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ABSTRACT 

 

The purpose of the ORNL severe accident test station (SATS) is to provide a platform for evaluation 

of advanced fuels under projected beyond design basis accident (BDBA) conditions. The SATS delivers 

the capability to map the behavior of advanced fuels concepts under accident scenarios across various 

temperature and pressure profiles, steam and steam-hydrogen gas mixtures, and thermal shock. The 

overall facility will include parallel capabilities for examination of fuels and irradiated materials (in-cell) 

and non-irradiated materials (out-of-cell) at BDBA conditions as well as design basis accident (DBA) or 

loss of coolant accident (LOCA) conditions. Also, a supporting analytical infrastructure to provide the 

data-needs for the fuel-modeling components of the Fuel Cycle Research and Development (FCRD) 

program will be put in place in a parallel manner. 

This design report contains the information for the first, second and third phase of design and 

construction of the SATS. The first phase consisted of the design and construction of an out-of-cell 

BDBA module intended for examination of non-irradiated materials. The second phase of this work was 

to construct the BDBA in-cell module to test irradiated fuels and materials as well as the module for DBA 

(i.e. LOCA) testing out-of-cell,  The third phase was to build the in-cell DBA module. The details of the 

design constraints and requirements for the in-cell facility have been closely captured during the 

deployment of the out-of-cell SATS modules to ensure effective future implementation of the in-cell 

modules. 
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1. INTRODUCTION 

 

1.1 BACKGROUND 

 

During light water nuclear reactor operation three categories of accidents are recognized that are as 

follows:  

i) Anticipated operational occurrences (AOO), 

ii) postulated or design basis accidents (DBA), and 

iii) beyond design basis accidents (BDBA). 

The first category covers minor occurrences (e.g. turbine trip) that occur during normal operation (~10
-2
 

events / reactor year) and are generally mitigated by active safety systems and operator intervention. 

Examples of a DBA are a reactivity insertion accident (RIA) or a loss of coolant accident (LOCA). 

DBAs, as the name should suggest, provide the basis for design of the reactor and its components so that 

the system response is enveloped within a manageable window during these occurrences. The probability 

of DBAs are deemed to be anywhere between 10
-2

-10
-5

 events / reactor year. BDBA are deemed largely 

improbable (<10
-5

 events / reactor year) and therefore do not impose any constraint on reactor design 

requirements. However, the experience with nuclear reactor operation over the past five decades differs 

from the description above since no DBA events have been recorded while multiple BDBA events have 

taken place (e.g. Three Mile Island and Fukushima Daiichi).   

 

The focus of this manuscript is on the severe accident test station (SATS) design that aims to provide a 

platform for examination of advanced fuel and cladding materials under conditions pertaining to DBA 

and BDBA scenarios. This capability is deemed necessary to inform effective and optimized research and 

development in the area of advanced nuclear fuel and materials for light water reactors (LWRs).  

 

The motivation behind development and deployment of advanced nuclear fuel and materials in LWRs is 

multifaceted. Advanced LWR fuel concepts meant for replacing the current urania-zirconium alloy fuel 

system are intended to enable larger operational margins (higher burnup and power, and meet or exceed 

current cycle lengths), prove economical in their mature state, enable beneficial impacts on the fuel cycle, 

and finally, and of significant importance, provide enhanced margins of safety during accidents. The latter 

is the area of focus for the SATS to examine the response of these advanced fuel concepts under DBA 

and BDBA conditions.  

 

Two workshops were organized in support of the design and development of a SATS. The first workshop, 

titled “Severe Accident Test Station Definition Workshop”, was organized in San Diego, CA in January 

2012. The second workshop titled "International Meeting on Examination of Current and Advanced 

Nuclear Fuels under Simulated Accident Conditions" was organized in Berkeley, CA during May 2012. 

The workshops provided an opportunity to gather national and international experts to discuss design 

parameters and ensure optimized deployment of the SATS. The outcome of these workshops is captured 

in the following section of this document.  

 

The SATS modules were initially deployed out-of-cell to examine non-irradiated materials. The same 

modules were then replicated for in-cell (ORNL’s 3525 Fuel Hot-Cell) operation to then examine 

irradiated fuels and materials. Throughout the design of the SATS, the operational constraints within the 

hot-cell (e.g. spatial and constrains with using manipulators to operate the unit, limit on the volume and 

type of gases released from the system, etc.) have been thoroughly captured to enable an efficient 

transition from the out-of cell module to the in-cell capability. The document includes the first stage of 

the deployment of the SATS–the construction of the out-of-cell BDBA module, as well as the second 

phase where the in-cell BDBA and out-of-cell DBA modules were constructed. The first stage was 

completed as scheduled in FY-12. The out-of-cell DBA module was completed in mid FY-13 as 

scheduled and the deployment of the in-cell BDBA module was completed at the end of FY-13.  The in-
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cell DBA module was deployed in FY15 to complete phase three. Nether the BDBA or DBA modules 

will actually be placed in the hot cell until the first experiments are scheduled. This is to prevent 

degradation of the system while it is not being used.  Residual radiation in the hot cell could shorten the 

life of some SATS components thus it appears prudent to delay insertion.  The BDBA and DBA modules 

were relocated and tested outside the hot cell facility.  They are ready to be inserted in the cell as soon as 

the first test is scheduled and are currently available for hot cell staff to train on its operation prior to 

insertion. 

 

1.2 DESIGN AND COORDINATION  

 

As mentioned earlier, the SATS design consists of two modules focused on assessing the performance of 

materials under DBA and BDBA conditions, respectively. The DBA evaluation is conducted using the 

LOCA Integral Test system. This system was originally developed at Argonne National Laboratory 

(ANL) and played an essential role in formulating the most recent set of regulatory test criteria from the 

U.S. Nuclear Regulatory Commission with respect to DBA loss of coolant accidents [1].  

 

After decommissioning of the ANL unit, the domestic capability to perform this type of experiment was 

lost. Although BDBA scenarios had been simulated on various occasions over the past decades on the 

urania-zirconium alloy system [2],[3], no standard system existed for simulation of BDBA scenarios and 

an original design was needed. The design approach for the SATS is to replicate and optimize the already 

demonstrated LOCA integral test system and steam testing system to simulate BDBA conditions at much 

higher temperatures than the LOCA integral test system.  

 

The conditions (e.g. temperature, pressure, gas flow rate, etc.) in the core during BDBAs can have a wide 

range of values. Thus, it was recognized that a complimentary set of capabilities was needed to provide 

comprehensive understanding of the phenomenon that govern the evolution of advanced fuel and cladding 

materials under these scenarios. The complimentary capabilities already in place at ORNL are as follows:   

 High-pressure Steam Testing: Testing capability up to 34 bar in pure steam or steam-hydrogen 

mixtures.  

 Thermogravimtery Experiments: to extract more detailed kinetics and investigate transient 

phenomenon. Microbalance testing in 1 bar steam is now available at up to 1500°C with a 

magnetic system to decouple the exposure environment from the weighing mechanism. 

 Materials Coupling Experiments: To examine detrimental interaction of dissimilar metals (e.g. 

Zr-alloys and stainless steel) adjacent to one another under accident scenarios.  

  Hydriding Apparatus: to capture any deviation in behavior of hydrogen charged metals 

(particularly Zr alloys) from the hydrogen-free state under BDBA and LOCA scenarios. 

 Post Quench Ductility Testing: to investigate the mechanical behavior of cladding materials after 

simulation of accident scenarios.     

 

These complimentary capabilities enable separate effect experiments to determine the state-dependent 

physical, chemical and thermo-mechanical behavior of advanced fuel cladding materials. Coupled with 

the integral testing capabilities in the SATS, overarching analysis of experimental results to gain 

fundamental knowledge of the behavior of current and advanced fuel cladding systems under accident 

scenarios is possible. 
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2. DESIGN REQUIREMENTS 

 

2.1 HIGH TEMPERATURE TEST STATION MODULE 

 

2.1.1 Test requirements 

 

The objective of the high temperature test station module is to provide a facility where samples of 

candidate fuel cladding materials can be exposed to conditions that are more severe than those used for 

the generally recognized LOCA test conditions.  More specifically, the system needs to be capable of 

exposing samples to rapidly flowing steam or a steam/hydrogen mixture at temperatures of at least 

1600°C.  Ultimately the system must be suitable for testing short sections of a radioactive fuel rod; 

therefore this system must be built in a hot cell operated by remote control and manipulators. 

 

Table 1 provides a summary of the design parameters for the BDBA modules of the SATS. Note that the 

gas pressures during the tests are limited to atmospheric condition. This was deemed appropriate during 

the discussions held in the BDBA workshops. The pressure effect (important for certain materials such as 

SiC and chromia forming steels) was to be captured during the separate effects tests and coupled with the 

integral test results from the BDBA module of the SATS.  
 

Table 1 Configuration and design parameters for the BDBA modules (in- and out-of-cell).  

Requirements BDBA Module Comments 

Sample configuration Rod 10-12 mm OD or coupons  

Sample length Rod or coupons 25-50mm long  

Hot zone length > 25mm uniform temp  

Minimum temperature 1500°C, >1600˚C desired  

Steam flow rate 3.0-7.0 mg/(cm
2
.s)  

Heating rate Faster is desirable  

Cooling rate Faster is desirable  

Quenching conditions Thermal shock test desirable 
Depending on test tube material 

capability 

Test time 
Limited by operator work 

schedule 

A 24hr shift is available if 

needed 

Test chamber environment Steam, steam-hydrogen or argon 
Hydrogen poses a safety risk in 

the hot cells 

Test chamber pressure Atmospheric pressure  

Sample internal pressure Atmospheric pressure  

Schedule out-of-cell Build in FY2012  

Schedule in-cell Build in FY2013  

Temperature measurement Thermocouple near sample  

 

  



 

15 

 

2.2 DBA (LOCA)  TEST STATION MODULE 

 

2.2.1 Test requirements 

 

Test parameters and requirements for DBA (LOCA) were well discussed and the relevant test procedures 

were established at ANL according to the NRC requirements. The LOCA test apparatus, pre-test sample 

characterization, post-test nondestructive examination results, and post-test destructive examination 

results are described in detail by Yan et al. [4] to [7]. 

 

The DBA module should be able to perform two functions: 

 LOCA integral tests using long (≈300 mm) fueled cladding samples tested up to 1200ºC and at 

high internal pressure (~8MPa) 

 Oxidation-quench tests using short (25 mm) defueled cladding samples tested at 1200ºC and 

water quenched at 800ºC 

These tests are described in detail below. 

 

Table 2 summaries the main requirements for this DBA (LOCA) unit. 

 

An out-of-cell unit was built for thermal-benchmarking purposes and for generating data for non-

irradiated materials.  This test unit shares the same steam generator, and control and data acquisition 

systems as the BDBA system.  The LOCA integral and oxidation-quench tests units are distinguished by 

their different test trains holding the samples in position within the DBA furnace. 

2.2.1.1 LOCA Integral test unit 

 

One of NRC’s central regulations used in nuclear plant licensing deals with postulated loss-of-coolant 

accidents (10 CFR 50.46).  The LOCA integral tests were designed to investigate the performance of high 

burnup irradiated fuel, which has undergone ballooning, and rupture under LOCA conditions.  The 

LOCA-Integral test train was designed to externally heat a 300 mm long fuel rod segment up to 1200C 

by an infra-red (IR) radiation furnace under initial high internal pressure (~8 MPa inside the tube). The 

internal pressure is generated by high-pressure argon gas, and the pressure is monitored using top and 

bottom pressure transducers. 

Temperature control and monitoring are extremely important in conducting LOCA integral and 

oxidation quench tests, because the time-at-temperature for the transition between ductile and brittle 

behavior is a strong function of temperature. The furnace power and sample temperature are controlled by 

feedback from the designated type-S (Pt/Pt-Rh) thermocouple output through a proportional-integral-

differential (PID) controller to the furnace power. Sample heat-up occurs quickly for short samples but 

temperature overshoot can be avoided by an integrated and well-instrumented control system.  

A quartz tube provides an enclosed volume for steam flow and the water quench of the 300mm rod 

segment, both the steam and water are introduced through the bottom of the unit.  The test train is 

centered within the quartz tube by means of two perforated spacer disks. Swagelok fittings are used above 

the specimen to connect to the high-pressure gas line and top pressure gauge and below the specimen to 

connect to the bottom pressure-gauge line. The test train for the LOCA-integral tests is supported at the 

top to minimize specimen bowing.  (Figure 19 gives more detail of the test train). 

Figure 1 shows a schematic of the temperature history of the LOCA integral tests used for both out-

of-cell and in-cell testing.  Because of the high thermal mass of the sample and the thermocouples welded 
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(non-irradiated) or strapped (irradiated) directly on the LOCA sample, temperature control is easier than 

for the short, defueled cladding oxidation-quench samples (see the temperature history in Figure 1).  For 

e.g. the reference control parameters for current BWR cladding are:  8.28-MPa (1200 psig) internal 

pressure with Ar at RT and 300ºC, 5C/s heating rate, 1200C hold temperature, variable hold time, 3C/s 

cooling rate from the hold temperature to 800C, and rapid cooling from bottom-flooding water quench at 

800C. 

As these parameters are controlled by software (LabView), they can be adjusted from test to test.  Online 

data of interest include the time response of the bottom pressure transducer at RT and 300C, burst 

temperature, and burst pressure.   

 

 

Figure 1 Schematic of the thermal history used for LOCA integral tests with 300 mm long samples.   

Zirconia-filled, as-fabricated cladding samples are tested out-of-cell, and fueled high-burnup cladding 

samples are tested in-cell. 

 

2.2.1.2 Oxidation-quench test unit 

 

Oxidation tests conducted on defueled high-burnup cladding samples are needed to characterize the 

evolution with time at temperature of the oxygen pickup and of the oxide thickness and morphology. The 

oxidized high-burnup samples are also used to determine post-test ductility as a function of corrosion 

layer thickness, hydrogen content and high-temperature oxidation level.  These data are used as a 

guideline to determine the test parameters of the LOCA integral tests. 

 

Oxidation-quench tests do not require the high-pressure connection or pressure transducers.   

Steam, at near-atmospheric pressure, flows up through the quartz-tube test chamber at 0.32±0.05 

g/cm
2
/min (5.3 g/min for a 48 mm internal diameter quartz tube) and exits the chamber into a condenser 

or exhaust.  Following oxidation and slow-cooling phases, steam flow is turned off, and quench water is 
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introduced through the bottom of the quartz tube, filling the tube to provide very rapid sample cooling to 

70-100ºC at the desired time and temperature during cooling. 

Figure 2 shows a typical temperature profile for the 1200ºC oxidation test.  This sample temperature 

profile meets the requirements as specified by the NRC in the ANL-proposed procedure of recommended 

temperature ramp rate of ≥20°C/s to within 200°C of the target temperature and ≥2°C/s thereafter [4].  

Cooling rate is known to significantly affect the post quench ductility of the oxidized samples [10].  Exact 

details on how the post-quench ductility is affected by the cooling rate are not fully understood and 

therefore it is recommended the average cooling rate to the 800˚C quench temperature is ≈12±2˚C/s. 

Table 2 summaries the main requirements for this DBA (LOCA) unit. 

 

Figure 2 A typical temperature history desired for the steam oxidation test with short defueled samples (25 

mm) at 1200C. The sample was quenched at 800C. 

 

Table 2 Configuration and design parameters for the DBA modules (in- and out-of-cell).  

Requirements LOCA integral unit Oxidation quench unit 

Sample configuration Fueled Rod OD 9-12 mm Defueled cladding OD 9-12 mm 

Sample length 
300mm (12”) long with 250mm 

(10”) of fuel 
50mm (2”) long 

Hot zone length 100mm (4”) uniform temperature 100mm (4”) uniform temperature 

Minimum temperature ≥1200°C  ≥1200°C 

Heating rate 5 ºC/s 

≥20°C/s to within 200°C of the 

target temperature and ≥2°C/s 

thereafter 

Cooling rate 
3ºC/s (2-15ºC/s) 

Water quench from 800°C 

≈12±2˚C/s  

Water quench from 800°C 

0

200

400

600

800

1000

1200

1400

0 200 400 600

Te
m

p
e

ra
tu

re
, °

 C
 

Time, s 



 

18 

Requirements LOCA integral unit Oxidation quench unit 

Quenching conditions Raise water around sample Raise water around sample 

Steam flow rate 10-15 mg/(cm
2
s) 0.32±0.05 g/cm

2
/min 

Test time  ≥30 min @1200ºC ≥30 min @1200ºC 

Test chamber environment Steam, steam-hydrogen or argon Steam, steam-hydrogen or argon 

Test chamber pressure Atmospheric pressure Atmospheric pressure 

Sample internal pressure ≥ 8.96 MPa (1300 psig) ≥ 8.96 MPa (1300 psig) 

Schedule out-of-cell Built in FY 2013 

Schedule in-cell Built in FY 2014 and 2015 

Temperature measurement Temperature control on sample 
Temperature control on sample 

holder (welded to sample) 

Quench water flow rate Water rise rate ≥15mm/s Water rise rate ≥15mm/s 

 

2.2.2 Derived requirements 

 
These requirements are derived from previous operating experience and design requirements stated in 

section 2.1.1.  

 

LOCA integral test 

1. The inside of the test chamber (i.e. quarts tube) shall be large enough to accommodate bending of 

the 300-mm long specimen at a small angle (<5) from the centerline without severe impact on 

test chamber wall. 

2. There shall be at least four high temperature thermocouples (operation temperature ≥ 1200C) to 

control and monitor the specimen temperature, two of which shall be within the test chamber. 

3. There shall be an additional two or three thermocouples to monitor the steam temperature. 

4. The specimen shall be attached to a test train through a pressure-tight seal that allows up to 5 of 

lateral movement from the furnace centerline. 

5. The specimen shall be able to be pressurized using external gas (argon). The gas supply should be 

remotely controlled (by a solenoid valve) attached to the furnace base frame. 

6. The top of the test chamber and test train shall be constrained from lateral movement due to the 

thermal shock process. 

7. The test chamber will be atmospheric pressure, but shall be sealable to accommodate water 

quench pressure surge at 800C. 

8. The system shall be able to provide a high flow rate of relatively low temperature steam (<200C) 

for cooling the specimen rapidly to simulate the thermal shock under severe accident conditions. 

The estimated steam flow rate is approximately 10-15 mg/(cm
2
s). 

9. The outlet of the test chamber shall be connected to a condenser or exhaust for safely handling 

entrained hot steam and mixed gas. 

10. Temperature shall be controlled within 5ºC of the set temperature and checked at least every 

second. 

11. The quartz tube shall have external shielding to contain the tube in case of rupture during the 

quench. 

 

Oxidation Quench test 

1. The test chamber should be atmospheric pressure, but sealable to accommodate water quench 

pressure surge at 800C. 

2. The test chamber shall be of sufficient length above and below the heated zone and be fixed to the 

furnace base to sustain the water quench (pressure design) and associated lateral movement. 

3. There shall be at least four high temperature thermocouples (operation temperature ≥ 1200C) to 

control and monitor the specimen temperature, two of which shall be within the test chamber. 
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4. There shall be an additional two or three thermocouples to monitor the steam temperature. 

5. There shall be an in-cell water tank to quench the heated specimen. The tank shall have a capacity 

sufficient to cover the entire specimen length in the test chamber during flooding. 

6. The quench water inlet shall be remotely controlled (with a solenoid valve). 

7. A water reservoir shall be available so that the water in the test chamber can be drained at the end 

of a test. 

8. The outlet of test chamber shall be connected to a condenser or exhaust for safely handling 

entrained hot steam and mixed gas. 

9. Temperature shall be controlled within 5ºC of the set temperature and checked at least every 

second. 

10. The quartz tube shall have external shielding to contain the tube in case of rupture during the 

quench. 

  

2.3 DBA AND BDBA TEST STATION MODULES DESIGN REQUIREMENTS 

 

The steam supply system and furnace base can be shared between the BDBA and DBA modules as well 

as the control system. 

Steam generator: 

 The system shall be capable of providing a continuous flow of steam. 

 The system shall have the capability to monitor (or calculate) the steam flow rate. 

 Steam flow into the test chamber shall be remotely controlled. 

 

Base: 

 The furnace base shall have passage accommodations for thermocouples and steam inlet lines. 

 The base should be designed to catch fuel and cladding debris that can be removed/cleaned (using 

manipulators.) 
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3. FACILITY LOCATION REQUIREMENTS 

 

This section contains the limitation that the facilities place on the test station modules as well as what 

is required from the facilities to operate the test station. 

 

3.1 OUT OF CELL LOCATION 

 

3.1.1 Location requirements 

 

3.1.1.1 Space and Facilities 

 

Space limitations 

1. Table with base frame requires 122 x 122 cm (4 x 4 ft) of floor space  

2. Instrument cabinet space 

3. Room temperature: 20±5C 

4. Room humidity: ~60% 

Ventilation requirements: 

1. Exhaust required for test stand and gas cabinet 

Furnace Power requirements 

1. BDBA furnaces (both) require 240 V, 21Amps, 8 KVA Step Down transformer 

2. DBA furnace 480V/30A, 50/60 Hz, 8.0kVA 

3. Steam generator Power- 1220 Watts/5.3 Amps @ 230 VAC, 60 Hz 

4. Other electric components 110V, 20 Amps 

Air supply requirements: 

1. Compressed air (≥ 30psig) required for pneumatic valves and water pump 

Cooling water requirements: 

1. Cooling water supply and drain must be sized to provide flow of at least 5.6 l/min (1.5 

gallon/min) of water 

2. Cooling water temperature of 25±5C 

Other requirements: 

1. Cabinet for compressed gases 

2. Cabinet rated for flammable gas (hydrogen) 

 

3.1.1.2 Health and Safety 

 

A research and safety summary (RSS 10788.0) was written for the laboratory space (building 4500S, 

room B151) at ORNL. This contains the hazards of the experimental work and the safety requirements to 

enable a safe operating area. This process is part of the ORNL Integrated Safety Management System, 

where after work is defined, hazards are analyzed to develop controls before work is performed. 

 

The following requirements are of importance for the specific DBA and BDBA modules: 

 The system shall have a pressure relief valve for the inert gas high-pressure line used in the DBA 

system. 

 If the test chamber for the DBA module is made of quartz, the parts beyond the ends of the 

furnace shall be shrouded to prevent dispersal in case there is a violent rupture. 

 The outlet of the test chamber shall be connected to an exhaust or a condenser for safely handling 

entrained hot steam and mixed gas. 

 Hydrogen monitoring and safety control system (representatives of the ORNL Fire Department 

and Industrial Hygiene have determined that H2 can be vented into the laboratory exhaust system 

provided the air flow into the exhaust is at least 100 times the volume of H2 gas being released) 
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3.1.2 Installation requirements 

 

 The furnaces for both the LOCA and the BDBA tests shall be mounted on a stable base frame, 

and allow for the option to exchange/replace components. 

 A horizontally adjustable base plate should be installed to allow the specimen to be aligned 

properly at the center of the furnace 

 The furnace base should allow for space for the quench tank, high pressure valve and line, and 

furnace cooling water condenser to be mounted on it for the DBA module 

 The thermocouple leads for the DBA module shall be mounted so that it can be easily removed 

when the test train is removed. 

 For the DBA module control 3 S-type thermal couples for furnace control, 1 K/S type thermo 

couple for the steam system is required. 

 LOCA furnace cooling water flow rate of >2 L/min 

 LOCA furnace cooling water pressure of ≥30 psi 

 LOCA high pressure Ar gas supply ≥3000psi 

 

3.2 IN CELL LOCATION 

 

3.2.1 Location requirements 

 

3.2.1.1 Space and Facilities 

Building 

The high-temperature test facilities, both the DBA and BDBA modules will be located in the 

ORNL Building 3525 North Hot Cell at the corner work station designated as 5N and shown in Figure 3. 

 

 

Figure 3 ORNL Building 3525 workstation 5N operating area. 

 

The corner work station 5N in the North Hot Cell has the advantage of 2 work station windows 

oriented 90° apart, one on the north face and the other on the west face of the hot cell.  Figure 4 gives a 

floor diagram of the 5N station and the interfacing sites. 

The hot cell entrance limit is H x W x D = 72” x 48” x 48”. It is desirable that the furnace base be 
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somewhat smaller perhaps limited to 42” x 42” with a height limit of 66”. 

Through-wall service plugs containing wiring and gas lines will be utilized to connect the in-cell 

and out-of-cell equipment and provide any necessary utilities not already present in the hot cell. Figure 5 

gives an example of a typical service plug just prior to installation.  The stainless steel part with the O-

rings goes in first and makes the airtight seal near the inside surface of the hot cell wall.  The lead plug 

with the spiral groves is larger in diameter and provides the necessary shielding at the outside surface of 

the hot cell wall.  The connecting bar through the center keeps everything in the proper position.  The hot 

cell wall is 3 feet thick and made of high density concrete.  The lead piece provides equivalent shielding 

to the wall. 

 

 

 

Figure 4: Floor diagram for hot cell 

 

Proposed location for test 

station in hot cell 
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Figure 5 An example of a typical service plug just prior to installation 

 

The hot cell also has a special work surface, which is installed approximately 14 inches lower 

than the normal work surfaces in the hot cells.  This surface allows greater flexibility in the design of the 

high-temperature test facilities and provides a pre-drilled level surface for mounting the support structure. 

Figure 6 shows the work surface prior to its installation in the hot cell.  It is approximately 2.4m (8 ft) 

wide and 1.8 m (6 ft) deep and is made of 25 mm (1”) thick aluminum. 

 

 
 

Figure 6 Work surface currently installed in station 5N. 

 

Other equipment such as the furnace power supplies, sweep gas supplies, flow meters, process 

control displays, and control computers will be located outside the main hot cells in the operating area at 

the face of the hot cell or in the Charging Area (see Figure 4) located behind the hot cell. There is ample 

space available in both of these areas. 
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Operability with manipulators 

 

The operational height for manipulators is approximately 6” to 48” above the platform. This is highly 

dependent on the content of the cell. Figure 7 gives an example of the manipulators and the crane 

available in the cell. 

 

 

Figure 7 Example of manipulator and crane set-up in cell 

The following is required for easier manipulator function. The out of cell design has been reviewed and 

discussed with hot cell operators to ensure the in-cell system was optimized for manipulator operations. 

 

 The base plate connection, the specimen attachment, the thermocouple plug, the solenoid valves 

for steam, water, and gas pressure control, shall be accessible and maintainable at ≥6” height with 

manipulators.  

 Electrical and piping connections to the station system shall be remotely detachable by 

manipulators.  

 The electronic cables to the connections on the furnace must be labeled, and be easily identifiable 

through the hot cell window. 

 High pressure line (up to 3000 psig with inert gas Ar) to the 300 mm-long fuel sample shall be 

remotely detachable by manipulators. 

 The test equipment should be mounted on a stable base plate fixed to the work surface 

Additional service limits and requirements 

 

 Due to irradiated and fuel materials that will be tested no electronic controlled equipment can be 

used in the hot cell (close to test tubes) as these will deteriorate due to the radiation and cause 

failure of the equipment. 

 The high operating cost of the hot cells should be considered in designing for equipment 

maintenance and replacement. 
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 The current water limit in the ORNL hot cell is 10 liters. It is desirable to have an out-of cell 

water reservoir linked to the in-cell steam system. 

 For DBA (LOCA) furnace, the specimen shall be able to be pressurized from a gas (Ar) external 

to the hot cell. The gas supply should be controlled by a solenoid valve attached to the furnace 

base frame. A small HEPA filter on gas line is required to trap the fine radioactive particles. The 

HEPA filter will be installed on Ar gas line between the hot cell outlet and Ar gas tank. . 

 

3.2.1.2 Health and Safety 

 

The health and safety requirements for the hot cell were captured in the hot cell safety analysis report 

(SAR), which is captured in the following reports: ORNL/3525/SAR R5, and ORNL/3525/TSR R8. 

 

To ensure that the SATS will fall into the safety requirements of the SAR an Un-reviewed Safety 

Question Determination (USQD) was filled out to evaluate the new activity and determine if it causes 

changes to the SAR that would require DOE approval. A typical activity may result in physical changes 

and new operational procedures and both types of impacts were evaluated.  The characteristics of the test 

such as new energy sources, magnitude of all of the energy sources, hazardous materials involved, 

similarity to other testing activities, the need to have radioactive material pass through the hot cell wall 

into the operating area, etc. will determine if changes need to be made to the SAR.  

 

For high pressure operation the following should be taken into account: 

 The DBA (LOCA) module will have high-pressure samples and quench of high temperature 

samples that can cause the test chamber to rupture; therefore the test chamber shall have 

sufficient volume to accommodate pressure surges. 

 The system shall have a pressure relief valve for the inert gas high-pressure line that will be used 

to pressurize the LOCA integral sample. 

 If the LOCA test chamber is made of quartz, the parts beyond the ends of the furnace shall be 

shrouded to prevent dispersal in case there is a violent rupture. 

 

For steam and water in the hot cell the following should be considered: 

 The hot cell has a 10-liter water limit for evaporation in the cell. 

 Two options exist for handling steam, it can be condensed or vented through an exhaust to the 

HEPA filter system. 

 Quench water will need to be collected and evaporated in cell. 

 

The infrared furnace for the in-cell DBA module requires cooling water and the cooling water should be 

supplied in a closed loop system to prevent contamination.  

 

The use of hydrogen is of concern in the closed hot cell space. Hydrogen levels should be limited to 1%. 

This can be achieved by mixing the hydrogen with air when venting it out of the cell. A safety system will 

need to be installed to ensure hydrogen levels stay below the required limit. The use of hydrogen will be 

included in the USQD study. 

 

3.2.2 Installation requirements 

 

Equipment should be installed to optimize operability with manipulators. Refer to section 3.2.1.1. The 

following suggestions are made to assist with installation: 

 

  It is necessary to construct the station with lifting eyes or chains so that it may be moved within 

the hot cell for transfer.  
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 The entire system shall be modularized so that its major components may be transferred into the 

hot cell individually. 

 

Other installation requirements will be the same as that for the out-of-cell system (3.1.2). Additional 

requirements are the installation of service plugs between the operating area and the cell for lines such as 

cooling water, gas supply, cabling, etc.  
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4. SEVERE ACCIDENT TEST STATION DESIGN 

 

4.1 OUT OF CELL 

 

4.1.1 BDBA Module 

 

The BDBA module consists of four components: 

1. Steam delivery system 

2. Test furnace(s) 

3. Control system 

4. Safety system 

 

Figure 8 show the flow diagram of the module indicating the BDBA part of the system in dotted lines to 

indicate the interfaces between the two systems. Figure 9 gives more detail on the valve requirements. 

 

 

 

Figure 8 Flow diagram of BDBA module 
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Figure 9 Mechanical diagram or BDBA module 

 

4.1.1.1  Steam Delivery System 

 

The steam delivery system is comprised of the following major components: 

1. Water reservoir 

2. Water supply pump 

3. Steam generator 

4. Low temperature steam delivery valves  

5. Test tube (water delivery line) 

6. Hydrogen supply 

 

Water supply pump 

The design requirements mentioned in Sections 2.1 and 2.3 as well as that of the DBA module in Section 

2.2 (water supply pump will be shared by the two modules) determined the size of the water supply 

pump.  

 

The BDBA design calls for the system to be capable of delivering steam at a rate of 3.0-7.0 mg•cm
-2

•s
-1

, 

therefore the cross sectional area of the test tube was one of the critical parameters in determining the 

pump size and the required heat input.  In order to accommodate a corrosion sample of 12.7 x 19.0 x 1.59 

mm or a fuel rod with 11 mm OD, the test tube needed to have an inside diameter of at least 19 mm.  
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Consequently, the minimum size for a furnace tube was ~25 mm OD and 19 mm ID.  A larger diameter 

tube would provide more space between the sample and the tube wall, but a larger tube would also require 

a higher rate of water delivery. Table 3 shows the water delivery rates that would be required for the 

minimum and maximum steam delivery rates for three different tubes of three sizes with an assumed tube 

wall thickness of 3 mm. 

 

Table 3 Water delivery rates for test tube diameters 

Tube dimensions (mm) 

Outer / Inner diameter 

Tube cross section 

(mm
2
) 

Delivery flow rate (g/h) 

For minimum flow rate 

(3.0 mg•cm
-2

•s
-1

) 

Maximum flow rate 

(7.0 mg•cm
-2

•s
-1

) 

25.4 / 19.4 295.4 31.9 74.5 

38.1 / 32.1 808.9 87.4 203.8 

50.8 / 44.8 1575.5 170.2 397.0 

 

Therefore if a 50mm tube were chosen the pump needed to be capable of supplying a maximum of 397g/h 

water to the steam generator. 

 

An air driven metering pump was chosen for the water supply pump. This pump was chosen because the 

pumping rate and volume can be controlled using manual adjustments that are amenable to a hot cell 

manipulator and because it does not have any electronic circuitry or components that can be damaged by 

radiation. 

 

Water reservoir 

For an out-of-cell test system, water can be added to the reservoir whenever necessary. In a hot cell, 

addition of water to the reservoir is more difficult.  Consequently, the reservoir providing water for steam 

generation needed to be large enough to hold the volume of water that would be used at the maximum 

flow rate for the maximum test duration in the largest furnace tube that might be used.  Table 4 shows the 

volume of water that would be required for three tube sizes at a flow rate of 7.0 mg•cm
-2

•s
-1

 and for test 

durations of 8, 24 and 72 h. 

Table 4 Water volume requirements if system operates with 100% steam at the maximum design flow rate. 

Tube dimensions (mm) 

Outer / Inner diameter 

Maximum volume of water (liters) 

8 h  24 h 72 h 

25.4 / 19.4 0.6 1.8 5.4 

38.1 / 32.1 1.6 4.9 14.7 

50.8 / 44.8 3.2 9.5 28.6 

 

An additional requirement in the hot cell is that cell can’t contain more than 10 liters of water at a time.  

Consequently, unless a 25.4mm tube is selected, a waiver will have to be requested to allow a reservoir of 

more than 10 liters or arrangements will have to be made to permit refilling of the reservoir during longer 

tests and/or tests with high flow requirements. 

Steam Generator 

Generation of steam is accomplished by pumping the water from the reservoir into a ½” diameter 

stainless steel tube that goes through a furnace. The desired outlet steam is 300ºC and limited by the 

materials of the steam generator and the valves following the steam generator.  A single-stage, resistance 

heated furnace that has the heat output capable of converting the water to steam at ~ 300ºC was chosen. 

Figure 10 shows a photo of the steam generator and the low temperature steam delivery lines.   
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Figure 10 Steam generator and low temperature steam delivery lines 

 

A thermocouple extends into the center of the stainless steel steam generator tube and measures the 

temperature of the steam being generated. It also provides one input to the emergency shutdown system to 

prevent overheating that can cause damage to low temperature steam valves. The safety system will be 

described in Section 4.1.1.1.  

 

Low temperature steam delivery lines and valves 

The steam line from the furnace is split into two streams at a tee; one feeding the DBA test module and 

one supplying the BDBA test module.  As mentioned previously the outlet temperature of the steam 

generator is limited by the temperature capability of the seals of the valves controlling the direction of the 

steam supply.  These valves are pneumatically activated because no electronic circuits will operate in the 

hot cell area. 

 

Normally-closed pneumatically operated ball valves were chosen for this application and can be operated 

using switches on the control panel or by the LabView software during emergency shutdowns. In addition 

to being designed for temperatures of at least 300ºC, the seals also must be fabricated of a material that is 

not subject to degradation in a radiation field.   

 

The 12.7 mm (½”) diameter stainless steel gas lines from the furnace to the test modules are wrapped with 

heat tape and thermal insulation in order to maintain the steam at ~300ºC.  This heat-traced and insulated 

steam supply line delivers low temperature steam to the assembly at the bottom of the high temperature 

furnaces of the BDBA module, Figure 11. 

 

This assembly is primarily intended to deliver the test steam to the test tube, but it also includes a ball 

valve that can be opened, when the steam delivery system is not operating, in order to retrieve any portion 

of test samples that may have fallen to the bottom of the BDBA reaction tube (see Figure 11). 

 

Thermocouple 
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Figure 11 Gas line fittings at bottom of furnace with ball valve 

Test tube 

The test tube design is driven by the sample size, manufacturability and steam (steam/hydrogen) flow 

rates required. The sample sizes, possible tube sizes and steam flow rates are mentioned above. The high 

design temperature of >1600ºC placed a great limitation on the material to be used for the test tube.  

 

Taking these requirements into account, a test tube of 38.1 mm (1½") OD and 86.4 cm (34”) long tube 

made from high purity (99.8%) alumina was chosen. This size and material are a compromise between 

having adequate space for samples being exposed in the tube and the limits of pumping and delivery 

requirements for the steam generating components. 

 

Other options for the reaction tube are a sapphire single crystal alumina tube or high-purity zirconia.  The 

sapphire would be transparent and would have a somewhat higher thermal conductivity than the alumina 

tube.  However, sapphire tube manufacturers are limited in the size and length of tubes and such a tube 

may be significantly more expensive.  For operation at 1700°C, zirconia is preferable because alumina 

reacts with steam to form an aluminum hydroxide.  This compound then can react with a Si-based 

specimen to form a low melting point reaction product.  Low purity zirconia (with intentional or 

unintentional alumina present) was found to cause the same problem at 1700°C. 

Hydrogen supply 

The gas delivery system was designed for use with a steam-hydrogen mix that contains up to 50% 

hydrogen.  The rate at which hydrogen can be used is defined by the rate at which the waste gas can be 

removed.  The rate of hydrogen flow through the test module is limited to 1% of the total gas being 

removed by the exhaust system.  To date, the modules have not been operated with steam-hydrogen gas 

mixtures as hydrogen was not found to impact the steam oxidation behavior at 800°-1200°C [13]. 

 

4.1.1.2 High temperature test furnace system 

 

The high temperature test furnace system is comprised of the following major components: 

Test tube 

Steam supply line 

Ball valve to remove sample debris 
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1. High temperature furnace 

2. Sample holder 

It interfaces with the test tube that transfers the steam through the furnace and holds the sample holder. 

High temperature furnace 

It was thought that heating steam from the steam generator at 300ºC to >1600ºC would be difficult to 

control with one furnace. Therefore it was decided to install two furnace stages.  For >1600°C operation, 

the lower furnace heats the steam from 300ºC to ~1300ºC and the second furnace from 1300°C to 

>1600ºC.  These temperatures would be adjusted depending on the test temperature. 

 

There are very few types of heating elements that can heat a furnace to temperatures of 1500°-1700°C.  

For this system, two molybdenum disilicide, resistance heated, clamshell furnaces were chosen to create 

the very high temperature environment used for sample exposure (see Figure 12).  The test tube extends 

from the gas-tight fitting below the lower furnace to the ceramic cap that fits over the furnace tube just 

above the upper furnace.   

 

 

Figure 12 High temperature BDBA furnaces 

 

Sample holder 

The sample holder must be fabricated from a material that can withstand the high temperatures and the 

oxidation conditions. The sample holder should be of a material that will not influence the oxidation rate 

of the sample. Therefore it was decided to use high purity alumina to make the sample holder. 

Clamshell furnaces 
Test tube 

Exhaust duct to remove steam 

 before it enters room 
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The cap fits the top of the alumina test tube and holds the sample holder in place. It was also fabricated 

from high purity alumina (see Figure 13).  The holder uses an alumina pin to hold the sample in place.  

This design has no metallic components in the steam once the steam enters the test tube. 

 

 

Figure 13 Alumina cap and sample holding assembly 

 

The alumina cap on the test tube has several openings to provide access to the furnace.  One hole 

accommodates the sample holder while two others provide access for thermocouples that measure the 

temperature of the gas exiting the preheating furnace and the temperature of the gas in the vicinity of the 

sample being tested.  Other ports are used to vent the steam or steam/hydrogen gas mixture.  An exhaust 

duct is positioned immediately above the furnace so that gas vented from the furnace tube is blended with 

air and pulled into the exhaust system (see Figure 12). 

 

4.1.1.3 Control system 

 

LabView
TM

 software is used to control overall operation of the test system and to provide for emergency 

shutdown in the event of a number of off-normal situations.  The instrument cabinet shown in Figure 14 

contains the controls and associated instrumentation for operation of the test system. Honeywell 

controllers are used to control the furnace temperature. 

 

Cap 

Sample 
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Figure 14 Instrument cabinet 

 

4.1.1.4 Safety features 

 

LabView
TM

 software is used to control the overall operation of the test module and to provide for 

emergency shutdown in the event of a number of off-normal situations.  In the event an emergency 

shutdown is required, the software will turn off power to all the furnaces, turn off power to local heaters 

on the gas lines, stop the water pump by interrupting air flow that drives the pump, initiate flow of an 

argon gas purge of the delivery lines and stop flow of hydrogen gas if it is being used.  

 

Events that would result in a system shutdown include: 

1. Detection of leaking hydrogen 

2. Indication of a loss of exhaust flow 

3. A furnace temperature outside the selected limits 

4. Excessive temperature excursions of the heated and insulated gas lines.  

5. Too low a temperature in the steam generating furnace 

 

Indication of hydrogen leakage from the test system would be accomplished by the hydrogen detector 

shown in Figure 15, which is mounted above the test furnaces in a position where it would detect any 

significant amount of hydrogen leakage.  The presence of hydrogen above a predetermined concentration 

would result in a signal to the control system that would initiate a system shutdown, which would include 

closing the valve on the hydrogen supply line.  If hydrogen gas was provided from high-pressure 

cylinders, those cylinders would be located in a flammable gas cabinet.  If a hydrogen generator was used, 

a system shutdown would involve turning off power to the generator. 
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Figure 15 Hydrogen sensor 

 

Indication of a loss of exhaust flow would be provided through a signal from the pressure differential 

switch that is shown in Figure 16.  This switch compares the pressure in the exhaust system to the 

atmospheric pressure in the room.  If the difference is not greater than a selected amount, an indication is 

provided to the control system, which initiates a shutdown of the test system. 

 

 

Figure 16 Differential pressure sensor 

Temperature alarms are set up for over and under temperature for the furnaces and steam outlet 

temperature.  Each furnace contains two thermocouples.  A Honeywell over temperature controller 

monitors the second over temperature thermocouple to make sure the furnace is not damaged by 

overheating in case the primary control thermocouple fails. 

 

A flammable gas cabinet was installed to contain the hydrogen gas cylinder. 
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4.1.2 DBA (or LOCA) Module  

 

A schematic drawing of the main parts of the DBA module or LOCA apparatus is shown in Figure 17. A 

photo of ORNL’s DBA module is shown in Figure 18.  

 

 

Figure 17 Schematic illustration of the DBA module.  
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Figure 18 Overview of ORNL’s out-of-cell LOCA integral test apparatus 

 

The key components of the LOCA system include: 

 Furnace 

 Test chamber 

 Test train 

 High pressure system 

 Steam delivery system 

 Quench system 

 Data acquisition and recording system  

 

4.1.2.1 Furnace 

 

An infrared (IR) furnace is used to heat the LOCA sample. The radiant-heating furnace has four vertical 

bulbs, reflecting inner surface, and ~250 mm long uniform heating zone.  LOCA integral tests are 

conducted with 300 mm long tube specimens initially under high internal pressure (~8 MPa), which 
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requires connection to a high-pressure Ar gas line, along with top and bottom pressure transducers.  The 

IR furnace has the capacity to heat steam at a flow rate of ≥7.0 mg/cm
2
, and has a cooling system for 

water and air-cooling of the furnace during the LOCA tests. 

 

4.1.2.2 Test chamber 

 

The test chamber consists of a quartz tube (47 mm ID and 50 mm OD). Following oxidation and slow-

cooling phases, steam flow is turned off, and quench water is introduced through the bottom to give very 

rapid sample cooling of the specimen to 70-100ºC at the desired time and temperature during cooling. 

 

The quartz tube encasing the test train provides an enclosed volume for steam flow and water quench, 

both of which are introduced through the bottom of the unit.  The test train is centered within the quartz 

tube by means of two spacer disks. Swagelok fittings are used above and below the specimen to connect 

to the high-pressure gas line and pressure gauges,  

 

The sample temperature is measured with a thermocouple attached on the rod specimen approximately 50 

mm above the axial mid plane. Typically, the sample is internally pressurized with Ar gas and heated in 

the quartz tube test chamber with a flowing steam environment.  A test chamber with a tube sample is 

shown in Figure 19. 

 

4.1.2.3 High pressure system 

 

The high-pressure system consists of a high-pressure Ar line, a high-pressure control valve, and two 

pressure gauges. It is used to provide internal high pressure for LOCA internal tests and to monitor the 

pressure change during the ballooning and burst phase of the LOCA tests.  As shown in Figure 17, two 

pressure transducers are used at the bottom and at the top of the LOCA specimen to measure the pressure. 

 

4.1.2.4 Steam delivery system 

 

The steam supply is shared with that of the BDBA module and information can be found in section 

4.1.1.1. The low temperature steam delivery valve directs the steam to the BDBA or the DBA module. 

The steam enters the test chamber at the bottom of the quartz tube. 

 

4.1.2.5 Quench system 

 

The quench system consists of the quench tank, a valve between the tank and the test chamber and an air 

pressure system that pushes the water in the right amount of time into the test chamber.  The volume of 

the quench tank is such that when emptied it will fill the quartz tube to cover the tube sample. 

 

4.1.2.6 Data acquisition and recording system 

 

LabView
TM

 software is used to control overall operation of the DBA module, as well as the data 

acquisition and recording.  It also provides for emergency shutdown in the event of a number of off-

normal situations.  The instrument cabinet shown in Figure 14 also contains the controls and associated 

instrumentation for operation of the DBA module, which is shared with the BDBA system operation. 
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Figure 19 LOCA integral test train assembly and quartz tube.  
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4.1.2.7 LOCA performance 

 

During the out-of-cell development of the DBA module, several thermal benchmark tests were run to aid 

in the optimization of the apparatus and the test train for remote operation in the hot cell.  These tests 

were conducted with specimens made from various cladding materials. For the quad-elliptic radiant-

furnace, specimen bowing induced significant axial and circumferential variations in temperature.  This 

problem was solved by supporting the test train at the top (see Fig. 19 for the test train).   

 

The result of one out-of cell LOCA integral test is shown in Figure 20Figure 20 Temperature and 

pressure histories during ramp for typical out-of cell LOCA Integral Test with 9x9 Zircaloy-2 

cladding specimen..  This out-of cell test was performed with 9x9 Zircaloy-2 tubing at the typical LOCA 

test conditions shown in in the literature [4-6]:  300 mm cladding length, 15-mm clearance between top 

end-cap and pellet stack, room-temperature gauge pressure of 1200 psi, stabilization at 300C, 5C/s 

temperature ramp in steam to a control temperature of 1200C, 5 minute hold time at 1200C, 3C/s cool-

down rate to 800C, and water quench initiated at 800C. Our experimental benchmark results agree with 

the data shown in the literature [4-6], which confirms that the ORNL DBA test module meets the design 

requirement. In addition to thermal benchmarking, metallographic analysis was used to verify that the 

oxide layers formed in steam at ~1200C were consistent with oxidation kinetics test results. 
 

 
 

Figure 20 Temperature and pressure histories during ramp for typical out-of cell LOCA Integral 

Test with 9x9 Zircaloy-2 cladding specimen.  
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4.2 IN CELL MODULES 

 

A 3D drawing was generated for the in-cell module [12], by which all components of the in-cell system 

can be tracked. The 3D drawing is particularly important after the in-cell module is installed into the hot 

cell.  The out-of-cell module did not require a 3D drawing as it can be readily repaired and modified as 

needed. The major components of the 3D drawing are shown in Figure 21 to Figure 23. 
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Figure 21 SATS plan and elevation views [12].  
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Figure 22 SATS Isometric Views 1 [12]  
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Figure 23 SATS Isometric Views 2 [12].
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4.2.1 BDBA Module 

 

The in-cell BDBA module is nearly the same as the out-of-cell module. The ex- cell module has bee 

extensively operated with 40 specimens run in 2013 and 82 in 2014. Minor improvements were 

implemented on the in-cell module based on this operating experience. These improvements are discussed 

in subsections below. Figure 24 shows a schematic of the BDBA module and Figure 25 shows the in cell 

module located in the hot cell building near the cell where it will be installed.  

 

 

Figure 24 Schematic of BDBA in-cell module 
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Figure 25 BDBA in-cell module located at hot cell facility 

 

4.2.1.1 Manipulator control of the module 

 

Certain changes have been made in the design and assembly of the high temperature furnace component 

of the in-cell module in order to make it more amenable to manipulator operation in the hot cell. 

Specifically, the power connections for the two high temperature furnaces, the mounting arrangement for 

these two furnaces and the connections for thermocouples, transducers and other connectors were 

designed to be more “manipulator friendly”. 

 

Quick connectors (Figure 26) were added for easy installation of the module, connecting out of cell 

piping with the in cell module.  The furnace power connections for the in-cell and out-of-cell modules are 

shown in Figure 23.  The in-cell connections were positioned so that a vertical motion would be required 

to connect or disconnect the furnaces while the power lines for the out-of-cell module use standard hard-

wire connections. 

 

In the event one of the high temperature furnaces on the in-cell module were to become damaged or not 

functioning properly, the entire furnace would be replaced rather than trying to repair it using 

manipulators.  The first step in removing a furnace would be to disconnect the power, which is made far 

easier with the power plug arrangement shown in Figure 23.  In order to decrease the difficulty of 

removing a damaged furnace from the module, the brackets holding the furnaces to the frame on the in-

cell module are slotted so that loosening four screws will permit the furnaces to be lifted straight up and 
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off the frame.  The differences in the furnace attachments for the out-of-cell and in-cell modules are 

shown in Figure 28.  Figure 29 shows the panel installed on the in-cell, module to facilitate making the 

connections for the instrumentation and lower voltage power connections.  The out-of-cell module does 

not utilize this panel arrangement. 

 

 

Figure 26 Quick connectors 

 

    
 

Figure 27 Power connections for the high temperature furnaces on the out-of-cell module 

(left) and in-cell module (right). 
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Figure 28 Furnace bracket arrangements on the out-of-cell (left) and in-cell (right) 

attachments for the high temperature furnaces 

 

 

Figure 29 Connector panel on the in-cell module which facilitates connections for 

thermocouples, pressure transducers, solenoid valves, and other power connections. 
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4.2.1.2 Optimization of operation of module 

 

The option of picking the amount of data points to be collected, on the Lab View operating module, was 

updated as the LOCA (DBA) test needs very frequent data points and the BDBA test needs less frequent 

data collection as it is much longer test.  An automation was included to stop operating and data 

collection when the test is completed.  Screen updates were improved to allow quicker response to 

commands. 

 

4.2.1.3 Removing hydrogen mixture capability in hot cell 

 

While gas environments consisting of steam-hydrogen mixtures are possible for the out-of-cell BDBA 

module, introduction of hydrogen inside the hot-cell poses safety risks. Given this constraint, it is 

expected that the effect of hydrogen on the degradation processes of the fuel and cladding materials, if 

any, will be captured during the out-of-cell tests on non-irradiated specimens. Note that the large body of 

work to date on the high-pressure steam-hydrogen exposures has shown a very negligible hydrogen 

effect, if any, on the oxidation of candidate cladding alloys [13]. The effect of hydrogen on oxidation of 

zirconium alloys with an oxide layer on the surface has already been shown to be nonexistent [8] unless 

steam starvation conditions are approached [9]. In the meantime, the presence of hydrogen is known to 

alter (toward inhibiting) oxidation kinetics of UO2 to U3O8. 

 

4.2.1.4 Shielding Plugs 

 

Lead and alpha plugs were designed and constructed as shielding plugs between the hot cell and the 

operator. These plugs provide a feed through for the utilities that are needed in the cell. Figure 24 shows 

the components that are inside and outside of the cell. Figure 30 shows a portion of a design drawing of 

one of the lead-alpha plugs and Figure 31 shows the test-assembly of the shielding plug for the feed 

through of the power cables. 

 

Figure 30 Portion of design drawing of shielding plug 

 

 

Figure 31 Shielding plug test-assembly 
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4.2.1.5 Safety analysis 

 

An operating guideline was written for the operation of the SATS at the ORNL hot cell [11]. This 

guideline was reviewed and approved by the facility manager, safety officer, radiation control officer and 

the quality control manager. This guideline was used as input to the Un-reviewed Safety Question 

Determination (USQD). The outcome of the evaluation of the new activity did not require the SAR to be 

updated as the SATS facility’s operation falls within its safety requirements. 

 

4.2.1.6 In-cell and out-of cell comparison 

 

The in-cell high temperature furnace module, that is essentially the clone of the out-of-cell module, 

successfully reproduced data from the out-of-cell module. Specifically, 4 h exposures to a 100% steam 

environment were carried out for monolithic CVD-SiC (Figure 32) and APMT (FeCrAl) specimens 

(Figure 33) at 1700° and 1450°C, respectively. The mass loss for CVD-SiC was within the range of 

values previously measured by the out-of-cell module. The mass change per unit area for the APMT alloy 

was in excellent agreement with previous results from the out-of-cell module as well as the Rubotherm 

TGA unit.   

 

 

Figure 32 CVD-SiC 1700°C 4 h specimen mass change comparison between out-of-cell and in-cell modules   
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Figure 33 Specimen mass change of FeCrAl alloy APMT specimen exposed in the in-cell module at 1450°C 

for 4 h (shaded symbol) compared to data compiled for out-of-cell module (open symbols). 
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4.2.2 DBA (or LOCA) module 

 

The in-cell DBA module is nearly identical to the out-of cell module described previously. The two 

systems are completely independent and all systems have been duplicated in the in-cell module.  

However, some modifications to the in-cell module were required for remote operation with manipulators 

in the hot cell. 

 

4.2.2.1 Manipulator control of DBA module 

 

Certain changes have been made in the design and assembly of the LOCA furnace component of the in-

cell module in order to make it more amenable to manipulator operation in the hot cell. Specifically, 

quick connectors (Figure 26) were added for easy installation of the module, connecting out of cell piping 

with the in-cell module.   The in-cell connections were positioned so that a vertical motion would be 

required to connect or disconnect the furnaces while the power lines for the out-of-cell module use 

standard hard-wire connections. 

 

In addition, an X-Y moving table was added to the LOCA furnace base, so that the quartz tube and LOCA 

sample can be moved in X-Y directions for centering the LOCA sample. Figure 34 shows the difference 

in the furnace base for the out-of-cell and in-cell modules. 

 

In order to reduce the difficulty of exchanging the quartz tube and LOCA samples from the LOCA 

furnace of the in-cell module, the bracket holding the furnaces to the furnace outer frame on the in-cell 

module was modified so that loosening the bracket can be operated with manipulators remotely.  The 

differences in the furnace bracket for the out-of-cell and in-cell modules are shown in Figure 35. 

 

An electronic valve of the quench tank (adding water) in the out-of cell module was replaced with a 

mechanical valve for the in-cell module in order to increase the reliability. Some electronic valves were 

upgraded for the same reason. Figure 36 shows the differences in the quench tank valves for the out-of-

cell and in-cell modules. 

 

Figure 37 shows the panel installed on the in-cell module to facilitate making the connections of 

thermocouples with manipulators.  The out-of-cell module does not utilize this panel arrangement. 
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Figure 34 Furnace bases of the out-of-cell (left) and in-cell (right) attachments for the LOCA furnaces. 

 

 

 

 
 

Figure 35 Furnace brackets of the out-of-cell (left) and in-cell (right) attachments for the LOCA furnaces. 
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Figure 36 Quench tank valves of the out-of-cell (left) and in-cell (right) attachments for the LOCA furnaces. 

 

 

 

 
 

Figure 37 Thermocouple panel of the in-cell LOCA system. 
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4.2.2.2 Safety analysis 

 

An operating guideline was written for the operation of the SATS [11]. This guideline was reviewed and 

approved by the facility manager, safety officer, radiation control officer and the quality control manager. 

This guideline was used as input to the Un-reviewed Safety Question Determination (USQD). The 

outcome of the evaluation of the new activity did not require the SAR to be updated as the SATS 

facility’s operation falls within its safety requirements. 

 

4.2.2.3 In-cell and out-of cell comparison 

 

LOCA integral tests have been successfully performed with the in-cell module. Specifically, LOCA 

testing with Zr alloy tubing was conducted up to 1200°C in both modules. The temperature profiles of the 

control thermocouple are in excellent agreement between the out-of cell module (Figure 38) and the in-

cell module (Figure 39). 

 

 
 

Figure 38 Temperature profile of the control thermocouple for a LOCA test performed with the out-of cell 

LOCA module. The sample was controlled heated to 1200C at 5C/s, held at 1200C for 60 s, cooled to 800C 

and then water quenched.  
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Figure 39 Temperature profile of the control thermocouple for LOCA test performed with the in- cell LOCA 

module. The sample was controlled heated to 1200C at 5C/s, held at 1200C for 180 s, cooled to 400C and 

then water quenched.  

 

4.2.2.4 Support infrastructure required for LOCA tests in hot cell 

 

The following devices and equipment will be required for LOCA test sample preparation, completion, and 

post-test examinations: 

 

 Fuel removal device 

 Corrosion layer removal device 

 Test train assembly device 

 Thermocouple attachment/welder 

 Cladding end-cap welding system 

 Four-point bending equipment 

 Hydrogen determination capability (Example: LECO hydrogen Determinator) 

 Oxygen determination capability (Example: LECO oxygen Determinator) 
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