the fuel pin bundle is negligible because the close

proximity of the fuel pins inhibits internal convection currents. Thus,

decay heat is transferred within the fuel pin bundle via radiation and

conduction; heat is transferred via radiation and natural convection

from the outside fuel pin bundle surface.

The gas conduction model assumes one-dinensional heat conduction

between a particular fuel pin and the nearest surrounding ring of pins.

Temperatures are determined by performing an energy balance on each fuel

pin and solving the resulting equations simultaneously. The number of

equations to be solved is often reduced by taking advantage of thermal

symmetry. The accuracy of the COXPRO II computer code has been verified

by comparing calculated temperatures with measurements in four separate,

independent experiments. Table 1 gives the parameters necessary for

calculating fuel pin assembly temperatures.

3. MODEL VERIFICATION

3.1 Oak Ridge National Laboratory Experiments

The ORNL experiments on an electrically heated, 217-pin simulated

LMFBR fuel assembly were performed in vacuum, argon, and helium gas.

Figure 1, which presents data collected when the fuel assembly is

contained in a vacuum, indicates the importance of having the radiosity

vary in the model. Changing the value of the emissivity input to the

calculations merely raises or lowers the calculated temperature profile,

while changing from an uniform to nonuniform radiosity assumption



Table 1. Fuel assembly parameters

Parameter

Number of pins

Pin diameter, mm (in.)

Pitch-to-diameter ratio

Heated length, m (ft)

Decay heat generation rate, kW

Axial peaking factor

Geometry

Gas contained

use
271

6.35(0.25)

1.24

0.61(2.0)

0.5 - 1.5

1.0

Hex
Air

Simulated assembly tests
ORNL

217

6.35(0.25)

1.36

1.22(4.0)

0.7 -4.0

1.0

Hex

Argon and
helium

AGNS

225

10.67(0.42)

1.286

3.61(12.0)

0 - 12.0

1.0

Square

Helim

Irradiated FFTF
Assembly tssts

217

5.84(0.23)

1.24

0.91(3.0)

0.308

1.2

Hex

Argon

Surface emissivity 0.55 0.5* 1.54 0.5*

•Assumed value.
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Fig. 1 ORNL experiment with a 217-pin
simulated LMFBR fuel pin assembly in a
vacuum at 0.83 kW.



changes the slope of the profile. In another experiment shown in Fig.

2, the pressure of the contained gas varied from approximately 101 to

792 kPa gage. Calculated temperatures are within 7% of measured values

for the evacuated test chamber case and within 15% for tests with gases

at atmospheric pressure. The measured temperatures are significantly

lower than calculated ones as the gas pressure is increased. The larger

gas density resulting from higher pressure enhances heat transfer by

natural convection but has a negligible effect on heat transfer by

radiation and conduction. It is concluded that natural convection is

negligible at atmospheric pressure but is important at elevated

pressure.

3.2 Allied General Nuclear Services Experiments

The Allied General Nuclear Services (AGNS) experiments were

performed on an electrically heated, simulated PWR fuel assembly in

helium gas for decay heat generation rates from 0 to 12 kW. The effect

of including gas-phase conduction heat transfer is shown in Fig, 3. The

calculation which includes gas phase conduction and experimental

temperatures agreed to within 5% over the range of decay power. These

results indicate the capability of the program to analyze the square

array of LWR fuel pins as well as the triangular array of breeder

reactor fuel pins.

3.3 University of South Carolina Experiments

Temperature measurements were made at the University of South

Carolina (USC) on an electrically heated, simulated LMFBR fuel assembly

in air, The emissivity of the simulated Inconel 800-pin surface was

measured at ORNL as being 0.55. The lack of an experimentally measured

emissivity is a limitation of most tests. Calculated temperatures that
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include gas conduction were only ^30°C higher than measurements (i.e.,

+6% at 500°C); calculations that do not include conduction as a mode of

heat dissipation indicate temperatures 'vl20°C higher than measurements.

These results are shown in Fig. 4.

3.4. Fast Flux Test Facility Experiments

Experiments were performed on an irradiated Fast Flux Test Facility

(FFTFJ fuel assembly having a decay heat generation of 308 IV. Results

of calculated and measured temperatures are similar to those obtained

with simulated, electrically heated fuel assemblies, thereby validating

the use of electrically heated, simulated fuel pin bundles for modeling

purposes. An emissivity value of 0.5 was assumed for the calculations.

The calculated maximum fuel pin temperature was 2.5°C below the

experimental value, as shown in Fig. 5.

4. SUMMARY

A collage of experiments from four independent sources give

confidence that temperatures of irradiated fuel assemblies can be

calculated accurately when suspended in a stagnant gas at atmospheric

pressure. Each experiment contributed to reducing different modeling

unknowns. The ORNL experiments indicated the limitations of neglecting

natural convection within the fuel pin bundle. The AGNS experiments

indicated that the model is valid when switching between triangular and

square fuel pin arrays. The USC experiments provide a measured value

for emissivity. Finally, FFTF tests on irradiated fuel showed that

experiments on electrically heated, simulated fuel pin bundles are

valid. The primary uncertainties in irradiated fuel pin assembly

temperature calculations are the value of emissivity of the fuel pin
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surface and the accuracy of the decay power input to the calculations.

An estimate of the standard deviation about maximum fuel temperature

calculated with the COXPRO-II computer program is 5.9% for these four

experiments.
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