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Abstract 

A Thermal Gradient Test Facility (TGTF) has been designed and 
constructed to measure the thermal gradient effect on pressurized water 
reactor (PWR) fuel rod cladding. The TGTF includes a heat flux simulator 
assembly capable of producing a wide range of PWR operating conditions 
including water flow velocities and temperatures, water chemistry condi
tions, cladding temperatures, and heat fluxes ranging to 160 W/cm2. It is 
fully instrumented including a large number of thermocouples both inside 
the water flow channel and inside the cladding. Two test programs are in 
progress. First, cladding specimens are pre-oxidized in air at 500 "C and 
in 400 *C steam for various lengths of time to develop a range of uniform 
oxide thicknesses from 1 to 60 micrometers. The pre-oxidized specimens 
are placed in the TGTF to characterize the oxide thermal conductivity 
under a variety of water flow and heat flux conditions. Second, to 
overcome the long exposure times required under typical PWR conditions a 
series of tests with the addition of high concentrations of lithium 
hydroxide to the water are being considered. Static autoclave tests have 
been conducted with lithium hydroxide concentrations ranging from 0 to 2 
moles per liter at 300, 330, and 360 "C, for up to 36 hours. Results for 
zircaloy-4 show a considerable increase in the weight gain for the exposed 
samples with oxidation rate enhancement factors as high as 70 times that 
of pure water. Operation of the TGTF with elevated lithium hydroxide 
levels will yield real-time information concerning the effects of a heat 
flux on the oxidation kinetics of zircaloy fuel rod cladding. 

1. INTRODUCTION. 
A Thermal Gradient Test Facility (TGTF) has been constructed to 

-•iPMlate a single, heated fuel rod under flow conditions to measure the 
;'• ::t of cladding oxidation on clad thermal properties [1]. The goal of 
v. , research is to examine the effect of oxide thickness on the thermal 
gtadlent and further oxide growth of pressurized water reactor (PWR) fuel 
rod claddings. The TGTF has been designed to simulate the conditions 
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2. THERMAL GRADIEHT TEST FACILITY DESCRIPTION. 
The TGTF system is shown schematically in Figure 2. It consists of 

a 7.5 L stainless steel autoclave which contains a final size pressurized 
water reactor fuel rod section with a 100 mm electrically heated test 
section, an internal pump for water circulation, and a flow meter to 
measure the flow rate past the cladding. Also inside the autoclave are a 
cooling coil which utilizes Syltherrn 800 as a working fluid to remove the 
heat input from the heater rod, and associated thermocouples for measuring 
and monitoring the temperature inside the heater, underneath the cladding, 
in the flow channel, and exterior to the flow shroud. A more detailed 
view of the interior of the TGTF is seen in Figure 3. Additional equip
ment outside the autoclave includes a radiator to dump the rejected heat 
from the autoclave, nitrogen cover gas for pressure regulation, a makeup 
water supply with a high pressure pump, and the drive motor for the 
internal pump. Additional details of the TGTF can be found in reference 
[1]. 
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Figure 2. Schematic diagram of the Thermal Gradient Test Facility (TGTF). 
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The TGTF is capable of a wide diversity of operating parameters. 
Table I illustrates the range of parameters that are possible in the TGTF. 

Table I. Thermal Gradient Test Facility Operating Parameters. 

Maximum Pressure: 14.5 MPa 
Inlet Temperature: 300 *C 
Flow Rates: 4.5 - 13.6 1/min 
Surface Heat Fluxes: 35 - 160 W/cm2 

3. APPARENT CONDUCTIVITY MEASUREMENTS. 
In order to experimentally determine the thermal conductivity of an 

oxide layer exposed to heat flux conditions in the TGTF, several thermal 
hydraulic prerequisites had to be satisfied. These are described in the 
following paragraphs. 
3.1. Local scaling criteria. 

The thermal hydraulic conditions in the TGTF were designed to be 
Identical to the local conditions in a full scale nuclear fuel channel. 
That is, the local scaling criteria for the system geometry, the fluid 
properties and the flow properties were fully satisfied. This was 
accomplished by selecting the cladding diameter, the flow channel hydrau
lic diameter, the flow rate, the system pressure and the heat flux to be 
identical to those of a typical pressurized water reactor. By satisfying 
the local scaling criteria, the TGTF is capable of producing the same heat 
transfer regimes encountered in a full scale PWR. 

The dimensionless group used to properly scale the convective heat 
transfer characteristics at the cladding surface was the Reynold's Number. 
The TGTF experiments were performed for Reynold's Numbers ranging from 
2x10* to 1x10 . This fact, coupled with the design of the test section 
geometry, assured the presence of a fully developed turbulent flow during 
the tests. By carefully selecting the surface heat flux and the Reynold's 
Number values for each test, the same heat transfer regimes as those 
encountered in a full scale PWR could be established in the TGTF. Values 
of heat fluxes ranging up to 160 W/cnr were achieved at the outside 
cladding surface. Both the heat flux and Reynold's Number ranges tested 
In the TGTF include typical values for pressurized water reactors. 

3.2. Global Energy Balance. 
Accurate thermal hydraulic data collection requires that the TGTF 

heated test section be fully characterized. All sources of heat loss from 
the heater section must be Identified and the rate of heat loss quanti-
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ß4 3.4. Experimental Determination of Heat Transfer Coefficients. 
In order to calculate the oxide layer thermal conductivity, the 

value of the convective heat transfer coefficient must be known. As 
already mentioned, there are two heat transfer regimes which must be 
considered, the single phase forced convection regime and the two-phase 
subcooled nucleate boiling regime. The heat transfer coefficients for 
each of these regimes will differ. For purposes of this study two methods 
are being used to obtain values for the heat transfer coefficient. The 
first is to use correlations that already exist in the literature. For 
single phase forced flow, the most commonly used heat transfer correlation 
is the Dittus-Boelter correlation [4]. For subcooled nucleate boiling, 
Thorn's correlation is appropriate [5]. The second method is to experimen
tally determine the heat transfer coefficients for each of the heat 
transfer regimes. This requires accurate measurements of the heat flux, 
flow rate, fluid and cladding inside surface temperatures and knowledge of 
the thermal conductivity of the clean cladding. This data has been 
obtained using the TGTF for the case of clean cladding exposed to the full 
range of single phase and subcooled nucleate boiling conditions. There
fore by comparing the TGTF experimentally determined heat transfer 
coefficients to the correlations found in the literature, it is certain 
that accurate values for the heat transfer coefficients can be obtained 
for each of the heat transfer regimes that will be encountered during the 
oxide layer tests. 

Having satisfied the thermal hydraulic prerequisites stated in the 
previous section, an accurate determination of the oxide layer thermal 
conductivity can be made. This data is currently being compiled for the 
range of flow rates and heat fluxes of interest to full scale PWRs. 
4. ACCELERATED OXIDATION TESTS. 

Since the oxidation of zlrcaloy in pure water is a relatively slow 
process, long term pure water oxidation studies in the TGTF are impracti
cal. However, it Is desirable to observe real-time, in-situ oxidation of 
zircaloy-4 under heated conditions in order to examine the dynamic effects 
of thermal gradients. This section explores the use of lithium hydroxide 
to increase the oxidation rate of z1rcaloy-4 in water to allow real-time 
use of the TGTF to evaluate the effects of heat flux on the oxidation 
kinetics. Lithium hydroxide was chosen as the accelerating agent since it 
is already used in many pressurized water reactors to raise the pH of 
primary coolant. 

Static autoclave testing has been used to measure the effects of 
using L10H at high concentrations on the oxidation rates. Tests were 
conducted at 300, 330, and 360 *C, with lithium hydroxide concentrations 
ranging from pure water to 2.0 molar LiOH. The specimens used were final 
size zircaloy-4 tubes, cut to a length such that the surface area of the 
tubes was 10 cm2. Specimens were prepared for testing first by bead 
blasting to remove any existing oxide and then by pickling in a solution 
of hydrofluoric and nitric acid to provide a uniform surface. Specimens 
were exposed at temperature for 36 hours, allowed to cool in the auto
clave, and rinsed in running water to remove any crystalline LiOH. The 
specimens were then dried and weighed. 
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Figure 5. Zircaloy-4 weight gain LiOH concentration. 



At 330 *C and 2.0 molar LiOH, it is estimated that the oxidation grown in 
a single reactor year (approximately 300 days) may be simulated by a one 
hundred hour TGTF run. This will allow real-time measurements of the 
insulating effects that cladding oxidation has on clad temperature 
profiles. 

5. SUHHARY. 
In summary, a Thermal Gradient Test Facility has been designed, 

constructed, and is fully operational. Currently tests are being con
ducted to examine the apparent thermal conductivity of oxides grown on 
final sized fuel rod claddings in an environment similar to those experi
enced in a pressurized water reactor. Plans are underway to also explore 
the effects of thermal gradients on the oxidation rates of zircaloy-4 in a 
real-time manner by using concentrated solutions of LiOH to enhance the 
oxide growth. Static autoclave, constant temperature tests have been 
conducted which show a marked increase in the oxidation kinetics under 
such conditions. 
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Abstract 
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1. INTRODUCTION 

The influence of water cherai3try on 
nuclear reactor conditions is an important 
knowledged aspect to understand and interp 
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2. EXPERIMENTAL 
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