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1. Introduction 

The Idaho National Laboratory’s Advanced Test Reactor (ATR) is a pressurized water reactor 
used to test reactor materials and fuels in a high flux, controlled environment. The reactor began 
operating in the 1960s and has undergone numerous upgrades to maintain its safety systems and 
its exemplary safety record. The ATR is currently used by DOE, industry, and academia to test 
reactor materials including nuclear fuel components, pressure vessel steels, and high temperature 
materials developed for next generation reactors. Reactor material testing involves modeling and 
simulation of each experiment to ensure compliance with ATR safety requirements and to 
accurately determine the irradiation conditions of temperature and neutron flux. This paper 
describes thermal analysis of ATR experiments and provides data on recent material tests that 
validate the modeling results. 

This paper is organized in the following way. Section 2 describes the ATR core arrangement, the 
various irradiation positions in the core, and the primary coolant system. Section 3 describes the 
thermal-hydraulic safety requirements of the ATR and the process used to ensure compliance 
with these requirements. Equations for safety margins to departure from nucleate boiling and 
flow instability are presented. Section 4 describes capsule experiments using gas gap temperature 
control, including static and lead-out experiments. The source of temperature variation in capsule 
experiments and ways to mitigate these variations are explained. Section 5 presents two 
examples of instrumented lead-out capsule experiments, the TMIST-1 and UCSB-2 experiments. 
A comparison of measured and calculated temperatures is used to validate the thermal models 
and to ascertain the accuracy of the calculated temperature. Section 6 summarizes the results. 

2. ATR Core Design and Primary Coolant System 

A cross-section of the ATR core is shown in Figure 1. Forty fuel assemblies, each containing 
nineteen uranium-aluminide dispersion fuel plates, are arranged in a serpentine pattern that 
creates flux traps. The NE, SE, SW, and NW flux traps are “inner flux traps,” and the N, S, E, 
and W flux traps are “outer flux traps,” indicating their location to be inside or outside the fuel 
assemblies. These flux traps, along with the center flux trap, provides a total of nine flux traps. 
All other irradiation positions are contained in either the cruciform-shaped aluminum neck shim 
rod housing, or the reflector consisting of beryllium blocks between the fuel and core support 
tank. The A-positions and H-positions in the neck shim rod housing vary from 0.5 to 0.625 inch 
in diameter. In the beryllium reflector, the B-positions vary from 0.875 to 1.5 inch in diameter, 
and the I-positions vary from 1.5 to 5.0 inch in diameter. Five of the nine flux traps currently 
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contain in-pile tubes, and the others contain capsule experiments. Each in-pile tube is an 
independent pressurized water loop. Reactivity shimming and flux splitting are achieved by the 
neck shim control rods and outer shim control drums, enabling independent control of power in 
each of the four quadrants of the reactor. 

 
Figure 1. ATR core cross-section. 

The ATR primary coolant system (PCS) and associated safety systems provide adequate cooling 
of the fuel and experiments, during normal and fault conditions. PCS flow is provided by four 
primary coolant pumps, with two pumps operating during a normal reactor cycle, three pumps 
operating during a Powered Axial Locating Mechanism (PALM) cycle, and one pump on 
standby. The PALM enables axial movement of an in-pile tube test train in order to simulate 
power transients. Since reactor power is highest during a PALM cycle, three primary coolant 
pumps are needed to provide the required flow. PCS inlet pressure and temperature is 360 psig 
and 125°F. Total PCS flow is 43,500 gpm for two pumps and 50,000 gpm for three pumps. Core 
pressure drop is 77 psi for two pumps and 100 psi for three pumps. 

3. Thermal-Hydraulic Safety Requirements 

In order to ensure adequate cooling of the ATR fuel and experiments, two conditions are to be 
avoided: departure from nucleate boiling (DNB) and flow instability (FI). The ATR primary 
coolant is sufficiently sub-cooled to prevent the onset of nucleate boiling and flow instabilities 
associated with vapor generation. As the heat flux increases and the coolant temperature 
approaches saturation temperature, boiling begins by nucleation of bubbles at the surface. As the 
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heat flux is increased further, the boiling process departs from nucleate boiling and transitions to 
film boiling, where a vapor film blankets the surface and leads to a reduction in heat flux. The 
point of maximum heat flux is called the critical heat flux (CHF). Exceeding CHF results in a 
condition called burnout. Moreover, vapor generation is accompanied by flow instabilities, such 
as an adverse pressure gradient, that reduces heat transfer and leads to burnout. Therefore, the 
ATR coolant is required to meet two conditions: the maximum heat flux shall be no greater than 
½ the critical heat flux, and the maximum temperature rise shall be no greater than ½ the 
temperature rise to saturation. These conditions are concisely given in terms of the DNB ratio 
(DNBR) and FI ratio (FIR): 
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In the first equation, ��	
 is the critical heat flux and ��� is the maximum heat flux at surfaces 
contacting primary coolant. In the second equation, ����� is the temperature rise to saturation 
and ���� is the maximum temperature rise of the primary coolant along the coolant channel. 
The variable ����� is given by 
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The variable ���� is the primary coolant saturation temperature and ������ is the primary coolant 
temperature at the inlet to the coolant channel. The variable ��	
 is given by a modified form of 
the CHF correlation due to L. Bernath (reference 1): 
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The variable . is pressure in psia, �	! is hydraulic diameter in feet, �	� is heated diameter in 
feet, $ is coolant velocity in ft/sec, and �1 is coolant temperature in °C. These variables are to be 
evaluated at the location in the coolant channel where the minimum values of DNBR and FIR 
occur. The modified Bernath correlation is used to determine CHF for stainless steel capsules. 
The CHF correlation due to D. H. Knoebel et al. (reference 2) is used to determine CHF for 
aluminum-clad fuel plates. Since this paper is concerned with capsule experiments, only the 
modified Bernath correlation is presented here. 

The heating rates used in the thermal-hydraulic analysis are evaluated by assuming a 25% 
increase in steady-state reactor power to account for reactor power variation (15%) and 
instrument uncertainty (8.5%). The coolant conditions are evaluated by assuming a “condition 2” 
fault: primary coolant pump coast-down following loss of commercial power to the pumps. The 
resulting reactor power transient and flow transient initiated by a reactor scram at low vessel 
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inlet pressure are used as inputs to the thermal-hydraulic analysis. The variables ��� and ���� 
are obtained as outputs from the thermal-hydraulic analysis. The resulting temperature and heat 
fluxes (��	
3 ���3 �����3 ����) are used in the formulas given above in order to demonstrate 
compliance with the DNBR and FIR requirements. 

An additional remark on the thermal-hydraulic analysis process concerns nuclear heating rates. 
For many structural materials, nuclear heating is mainly due to gamma absorption. Neutron 
heating occurs in neutron-absorbers such as hafnium and moderators such as water. For fuel 
experiments, nuclear heating is mainly due to fission heating. These heating rates are usually 
obtained from a reactor physics analysis. In the case of the ATR, the axial heating distribution 
follows the ATR axial flux profile that is closely approximated by a half-period cosine function. 

4. Capsule Experiments Using Gas Gap Temperature Control 

Irradiation temperature in capsule experiments is controlled by using gas gaps of precise size and 
gas composition. Two types of gas gap temperature-controlled capsules are used: the static 
capsule experiment with a fixed temperature control gas, and the lead-out capsule experiment 
with a variable temperature control gas. The static capsule is sealed and provides passive 
temperature control only. The lead-out capsule contains thermocouples and gas lines extending 
out the reactor vessel and into a shielded control room where the gas mixture is adjusted in 
response to temperature measurements from the thermocouples, providing active temperature 
control. Active control is necessary for experiments in which temperature needs to be precisely 
controlled; passive control is sufficient for experiments in which some temperature variation is 
acceptable. An overview of static and lead-out capsule experiments in the ATR is given in 
reference 3. Examples of lead-out capsule experiments are given in references 4 and 5. 

A simplified picture of a capsule experiment is shown in Figure 2. The outer capsule is the 
experiment pressure boundary contacting the reactor primary coolant. The inner capsule contains 
thermocouples and gas lines used to provide active temperature control of the experiment. The 
specimen is contained in the inner capsule with a gas gap between the inner and outer capsules. 
The gas gap contains a mixture of inert gases such as helium, neon, and argon which provides an 
insulating gap between the reactor coolant and test specimen. 
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Figure 2. Cross-section of a gas gap temperature-controlled capsule. 

The thermal resistance of the gas gap is determined by the size of the gap and the thermal 
conductivity of the gas mixture. For a cylindrical gas gap that is small in comparison to its 
diameter, the following relation holds: 

4 � 5
6 

The variable 4 is the gas gap heat transfer coefficient, 6 is the gap size, and 5 is the thermal 
conductivity of the gas. 

The arrangement shown in Figure 2 can be studied using the equations of heat transfer through a 
composite wall, in order to estimate the gas gap required to achieve a desired irradiation 
temperature. The temperature drop across the gas gap due to conduction and radiation is given by 
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The variable �� is the temperature drop across the gas gap, � is the rate of heat generation per 
unit volume, 5 is the thermal conductivity of the gas, �7 is the inside radius of the gap, �8 is the 
outside radius of the gap, �7 is temperature at the inside surface of the gap, 0�8 is temperature at 
the outside surface of the gap,  @ is the emissivity, and 9 is the Stefan-Boltzmann constant. 

The overall thermal resistance is usually governed by the gas gap, since the conductivity of the 
other materials comprising the composite wall is much greater than the gas conductivity. In this 
case, �8 is approximately equal to the temperature of the coolant and �7 is approximately equal 
to the temperature of the specimen. Therefore �8 is known and �7 is to be found. This equation is 
non-linear due to the non-linear dependence of radiation heat flux on temperature. The simplest 
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way to obtain a solution is to initially assume temperature �7 and solve the equation by iteration. 
The solution is usually obtained in several iterations. 

A further simplification is introduced when radiation is negligible in comparison to conduction. 
This usually occurs when the gas gap is small in comparison to the radii �7 and �8. The resulting 
approximation of the temperature drop across the gas gap is given by 

�� � �0�7�04  

The variable 4 is the gas gap heat transfer coefficient defined previously. 

A cut-away view of a static capsule experiment is shown in Figure 3. Specimens are placed in a 
specimen holder and the holder is placed in the capsule, with a gas gap between the holder and 
capsule. A spacer thermally isolates the hotter specimen holder from the cooler capsule bottom 
end cap. A spring fills the headspace between the specimen holder and capsule top end cap. 
Passive temperature monitors are installed in the specimen holder. 

  

Figure 3. Example of a static capsule experiment. 

Precise control of temperature in gas gap temperature-controlled experiments is limited by 
temperature variation due to uncertainties and significant temperature gradients within the 
capsule. Factors affecting temperature variation in capsule experiments include: 

a. Specimen size – increasing the size of specimens increases the temperature gradient 
within the specimen; using smaller specimens provides a more uniform temperature. 

b. Gamma heating – temperature is sensitive to uncertainty in gamma heating of specimens; 
irradiating in a lower flux position will reduce the temperature gradient in the specimen. 
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c. Gas gap uniformity – temperature is sensitive to uncertainty in the size of gas gaps; 
specimens with a circular cross-section provide a more uniform gas gap. 

d. Axial position in core – the ATR flux profile is non-uniform at positions away from core 
mid-plane; locating specimens near core mid-plane provides a more uniform temperature. 

e. Reactor power variations – temperature is sensitive to uncertainty in reactor power; active 
temperature control using a lead-out experiment will compensate for power variations. 

Methods to mitigate temperature variation include: 

f. Specimen isolation – use insulating spacers to thermally isolate hotter specimens from 
cooler components in the capsule; minimize contact between the holder and capsule. 

g. Dimensional tolerances – fabricate capsule components to precise dimensional 
tolerances; gas gaps should be known within ±0.002 inch to reduce uncertainty. 

h. Active temperature control – provide active control using an instrumented lead-out to 
compensate for temperature variations. 

Instrumented lead-out experiments provide temperature measurements to check the accuracy of 
thermal models. Experience at the ATR indicates that temperature uncertainty is approximately 
±30°C for a material test at irradiation temperatures equal to approximately 300°C. (This result is 
discussed in detail in Section 5.) Experiments performed at higher temperatures are subject to 
increased uncertainty due to larger temperature gradients. 

5. Examples of Thermal Analysis of Capsule Experiments 

This section presents two examples of instrumented lead-out capsule experiments, the TMIST-1 
and UCSB-2 experiments, and compares the measured and calculated temperatures in order to 
validate the thermal models and to ascertain the accuracy of the calculated temperature. The 
calculations were done using ABAQUS (reference 9) in order to accurately model conduction 
and radiation heat transfer in the capsules. Generally, gas gaps are designed to provide the 
desired irradiation temperature using a 50-50 helium-argon (or 50-50 helium-neon) gas mixture 
and to compensate for axial variations in gamma heating due to the ATR axial flux profile. The 
gas mixture is adjusted during irradiation to compensate for modeling uncertainty and variations 
in reactor power. Additional examples of thermal analysis of ATR experiments are given in 
references 6 – 8. 

The TMIST-1 (TPBAR Materials Irradiation Separate Effects Test No. 1) instrumented lead-out 
experiment contains sixteen zircaloy specimens placed in four stainless steel capsules with active 
temperature control. The specimens are irradiated at approximately 550°F. The capsules are 
enclosed in a stainless steel pressure tube that fits in a 0.875 inch diameter small B-position in 
the beryllium reflector. The capsules are designated as 1A, 1B, 1C, and 1D from reactor core 
bottom to top, with each capsule containing a gas mixture that is independently controlled. The 
gas gap between the capsules and pressure tube provides active temperature control based on 
temperature measured with thermocouples located in the capsule wall. 
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The TMIST-1 experiment design consists of a pressure tube, capsule, specimen holder, 
specimens, gas lines, and thermocouples. Temperature is measured by eight thermocouples 
located in the capsule wall. Measurements were made with 100% helium temperature control gas 
during reactor startup. The finite element mesh and calculated temperature distribution (°F) in 
the center capsule are shown in Figure 4 and Figure 5, using 100% helium temperature control 
gas. The calculated temperature distribution was used to estimate temperature at the locations of 
the thermocouples. A comparison of calculated and measured temperatures is shown in Figure 6. 
This result indicates that the maximum error in calculated temperature is approximately ±30°F. 

 
Figure 4. TMIST-1 finite element mesh (specimens are red, holder is yellow, and capsule is 

cyan). 
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Figure 5. TMIST-1 calculated temperature (°F). 

 
Figure 6. Comparison of calculated and measured temperature in TMIST-1. 
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The UCSB-2 (University of California at Santa Barbara No. 2) instrumented lead-out experiment 
contains specimens of low alloy reactor pressure vessel steels. Specimens are irradiated at four 
different temperatures (250°C, 270°C, 290°C, and 310°C). The specimens are enclosed in a 
stainless steel pressure tube that fits in a 1.5 inch diameter I-position in the beryllium reflector. 
The experiment includes numerous specimens contained in 0.80 inch diameter specimen cups 
that stack up to a 45.5 inch long test train. The test train is placed in a capsule tube assembly 
which is contained in a pressure tube. Sealing rings divide the capsule into three sealed sub-
capsules containing gas mixtures that are independently controlled. The gas gap between the 
capsule tube and pressure tube provides active temperature control based on temperature 
measured with twenty-eight thermocouples located in the capsule wall. 

The UCSB-2 experiment design consists of a pressure tube, capsule, specimens, gas lines, and 
thermocouples. The model geometry and calculated temperature distribution (°C) in the capsule 
are shown in Figure 7 and Figure 8, using a 50-50 helium-argon temperature control gas. The 
calculated temperature of specimens and thermocouples is shown in Figure 9. The calculated 
thermocouple temperature distribution provides target temperatures of the thermocouples. 
During irradiation, the gas mixtures were adjusted to attain the target thermocouple temperatures. 
A comparison of calculated and measured temperatures is shown in Figure 10, using the actual 
temperature control gas mixtures which varied from 40-60 He-Ar to 60-40 He-Ar in the three 
sub-capsules. This result indicates that the maximum error in the calculated temperature is 
approximately ±30°C. 

A major factor affecting temperature variation in the UCSB-2 experiment is uncertainty in gas 
gaps. A typical fabrication tolerance is ±0.002 inch. A comparison of calculated and measured 
temperatures with error bars corresponding to ±0.002 inch uncertainty in gas gaps is shown in 
Figure 11. This result suggests that the uncertainty in gas gaps might account for the difference 
between the measured and calculated temperatures. 
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Figure 7. UCSB-2 model geometry. 

 
Figure 8. UCSB-2 calculated temperature (°C) using design gas mixture (50% He – 50% Ar). 
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Figure 9. Calculated temperature of specimens and thermocouples in UCSB-2 using design gas 

mixture. 

 
Figure 10. Comparison of calculated and measured thermocouple temperature in UCSB-2 using 

actual gas mixtures. 
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Figure 11. Comparison of calculated and measured thermocouple temperature in UCSB-2 with 

error bars corresponding to ±0.002 inch uncertainty in gas gaps. 

6. Summary 

Reactor material testing at the ATR involves modeling and simulation of each experiment to 
ensure compliance with ATR safety requirements and to accurately determine the irradiation 
conditions of temperature and neutron flux. This paper describes thermal analysis of ATR 
experiments and provides data on recent material tests that validate the modeling results. The 
process of thermal analysis includes checking for minimum safety margins to departure from 
nucleate boiling and flow instability. The process also includes designing capsule experiments 
using gas gap temperature control. Static capsule experiments and lead-out capsule experiments 
are discussed. The source of temperature variation in capsule experiments and ways to mitigate 
these variations are also explained. Two examples of instrumented lead-out capsule experiments, 
TMIST-1 and UCSB-2, are presented. A comparison of measured and calculated temperatures is 
used to validate the thermal models and to ascertain the accuracy of the calculated temperature. 
The UCSB-2 results indicate that temperature uncertainty is approximately ±30°C for a material 
test at irradiation temperatures equal to approximately 300°C. The TMIST-1 results indicate less 
temperature uncertainty (approximately ±30°F or ±17°C) since the sensitivity of temperature to 
the size of gas gaps is less in TMIST-1 than UCSB-2. 
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