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1. Summary 

This report documents ongoing work performed at Oak Ridge National Laboratory (ORNL) for the 
Department of Energy, Office of Fuel Cycle Technology Used Fuel Disposition Campaign (UFDC), and 
satisfies the deliverable for milestone M2FT-OR0805041, “Initiate Clad Testing at HFIR.” 

Three capsules containing hydrogen-charged Zircaloy-4 cladding material have been placed in the High 
Flux Isotope Reactor (HFIR). Irradiation of the capsules began in HFIR Cycle 440B on March 26, 2012. 
Two of the capsules contain three 1-in. hydrided  Zircaloy-4 samples and one capsule contains a single 
6-in. (15.24 cm) hydrided Zircaloy-4 sample. The 1-in. samples included in the initial HFIR insertion will 
be removed after one and two HFIR cycles of irradiation for post-irradiation examination (PIE) 
metallography to perform an early evaluation of the hydride morphology. The 6-in. cladding sample will 
be irradiated for approximately 11 HFIR cycles to accumulate a fast neutron fluence to match the end-
state neutron fluence of the reference high-burnup cladding material discharged from the H. B. Robinson 
reactor. Additional capsules containing hydrided cladding material will be inserted in the HFIR at later 
dates. 

2. Introduction 

When fuel is no longer capable of efficiently contributing to the fission chain reaction, it is removed from 
the reactor and is termed used nuclear fuel (UNF) or spent nuclear fuel (SNF). Because of the high heat 
load and radioactivity, UNF is initially stored in water-filled pools to provide both cooling and shielding. 
Reactors were not designed or built to store all of the UNF produced over their lifetime of operation. This 
is especially true for reactors applying for license extensions of up to 20 years, bringing their total 
operating lifetime to 60 years. Most reactors initially addressed this storage shortfall by reracking their 
pools to increase the in-pool storage capability by decreasing the spacing between assemblies. Typically, 
this also requires the use of additional fixed neutron poisons and burnup credit to meet the 10 CFR 50.68 
criticality safety requirements. As the pools reach capacity, it is necessary to remove assemblies and place 
them into dry cask storage.  
 
Until a disposition pathway (either recycling or geologic disposal) is chosen and implemented, the storage 
periods for UNF will likely be longer than were originally intended. The ability of the important-to-safety 
structures, systems, and components (SSCs) to continue to meet safety functions over extended times 
must be determined. In addition, it needs to be determined if these SSCs can also meet applicable safety 
functions when the UNF is transported to its final location. To facilitate all options for disposition and to 
maintain retrievability and normal back-end operations, the likelihood that the UNF remains undamaged 
after extended storage needs to be evaluated. This does not preclude consideration of other options, such 
as canning of all UNF, from a total systems perspective to determine overall benefit to nuclear waste 
management. 
 
As noted in Gap Analysis to Support Extended Storage of Used Nuclear Fuel (DOE 2012),1 a significant 
amount of data is needed to determine the effects of high-burnup and different clad alloys with regards to 
hydrogen embrittlement and reorientation and their subsequent effects on the ability of cladding to 
maintain structural integrity. Very little, if any, data is publicly available on the newer cladding alloys and 
on high-burnup cladding. Most current data that is available is on unirradiated cladding. 
 
Experimental work must be performed to obtain this data and to obtain additional information to address 
the numerous challenges regarding justification of cladding behavior, such as whether low-temperature 
mechanisms (e.g., for delayed hydride cracking, annealing, and creep) are important over extended 
storage. 
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Irradiation is known to have a significant impact on the properties and performance of Zircaloy cladding 
and structural materials. High-energy neutrons (>1 MeV) are known to produce two different dislocation 
loops, the <a> and <c> loops. The size and density of the dislocation loops alter the mechanical 
properties, specifically the strength (e.g., hardness, tensile strength, burst strength) and ductility (e.g., 
uniform and total elongation strains). Irradiation increases the cladding strength and decreases the 
cladding ductility by changing the configuration (amorphization) of the second-phase precipitates (SPPs) 
such as Zr(Nb,Fe)2. The processes that lead to dislocation formation or SSP amorphization depend on the 
material temperature; as a result, the irradiation temperature has an important effect on the cladding 
microstructure and consequently the mechanical properties. Higher irradiation temperatures result in 
larger <a> loop dislocations, whereas <c> loops do not form at 77°C (EPRI 2006).2 Thermal annealing, 
such as can occur at the higher clad temperatures during drying or initial dry storage, can result in a 
dramatic decrease in hardness and corresponding increase in ductility. 
 
Normal operation in reactors cannot only result in irradiation damage of cladding, but also introduce 
hydrogen into the metal due to formation of a waterside corrosion layer. During reactor operations, the 
high-temperature water reacts with the cladding surface producing a zirconium oxide layer. Hydrogen is 
released during this chemical reaction, and a fraction of this hydrogen is absorbed by the Zircaloy-4 
(hydrogen pickup). The solubility of hydrogen in zirconium is highly temperature-dependent, with 
increased solubility at higher temperatures. When the concentration of hydrogen exceeds the solubility 
limit, zirconium hydride precipitates form. Depending on the size, distribution, and orientation, these 
hydrides can embrittle the cladding and reduce ductility. Furthermore, the presence of hydrides can 
facilitate cracking if the hydrides are aligned radially, perpendicular to the tensile stress field. Cladding 
hydrides are typically observed to be oriented in the circumferential direction but can reorient to the radial 
direction, depending on the stress level of the cladding when it is cooled from a higher temperature, such 
as will occur following the drying process. Hydrides have also been shown to diffuse to colder regions of 
the cladding under a relatively small temperature gradient. The reorientation and diffusion of hydrides can 
result in cracking of the cladding. 
  
One of the primary needs identified in the Gap Analysis to Support Extended Storage of Used Nuclear 
Fuel FCRD-USED-2011-0001361 is to establish the link between the behavior and performance of 
unirradiated cladding and actual irradiated cladding. The UFDC is planning to address this need through 
both testing and modeling and in collaboration with university partners under the NE Universities 
Program (NEUP). ORNL has begun to address part of the testing component of this linkage with an 
experimental concept to simulate high-burnup cladding by irradiating cladding material in the HFIR. 

2.1 General Description of Approach 

Fast neutron irradiation of pre-hydrided zirconium-alloy cladding in the HFIR at elevated temperatures 
will be carried out to simulate the effects of high burnup on used fuel cladding for use in understanding 
the material properties relevant to very long-term storage (VLTS) (e.g., >60 y). Irradiated pre-hydrided 
metallic materials will generate baseline data to benchmark hot-cell testing of high-burnup used fuel 
cladding at relatively low cost, and more importantly, samples free of alpha contamination that can be 
provided to researchers/students in universities that do not have hot cell facilities to handle highly 
contaminated high-burnup used fuel cladding to support their research projects for the UFDC. 
 
This simulation approach should provide well-controlled neutron irradiation of pre-hydrided materials in 
the desired temperature range (200–350°C) similar to the service temperatures of the BWRs and PWRs 
that generate high-burnup fuel. The pre-hydrided specimens will be fabricated by using an existing 
hydrogen charging system at the ORNL, which was developed by an ongoing program for the Nuclear 
Regulatory Commission (NRC). The hydrogen content will be in the range of 100-800 weight parts per 
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million (wppm), which are similar to what has been observed for high-burnup used fuel cladding. The 
hydrogen content will be analyzed, and the hydride morphology will be characterized and compared to 
the high burnup used fuel cladding to optimize experimental conditions. The pre-hydrided specimens will 
be irradiated up to a fast fluence of 1.3 × 1022 neutrons/cm2 (>1 MeV), corresponding to a burnup level of 
65 GWd/MTU.3  

Table 2-1.  Proposed Neutron Irradiation at the HFIR 

Irradiation 
temperature 

200–250°C Service temperature of the cladding for BWR 

300–350°C Service temperature of the cladding for PWR 

Typical 
sample 
size 
 

Cladding OD: 9.5–10 mm Varies with cladding type 

Wall-thickness: 0.60–0.76 mm Varies with cladding type 

Length: 25–75 mm 75 mm for as-received, 25 mm for hydrided samples 

Neutron 
fluence 
 (>1 MeV) 

~6.0 × 1021 n/cm2 Corresponding to burnup level of 31.5 GWd/MT 
(5 HFIR cycles) 

9.5 × 1021 n/cm2 Corresponding to burnup level of 50 GWd/MT 
(8 HFIR cycles) 

13.0 × 1021 n/cm2 Corresponding to burnup level of 64.5 GWd/MT 
(11 HFIR cycles) 

Materials 

Zircaloy-2, Zircaloy-4, M5, and 
ZIRLO M5 and ZIRLO: advanced zirconium alloy for PWR 

As-received and hydrided Zr alloys Pre-hydrided materials will be fabricated at ORNL 

3. Overview of Activities 

3.1 Identification of Surrogate Material Size Constraints 

There are several physical constraints on the length of material that can be produced in this experiment. 
First, the fuel height in the HFIR is about 20 in., so that will be the maximum usable length of material 
that could be produced for specimens that could be irradiated. The maximum usable furnace length of the 
current ORNL hydriding system is 12 in. The ends of the material placed in the furnace will not be as 
uniformly hydrided as the center length of material, thus further limiting the length of usable hydride 
material produced. Further, as can be seen from Figure 3-1, 3 in. (7.62 cm) on either side of the HFIR 
core midplane will see a relatively uniform neutron fluence; steeper fluence axial gradients will occur for 
samples over 6 in. long. These size constraints were communicated to national laboratory and university 
researchers participating in the UFDC Cladding Workshop held in Las Vegas, Nevada, November 15-17, 
2011. The size constraints were communicated so that researchers could start to plan their future testing 
on surrogate material based on these size constraints. 
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Figure 3-1.  Fast Fluence in the Outer Ring Target Positions. 

3.1.1 Selection and Receipt of Cladding Material from Sandia National Laboratory 

ORNL and Sandia National Laboratory (SNL) collaborated to identify an initial source of cladding 
material for testing. SNL researchers were able to identify a small amount of Zircaloy-4 cladding that was 
made available from another project. SNL shipped three 24.5-in. pieces of Zircaloy-4 cladding designed 
for a 17×17 PWR assembly to ORNL in early November 2011.  

3.1.2 Identification of Reference Material for Surrogate Development and Design Point 
for HFIR Target Setup  

Benchmarking was discussed at the UFDC Cladding Workshop conducted in Las Vegas, 
November 15-17, 2011, to solicit input from a diverse group of national laboratory and university 
researchers. Specifically, input was requested on what material should be used as a reference target for 
comparitive purposes. Since the first batch of surrogate high burnup clad will be Zircaloy-4, workshop 
participants agreed one of the PWR Zircaloy-4 materials available (H. B. Robinson, Surry, TMI-1, or 
Calvert Cliffs highlighted in Table 3-1) should be selected as the reference material. The following points 
were taken into consideration in selecting the reference material: 
 

• The Calvert Cliffs material should not be used as a benchmark material because the hydrogen 
content has not been adequately characterized. 
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• Trying to match the Surry material may be attractive because the lower burnup (36 GWd/MTU) 
would allow for fewer cycles in HFIR and would allow access to the surrogate material in a 
shorter time frame for comparison. An obvious downside of this selection would be that this does 
not meet the definition of high burnup (greater than 45 GWd/MTU). 

• The TMI-1 material might be a useful benchmark to target given the burnup values and that the 
material appears to be well characterized. 

• The H. B. Robinson Zircaloy-4 would offer the highest burnup material to benchmark against. It 
is well characterized and has the largest hydrogen pickup. ORNL, the Electric Power Research 
Institute (EPRI), NRC, and Argonne National Laboratory investigators are familiar with this 
material. 

Table 3-1.  Characteristics of Fuel Rod Segments ORNL for Possible Use as Reference Material 
(Burnup Values are Rod Averaged) 

Reactor name H. B. 
Robinson Limerick Surry TMI-1 Calvert 

Cliffs Cooper North 
Anna 

Catawba 
(MOX) 

Reactor type PWR BWR PWR PWR PWR BWR PWR PWR 

Enrichment, 
wt % 2.90 3.40-3.95 3.1% 4.00 2.45 to 

3.04% 1.33-2.93 4.20 2.4 to 
5% 

Burnup, 
GWd/MTU 63-67 54-57 36 48-50 43 28 63-70 40-47 

Discharge 
date 1995 1998 1981 1997 1982 1982 2004 2008 

Cladding Zircaloy-4 Zr-lined 
Zircaloy-2 Zircaloy-4 

Low-Sn 
Zircaloy-4 Zircaloy-4 Zircaloy-2 M5 M5 

Nominal OD, 
mm 10.76 11.18 10.72 10.92 11.18 14.3 9.50 9.50 

Initial wall 
thickness, 
mm 

0.76 0.71 0.62 0.69 0.66 0.94 0.57 0.57 

OD oxide, 
μm ≤100 ≈10 <40 ≤50 Not 

provided 
Not 

provided <20 <10** 

Hydrogen 
pickup, 
wppm 

≤800 70 <300 ≤300 Not 
provided 

Not 
provided <120 <55 

Fueled Yes Yes Yes Yes Yes Yes Yes Yes 

** Estimated. 

Based on the discussions held at the workshop, the H. B. Robinson fuel has been selected as the reference 
material to target for the first batch of surrogate high-burnup clad material. As such, the following 
parameters were identified for the experiment setup:  
 

• Hydrogen content: charging between 500-800 wppm (this is the range of hydrogen obtained from 
post-irradiation examination characterization of H. B. Robinson fuel) 

• Maximum Neutron Fluence: will be in the range 11 to 13 × 1021 n/cm2 based on data provided in 
EPRI Technical Report 1001558, Design, Operation, and Performance Data for High Burnup 
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PWR Fuel from the H.B. Robinson Plant for Use in the NRC Experimental Program at Argonne 
National Laboratory3 

• Irradiation temperature: Cladding surface temperature of 330°C 
 

The cladding surface temperature was selected based on the following:  The H. B. Robinson fuel/cladding 
was irradiated for seven cycles attaining a final fuel burnup of ~67 GWd/MTU. The H. B. Robinson plant 
is a 2500 MWt PWR. Recently, fuel/cladding from the Catawba nuclear power plant (a 3411 MWt PWR) 
was evaluated (PIE) at ORNL and extensive fuel performance analyses were performed. These fuel rod 
simulations (ORNL/MD/LTR-331 [draft] using the NRC’s FRAPCON-3 code) for the examined Catawba 
fuel rods will be used to set the desired irradiation conditions (cladding temperature and approximate 
temperature gradient) for the cladding in HFIR (and the capsule design) since the 
Catawba/H. B. Robinson operating conditions are very similar (inlet/outlet coolant temperatures are close 
and initial rod average linear heat generation rates [ALHGRs] are close) and the Catawba fuel 
performance analyses are available. An irradiation time-step with a rod ALHGR of ~20 kW/m (6.1 kW/ft, 
approximate average operating conditions) was chosen for the cladding conditions.  A plot of the axial 
cladding temperatures (and coolant temperature) is illustrated in Figure 3-2. 
 
 

 
Figure 3-2.  Axial Cladding and Coolant Temperatures from Catawba Fuel Performance Analysis. 

The design point is taken at the midplane of the Catawba rod where the cladding surface temperature is 
approximately 330°C with a temperature gradient across the cladding of ~30°C. For the HFIR test 
irradiation, the capsule will be designed (gas gaps, fill gas, and internal heater [i.e., gamma heating in a 
Mo tube inside the cladding]) to achieve a clad surface temperature of 330°C (it would be over-
specification of the problem to match both the surface temperature and the temperature gradient). 
 
Note the Zircaloy-4 material from SNL appears to be typical of a 17×17 assembly (9.5 mm OD and 
thickness of 0.57 mm), and the H. B. Robinson benchmark material is from a 15×15 assembly 
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(10.77 mm OD and thickness of 0.762 mm); thus the diameters and cladding wall thicknesses differ (for 
the same LHGR, the H.B.Robinson rod would be slightly cooler [not significant] and the gradient would 
be slightly higher [not significant]). 

3.1.3 Development of Hydriding Protocol  

Unirradiated zirconium-based cladding tubes with a specified hydride concentration are needed for 
insertion into the HFIR. Hydrogen charging is accomplished using a furnace with a pressurized chamber. 
Protocols for sample preparation and operation of the furnace were developed and documented in 
Procedure for Hydrogen-gas Charging of Unirradiated Zr Based Materials MET-NFM-SOG-40.4 This 
document is included as Attachment 1. 

3.1.4 Sample Preparation and Hydriding  

The results described in this report are from tests conducted with Zircaloy-4 tubing samples with an outer 
diameter of 9.50 mm and a wall thickness of 0.57 mm. The hydrogen concentration for this as-received 
tubing was ≈15 wppm.  Table 3-2 lists the concentrations of major alloying elements and some impurities 
in nominal modern 17×17 Zircaloy-4.  
 

 
Table 3-2.  Nominal Composition of Commercial Cladding Zircaloy-4 

Element Sn, wt % Nb, wt % Fe, wt % Cr, wt % Ni, wt % O, wt % Zr 

Zircaloy-4a  1.45 -- 0.21 0.10 -- 0.125 Balance 
aR. Comstock et al.5 

 

The 75-mm to 150-mm-long samples were cut from Zircaloy-4 tubing for hydrogen charging. The 
diameter of each sample was measured with a micrometer to an accuracy of ±0.01 mm at the axial center 
of the sample. Length measurements were also taken. The sample was first cleaned in distilled water in an 
ultrasonic bath for ≈200 s to clean residues and then were cleaned with ethanol. The sample was then 
etched by the use of hydrofluoric (HF) and nitric (HNO3) acids, as described by ASTM G2/G2M06. This 
step provides a “window” for hydrogen absorption onto the cladding tubes, because residues and oxide 
scales are “barriers” to hydrogen adsorption. Figure 3-3 shows the etched Zircaloy-4 after the surface 
oxide layer was removed. Polishing was also tried to remove the surface oxide layer, but the etching 
process was more efficient. Sample weights were not measured before and after each test with a balance 
because the accuracy of our balance (±0.001 g) was not good enough for the weight gain due to hydrogen 
absorption. 
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Figure 3-3.  Photographs of (A) Acid Etched and (B) As-received Zircaloy-4 Cladding. 

 
Figure 3-4.   Fume Hood Used for Sample Etching with Hydrofluoric (HF) and Nitric (HNO3) Acids. 

The hydrogen content was measured with a LECO RH-404 Hydrogen Analyzer (see Figure 3-5) using the 
inert gas fusion method (ASTM E 1447-49). A weighed sample is melted in a graphite crucible in a 
stream of high-purity argon. Molecular hydrogen is released from the sample and is separated from any 
carbon monoxide and nitrogen liberated from the sample. A thermal conductivity cell was used as a 
detector for determining the hydrogen content from which the wt % of hydrogen in the sample is 
calculated. Before each hydrogen measurement, calibration is verified with standard reference materials 
of known hydrogen content. 

A                                                                  B 
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Figure 3-5.  LECO Hydrogen Analyzer. 

Two-sided hydrogen charging was performed with the 901 Brew furnace (see Figure 3-6). The samples 
were placed in the 901 Brew furnace and exposed to a slightly positive pressure (<2 psig) flow of 30% H2 
in helium or 4% H2 in argon at temperatures ≈400°C for various times to enable the adsorption/ diffusion 
process. The test conditions are detailed in Table 3-3. 
 

 

 
Figure 3-6.  The 901 Brew Furnace for Materials Hydriding. 
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Table 3-3.  Test Conditions for Materials Hydriding with the 901 Brew Furnace 

Materials  17×17 Zircaloy-4 
Charging gas (a) 4% H2 in argon; (b) 30% H2 in helium  
Cladding size OD=9.5 mm; t=0.57 mm 
Target hold temperature 400°C 
Test time Various 
Heating RAMP 10-15°C /min. 
Cooling rate 15±5°C /min. from 400 to 100 °C, 

followed by furnace cooling 
Target post-test H content 500–800 ppm 
Thermal cycling For uniform hydrogen distribution 

The target temperature and holding time for the tests have been modified to optimize the test condition for 
different lengths of Zircaloy-4 cladding.  Cycling from 400°C to 100°C to 400°C was added for some 
tests after the samples were heated at 400°C in an attempt to improve hydrogen distribution. Hydrogen 
analyses performed on the post-test hydrided Zircaloy-4 samples indicated that, although the axial 
gradients in hydrogen content were still observed, the hydrogen distribution is improved by the thermal 
cycling. The hydrogen is typically symmetrically distributed to the middle plane. In order to achieve the 
target hydrogen content, various test conditions have been performed, by which the hydrogen content 
close to the target value (450-850 wppm) was obtained in the middle section of the two-sided hydrided 
samples. Figure 3-7 shows hydrided Zircaloy-4 cladding, as compared to as-received Zircaloy-4 cladding. 
A typical temperature history of materials hydriding is shown in Figure 3-8. 
 
Eight two-sided hydrogen charging tests, plus some dry-run tests to calibrate/adjust the system, were 
conducted at 400°C for 90-480 minutes, by which pre-hydrided samples with hydrogen content from 
450–820 wppm were generated. Seven samples (one 6-in. sample and six 1-in. samples) have been 
assembled in three sets for the HFIR irradiation. A schematic illustration of the three sets of the pre-
hydrided samples is given in Figure 3-9, and the detailed sample descriptions are given in Table 3-4.  
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Figure 3-7.  Photographs of (a) As-received and (b) Hydrided Zircaloy-4 Cladding. 

 

 
Figure 3-8.  A Typical Temperature Profile for Hydriding Zircaloy-4 Cladding Materials. 
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Figure 3-9.  A Schematic Illustration of the Three Sets of the Pre-hydrided Samples for 

the HFIR Irradiation on March 26, 2012. 

Table 3-4.  Hydrided Samples for the HFIR Irradiation on March 26, 2012 

Sample ID Sample Length Hydrogen Content Comments 

LRR4A20 ≈1 in. ≈15 wppm As-received* 

LRR1B5 ≈1 in. ≈820 wppm  

UCF1D1C ≈1 in. ≈450 wppm  

LRR4A23 ≈1 in. ≈15 wppm As-received* 

LRR1D7 ≈1 in. ≈550 wppm  

UCF1D1E ≈1 in. ≈450 wppm  

LRR1G ≈ 6 in. ≈770 wppm Middle section 

*As-received samples served as baseline data to be compared to hydrided samples. 

Microstructural examinations on two-sided pre-hydrided samples and PIE on irradiated samples are to be 
conducted, and the instructions for these examinations will be given in a separate work plan. 
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3.2 High Flux Isotope Reactor Capsule Design Work 

HFIR is a beryllium-reflected, pressurized, light-water-cooled and moderated flux-trap-type reactor. The 
core consists of aluminum-clad involute-fuel plates, which currently utilizes highly enriched 235U fuel at 
a power level of 85 MWt. 

The reactor core, illustrated in Figure 3-10, consists of two concentric annular regions, each 
approximately 61 cm in height. The flux trap is ~12.7 cm in diameter, and the outer fueled region is 
~43.5 cm in diameter. The fuel region is surrounded by a beryllium annular reflector approximately 
30.5 cm in thickness. The beryllium reflector is in turn backed up by a water reflector of effectively 
infinite thickness. In the axial direction, the reactor is reflected by water. The reactor core assembly is 
contained in a 2.44-m diameter pressure vessel, which is located in a 5.5-m cylindrical pool of water. 

 

 

Figure 3-10. Cross Section through HFIR Illustrating the Primary Experimental Sites (left) and 
a Picture of the Reactor Core (right). 

The Zircaloy-4 specimens in this design will be placed in the flux trap of HFIR in or near the outer ring of 
target positions shown in green in Figure 3-11. Table 3-5 summarizes the neutron flux characteristics of 
this location. The fast fluence is based on a typical 25-day cycle and 7 cycles per year. 
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Figure 3-11. Flux Trap Irradiation Locations. 

Table 3-5.  Neutron Flux Characteristics of the Peripheral Target Tube (PTT) and 
Target Rod Rabbit Holder (TRRH) Irradiation Facilities 

Parameter TRRH(Greenwood, June 30, 1999) 
Fast flux (1014 n/cm²·sec) [E > 1 MeV] 5.5 
Fast flux (1014 n/cm²·sec) [E > 0.1 MeV] 10.8 
Thermal flux (1014 n/cm²·sec) [E < 0.5 eV] 20.2 
Fast fluence/cycle (1021 n/cm²) [E > 0.1 MeV] 2.33 
Fast fluence/year (1021 n/cm²) [E > 0.1 MeV] 16.3 
Axial peaking factor profile* 1 – 1.06·10-3·z² 

*Peaking factor is the ratio of the local flux at a distance z from the reactor midplane (in cm) to the 
flux at the reactor midplane. 

3.2.1 Experiment Design Description 

The design assumes that the experiments will be placed in an outer ring position centered at the HFIR 
midplane. The specimen between these locations will be at ±7.62 cm (±3.00 in). The profile from 
Table 3-5 gives a peaking factor of 0.94-1.00 with an average of 0.98, resulting in a fast neutron flux of 
10.6×·1014 n/cm²·sec [E > 0.1 MeV]. For a nominal 25-day cycle, the fluence (E>0.1 MeV) in each 
specimen will be approximately 2.3×·1021n/cm².  
 
The design drawings for this experiment are included in Attachments 4 through 14 of this report. A 
schematic of the inner assembly is shown in Figure 3-12. 
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Figure 3-12. Experiment Assembly Schematic. 

 
 
Coolant is directed to the experiment by the Al-6061 outer shroud, which is shown on 
Drawing X3E020977A608 (Attachment 11). The outer aluminum housing is the primary containment for 
the experiment and is fabricated from Al-6061. The housing is specified on Drawing X3E020977A612 
Rev. A (Attachment 14), and the assembly is provided on Drawing X3E020977A608 (Attachment 11). 
The housing is made from No. 17, ½-in Al-6061 tubing, which has an inner diameter of 9.73 mm 
(0.383 in). The ends of the tubing are bored out to an inner diameter of 11.3 mm (0.445 in.) to meet the 
requirements of the existing design for the top and bottom caps and the approved weld procedures. 
 
The Zircaloy-4 clad specimens have an outer diameter of 9.5 mm (0.3741 in) and an inner diameter of 
8.35 mm (0.3287 in). The clad length ranges from 76 mm (3.00 in) to 152 mm (6.00 in). The clad will be 
fitted with a molybdenum rod, which acts as a heater for the cladding. Finite element calculations were 
performed to establish design diameters for the molybdenum heater rods to provide a sufficient mass to 
bring hydrided cladding specimens to a desired temperature of 330°C at the cladding surface for the three 
1.00-in. and 6.00-in. clad specimens (see Attachment 2). The molybdenum rod is 102 mm (4 in.) long for 
the 76-mm clad case and 178 mm (7 in.) long for the 152-mm clad case. The axial location of the clad 
centroid is located at the reactor mid-plane. Spacers made from ⅜-in. Al-6061 tubing are used to ensure 
this placement. For the 76-mm clad case, the top and bottom spacers are 224 mm (8.82 in.) and 227 mm 
(8.95 in.) respectively. Similarly, for the 152-mm clad case, the top and bottom spacers are 183 mm 
(7.22 in.) and 189 mm (7.45 in.) respectively. Both spacer sets are counterbored 12 mm (0.5 in.) at the 
end oriented closest to the reactor centerline to hold the excess molybdenum heater rod while also 
keeping the clad in the proper location. Six equispaced pads are impressed into the ends of each spacer 
closest to the reactor center line. This feature produces a slightly larger diameter from the original outer 
diameter of the spacer tube, and this dimension is set to keep the experiment centered in the housing tube. 
See Figure 3-13 for an illustration of this centering device. 

 

 
Figure 3-13. Centering Device. 

 

Molybdenum Heater 

Zircaloy Clad 
 

Al-6061 Housing 

Al-6061 Spacer 
 

Helium Gap 
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3.2.2 Target Capsule Fabrication and Assembly 

Three target capsules were fabricated and assembled in accordance with the design drawings. The outer 
housing tube and shroud were fabricated from Al-6061, and the cladding was fabricated from nuclear-
grade Zirconium clad alloy (i.e., Zircaloy-4). The clad specimens used in the 3.00-in. case consisted of a 
line of three pieces; the center-most specimen being charged with hydrogen. The 6.00-in. specimen was a 
single tube that was charged with hydrogen. The center heater is fabricated from molybdenum or a 
molybdenum alloy. Figure 3-14 and Figure 3-15 show the assembled specimen configurations for both 
the 3.00- and 6.00-in. capsules, respectively. 

 
Figure 3-14. 3-in. Target Capsule Specimen Configuration. 

 
Figure 3-15. 6-in. Target Capsule Specimen Configuration. 

3.2.3 Preparation of Safety Basis Documentation for HFIR 

Experimental planning for HFIR includes an evaluation documenting that the proposed experiment does 
not exceed the reactor safety basis.   For this experiment an analysis was developed to demonstrate that 
irradiating target capsules containing hydrided Zircaloy-4 cladding with a molybdenum heater rod could 
be exposed to a reactor power of 130% of  85 MW without exposing the capsule components to 
temperatures exceeding their respective melting temperatures. This evaluation is documented in 
Attachment 3, Temperature Verification Calculation for Hydrided Cladding Specimens in the HFIR 
Target Region.  

3.2.4 Preliminary Estimation of Activity  

The chemical composition of the Zircaloy-4 used in this estimate is taken from the specifications of 
ASTM B-351 for R60804 (Zircaloy-4) and summarized in Table 3-6.  For the activity calculation, all non-
zirconium elements are taken at their maximum allowable concentrations.  
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Table 3-6.  Zircaloy-4 Elemental Composition 

Element Weight %  Element Weight % 

Zirconium ≈97.8  Tin 1.20-1.70 

Chromium 0.07-0.13  Iron 0.18-0.24 

Aluminum 0.0075  Magnesium 0.0020 

Boron 0.00005  Manganese 0.0050 

Cadmium 0.00005  Molybdenum 0.0050 

Calcium 0.0030  Nickel 0.0070 

Carbon 0.027  Niobium 0.0100 

Cobalt 0.0020  Nitrogen 0.0080 

Copper 0.0050  Silicon 0.0120 

Hafnium 0.010  Tungsten 0.010 

Hydrogen 0.0025  Titanium 0.0050 

   Uranium 0.00035 

 

The three initial experiments are slightly different in their loading and planned fluence.  HYCD1 contains 
three 1-in.-long specimens with a total mass of 8.031 g and will be irradiated for 1 HFIR cycle.  HYCD02 
also contains three 1-in.-long specimens with a total mass of 8.026 g and will be irradiated for 2 HFIR 
cycles.  HYCD03 contains one 6-in. specimen with a mass of 16.131 g and will be irradiated for 8 HFIR 
cycles.   

Activity levels for the specimens in capsules HYCD01, 02, and 03 are shown in Figure 3-16 through 
Figure 3-18.  Dose rate estimates are computed at a 1-ft. distance and are shown in Figure 3-19 through 
Figure 3-21. 
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Figure 3-16.  Activity Estimate for One 1-in. Zircaloy-4 Specimen in Capsule HYCD1 

After 1 Irradiation Cycle. 

 

 
Figure 3-17.  Activity Estimate for One 1-in. Zircaloy-4 Specimen in Capsule HYCD2 

After 2 Irradiation Cycles. 
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Figure 3-18.  Activity Estimate for One 6-in. Zircaloy-4 Specimen in Capsule HYCD3 

After 8 Irradiation Cycles. 

 

 
Figure 3-19.  Exposure Estimate (at 1 foot) for One 1-in. Zircaloy-4 Specimen in Capsule HYCD1 

After 1 Irradiation Cycle. 
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Figure 3-20.  Exposure Estimate (at 1 foot) for One 1-in. Zircaloy-4 Specimen in Capsule 

HYCD2 After 2 Irradiation Cycles. 

 

 
Figure 3-21.  Exposure Estimate (at 1 foot) for One 6-in. Zircaloy-4 Specimen in Capsule 

HYCD3 After 8 Irradiation Cycles. 
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3.2.5 Insertion of Target Capsules into HFIR 

The assembled target capsules have been delivered to HFIR and were inserted in the following flux trap 
locations: HYCD-1 is inserted in E3, HYCD-2 is inserted in E6, and HYCD-3 is inserted in C2 (see 
Figure 3-11). 

3.2.6 Estimation of Cycle Time 

From Ref. 3, the accumulated fluence for the seven cycle rods in the H. B. Robinson Assembly S-15H is 
illustrated in Figure 3-22 (based on Figures 3-26 through 3-34 in Ref. 3). 

 

 
Figure 3-22.  H. B. Robinson Cladding Fast Fluence (E>1 MeV) Versus Irradiation Time. 

 

Based on a fast flux of 5.45 × 1014 n/cm²·sec (E>1 MeV, see Section 3.2) at the HFIR core centerline 
(also the specimen centerline) and a HFIR cycle length of 25 days, then the accumulated fast fluence in 
the specimen at the end of one HFIR cycle is approximately 1.177 × 1021 n/cm2. In HFIR, the fluence 
would accumulate linearly with the numbers of HFIR cycles (assuming a constant cycle length). 
However, the cladding fluence in Figure 3-22 (above) is not quite linear; so via interpolation, the number 
of HFIR cycles required to attain the equivalent  “average” curve in Figure 3-22 is illustrated in 
Figure 3-23. 
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Figure 3-23.  Number of HFIR Cycles Required to Attain the Equivalent 

Cladding Fast Fluence (E>1 MeV) in the H. B. Robinson Cladding. 

 

Also, similarly (based on data from Table 3-1 of Ref. 3) the equivalent average fuel burnup (based on the 
equivalent cladding fluence in Figure 3-23) can be determined—this is illustrated in Figure 3-24. 
 
Thus, using Figure 3-23 and Figure 3-24, the equivalent H. B. Robinson cladding fast fluence and fuel 
burnup can be determined for a given number of HFIR cycles. 
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Figure 3-24.  Equivalent Fuel Burnup after HFIR Cycles (H. B. Robinson Fuel Assembly S-15H). 
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5. Attachments  

Attachment 
No. Title 

1 Operator Procedure, “Procedure for Hydrogen-gas Charging of Unirradiated Zr-based 
Materials Document,” Document ID: MET-NFM-SOG-40, Irradiated Fuels 
Examination Laboratory, Oak Ridge National Laboratory, Oak Ridge, TN  

2 Design Analysis and Calculation, “Thermal Design Analysis for a Hydrided Clad 
Irradiation Experiment,” Calculation ID: DAC-11-19-HYDRIDE01, Rev. 0, Reactor 
and Nuclear Systems Division, Oak Ridge National Laboratory, Oak Ridge, TN 

3 RRD Calculation, “Temperature Verification Calculation for Hydrided Cladding 
Specimens in the HFIR Target Region,” Calculation ID: C-HFIR-2012-003, Rev. 0, 
Oak Ridge National Laboratory, Oak Ridge, TN 

  FCM Rabbit Design Drawings 
 Drawing No. Title 
4 X3E020977A570 Rev. 0 Shrouded Target Capsule Bottom Cap Assembly 
5 X3E020977A571 Rev. 0 Shrouded Target Capsule Guide Pin Detail 
6 X3E020977A572 Rev. 0 Shrouded Target Capsule Top Cap 
7 X3E020977A573 Rev. 0 Shrouded Target Capsule Housing Tube 
8 X3E020977A574 Rev. 0 Shrouded Target Capsule Rupture Sleeve 
9 X3E020977A575 Rev. 0 Shrouded Target Capsule Shroud Tube 

10 X3E020977A586 Rev. A Target Capsule Housing and Shroud Weldment 
Subassembly  

11 X3E020977A608 Rev. 0 Cladding Test Plan Hydriding Assembly 
12 X3E020977A609 Rev. 0 Cladding Test Plan Hydriding Sample, Spacer, Rod 

Details 
13 X3E020977A610 Rev. 0 Cladding Test Plan Hydriding Assembly Spacer Cap 

Detail 
14 X3E020977A612 Rev. A Cladding Test Plan Hydriding Housing Tube Detail 
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tr 3. QullmrcATroN Tnsr In the qualification test method, identiff the QA-
documented source(s) where testing adequately
demonstrate the adequacy of this calculation and
explain.

Attached, Supporting Material

TitlelDescription No. of Pages

Description of the independent calculation and comparison with the
MATCAD calculation results.

6

SBP-1300 Verification

Yes No

The software configuration control requirements of SBP-I300 have been
satisfied.

{

Justification for "No" response to a question above:

Independent Review Verification

Yes No

Did you have any part in preparing the original calculation ?

Did you specify any analyic approach ? {

Did you rule out any analyic considerations ? {

Did you establish any input to the calculation being verified {

Justification for any "Yes" response to a question above:
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Independent Reviewer Comments

Independent analysis was performed using ANSYS 2-D model in the R-0 plane, exploiting 10o
symmetry. The convective heat transfer coefficient, bulk fluid temperature, geometry input
dimensions, heat generation rates were adapted from C-HFIR-2012-003/Rev0. Temperature
dependent material property data files were used in the ANSYS model. This is different from
the conservative properties used in the original calculation. The results summarized below gave
an idea about the maximum temperatures that could be reached. The independent review
showed that the temperatures reached at the original safety calculation are consistent, however
original calculation have higher temperatures due to the conservatism used on the selected
material property values. The calculation methodology in the C-HFIR-2012-003/Rev.0 is
technically correct and it is true that temperature values do not exceed the melting temperatures.

The independent review also includes radial expansion results that agreed with the C-HFIR-
2012-003/Rev0. Due to the restrictions ona2-D model no axial expansion calculation was
performed. The hot gap for the minimum radial gap calculation is 2.35 mils at the centerline
location and 1.61 mils at the location that is 1.5 inches away from the centerline. These values
are larger than the values in the C-HFIR-2012-003/Rev0 which are reported as 1.9 mils for the
centerline location and 0.4 mils for the location 1.5 inches away from the centerline. As a
conclusion internal components cannot produce radial stress on the capsule housing under the
worst expected operating and expansion conditions. Calculation C-HFIR-2O12-003/Rev0 is
justified to be used as a bounding case.

cah>u,
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DESCRIPTION

't AL-6061 Housing
* Zircaloy Cladding
* Molybdenum Heater
* 2-dimensional analysis (r-theta plane)
* Helium fill gas

COLD MODEL DIMENSIONS

Outer housing radius : 6.290 mm (0.2476 in)
Inner housing radius : 4.860 mm (0.1913 in)
Outer clad radius : 4.720 mm (0.1858 in)
Inner clad radius : 4.190 mm (0.1650 in)
Outer heater radius : 4.1 30 mm (0. 1626 in)
Innerheaterradius = 2.870mm(0.1130 in)

BOUNDARY CONDITIONS

Heat transfer coefficient = 49735. Wm2.oC
Bulk coolant temperature = 67.7 "C
Reactor power factor = 1.26 (@110.5 MW) ( Reactor centerline)

HEAT GENERATION

-- Heat Generation -- -- Linear Heat Load -
Part Material @Midplane @Location @Midplane @Location

(wkg) (Wkg) (Wm) (wm)

Housing AL-6061 41350. 41350. 5592. 7054.
Cladding Zircaloy 61000. 61000. 5928. 7477.
Heater Molybdenum 63000. 63000. 17841. 22504.

TOTAL 37036. 2936r.

CAPSULE TEMPERATURE SUMMARY

Name Material Tavg Tmin Tmax Tmelt
(c) (c) (c) (c)

Housing AL-6061 90. 87. 95. 582.
Cladding Zircaloy 629. 617. 642. 1825.
Heater Molybdenum 780. 777. 782. 2617.

PROPERTY SUMMARY AT THE AVERAGE PART TEMPERATURE

Thermal Expansion
Conductivity Coefficient Emissivity

Name Material (Wm."C) (pm/m) C-)

Housing AL-6061 170.156 24.21 0.050
Cladding Zircaloy 20.213 4.90 0.699
Fill gas Helium 0.357 0.00 0.000
Heater Molybdenum 109.866 5.52 0.110
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Figure l :  Contour plot for zircaloy cladding and molybdenum heater section at reactor centerl ine
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DESCRIPTION

* AL-6061 Housing
* AL-6061 Spacer
* Molybdenum Heater
* 2-dimensional analysis (r-theta plane)
* Helium fill gas

COLD MODEL DIMENSIONS

Outer housing radius = 6.290 mm (0.2476 in)
Inner housing radius = 4.860 mm (0.1913 in)
Outer spacer radius = 4.720 mm (0.1858 in)
Innerspacerradius = 4.180mm(0.1646 in)
Outer heater radius = 4.130 mm (0.1626 in)
Inner heater radius = 2.870 mm (0.1130 in)

BOUNDARY CONDITIONS

Heat transfer coeffi cient :
Bulk coolant temperature
Reactor power factor

HEAT GENERATION

49735.W1m2'"C
: 67.7 "C

1.24 (@1105 MW) ( 1.5 inches away from reactor centerline)

Part Material
- Heat Generation --

@Midplane @Location
(wke) (w/ke)

-- Linear Heat Load -

@Midplane @Location
(Wm) (Wm)

Housing AL-6061
Spacer AL-6061
Heater Molybdenum

5592. 6957.
1686. 2097.

t7841. 22194.

41350.
41350.
63000.

51439.
5 I 439.
78372.

TOTAL 31248. 25r19.



CAPSULE TEMPERATURE SUMMARY

Name Material Tavg Tmin
(c) (c)

Tmax Tmelt
(c) (c)

Housing
Spacer
Heater

AL-606r
AL-6061

Molybdenum

87.
43r .
658.

84.
429.
655.

90.
432.
660.

s82.
582.

2617.

PROPERTY SUMMARY AT THE AVERAGE PART TEMPERATURE

Name

Thermal Expansion
Conductivity Coeffrcient Emissivity

Material (Wm'"C) (pn/m) G-)

Housing
Spacer
Fill gas
Heater

AL-6061
AL-6061

Helium
Molybdenum

169.768
176.000

0.329
114.068

24.2r
26.69
0.00
5.37

0.050
0.060
0.000
0.096

AIU

8 4  2 L 2 3 4 0 4 6 8 5 9 6

Figure 2: Contour plot for A1606l spacer and molybdenum heater section at 1.5 inches away from the centerl ine



RADIAL DIMENSIONS AND GAP SUMMARY FOR THE CLADDING-HOUSING GAP

Outer Surface

Cold diameter: 9.720 mm (0.3827 in)
Average hot diameter : 9.737 mm (0.3833 in)

Minimum hot diameter : 9.737 mm (0.3833 in) at 1.0 degrees
Maximum hot diameter = 9.737 mm (0.3833 in) at 10.0 degrees

Inner Surface

Cold diameter: 9.600 mm (0.3780 in)
Average hot diameter : 9.617 mm (0.3786 in)

Minimum hot diameter : 9.617 mm (0.3786 in) at 1.0 degrees
Maximum hot diameter : 9.617 mm (0.3786 in) at 10.0 degrees

Gap

Cold gap:
Average hot gap:

Minimum hot gap:
Maximum hot gap :

60.00 pm ( 2.36 mils)
59.72 pm ( 2.35 mils)
59.72 pm ( 2.35 mils) at 1.0 degrees
59.72 pm ( 2.35 mils) at 10.0 degrees

RADIAL DIMENSIONS AND GAP SUMMARY FOR THE SPACER-HOUSING GAP

Outer Surface

Cold diameter = 9.720 mm (0.3827 in)
Average hot diameter = 9.736 mm (0.3833 in)

Minimum hot diameter : 9.736 mm (0.3833 in) at 1.0 degrees
Maximum hot diameter : 9.736 mm (0.3833 in) at 10.0 degrees

Inner Surface

Cold diameter: 9.600 mm (0.3780 in)
Average hot diameter : 9.654 mm (0.3801 in)

Minimum hot diameter : 9.654 mm (0.3801 in) at 1.0 degrees
Maximum hot diameter = 9.654 mm (0.3801 in) at 10.0 degrees

Gap

Cold gap:
Average hot gap:

Minimum hot gap:
Maximum hot gap:

60.00 pm ( 2.36 mils)
41.00 pm ( l.6l mils)
41.00 pm ( 1.61 mils) at 1.0 degrees
41.00 pm ( l.6l mils) at 10.0 degrees
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1. Purpose

The purpose of this analysis is to demonstrate the safety of inadiating target capsules containing hydrided
zircaloy cladding with a molybdenum heater rod in atarget position located in the High Flux Isotope
Reactor (HFIR) flux trap. For the temperature and radial thermal expansion analysis, the capsule is
assumed to operate at the position closest to the reactor midplane with the reactor power at 130% of 85
MW.

The scope of this evaluation is to demonstrate that the capsule can be exposed to extreme case of reactor
power without exposing capsule components to temperatures exceeding their respective melting
temperatures. Also the thermal expansion limits are reported to show that the internal configuration of
the parts cannot expand and impart stress on the 4l-6061 housing tube (containment).

2. Assumptions and Justifications

2.1. The minimum and maximum outer gas gap is 0.0025 in and 0.0055 in, respectively

For this calculation, the outer gas gap is specified to ensure proper heat transfer and design temperature
achievement. The housing tube (Part l, Drawing X38020977A612, Rev. A (1)) inner diameter is set to
the nominal 0.383 in, and the cladding/spacer-housing gap is set to 0.0055 in for maximum temperature
calculations and 0.0025 in for minimum gap calculations. In practice, the outer gap and the thickness of
the heater are selected based on the as-received dimensions ofthe spacers and housing. The larger
drawing tolerances on the spacers and housing are defined so that these parts can be purchased from stock
items from a vendor. A hold point will be placed in the final assembly for an independent reviewer to
veriff that the as-built dimensions meet the requirements/assumptions of this calculation.

3. Calculation Input and Sources of Input

3.1. Gapsule Description

The target capsule considered in this calculation is generic in nature. The outer housing is detailed on
drawing X38020977A612, Rev. A (1); and the cladding, heater and spacers are detailed on drawing
X38020977A609, Rev 0 (2). The capsule is filled with the helium, which serves as the primary medium
for heat transfer between the heater/clad assembly and the housing tube.

3.2. Materials and Material Properties

3.2.1. Ar-6061

Al-6061 material properties are taken from DAC-10-03-PROP AL606l, Rev. I (3). Specific values are
summarized in Table 3-1.

able 3-1. P for Al-6061
Property Value Comment

Densitv 2700ks.lm'
Thermal conductivity 16l  Wm' 'C Value taken at20"C.

Thermal expansion coefficient
24.2'10' l"C (min)
29.1'10'/oC (max)

Minimum value taken at20oC -127'C
Maximum value taken at20 oC -627'C

Meltins ooint 582"C
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3.2.2. Molybdenum

Molybdenum material properties are taken
are summarized in Table3-2.

from DAC-10-l l-PROP MOLY, Rev. 0 (4). Specific values

3.2.3. Zircaloy

Zircaloy material properties are taken from DAC-I0-06-PROP ZIRC, Rev. I (5). Specific values are
summarized in Table 3-3.

Table 3-3

3.2.4. Helium

Inert gas material properties for helium are taken from DAC-10-02-PROP_HELIUM, Rev. 0 (6),.
Specific values are summarized in Table 3-4.

3.3. Heat Generation

able 3-2. Thermonh for bdenum
Property Value Comment

Densitv 10220 ks/m'
Thermal conductiviw 84 Wm'oC Value taken at 2527'C.

Thermal expansion coeffi cient
4.9'10'/"C (min)
8.6.10-6 /oC (max)

Minimum value taken at20"C-127"C
Maximum value taken at20oC-2527oC

Meltins point 2617"C

a for
Propertv Value Comment

Density 6550 ke/m'
Thermal conductiviW 12.6W/m'"C Value taken at 20oC
Thermal expansion
coefficient

1.8'10-" / 'C (min)
5.5'10'/oC (max)

Minimum value taken at9TloC
Maximum value taken at l825oC.

Meltins point 1825 "C

Table 3-4. Therm for Helium
Pronerty Value Comment

Thermal conductivity for Helium

0.15 Wm'"C Value is for oure helium at27"C (300 K)
0.22Wlm''C Value is for pure helium at227"C (500 K)
0.28 Wm'"C Value is for pure helium at427"C (700 K)
0.33 Wm'"C Value is for pure helium at627"C (900 K)

able 3-5. Heat Generation Rates for Materials
Material Value Reference

Aluminum 6061 41.35 Wls. C-HFIR-2002-010. Rev. 0. p.9 of 9. (7)
Molvbdenum 63 Wls. C-HFIR-2008-039. Rev. 0. o.3 of 3 (8)
Zircalov 6l W/e C-HFIR-2011-021, Rev. 0, p. 3 of 13. (9)
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3.4. Thermal Boundary Gonditions

A convective boundary condition is applied to the outer surface of the housing with a heat transfer
coefficient of 49735 Wm2'oC and a bulk temperature of 67.7"C. These parameters are established in C-
IIFIR-2004-006, Rev. 0 page 9 of 23 (10).

3.5. Temperature Verification Capsule Model

For the first case of this calculation, a model in the r-0 plane at the reactor midplane is used to estimate
the maximum temperatures in the specimen, specimen heater, and housing. The reactor axial power
factor, which peaks at the reactor midplane, is ignored for these calculations. A uniform power factor of
1.26 reflects 130% nominal power (85 MW) at the reactor midplane.

Heater

Hel ium Gas

Regions

Figure 3-f . R-e schematic for Reactor Midplane Case

A second case is investigated to estimate the temperatures of the molybdenum specimen heater and Al-
6061 tubular spacer for a 3 in. specimen. This case bounds the subsequent 6 in. specimen case because
the intersection is closer to the reactor midplane and, therefore, experiences a higher power level. The
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axial location for this case is 1.5 in. from the reactor midplane. The basic r-0 models for the midplane
and offset cases are shown in Figure 3-1and Figure 3-2 respectively. The power factor for this location is
calculated by using the following sinusoidal shape factor established in C-HFIR-2011-020, Rev 0, p. 6 of
44 (rr\.

pf (z) = L.26'cos(0.0423' z)

where:
pf axial power factor for an axial location in centimeters

axial location in HFIR, where the midplane is at zero, z = 3 .81 cm ( I .5 in.)

Heater

Heliurn Gas

Regions

Figure 3-2. R-e schematic for Z:1.5 in. Case

There is a gas gap between the cladding/spacer part and the housing tube. This gap governs the radial
heat transfer for the problem. There is also a small gap between the heater and the cladding/spacer part.
This gap represents the slight difference in radial dimensions between the parts. Table 3-6 summarizes
the cold dimensions for both cases.
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Node Location Radius
(cm)

Reference

I Heater inner radius 0.287 Minimum radius: drawins X38020977A609 Rev. 0
fl)

2 Heater outer radius 0.413 Minimum radius: drawine X38020977A609 Rev. 0

J Cladding/Spacer inner radius
0.4r9t
0 .418

Maximum radius: drawins X38020977A609 Rev. 0

4 Cladding/Spacer outer radius
0.472 Minimum radius, see assumption2.l
0.480 Maximum radius" see assumption2.l

5 Housins inner radius 0.486 Nominal radius. see assumption2.l

6 Housins outer radius 0.629
Minimum radius: drawins X38020977A612 Rev. A
(2\

Table 3-6. Tem ture Verification Model Geomet

4. Gomputations and Analvses

4.1. Maximum Temperatures

The model described above is evaluated using MathCad and is documented in Appendix A. Table 4-l
compares the maximum temperatures for each part with the melting point for each material. This analysis
shows that internal part temperatures do not approach the melting point at 130o/o of 85 MW at the reactor
midplane.

Table 4-1. Sum of

4.2. Thermal Expansion

Both radial and axial expansions are considered in this calculation. The two axial locations (z =0 in. and
z: 1.5 in) are considered for the radial case. The conservative maximum temperatures for both locations
are used to evaluate the expansion rates. See Table 4-2 for the results of this analysis. The calculations
can be found in the MathCad sheet included in Appendix A. It can be seen that neither the specimen nor
the spacer collides with the inner radius of the housing tube.

ma maximum temperatures "L for all models
Part Material Maximum Temnerature (C) Meltine Point (C)

Case 1: Maximum Temperature With Helium Fill Gas. Axial Location at Reactor Midplnne
Housins A16061 95 582
Heater Molvbdenum 952 26r7
Specimen Zircalov 783 t825

Case 2: Maximum Temwrature With Helium Fill Gas, Axial I-ocation at Z=l.Sin.
Housins At 6061 91 582
Heater Molvbdenum t ) ) 26t7
Spacer Al606 l 457 582
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able 4-2, Summarv of Exoanded Dimensions
Part Material Radial Dimension (cm)

Axial Location at Reactor Midnlane
Housinq Al606r 0.487 (thermally expanded)
Specimen Zircalot 0.482 (thermally expanded)

Axial Location at Z= 1.5 in.
Housine A l606 l 0.487 (thermally expanded)
Spacer Al606 l 0.486 (thermally expanded)

The axial expansion of the specimens and spacers are evaluated in similar fashion to that of the radial
expansion case. The highest temperatures in the reactor midplane case and the temperature based on the
integral average ofthe peaking factor (pf are used to evaluate thermal expansion rates for the heater and
the spacers respectively. Another configuration controlled by the expansion of the cladding was
considered, but this arrangement was bounded by the expanded heater case. There are two experiments
being performed for this project; the 3 in. clad (4 in. heater) and the 6 in. clad (7 in. heater). Both of these
cases were analyzed, but the 7 in. heater aase was the bounding scenario.

By using the maximum length of each part, based on drawing tolerances, the overall cold length of the
internal configuratio n is 52.97 4 cm. The thermally expanded overall length is 53 .279 cm. Drawing
X38020977A608, Rev 0 (12) has instructions to ensure a minimum 0.173 in. (0.439 cm) gap exists from
the top of the internal stack to the end of the housing tube. The thermal expansion calculation reveals a
difference of 0.120 in. (0.304 cm) between the cold and hot dimension. Therefore the specimen/spacer
stack will not axially expand beyond the length of the housing tube, and into the containment. The
particular details of this calculation can be found in the MathCad sheet in Appendix A.

4.3. Heat Generation and Stored Energy Calculations

Five transient scenarios are analyzed to calculate heat generation and stored energy with the target
capsule which include: steady state normal operation, steady state local flow blockage, steady state at
130% power and full flow, LOOP and SBLOCA. This experiment is very similar to the JP-30 capsule
and is bounded by its safety basis calculation from a flow excursion standpoint. Supporting details can be
found in Appendix B.

Gonclusions

This calculation demonstrates the safety of target capsules containing hydrided zircaloy cladding with a
molybdenum heater. It shows that internal components cannot challenge or weaken the outer aluminum
housing due to melting or thermal expansion. For this analysis, the capsules are assumed to operate with
the reactor power at 130%o of 85 MW.
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APPENDIX A

MathGad Evaluation of Cases 1-3
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Properties (see Section 2.21

At-6061

w
kar:= 16l.--l]_ thermalconductivity of 4l-6061

d l m . n

smps1:= 2.7.2 density of Al-6061
J

cm

oAl_max := 29.r.ro- u.+ maximum thermal expansion coefficient for 4l-6061
N

oAl_min := 24.2.10- u.+ minimum thermal expansion coefficient for Al-6061

-  (  w\
Qv Al:= 1 +t.:s.: l .oat volumetric heat generation rate for4l-6061

\ gm./

Molybdenum

w
kr,r^ i= 84. " thermal conductivity of Molybdenum

lvru 
m.K

pMo:= 10.22'9m: density of Molybdenum
J

oMo_max := t.o.to- 6.1 maximum thermal expansion coefficient for Molybdenum
l\

oMo_min t= 4.g.rc- 6.+ minimum thermal expansion coeff icient for Molybdenum
N

(w \
Qv Mo;= | e:.: l .Olylo volumetric heat generation rate for Molybdenum

- \ g m )

Zircaloy

w
kro:= 12.6*-!L thermal conductivity of Ztcaloy

m.K .

smp7^:= 6.55.e- density of Zircaloy
J

cm

eza_max,= 5.5.10- 6.+ maximum thermal expansion coefficient for Zircaloy
t\.

sZa_min,= l.s.t0- 6.: minimum thermal expansion coefficient for Zircaloy

(w\
Qv zar= 1et.: l.o7a volumetric heat generation rate for Zircaloy

- \ g m )
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Iner t  Gas (hel ium)

The thermal conductivity of helium is subject to change, given the wide range of temperatures in
the problem. The values will be selected conservatively based on the average gap temperature.
These values will always be less than the gap average temperature.

Thermal boundary condit ions (See Section 2.5)

CASE 1: Target Capsule Maximum Temperatures at Reactor Centerline

Reactor power factor (130%)

pf := 1.26 reactor power factor = 130o/o of 85 MW

w
hfi l - '= 49735.- -  -

m-.K

Tbulk:= $7.7 + 273).K

Volumetric heat generation rates (W/m3)

Qu_rp"":= pf'Qv_za

Qv_htr:= Pf'Qv_Mo

Qv_hous:= pf'Qv_Al

Init ial cold dimensions
^ 0.330in
Kspec_i t= 

2

^ 0.372in
Kspec_o

heat transfer coefficient (Wmz-C)

bulk temperature (C)

o<v spec
w

503.4.-
J

cm

w
Q. ,  h r ,  =  811 .3 . -

- J

u t l

w
Qrr_hous = 140.7'-

cm

Rrp""-,nu*'=
0.378in

^ 0.226. in
Khtr i := 

"z

-  0.325. in
Khtr_o i= 

2

^ 0.383. in
Khous_i t= 

2

^ 0.495-in
Khous_o t= 

2

specrmeninner radius

specimen outer radius

heater inner radius

heater inner radius

housing inner radius

housing outer radius

Rspec_i = 0.419.cm

Rrp""_o = 0.472.cm

Rrp""--u* = o'48'cm

Rht. i = 0.287.cm

Rht, o = 0.413.cm

Rhous i = 0.486.cm

Rhou, o = 0.629'cm
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L"uO := 0.l4in

Total heat generated inside a section (W/m)

specimen inner radius Rspac-i = 0'418'cm

Rrpu"_o = 0.472.cm

specimen outer radius
Rrpu"_.* = 0.48.cm

max upper cap height L.up = 0.356.cm

^ (zz \w
Qg.nht. := Qv_htr'n.[*nn_o' - nf,tr_i'J holder Qgenhtr = 2Za2a. 

^

Qg"nhour:= Qv_hous.T.(*nour_ot - R6orr_i) housing eg".ho,r, = 7009.y

Total heat moving into a section (Wm)

9in_hous:= Qgenspec + Qgen6,. 9in-hous = 29g45'Y

9in-cool = 36954'Y

Q8"nrp""i= err_spec.T.(*r0."_ot - Rrp""_i) specimen eg.n.p", = 752r.Y
m

9in cool := 9in hous + Q8"nhous

Temperatu re calcu latio n

Thour-o := Tburk . 
,T*ffi; Thour-o = 360 K

rhous-i = tl-,ffi' (*nou,-ot - Rr,ou,-i) * [Qu-no!''*no"-'' }yu.,l ,"fln"*-') - 12o,,
I z.r.e | z.n.kru J [*n*r_lj 

+ rhour-o = 368 K

Rhous-i-hot:= Rho.rs-i'[l * oAl-*u*'(Tr,our-t - zl:'r)] Rhous-i-hot = 0'487'cm

Trp"r_o:= 1018.K ini t ia l  guess u*ur,= 0.220 
r Helium at 500 K
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Rspec-o-hot := Rrp."-o'[l + oza-min'(Tro""-o - zl:'r)] Rspec_o_hot = 0.473.cm

[-qin norr)  (*ro."  o hot)rspec-o'= 
[]4;j 

"[-^"-;J * rno,' i  lspec_o = l0l8K sood suess

Tspec_i := 1056.K initial guess

Rspec-i-hot:= Rro""-i'[1 * ozu--u*'(Tspec-i - 293'K)]

+ T' ^spec_o

Tspec-i = lo56K good guess

Trp"r--u" := Tspec-i Rrp""-o-.u*'= Rrp""-.nu*'[t * ozu-.u*'(Trpec-max - 293'K)]

Tht._o := l2l8.K init ial guess kgur,= 0.33 + Helium at 9OO K

Rhtr-o-hot:= R1rr.-o'[l * oMo-min'(tno-o - 293'K)] Rht, o hot 
= 0.415'cm

(-Qe"nnrr'1 . ( *n,. o r,ot )rhtr-o i= 
t, r-+* J 

'"[*;;;J + r'nec-i

Thtr i:= 1225.K initial guess

Tht.  o = 1218K good guess

Tht. i = 1225K good guess

Rhtr-i-hot:= nhr.-;'[t + oMo-min'(trro-i - 293'K)] Rhtr-i-hot = 0.288'cm

Qv htr /rht -i'= ffi [*n.-o-hot2 - Rht -i-hot) -, 
[b*=*]'tm) 

. rno-"
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Rrpr.-o-.u* = 0'482'cm Rhous i -ho1 
= 0'487'cm Rrp""_o_.ux < Rhous-i

CASE 2: Temperatures at Clad/ Spacer Transition for 3" Gase (Z = 1.5")

z :=  l . 5 i n

pf := 1.26'corfo'o+z:.1 = 1.244
\ c m  . /

T,n*:= Tht. i

Volumetric heat generation rates (Wm")

Qrr_rpu":= pf 'Qv_Al

Qv_htr:= Pf'Qv_Mo

Qv_hous:= pf'Qv_Al

Total heat generated inside a section (W/m)

Qg"nrpu" := err_spac.T.(*rou"_ot - Rrpu._i)

Qgenhtr := ev_htr.n.(**"' - *nu_,)

Qg"nhour := Qv hous.n.(*nour-o' - Rt our-i)

Total heat moving into a section (Wm)

9in_hous := Qgenrou" + Qgenhtr

9in cool := Qin hous + Qgenhous

Temperature calculation

Thou, o:= Tbulk. 
rrr**;j;

Qv hous /Thous i'= 
ff 

(*^ou, ot - *nou,

specrmen

holder

housing

Q' hour'Rho.,, i2

w
Qu_rpu" = 1:8.8'l

cm

w
Qv_htr = 300.8'l

cm

w
Qv_hous = 138.8'-

cm

w
Qg"nrpu" - 2121.;

W
Qgenhtr = 22133'-

Qg"thou, = 6919 Y

w
9in_hous =24254'-

9in-cool = 31172'Y

Thou, o = 357K

ffiJ ,"[*) *,no",-o=364K
2'kltt
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Rhous-i-hot:= Rt ous-i'[l + oAl--u*'(Tnour-i - ze:'r)] Rhous-i-hot = 0'487'cm

Trpu"_o := 727.K initial guess kgu.,= 9.22 
trL Helium at 500 K

Rspac*o-hot'= Rrpu"-o'fl * *Al--in'(trou"-o - zeu<)]
Rspac-o-hot = o'477'cm

r .- (.-otn-nour') ,-|/Rrpu"-o-h"r) , ,rspac_o'= (.;4;.,J'1*.*ffiJ + rnous_i
Trpu"_o =727K good guess

Tspac_i:= 730.K init ial guess

Rspac-i-hot := Rspac-i'[l + oRt--u*'(Tspac-i - ze:'r)] Rspac-i-hot = 0'423'cm

r Qu-rpu" /^ 2 n r) , fa"-roac'Rspac-i-hot2 Qc"nhffl ,-f 
Rrpu"-i-tot)Tspac-i'=;.Tl"(Rspac-o_hot2_R,pu"-i_no|)*t.]?_,*\,)'tffi,l

+ Trpac_o

Tspac_i = 730K gOOd gUeSS

Trpu"--u*:= Tspac-i Rrpu.-o--u":= Rrpu.-ma*'[t * oot -u*'(trou"--ax 
- 293'K)]

Rhtr-o-hot:= R6,r-o'[l + oMo-min'(tn r-o 
- 293'K)] Rht, o hot = 0'414'cm

Tht. o:= 1000K init ialguess kgns := 0.28 + Helium at 7oo K

Tht. o = 1000K good guess
(-Qe"nn,r) ( *n,. o hot )rhtr-oi= 
t r-**i '"[***a*J + rsnac-;

Tht i := 1006.K init ial guess

Rht.-i-hot:= n6r.-1'[1 + oMo_min'(trro_i - zs:'r)] Rht. i hot = 0.288'cm
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Tht. i = 1006K good guess

Rrp""-o--ux < Rhous-iRrpu"-o_.u* = 0'486'cm Rhous i hot = 0.487'cm

CASE 3: Arial Expansion

3 A- 4 in. Heater Tube

Lhtr:= 4.0l in max heater height Lhtr = 10.185.cm

^ 0'274 '  3r radiusKspac_i i= -in mln SpaCer raOlUS Rspac_i = 0.348.cm

Ll_rpu.:= (8.956 - 0.49)in max lower spacer height Ll_rpu" = 21j04€m

Lu-rpu";= (8'83 - 0'49)in max upper spacer height L, ,ou" = Zr.ll4.cm

Lintemal-configcold'= Lht + Lu_rpu"+ Ll_rpac* L"up =53.228'cm

pf := =  1 . 0 1
Linternalconfig-cold

2
Volumetric heat generation rates (Wm3)

Qu-rpur:= Pf'Qv-Al Qrr-rpu"= l l2'8' 
jL

J
cm

Qv-hous:= Pf'Qv-Al Qv hous = 112.8' 
W

".3

Total heat generated inside a section (Wm)

Q9"nrpu"i= eu_spa".T'(*rou"_o' - Rrpur_i) specimen eg"nrpu. = 3618.I
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( z r \w
Qg"nhour:= Qv_hous'fi.(.Rr,o.,r_o" - Rr,orrr_l'J housing Qg"nhou, = 5620.-

Total heat moving into a section (Wm)

9in-hous = 3618'I

9in-cool = 9238'I

9in_hous := Qgenspac

9in_cool := 9in_hous + Qgenhous

Tem perature calcu latio n

Qin cool
Thou, o'= Tbulk - , 

-=
hg1-.2.zr.R6or^ o

Trpu"_o:= 450.K initial guess k*as:= o.ls + Helium at 3oo K

T.pu"_o = 450K good guess

T h o u ,  o = 3 4 5 K

Qv hous /_Thous- i l i l [Rho,, , -o '_Rr 'ou,- i ) - [b#H) ' " [* )* ,nou,-o=347K

Rhous-i-hot:= Rhous-i'[l + oAl--u*'(Tnour-i - 293'K)] Rhous-i-hot = 0.487'cm

Rspac-o-hot'= Rrpu"-o'[l * oAl--in'(trou"-o - 2%'K)]
Rspac-o-hot = o'474'cm

(-qin norr)  .  (*rou" o t ,ot)rspac-o'= 
[. 2'*ks^ .,J 

'"[-r*ffiJ + rnous i

Tspac_i:= 451.K ini t ia l  guess

Rspac-i-hot:= Rrpac-i'[l + oet-min'(Tspac-i - 293'K)] Rspac-i-hot = 0'349'cm

Qu-'pu" ( ̂  
rou"o hot2 - Rrou" i,^-2') * f'Qu-rpu.'Rrpu.-i-to,tl.,.[ 

*r'""-,-nor 
l ...rspac-i '= 

fr: 
(Rspac_o_hot2 - R,pu"_i_ hot ) - 1, 

-- 
.,J 

'"[ffi_n",,
+ T'  -spac o

Tspac_i = 451 K good guess
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Lht._hot:= L6,..[t * oMo_max.(t.* - zlsr)] = t0.267.cm

Lu-spac-hot := Lu-rpu"'fl + oAl-n'ur'(Trpu"-i - ze:r)] = 2l'281'cm

Ll-spac-hot '= Ll-rpu"'[l * oel--u*'(Tspac-i - ze:r)] = 21.602'cm

Lcap-hot:= t"uo'[t * oRt_-u*'(Tspac_i - ze:r)] = 0.357'cm

Linternal-config-hot:= Lhtr hot + Lu_spac-hot + Ll_spac_hot + Lcap-hot = 53'508'cm

Ahot-cold := Lintemal-config-hot - Lintemal_config_cold = 0.279'cm

3B-T in .Hea te rTube

Ahot  cold 
= 0.1 l . in

Lu-rpu" i= (7 '23 - 0'49)in max upper spacer height

Lintemal-config_cold'= Lht. + Lrr_rpu" + Ll_spuc * L"up = 52.974'cm

L61, := 7.0lin

Ll_rpu" 1= (7.456 - 0.49)in

max heater height

max lower spacer height

Lhtr = 17'805'cm

Ll_rpu" = 17.694.cm

Lr_rpu" = 17.12'cm

w
Qu_rpu" = 1t3' l

cm

w
Q v _ h o u s  -  l 1 3 ' ,

cm

,.r.u."o"(W.)0,
\ c m  /

= 1.0r2
Linternal-config-cold

2

Volumetric heat generation rates (Wm3)

Qu_rpu":= pf 'Qv_Al

Qv_hous:= pf 'Qv_Al
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Total heat generated inside a section (W/m)

Qg"nrpu. := Qv-spac.T.(*rou"-ot - *rou"-,')

( t r \
Qg"nhou, := Qv_hous'T'lRhour_o- - Rt our_il

Total heat moving into a section (Wm)

9in_hous:= Qgenspac

9in cool := 9in hous + Qgenhous

Tem peratu re ca lcu lation

Qin cool
Thou, o:= T6u11 +

hgrl-.2.rr.R6ou, o

rhous-i,= 
H: 

(*no.,r-ot - Rhour-

Qg".rpu" = 3626.Y

Qg"nhou, = 5632 Y

9in-hous = 3626'Y

9in-cool = 9258'I

T h o u ,  o = 3 4 5 K

\ ,
9 i n  h o u s  l .  f R r t o u t  i )

tffiJ tt 
ffi,l 

+rhou'-o=347K

Rhous i  hot=0.487.cm

ksur,= o.ls + Helium at 3oo K

specimen

housing

Q' hour'Rhorr i2

2'kltt

Rhous-i-hot:= Rho.rr-i'fl * oAl-n,u*'(Tnonr-i - 293'K)]

Trpur_o:= 451.K ini t ia l  guess

Rspac-o-hot:= Rrpuc-o'fl + oAl--i.r'(trou"-o - 293'K)]
Rspac_o_hot = 0.474.cm

Trpu"_o = 450K good guess

in i t ia lguess

Rspac-i-hot'= RrRu"-i'[t + oet-min'(Tspac-i - 293'K)] Rspac_i_hot = 0.349.cm
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.F .- Qv-spuc (- 2 ^ ,\ [a"-rpac'Rspac-i-h*t ] ,. f 
Rrpu"-i-t ot )Tspac_i.=fr:(Rspac-o_hot2_R,pu"-i_t,ot')*t:':ii=J'"[ffiJ

+ Trpu"_o

Tspac_i = 451 K good guess

Lht 
_hot := L5,..[t * oMo_max.(t.u* - zs:r)] = r7.94l.cm

Lu-spac-hot:= L',-rpuc'fl + oAl--u*'(Trpu"-i - 293K)] = l7'198'cm

Ll-spac-hot '= Ll-rpu"'[t + oel-*u*'(Tspac-i - 293K)] = 17.77lcm

Lcap-hot:= L"uo'[l * oet_-u"'(Tspac_i - 293K)] = 0.357'cm

Lintemal-config-hot:= Lhtr hot + Lu_spac_hot + Ll_spac_hot + Lcap_hot= 53.279'cm

Ahot cold:= Lintemal_config_hot - Lintemal_config_cold = 0'304'cm Ahot cold = 0.l2.in
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Comparison of the Zr-Hvdride Capsule and the JP-30 Capsule
JuanCarbajo

Rev. I -January2Dl2

The safety of the JP-30 capsule was studied in report C-HFIR-2011-020 (Ref. 1). Ref. I calculated
heat generation, stored energy, and results offive different scenarios/transients (steady state normal
operation, steady state local flow blockage, steady state at 130% power and full flow, LOOP and
SBLOCA). The JP-30 capsule included 14 sub-capsules.

The Zr-Hydride capsule has a very simple configuration: aZr-Hydride cladding tube, with a
molybdenum rod inside, located between two aluminum spacers and surrounded by the aluminum
housing. There are two different lengths of the Zr cladding tube: 3-in and 6-in. The 6-in tube with a 7-in
molybdenum rod inside bounds the 3-in tube; thus, the 6-in longZr-Hydride Tube is the one considered
in this comparison study. Dimensions are taken from the drawings of Ref. 2.

Calculations are in Excel file Hydride.xlsx (Ref. 3). JP-30 values are taken from Excel file JP30.xlsx
(Ref. 4) and from report C-FIFIR-2011-020 (Ref. l). A comparison of masses, heat generation, decay heat
at time zero, maximum heat flux, and stored energy for the two capsules (Zr-Hydride and JP-30) is shown
in the enclosed Table 1. The JP-30 capsule has more mass, more heat generation, more decay heat, higher
heat flux and more stored energy than the Zr-Hydride capsule. The Zr-Hydride capsule has more
aluminum (-35 g more) than the JP-30 capsule but the JP-30 has more steel (202 gmore). Therefore, the
Zt-Hydride capsule is bounded by the JP-30 capsule and further safety studies are not needed for the Zr-
Hydride capsule.

Table 1
Comparison of the Zr-Hydride and JP-30 Capsules

Variable Zr-Ilvdride JP-30
Model lensth (in) 23.9882 23.9882

(cm) 60.93 60.93

Masses (g)

AI t  3  5 .15 100.65
Mo 51 .33
Zr 16.7 |
Steel 0.49 202.4
SiC A a

V 8.6
Total (e) 202.71 315.85

Heat seneration (W) 9.3 81 14.r22
Decay Heat (W) 448.34 883.7
Max. heat flux (Wcm') 92.8 t26.2
Stored Enersv (J) 24.520 59,980
Notes
- JP-30 Data from C-I{FIR-2011-020 and JP30.xlsx
- Steel mass in Zr-Hydride is for the spring, same as JP30
- Only the capsule (without the shroud) is considered, except
for the stored energy in the JP-30 capsule that excludes also
the housing and the end caps.
- Stored energy is calculated with reference to 0oC.
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