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ABSTRACT 

Pressurized water reactor loss-of-coolant accident (LOCA) phenomena are 
being simulated with a series of experiments in the U-2 loop of the National 
Research Universal Reactor at Chalk River, Ontario, Canada. The first of these 
experiments includes up to 45 parametric thermal-hydraulic tests to establish 

the relationship among the reflood delay time of emergency coolant, the re­
flooding rate, and the resultant fuel rod cladding peak temperature. Sub­
sequent experiments establish the fuel rod failure characteristics at selected 
peak cladding temperatures. Fuel rod cladding pressurization simulates high 
burnup fission gas pressure levels of modern PWRs. 

This document contains both an experiment overview of the LOCA simulation 
program and a review of the safety analyses performed by Pacific Northwest 
Laboratory (PNL) to define the expected operating conditions as well as to 
evaluate the worst case operating conditions. The primary intent of this doc­
ument is to supply safety information required by the Chalk River Nuclear Lab­

oratories (CRNL), to establish readiness to proceed from one test phase to the 
next and to establish the overall safety of the experiment. A hazards review 
summarizes safety issues, normal operation and three worst case accidents that 
have been addressed during the development of the experiment plan. 
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SUMMARY 

Pacific Northwest Laboratory (PNL) is conducting tests for the Nuclear 
Regulatory Commission (NRC), Division of Reactor Safety Research. Fuel Behav­
ior Branch, to evaluate the consequences of a hypothetical loss-of-coolant 
accident (LOCA) in a light water reactor (LWR). PNL will provide the test 
train, the reactor fuel assembly for the test, data reduction and analysis, 
and management for the LOCA simulation program. Atomic Energy of Canada, 
Ltd., (AECL), Research Company will provide the test facility and irradiation 
space in the Canadian National Research Universal (NRU) Reactor at Chalk 
River, Ontario. 

This program will develop a well-characterized data set for evaluating 
the consequences of a hypothetical LOCA in an LWR. Heatup, reflood, and 
quench will be simulated using low-level fission heat as a surrogate for the 
system enthalpy and decay heat that would drive the hypothetical LOCA terminal 
transient. 

The data derived from the irradiation tests will be used to assess various 
calculational models for reactor safety analyses and to assess conclusions 
derived from the series of electrically heated tests and smaller scale in-pile 
tests being conducted elsewhere. 
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1.0 INTRODUCTION 

A loss-of-coolant accident (LOCA) in a corrmercial light water reactor 

(LWR) consists of four distinct phases: blowdown, heatup, reflood, and quench. 
Each of these phases has a path-dependent process that is a function of 1) the 
type of event that initiated the accident and 2) the reactor 1 s operating condi­

tions at the time the LOCA was initiated. No single set of conditions would 
exist at the time of a LOCA; rather, a broad range of operating parameters 

could exist in one of many possible combinations. 

The ideal simulation of a LOCA would include the entire LOCA sequence--
b lowdown, heat up, reflood, and quench. 

require examination of a large range of 
However, such a simulation would 
parameters related to the reactor event 

initiating the accident, which in turn would require many in-reactor tests. 
Because of the technical difficulties of such an effort and the large number 
of parameters involved in a test program that would be typical of all LOCAs, 
it was decided that these experiments would address only those phases that are 
most damaging to the cladding integrity: heatup, reflood, and quench. 

During the most damaging phases, the highest fuel cladding temperatures 
are reached with the maximum relative pressure differential occurring across 
the cladding wall. The cladding typically will rupture, releasing fission pro­
ducts early in the heatup phase. During the heatup phase, the cladding tem­
perature and the resulting cladding oxidation will continue to increase until 
the reflood water reaches a depth sufficient to halt the increase, turn the 
cladding terrperature around, and finally quench the cladding. 

Pacific Northwest Laboratory (PNL) has prepared this document to define 
both normal operating and worst-case conditions that might occur during test­
ing. This report is intended to help Nuclear Regulatory Commission (NRC) and 
Chalk River Nuclear Laboratories (CRNL) staff members ensure the safety and 
integrity of the National Research Universal (NRU) reactor during the tests. 

The following subjects are discussed in the rest of the report. 
• test series design 
• test train design 
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• operating procedures and conditions 

• postirradiation examination 

• wastes generated by the tests and waste disposal 

• hazards involved in testing. 

Appendices A through G include detailed drawings of the test train and its com­

ponents, copies of key specifications, and additional plots predicting peak 
cladding temperatures for different reflood rates and delay times. 
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2.0 SCOPE AND OBJECTIVES OF THE PROGRAM 

The LOCA simulation program will develop a well-characterized data set for 

evaluating the consequences of a hypothetical LOCA in an LWR. Heatup, reflood, 

and quench will be simulated using low-level fission heat as a surrogate for 
the system enthalpy and decay heat that would drive the hypothetical LOCA term­

; na l transient. 

Six full-length test assemblies will be irradiated. The geometric con­

figuration of each assembly represents a 6 x 6 segment of a 17 x 17 pressurized 

water reactor (PWR) fuel bundle. The tests will be performed in the U-2 loop 

of the NRU Reactor at Chalk River, Ontario, provided by the Atomic Energy of 

Canada, Ltd. (AECL). The tests are expected to yield the following data: 

• temperature distribution in a full-length bundle as a function of 

time 

• interaction between thermal-hydraulics and cladding deformation 

• quench front propagation 

• quenching characteristics of nuclear-heated, Zircaloy-clad rods for 

comparison with electrically heated, lnconel or Stainless steel-clad 

(ss) rods 

• temperature-stress-time of cladding deformation 

• distribution of cladding strain within bundle and information on 
failure propagation 

• axial distribution of diametral strain in test fuel rods 

• flow-area reduction caused by cladding expansion. 

The data will be used to assess various calculational models for reactor safety 

analyses and to assess conclusions derived from the series of electrically 

heated tests and sma11er scale in-pile tests being conducted elsewhere. 

Experiments will be designed and conducted to use the advantages inherent 

in the NRU reactor for testing of this kind. These advantages include 1) capa­

bilities for testing multirod bundles with lengths to 3.66 m (12ft) under 
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thermal-hydraulic conditions representative of contemporary LWRs and 2) the 

ability to achieve requisite power densities using fuels with normal commercial 
enrichments. The former advantage will reduce uncertainties in scaling factors 

that must be applied to results from small-scale tests; the latter will permit 

reasonable uniformity in horizontal power distribution within a test fuel 

bundle and the use of actual commercial fuel rods in test bundles. 

This program is related generally to those NRC programs concerned with 
performance characteristics of nuclear reactor fuels. Experimental work will 

extend and complement thermal-hydraulic/cladding deformation tests that include 
out-of-pile tests (i.e., PWR FLECHT SEASET), the Power Burst Facility (PBF) 

test and loss-of-flow test (LOFT). 

It is anticipated that this program will be conducted over a 5-year period 

beginning with approval of the initial contract. The program's major mile­

stones are: 

AECL Subcontract Approved 

Data Acquisition and Control System Delivered 

Final Safety Analysis Approved by AECL 
loop Modifications and Tests Completed 

Nuclear Tests Begun 

Nuclear Tests Completed 
Final Reports Completed 
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December 1978 

May 1980 

June 1980 

August 1980 

October 1980 

June 1982 

September 1983 



3.0 TEST SERIES OES!GN 

There will be a total of six tests and six assemblies; one assembly will 

be used for thermal-hydraulic testing for a maximum of 45 test runs, the other 
five will be used for mechanical deformation testing and will be limited to one 

test run each (Hann 1979). 

The thermal-hydraulic test series will be conducted during the first of 

six testing intervals. All rods will be unpressurized; consequently, no severe 

cladding deformation will occur. The test series will provide replicate condi­

tions for assessment of mathematical heatup and reflood models. It will also 

serve to calibrate the response of the system and further refine knowledge of 

boundary conditions of those pressurized rod assemblies that will experience 

severe deformation and rupture. The tests will provide a transition from well­

controlled and rather benign conditions to more severe test conditions. 

Several options exist for performing test series that will allow replica­

tion of test parameters to improve data correlation and potentially reduce the 

number and types of instruments required for the testing. Some of the vari­

ables included in these options are reflood injection time, reflood rate, and 

heatup rate. The current design for the thermal-hydraulic tests is based on 

using one heatup rate to minimize reactor control problems and experimental 

perturbations. The reflood rate and reflood injection times will be used as 

the prime independent variables and will in various combinations be used to 

reverse the temperature transient at the desired peak cladding temperature 
limit. The proposed conditions for the thermal-hydraulic tests series are 
listed in Table 3.1. and shown in Figure 3.1. 

The five fuel cladding performance tests will be conducted for selected 
conditions based on the results obtained during the thermal-hydraulic tests. 

The objective of the tests will be to use a constant heatup rate and vary the 

reflood rate and reflood delay time to obtain peak cladding temperatures 

between 1033K (1400"F) and 1255K (1800"F). Table 3.2 shows the approximate 

range of variables planned for the fuel cladding performance tests. 
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TABLE 3.1. Thermal-Hydraulic Test Series(a) 

Predicted(b) 
Test Reflood Maximum Peak Cladding 

Test Series Reflood Rate Delay Heating Rate Temperature 
~ Number m/s in. 7s Time 2 s K/s OF /s K F 
2 101 0.102 4.0 3(c) 8 15 <811 <1000 

2 102 0.102 4.0 20 8 15 922 1200 

2 103 0.102 4.0 29 8 15 977 1300 

2 104 0.102 4 .0 37 8 15 1033 1400 

3 105 0.051 2.0 7 8 15 1033 1400 

3 106 0.051 2.0 )g 8 15 1088 1500 

3 107 0.051 2 .o 30 8 15 1144 1600 

3 108 0.048 (d) ).g 3 (c) 8 15 1033 1400 

3 log 0.038 1.5 3 8 15 1144 1600 

3 110(g) 0.038( g) 1.5( g) 11 8 15 1200 1700 

3 111 0.038 1.5 11 8 15 1200 1700 

3 112 0.076 3.0 32 8 15 1033 1400 

4 113 0.204 8.0 3g 8 15 1033 1400 

4 114 (h) 0.204 8.0 46 8 15 1088 1500 

4 115 0.204 8.0 53 8 15 1144 1600 

4 116 0.254(d) 10.0 40 8 15 1033 1400 

4 ll7(h) 0.254 10.0 47 8 15 1088 1500 

4 118 0.254 10.0 54 8 15 1144 1600 

4 11g( g) 0.155(g) 6.1(g) 52 8 15 1144 1600 

4 120 0.155 6.1 52 8 15 1144 1600 

4 121 0.076 3.0 48 8 15 1144 1600 

5 122 (g) 0.076(g) 3.0(g) 53 8 15 1200 1700 

5 123 0.076 3.0(c) 53 8 15 1200 1700 

5 124 (f) 0.102 4.0 37 8 15 1033 1400 

5 125 0.102 4.0 51 8 15 1144 1600 

5 126 0.102 4.0 70 8 15 1255 1800 

5 127 (f) 0.102 4.0 37 8 15 1033 1400 

5 128 0.033 1.3 3 (c) 8 15 1255 1800 
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TABLE 3 .1. (contd) 

Predicted( b) 
Test Reflood Maximum Peak Cladding 

Test Series Reflood Rate Delay Heating Rate Temperature 

~ Number m/s in./s Time 2 s K/s oF /s K l5~ 

5 129 0.038(d) 1.5(d) 20 8 15 1255 1800 

5 130 (f) 0.102 4.0 37 8 15 1033 1400 

5 131 0.051 2.0 50 8 15 1255 1800 

5 132 0.204 (d) 8 .0 (d) 71 8 15 1255 1800 

6 133 (f) 0.102 4.0 37 8 15 1033 1400 

6 134 (h) 0.254 (d) 10.0 (d) 72 8 15 1255 1800 

6 135 0.028(d) 1.1(d) 3 8 15 1310 (e) 1900(e) 

6 136 (f) 0.102 4.0 37 g 15 1033 1400 

6 137 0.038(d) 1.5(d) 32 8 15 1310(e) 1900(e) 

6 138 0.051(d) 2.0(d) 60 8 15 1310(e) 1900(e) 

6 139(f) 0.102 4.0 37 8 15 1033 1400 

6 140 0.102(d) 4.0(d) 76 8 15 1310(e) 1900(e) 

6 141 0.204 (d) 8.0 (d) 77 8 15 1310(e) 1900(e) 

6 142(f) 0.102 4.0 37 8 15 1033 1400 

7 143 (g) 0.038(g) 1.5(d) 53 (d) 8 15 1310 (e) 1900(e) 

7 144 0.038(d) l.S(d) 53 8 15 1310 (e) 1900 (e) 

7 14 5 (f) 0.102 4.0 37 8 15 1033 1400 

(a) Operating conditions are described in Appendix C. 
(b) Predictions are based on a FLECHT heat transfer coefficient correlation 

used in the TRUMP heat transfer code . Prediction uncertainty= ±28K (50°F). 
(c) Minimum delay time (<3 s) is necessary for the reflood water to arrive at 

the bottom of the fuel column after steam flow is stopped. 
(d) Final value will be selected from earlier tests in this experiment. 
(e) Cladding temperature may exceed 1255K (1800°F), based on parameters 

evaluated from earlier test results. For safety purposes 1310K (1900°F) 
will be used as the maximum. 

(f) Replicate of Test Number 104. 
(g) FLECHT data comparison. The first test of each FLECHT data pair uses a 

fast fill rate up to the 0.306 m (1 ft) level of the fuel column, then the 
se 1 ec ted reflood rate. The second test uses a constant reflood rate . 

(h) GE data comparison. 
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TABLE 3.2. Fuel C1adding Performance Tests(a) 

Maximum Cladding 
Test Flooding Rate Reflood De 1 ay Heating Rate Tem~erature 

Number m7sec in.7sec Timei sec k7sec o F7sec k °F 
2 0.127 5 32 b) 8 15 1033 1400 
3 0.051 2 12 (b) 8 15 1033 1400 
4 0.025-0.036 1-1.4(c) 0 8 15 1033 1400 
5 0.051 2 25 (b) 8 15 1144 1600 
6 0.051 2 40 (b) 8 25 1255 1800 

(a) In all six tests, peak rod power was 1.97 kW/m (0.6 kW/ft), system 
pressure was 0.27 MPa (40 psia), inlet subcooling temperature was 78K 
(140°F), and the initial rod pressure was 3.1 MPa (450 psia) . The 
actual value of the rod pressure will be adjusted to give an NRU hot 
operating pressure equivalent to that of a modern PWR. The option 
exists to change the rod pressures of tests 5 and 6, depending upon 
results of tests 2, 3 and 4. 

(b) Target, actual value selected from previous tests to obtain desired 
cladding temperatures. 

(c) Target, lowest rate practical . 
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4.0 TEST TRAIN DESIGN SUMMARY 

Test train components were designed with the following considerations: 
mechanics, instrumentation, and neutronics. Each of these are discussed in 
enough detail to provide the most realistic boundary conditions, lead to well­
defined parameters and a clear sequence of events, and enable performance of a 
limited number of replicate tests that would provide well-characterized data. 
The bases for the test train design, the design criteria, and the general 
design features reflect these objectives . 

4.1 TEST TRAIN DESIGN BASES 

The mechanical design must meet the test requirements, provide a compat­
ible interface with the NRU facility, lead to reduced assembly/disassembly 
costs, and facilitate poolside examination of the bundle. To meet these objec­

tives, several key design requirements were established. 

• The test train must interface with the existing reactor test loop 
facility, particularly the existing pressure tube design and closure 
stump body. 

• The test train must be compatible with existing transfer procedures 
and equipment. 

• The test train must be transported in the NRU transfer flask . 

• The design must include the maximum number of instrument lead 
penetrations. 

• After irradiation, the instrument leads must be capable of being 
removed and reinstalled at the pool assembly/disassembly location. 

• The design must provide for continuous instrument signals to the data 
acquisition system, but the instrument must be able to be discon­

nected and clear access beyond the deck plate level must be provided. 

• Fabrication steps must be simple wherever prudent. 

• The test train must not impair the safe operation of the NRU reactor 
nor impose operating restrictions. 
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• It must be relatively easy to disassemble, examine, and reassemble 
the test train while it is underwater and in a horizontal position. 

• The design must provide for removal of a test bundle from the guard 
rod heater and replacement of the guard rods . 

• The design must include a reusable, instrumented guide tube assembly. 

• The test train must have a known fuel rod position and rotation 
orientation. 

• An indicator must be provided to monitor the liquid level during 
reflood. 

• The design must provide for a power level indicator in the bundle. 

• The design must include a temperature distribution indicator within 
the bundle. 

4.2 DESIGN CRITERIA 

The mechanical design shall include: 

• removable sealing hardware to keep the diameter of the portion going 
into the transfer flask to a maximum of 0.127 m (5 in.) 

• connectors that can be disconnected to leave one side of the connec­
tor below the deck plate level 

• a pressure boundary between the pressure tube and the reactor exte­
rior under ambient operating conditions 

• construction materials selected to assure compatibility with the 
existing facility and to attain design life and hardware reliability 

• factors to assure that yielding of components in the closure region 
will not compromise the safety of the NRU 

• documentation showing that the fabrication history for all components 
of this region are traceable to the original materials of construction 

• lifting attachments that will be capable of supporting the weight of 
the test train 
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• a rod diameter and pitch that are compatible with a PWR 17x17 assembly 

• an active fuel length of 3. 658 m (144 in.) 

• a maximum of 183 penetrations for instrument leads 

• commercial spacer grid designs to facilitate the manufacture of modular 

spacer grids 

• eight spacer locations. 

4.3 GENERAL DESIGN FEATURES 

A schematic of the overall test train is depicted in Figure 4.1 . Key 
mechanical drawings, which can be found in Appendix A, give greater detail. 
The total length of the test train, including both the closure region and the 
test region is 9.18 m (30ft, 1-1/2 in.). 

The closure region will provide the pressure boundary between the test 
train and the pressure tube of the loop. It includes penetrations for 183 
instrumentation leads . PNL will build a mockup of the instrument leads in the 
closure region for quality control leak testing. 

The hanger tube is used to suspend the test bundle and shroud from the 
closure plug. The instrument leads will be attached to the hanger to protect 
them during testing and transport. 

The shroud will support the fuel bundle, serve as a liner during experi ­
mental and transfer operations, and provide proper flow distribution during 
various stages of the experiment. The shroud will be fabricated from stainless 
steel and will consist of two halves clamped together at 17.78-cm (7 - in.) 
intervals and attached at the end fitti ngs. The split shroud design will 
facilitate underwater disassembly and examination. The shroud assembly will 
be approximately 4.27 m (14 ft) long and be instrumented with 22 self-powered 
neutron detectors (SPNDs) and 38 thermocouples. 
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The fuel bundle consists of a 6x6 array(a) of fuel rods with the four 
corner rods removed for easier insertion in the shroud (see Figure 4.2). This 
provides a basic test array of 6 x 6- 4 rods (or 32). The outer row of rods, 
including the corner rods of the next inner ring , will not be pressurized and 
will serve as guard rod heaters during the test. The test section consists of 
11 fuel rods and one instrument thimble tube arranged in a cruciform pattern. 
The test rods will be unpressurized for the first test series; subsequent tests 

will use pressurized rods. The bundle is designed to enable reuse of the guard 
rod heaters, and the guard rod array can be separated into two sections (see 
Drawing No. SK-3-21389, p. A-5)) . The cruciform array can also be divided into 
segments to aid poolside inspection and removal of the instrumented thimble 
tube. The cruciform test assembly will be replaced after each test ; conse­
quently, a high -pressure instrument connector is desirable as it would allow 

the test rods to be disconnected without disrupting the feed-throughs at the 
closure head. 

There are several leak paths for coolant flow from inside the shroud to 
the annulus between the shroud and pressure tube. The coolant flow rate is 
measured upstream of the leak points, and the exact fraction of the total flow 

going up the annulus and bypassing the test section will not be known. 

Two criteria dictate allowable bypass flow . The first is that the bypass 
flow must be low enough that the liquid level front in the annulus lags behind 
the liquid level front inside the shroud during the reflood portions of the 
transient tests . The second is that the flow up the annulus must provide suf­
ficient cooling to remove the gamma heating from the pressure tube. 

Preliminary calculations show that if the bypass flow were 5% of the total 
flow, the requirement that the bypass liquid level lag behind the level inside 
the shroud would be only marginally met . Other calculations show that pressure 
tube temperatures would be less than 505K (450°F) if the bypass flow were 1% 
of the total flow. A design value of 1% bypass flow was therefore somewhat 

arbitrarily chosen and is used in design calculations for the test assembly. 

(a) This is a segment of a 17x17 PWR assembly. 
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FIGURE 4.2. Schematic Cross Section of Assembly Illustrating 
Instrument Locations 

Recent measurements(a) have shown the bypass leak flow rate to be 
greater than 2.2% of the revised (higher) test assembly flow rate. An 
analysis{b) using the higher test assembly flow rate and a leak flow rate of 
3% predicts a peak pressure tube temperature of about 573K (572°F). The recent 
report develops the argument that the peak pressure tube temperature would be 
limited to approximately the saturation temperature at the operating pressure. 

(a) Quigley, M. S. August 28, 1980, Memo to G. M. Hesson. 11 NRU 12-ft Shroud 
Leak Test Results ... Pacific Northwest Laboratory, Richland, Washington 
99352. 

{b) Hesson, G. M. September 22, 1980, Memo to G. E. Russcher. 11 Ganma Heat 
Removal Adequacy for the NRU-LOCA Test Assembly... Pacific Northwest 
Laboratory, Richland, Washington 99352. 
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4.4 INSTRUMENTATION 

The general descriptions and locations of the various instruments included 
in the test train and main loop of the reactor are given here. 

4.4.1 Test Train Instrumentation 

Instruments included in the test train are described here. Details can be 

found in drawings that are included in Appendix A (H-3-41804, Sheets 1 and 2). 

4.4.1.1 Flow Measurements 

The flow rates of the pressurized water during the preconditioning phase, 
the steam flow rate prior to heatup, and the reflood flow rates must be mea­
sured. All of these flow rates will be measured by loop instrumentation and 
will not be part of the test train instrumentation. 

The bundle flow rates will be calculated from the measurement of the loop 

flow rates taken during the test. The ratio of bundle flow rate to total loop 
flow rate will be measured in an out-of-reactor mockup, and the in-reactor 
bundle flow rate will be determined from this data. 

The steam and reflood flow rates will be measured by loop instrumentation 
located outside the reactor core. 

4.4.1.2 Temperature 

All temperature measurements will be made with thermocouples that have 

Inconel 600 sheaths and chromel-alumel thermoelements insulated with magnesia 
(MgO). The nominal diameter of all thermocouples is 1.0 mm (0 .039 in.). Some 
of the thermocouples have dual diameters with the 1.0-mm diameter reduced to 
either 0.5 mm {0.020 in.) or 0.25 mm {0.010 in.). Thermocouples will be placed 
in the following locations. 

• cladding outside surface 
• fuel centerline 
• pellet-to-cladding gap 

• shroud 
• spacer and thimble 

• coolant inlet, outlet and their difference 
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• hanger tube 
• test section outlet piping . 

All thermocouple outputs will be monitored by the data acquisition and 
control system (DACS) . The thermocouples attached to the hanger tube and 
located in the test section outlet piping will be designed so that a failure 

logic of 2 out of 3 can be incorporated in the reactor trip circuit. 

Cladding Outside Surface Thermocouples . PNL has modified a method of 
attaching thermocouples to the cladding that was developed by Gesellschaft fur 
Kernforschung (GFK) at Karlsruhe, Federal Repub l ic of Germany. This attach­
ment as it applies to the low-pressure phase of a LOCA is described by Karb 
(1978) . A platinum jacket is flattened at one end and swaged over the junction 
end of the thermocouple and the flattened portion is resistance-welded to the 
cladding . The cladding temperature as measured by the thermocouple is reported 
to be within ±35K (63°F) of the true cladding temperature and the influence of 
gamma heating is small [0.5 W/cm (0.015 kW/ft)], causing a temperature increase 
of ~lOK (l8°F) (Fischer and Osborne 1978). In the PNL version, the flattened 
portion is eliminated and the jacket is resistance-welded to the cladding as 
shown in Figure 4.3. 

The thermocouples will be attached to the cladding at the hot junction 
end. The cable will be routed to the nearest guard rod spacer, across the 
spacer to the corner of the bundle, and up the space between the bundle and the 
shroud. The thermocouples are of dual diameter: 0.5 mm (0.020 in.) over the 
portion extending from the hot junction end to the corner of the bundle and 
1.0 mm (0.039 in.) for that portion extending up between the bundle and the 
shroud. 

Fuel Centerline Thermocouples. The types of sheath and thermoelements to 
be employed in measuring fuel centerline temperatures were selected on the 
basis of studies of EG&G's(a) reported in-reactor experience in measuring 

fuel temperatures and on calculations made of the fuel rod centerline tempera­
tures expected in the NRU test . 

(a) EG&G , Idaho, Inc., Idaho Falls, Idaho 
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FIGURE 4.3. PNL Thermocouple as Attached to the Outside 
Surface of the Fuel Rod Cladding 

EG&G's experiences with Inconel 600-sheathed, chromel-alumel thermocouples 
for measuring off-center fuel temperatures were reviewed for gap conductance 
tests GC2-l, -2, and -3 (Cook 1978; Kerwin 1978; Murdock 1978). Their measure­
ments were made with a total of 20 thermocouples. Three of the 20 thermo­
couples survived at 1950K (3050°F) for 4 hours during steady state and power 
oscillations. The test was a gap conductance test with the rod power oscillat­
ing to 68 kW/m. Postirradiation examination revealed that the sheaths of these 
thermocouples had melted sometime during the power oscillation to the 68 kW/m 

phase of the test. The remaining thermocouples operated near 1675K (2555°F) 
and 1255K (1800°F) .for several hours of steady state and power oscillations. 

These results and PNL's study of fuel temperatures expected in the tests 
demonstrate that Inconel 600-sheathed thermocouples would operate 
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satisfactorily under NRU test conditions. If the cladding temperature reaches 

1480K (2220°F), the fuel centerline thermocouples may continue to operate at 
the corresponding fuel centerline temperature of approximately 1516K (2270°F). 

The cable sheath has a single diameter of 1.0 mm (0.039 in.) with chromel­
alumel thermoelements insulated with MgO . Thermocouple accuracy is estimated 
to be ±3%. 

Pellet-to-Cladding Gap Thermocouples . Thermocouples will be located in 
the gap between the pellets and cladding to measure cladding inner diameter 
(ID) temperature. The cable sheath is Inconel 600 with dual diameters; the 
thermoelements are chromel-alumel insulated with MgO. These thermocouples will 

be coated with niobium for the materials deformation tests to reduce the poten­
tial eutectic reactions between the Inconel and the Zircaloy at higher tempera­
tures. At a given elevation, which will be determined later, gap thermocouples 
will be located at three positions to measure the circumferential temperature 
variations from channel to channel. 

Shroud Thermocouples. The shroud thermocouples are designed to provide 
an axial indication of the quench front. They have a single diameter and are 
the same in design, except for length, as the fuel centerline thermocouples. 
At the hot junction end, the sheath will be resistance-welded directly to the 
inside surface of the ss shroud, and the cable will be routed up the corner in 
the space between the bundle and shroud. 

Spacer and Thimble Thermocouples. The spacer and thimble thermocouples, 
will provide a radial indication of the quench front along with the shroud 
thermocouples. They have dual diameters, and the attachment to the spacer and 
the thimble and cable routing will be essentially the same as for the cladding 
outside surface thermocouples. A hole at the bottom of the thimble and at the 
axial locations where thermocouple hardlines exit the thimble allow the thimble 
to fill with coolant fluid. The remaining portion of the thimble is filled 

with instruments and instrument hardlines. 

Loop Coolant Thermocouples . Thermocouples will be located at the inlet 
and outlet of the rod bundle to measure the temperature at these locations. 
Thermocouples connected in opposition will measure the coolant temperature 
increase directly and will have single diameters. 
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4.4.1.3 Rod Pressure 

Internal pressure of the fuel rod will be measured on one rod per bundle 
with Kaman(a) model 1921 pressure transducers (see drawing H-3-41882, p. A-23). 
The transducer will be welded directly to the upper end of a transition piece 

that is welded to the cladding. 

To detect fuel rod failure for the materials tests, devices will be 
attached to ten fuel rods per bundle in the same manner as are the pressure 
transducers. These devices are on/off, pressure-actuated switches and will 
signal the reduction in fuel rod pressure resulting from a breach in the clad­
ding. Ten pressure detectors per cladding deformation bundle will be used to 
indicate fuel rod failure. A pressure sensor will be used on the remaining 
test rod and will also indicate fuel rod failure. 

The in-reactor accuracy of the Kaman pressure transducers is difficult to 
predict. The out-of-reactor, least-squares linearity at temperatures above 
477K (400°F) is specified to be within ±3% of full-scale operation. A model 
1921 sensor tested out of reactor {Billeter et al. 1978) exhibited sensitivity 

to ambient temperatures and to temperature gradients along the sensor. The 
addition of a heat-conducting shield reduced the temperature gradients along 
the sensor. Out-of-reactor and in-reactor tests reported by Kaman (1975) on 
pressure transducers similar in design to the model 1921 showed error shifts 

resulting from changes in radiation level; these were attributed to heating by 
gamma radiation. Because of these temperature and radiation effects, the in­
reactor accuracy of the model 1921 pressure transducers cannot be confidently 
predicted. 

The output signals from the pressure transducers and failure detectors 
will be monitored with the data acquisition and control system. 

4.4.1.4 Neutronics 

SPNDs with cobalt emitters are radially and axially distributed along the 

bundle to measure the neutron flux levels during steady-state and transient 

(a) Kaman Science Corporation, Colorado Springs, Colorado . 
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test operations. The collectors are located on the shroud (drawing H-3-41811, 
p. A-10) and thimble (drawing H-3-41816, A-15) and are secured by straps that 
are spot-welded to the surface of the shroud or thimble. 

During steady-state testing, the total power generated within the loop 
pressure tube is obtained from the loop instrumentation. The bundle fission 
power is obtained by correcting the total power for the estimated gamma power 
component. The axial distribution of the bundle fission power is determined 
from the signal outputs of the axially distributed SPNDs. In addition, the 
linear heat rating at a given point in a single rod is calculated from mea­
sured fuel centerline and cladding surface temperatures taken at a small gap 
location in the rod. This local heat rating is adjusted with the outputs from 
the axially distributed SPNDs to provide a measure of the axial power distri­
bution of a single fuel rod. 

Thus, the axially distributed SPND outputs are calibrated for both bundle 
and single rod powers and can be used to signal over-power conditions. The 
SPNDs will have a response time, 0 to 63% of full-scale, that is ~1 ms. 

The accuracy of the neutron detectors can be visualized by referring to 
the schematic arrangement of the detectors and signa l conditioning equipment 
(Figure 4.4}. The output from the detector is a low-level direct current. The 

current from the detector and background cable can follow two paths to ground : 
it can be shunted through the MgO insulation, resistance Ri, to ground and it 
can flow through the matching resistors, R£. to ground. The net voltage drop 
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FIGURE 4.4 . Schematic Arrangement of Neutron Detector 
and Signal Conditioner 
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across the matching resistors is amplified and becomes the input to the data 

acquisition and control system. High accuracy of the detectors is assured by 
minimizing the output current flowing through Rl and maximizing the current 
flowing through the matching resistors. The detector output must be accurate 
to less than 1%. To assure that this criterion is met, the resistance of the 

matching resistors must be lower than R£ by a factor of 100 or more. The 
resistance of the MgO insulation, Rl . is a function of its temperature and 
decreases with increasing temperature. Accordingly, the accuracy of the detec­
tors is a function of temperature and decreases with increasing temperature. 

4.4.1.5 Loop Instrumentation Measurement Requirements 

The U-2 loop instrumentation provides signals to indicators, alarms, 
trips, and recorders. A simplified schematic of the U-2 loop is shown in Fig­

ure 4.5. See Russcher et al (1981) for a schematic of the steam and reflood 
systems. To safely operate the NRU facility, loop operators require indica­

tors, alarms and reactor trips. Researchers require indicators to run their 
tests properly, recorded information to analyze data, and alarms and trips to 
prevent damage to the test fuel. 

The U-2 loop instrumentation that is connected to the data acquisition 

control system (DACS) is representative of that used for the preconditioning 
phase of the test. 

4.4.1.6 Pressure Sensing 

The differential pressure monitor for test section 1 uses an ITT Barton 
Model 368 Transmitter that shows a change in the test section flow resistance 
for steady-state operating conditions. 

4.4.2 Loop Instrumentation 

Instruments that are included in the U-2 loop of the reactor are described 
to provide an overview. Figure 4.5 shows the basic components and layout of the 
U-2 loop. 

4.4.2.1 Main Loop Flow 

Main loop flow is measured using a Venturi flowmeter at the inlet of test 
section 1. A Barton Differential Pressure Unit 199 with Taylor F-28T trans­
mitter is used. 
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4.4.2.2 Temperature Sensing 

Temperature sensing is accomplished with Rosemount Series 77 and 78 
platinum temperature detectors that are typically spring-loaded in a thermo­
well and are used with a Rosemount bridge. The DACS uses individual detector 
and bridge calibration tables for improved accuracy. 

Temperature sensors detect inlet and outlet temperatures of the test sec­

tion and cooling water temperatures of the condenser inlet and outlet. 

4.4.3 Alarms and Trips 

4.4.3.1 Preconditioning Phase 

During this phase the test section will be connected to the U-2 Loop and 
the following standard reactor trips will be in service. 

• test section out let temperature (high) 
• pump sub-cooling delta T (low) 
• test section water flow {low) 
• surge tank level {low) 
• surge tank pressure (high) 

• manual 

In addition, the following two special reactor trips will be in service. 

• Hanger tube (high) temperature: Thermocouples at the bottom of the fuel 

hanger tube {level 21) will actuate the trip to protect the pressure tube 
from overheating . 

• Outlet piping {high) temperature: Thermocouples on the outlet piping will 
trip the reactor to minimize thermal expansion stresses in the outlet 
piping. 

4.4.3 .2 Pretransient Phase 

During this phase, the test section will be connected to the U-1 loop 

steam-reflood water supply and will discharge to the loop catch tanks . The 
following four trips will be in service: 

• hanger tube (high) temperature 

• outlet piping (high) temperature 
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• (low) steam flow: this trip will actuate if steam flow drops below an 

acceptable level during the pretransient phase (the trip signal will come 
from the steam control circuit) 

• manual. 

4.4.3.3 Transient Phase 

This phase will immediately follow the pretransient phase \'lith the follow­
ing seven trips in service: 

• hanger tube (high) temperature 

• outlet piping (high) temperature 

• fuel cladding (high) temperature--The reactor will trip if the temperature 
of the fuel cladding at the hottest point exceeds the trip setpoint tem­
perature. The trip signal will be computed by the DACS. Allowance will 

be made to compensate for the difference between the computed maximum 
temperature and the measured average temperature. 

• reflood low flow--This trip will actuate if the normal reflood fails and 
the standby reflood flow is insufficient. The trip signal will be actu­
ated from the reflood control circuit logic. 

• accumulators low inventory--This trip will automatically shut the reactor 
down when the accumulators are nearly empty. 

• transient termination time--This trip will automatically shut the reactor 
down at a predetermined time for each transient, if shutdown has not 
occurred by other means. 

• manu a 1. 

All the above reactor trip circuits will be triplicated, but five of them 
(low steam flow, fuel cladding high temperature, reflood low flow, accumulators 
low inventory, transient termination time) will be single-sensor trips in that 

a single signal will actuate the triplicated trip. 
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5.0 CRITICALITY AND TEST FUEL MANAGEMENT 

Among the most important considerations are those of managing the supply 
and movement of fuels used in testing. The CRNL staff responsible for the 
buildings in which the material will be stored or examined will also be respon­
sible for its handling and transfer according to the appropriate criticality 

regulations. 

5.1 CRITICALITY 

The test fuel assemblies will be manufactured in the United States and 
shipped to Chalk River where they will be assembled and installed in the test 
train. The storage and final assembly will take place within the NRU reactor 
building. After irradiation, the test assembly will be transferred to the 
storage bay in the NRU building for examination. Partial disassembly will take 
place underwater, then fresh fuel will be added and the assembly will be 
returned for the next test. 

At the end of the test series, selected portions of the fuel will be 
transferred to the Universal Cell in the 234 Building for examination. All 
material from both examination sites will eventually be removed for disposal. 

The total complement of fuel will be approximately 172 fuel pins . This is 
equivalent to about 340 kg of uranium dioxide; at 3 wt% 235u enrichment this 
is roughly 10 kg of 235u. 

The test assemblies• storage in the NRU bay was analyzed on a preliminary 
basis. The minimum critical number of 0.8 cm-dia, 4 wt% 235u enriched rods 
is 164. {Note: this is conservative since the expected enrichment is 3 wt% 
235u.) The 40 guard heater rods, the 66 inner test rods and 66 spare rods 

are to be stored in the bay at least 30 em from one another and from all other 
fissionable material in the storage basin. Guard and inner test rods can 

be brought together in one test assembly of 31 rods. This assembly also will 
be separated from all other fissionable materials by 30 em. 

Based on these restrictions, only four groups of PNL material are allowed 
in the bay at any given time. Each of these is neutronically isolated (by 
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30 em of light water) from other fissionable material. Each group is limited 

to 40 guard heater rods, 25% of the minimum critical number of rods; 66 inner 
test rods, 40% of the minimum critical number of rods; and 31 rods in a test 
assembly, 19% of the minimum critical number of rods. 

5.2 TEST FUEL MANAGEMENT 

For each of the tests, the NRU driver fuel will be arranged in such a man­
ner as to minimize the variables in the flux profiles between the tests . 

Different test assemblies and components within each assembly will receive 
different exposures. Fuel pins within a materials test assembly could see an 
exposure as low as 3 MWD/MT (oxide), and the maximum possible exposure would 
be found in the guard heater rods. If one set of rods is used in all six 
tests, its exposure could be 25 MWD/MT (oxide) . 
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6.0 OPERATING PROCEDURES AND CONDITIONS 

The basic NRU test series has been developed around relative comparisons 
between a set of well-characterized prototypic thermal-hydraulic tests (no 
cladding failure) and a series of cladding deformation or materials tests. 
Practical constraints on the test matrix include a time-temperature-stress 
limit on the NRU pressure tube, a fission product inventory within the fuel 
bundle, a contractual limit of 7 days during which the NRU reactor is dedicated 

to these tests, and a 2- to 4-month, NRU operations-related interval between 
tests. 

The test sequence will be standardized as much as possible for more direct 

comparisons between individual tests. The basic test series will consist of 
first, a series of prototypic thermal-hydraulic tests conducted on the same 
fuel assembly within a 7-day interval; and second, five separate cladding 
deformation tests where dilatation and failure of the cladding will occur. 

The thermal-hydraulic test series will be conducted in the first of six 
available test periods. All of the rods will be unpressurized; consequently, 

no severe cladding deformation will occur. The thermal-hydraulic test series 
will provide replicate conditions for assessment of mathematical heatup and 
reflood models; it will also serve to calibrate the response of the system and 

define the boundary conditions for the pressurized rod assemblies where severe 

deformation and rupture will occur. The thermal-hydraulic tests will also pro­
vide a transition from well-controlled and rather benign test conditions to 
more severe conditions. The current design for the thermal-hydraulic tests 
uses one heatup rate to minimize control problems and experimental perturba­
tions. Reflood rates and reflood delay times will be combined to reverse the 
temperature transient at the desired peak cladding temperature limit. The pro­
posed number of tests and estimated peak cladding temperatures are given in 
Tables 3.1 and 3.2. 

The reflood delay times and reflood rates will be specially selected for 
each experiment before the nuclear tests begin. The exact combination of these 

parameters will depend upon heating rate and the design of loop modifications. 
These tests will provide a large amount of data on the reproducibility of 
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experiments in the NRU facility and thus provide measured experimental vari­
ances that are required to adequately characterize the prototypic data. 

The material deformation tests will be controlled by presetting the ini­

tial reactor conditions on the basis of informat ion obtained from the thermal­
hydraulic tests. The materials deformation tests will contain prepressurized 
rods; consequently, it will not be possible to use the same set of test rods 
for replicate tests. Reflood rate, reflood delay time, and peak cladding tem­

perature will be the primary variables considered. Performance of the mate­
rials deformation tests requires extensive information from previous tests; 
therefore, actual combinations of parameters will not be set until later in the 
program. 

All cladding tubes will be precharacterized for variations in wall thick­

ness and the location of acceptable defects. Each rod's orientation within the 
assembly will be controlled to ensure correct instrument placement and provide 
traceability to precharacterization data. The first three cladding deformation 
tests will be performed to investigate peak cladding temperatures less than or 
equal to 1033K (1400°F). Dilatation and rupture of the cladding test fuel 
rods will depend on the internal pressure and the time-temperature relation­
ships used in the heatup phase of the transient. Rod pressures for the first 
three cladding deformation tests have been established at 3.06 MPa (450 psi). 

Section 9.8 addresses calculational results of cladding temperature histories 
for our postulated matrix of reflood rates and ref lood delay times. 

The rod pressure level for the first three cladding tests is typical of 
contemporary PWR designs. It will provide stresses sufficient to rupture a 
significant number of rods during the first three tests. Conditions for the 
last two tests will depend heavily on knowledge available at that particular 

point in the testing sequence. 

6.1 INSTALLATION OF ASSEMBLY 

• Installation Procedure - Thermal-Hydraulic Test Assembly 

The test train will be reassembled in the horizontal attitude in the NRU 
reactor hall on a modified CRNL strongback. This assembly will be made 
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in accordance with the applicable test assembly procedure. All instru­
ments will be checked in accordance with applicable checkout and calibra­

tion procedures. 

The test train will be reoriented to a vertical attitude by lifting the 
strongback with the bridge crane located in the reactor hall and by fixing 
the strongback to a vertical face of the reactor-elevator structure. 
Using the bridge crane, the test train will be removed from the strongback 
and inserted into a prototypic reactor pressure tube mounted alongside the 
strongback. This insertion will serve as a final gage for the overall 

test train envelope. 

The test train will then be transported to the reactor location and 
inserted into the U-2 loop. Care should be exercised to assure correct 
radial orientation before installing the loop sealing rings. These rings 
will be installed in accordance with the appropriate installation proce­
dure. The instrument leads to the DACS will be connected at the three 
multicontact cable connectors just below the test lifting ring. The test 

train will then be ready for final checkout procedure. 

• Installation -Materials Test Assembly 

For the materials test, a fresh test assembly replaces the thermal­
hydraulic test rods. The guard rods are used for all tests. The test 

assembly, guard rods, instrumented thimble tube and shroud are reassembled 
on the disassembly, examination, reassembly machine (DERM) in the examina­
tion. Once reassembled, the test assembly is transferred to the transfer 
can, carried to the bridge, and stored awaiting transfer to the loop via 
the J-rod flask for the next test. 

• Reactivity Check and Criticality Measurements 

In order that this SAR meets Atomic Energy Canada, Ltd. (AECL) require­

ments for the reactivity check and criticality measurement, a complete 
description of the fuel is included in Appendix G. Included in this fuel 
description will be the fissile and fertile material content and distribu­
tion in the fuel rods. With the above information, AECL will perform the 

criticality analysis with the test assembly in and out of the reactor to 
establish the worth of NRU control rods. 
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6.2 STARTUP AND OPERATING PROCEDURE 

Two types of tests are planned for these experiments. The first type will 
take place during the first operating period and is the "prototypic thermal­
hydraulic" test series. This type of test is intended to provide 1) an experi­
mental data base of heatup-reflood information that will be available for 
thermal-hydraulic code verification and 2) a calibration of the test system 

that will be used to define the necessary operating conditions for subsequent 
tests. The fuel rods for these tests will be nonpressurized. Fuel rod failure 
is not expected and only insignificant fuel cladding deformation should occur. 
About 45 tests have been planned--the first under mild conditions, and succes­

sive tests under progressively more difficult cond itions. 

Tests of the second type are planned for the five operating periods fol­
lowing the first tests and are the "cladding materials deformation•• tests. 

Their purpose is to provide information concerning the fuel failure modes and 
geometry. The central 11 rods will be pressurized enough to balloon and rup­
ture during the course of the test. The outer 20 rods will be unpressurized 
rods that function as guard rods and are reusable for successive tests. 

The startup procedure for the two types of experiments will be essentially 
identical, proceeding in three phases. 

6.2.1 Preconditioning Phase 

The first or preconditioning phase is designed to cause some fuel pellet 
cracking and relocation. The preconditioning phase, after the test assembly 
is installed, will occur as follows: 

• With the reactor power at zero, coolant will begin to flow through the 

test loop, and the flow will be established to design operating 

conditions. 

• The reactor power will then be increased, slowly, through a series of 
steps until the test assembly reaches design power or the reactor reaches 
its maximum power.(a) Physics calculations show that the design test 

(a) There will not be enough time for a fuel rod shuffle. Before the test, the 
fuel will be arranged so that the test conditions as predicted by NRU 
physicists are optimized. 
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assembly power of 19.6 kW/m (6 kW/ft) will be reached if the test assembly 
is surrounded by fresh fuel and the reactor is operated at 127 MW. The 
test assembly design power is 23 kW/m (7.0 kW/ft) average. Power calibra­
tion data will be taken at each step. The Operations Branch of NRU will 
set the rate of power increase. 

• Once the test assembly power has been established and the necessary data 
recorded, the reactor power will be decreased as rapidly as possible to 
zero power. 

The above sequence may be repeated, if time permits, during the 7-day in­
reactor testing window. 

6.2.2 Pretransient Phase 

The second phase of the startup is the pretransient phase, the condition 
occurring prior to simulated reflood. After the preconditioning phase is com­
plete, the reactor will be shut down and the loop piping modified to provide 
steam coolant and reflood water to the test loop. The flow diagram for the 
pretransient and transient piping systems is shown in Figure 6.1 (Kendrick 
1979). The pretransient phase will then occur as follows: 

• Dry steam coolant at up to 1363 kg/hr (3000 lb/hr) will be supplied to the 
test loop. The loop inlet pressure will be established as close to 
0.28 MPa (40 psia) as possible, but, in any case, low enough that super­
heated steam conditions will exist at the loop inlet instrument location. 
The superheat requirement is imposed so that meaningful steam temperatures 
can be measured. 

• The reactor power will then be increased in a series of steps until the 
test assembly reaches design power with a peak fuel cladding temperature 
of 700K (800°F) or the reactor reaches its maximum power. Power cali­
bration data will be taken at each step. The rate of power increase is 
to be set by NRU Operations Branch. 

The relative power distribution determined from the SPND array is tied to 
an absolute power measurement through two techniques: the first based on 
distributing the power determined from a thermal balance on the entire 
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assembly during the steady-state preconditioning period in both the water­

filled and steam-filled conditions; and the second using centerline fuel 
thermocouples at one elevation to improve the absolute power measurements. 
This approach has been utilized successfully in other tests (Hann et al. 
1977) and is based on the fact that the fuel rod can be one of the best 

power measuring instruments. By determining the fuel centerline tempera­
ture and the cladding surface temperature, the fuel rod power can be cal­
culated from the temperature difference provided that the uo2 thermal 
conductivity is known. The fuel thermal conductivity of archive uo2 
pellets will be determined at PNL to reduce the uncertainty associated 
with using values taken from the literature. Furthermore, a small fuel­
cladding gap will be utilized in the vicinity of the thermocouple hot 
junctions to produce a high gap conductance and thus minimize the uncer­

tainties associated with the temperature gradient across the gap. The 
small gap will be produced by 5 em of pellets slightly larger than the 
standard pellets. 

• The reactor power will be maintained at the maximum reached in the prior 

step until the transient is initiated. 

6.2.3 Transient Phase 

The following procedure will be used for the third phase. 

• The steam coolant flow of the steady-state, steam-cooled pretransient 
phase will be stopped as quickly as possible. 

• At some predetermined time after the steam flow has ceased, the reflood 
water will be introduced. The elapsed time to reflood initiation is one 
of the experimental variables and can range from 0 sec to as much as 
60 sec. 

• Several seconds to a few minutes after reflood has been initiated, ade­

quate cooling of the test assembly will be reestablished and the test loop 
will fill with reflood water, thus terminating the test. 

The first type of test, the thermal-hydraulic test, will entail several 
successive iterations of the pretransient and transient phases. The reflood 
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rate and reflood delay time will be varied for successive tests so that the 
peak fuel cladding temperature reached during the transient will vary. The 

choice of experimental variations will be such that the first tests result in 
mild temperature excursions; successive tests will be tailored to result in 
more and more severe temperature excursions, to a peak of about 1310K (1900°F). 
Replicate runs are planned. The total number of such runs will be as many as 
can be made during the allowed operating period. See Table 3.1 and Figure 3.1. 

The second type of test, the materials tests, will require one sequence 
of the three phases since the transient phase will be designed to cause the 
desired rupture of the central 11 test fuel rods. See Table 3.2. 

6.3 TEST OPERATING CONDITIONS 

This section includes the operating limits for the preconditioning and 
pretransient phases and transient LOCA simulation. 

6.3.1 Operating Limits for Preconditioning 

The preconditioning phase is intended to provide an environment that will 
cause some cracking and relocation to simulate fuel pellets in a power reactor. 
To achieve this, the test assembly will be operated at conditions approximating 
those of a PWR for as short a time as possible to minimize the fission product 

inventory in the fuel. The test assembly will be irradiated less than an hour 
or just long enough to record data and determine loop power. 

The latest physics calculations give average fuel rod powers of 17.1 and 
19.7 kW/m for enrichments of 2.5% and 3.0% 235u, respectively, at a reactor 
power of 127 MW. The expected enrichment is 2.8%, which gives an expected 
average power close to 19.7 kW/m. 

The operating conditions based on a power of 23 kW/m (7.0 kW/ft), somewhat 

above the maximum expected average power of 19.9 kW/m (6.06 kW/ft), were deter­

mined using the COBRA-IV computer code. Precondit ioning will be done using an 
outlet pressure of 8.62 MPa (1250 psia), an outlet temperature of 564K (524°F) 
and a temperature increase across the test assembly of 29K (52°F). The operat­
ing conditions arising from these assumptions are given in Table 6.1. Figure 6.2 
shows the radial coolant temperature distribution at the test assembly outlet. 
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TABLE 6.1. Preconditioning Operation Summary 

Parameter-Units 

Controlled Variables 

Coolant Flow kg/s 
(gpm) 

Low Flow 
Acceptable 

Values Range 

10.9 :t:5% 
(213.2) (:t:5%) 

Low Pressure 
Acceptable 

Values Range 

16.3 
(320) 

Optimum Design 
Acceptable 

Values Range 

16.3 
(320) 

Coolant Purity -------------------------See Table C-6-------------------------

Inlet Temperature K 
("F) 

Outlet Pressure MPa 
(psia) 

Reactor Power MW 

Radial Power Skew 

Measured Variables 

Outlet Temperature K 

503 
(447) 

8.62 
(1250) 

127 

("F) 
547 

(526) 

Pressure Loss MPa 
(psi) 

Radial Power Skew 

Calculated Variables 

0.092 
(13 .3) 

Total Test Assembly Power, MW 2.23 

Peak Linear Rod Power kW/m 36.9 
(kW/ft) (11.2) 

Average Linear Rod Power 
(kW/m) 19.8 
(kW/ft) (6) 

Minimum DNBR 3.43 

Peak Clad Temperature K 576 
("F) (577) 

:t:0.34 
(:t:50) 

<5 

:t6K 
(:t10.F) 

:1:20% 
(:t20~) 

<5 

:1:5 

NA 

NA 

NA 

NA 
NA 

495 
(432) 

6.2 
(900) 

127 

'*'3K 
(:t5"F) 

:t:0.34 
(:t:50) 

<5 

505 :t6K 
(486) (:t10.F) 

0.168 :1:20: 
(24.3) (:t20%) 

<5 

2. 23 :1:5 

36.9 
(11.2) NA 

19.8 NA 
(6) 

4.08 NA 

535 NA 
(503) NA 

517 
(472) 

8.62 
(1250) 

127 

546 
( 524) 

0.165 
(24 .0) 

:t3K 
( :1:5 • F) 

:1:0.34 
(:t50) 

<5 

:t:6K 
(:t:lO.F) 

:t:20% 
C*20 ,:) 

<5 

2.23 :t:5 

36.9 
(11.2) NA 

19.8 NA 
(6) 

3.87(a) NA 

567 NA 
(561) NA 

(a) DNBR minima compounded for the optimum design acceptable range of variables is 2.93, based on 
a memo from W. A. Prather to G. M. Hesson, July 31, 1980, NRU-DNBR Sensitivity Analysis. 
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PRESSURE TUBE 

554 552 549 

SHROUD 
552 553 551 552 554 

546 553 552 548 549 554 549 

552 554 550 551 553 

555 554 

FIGURE 6.2. Outlet Coolant Temperature (OF) Distribution 
During Preconditioning Operation 

The temperature distribution is dependent on the radial power distribution and 
the larger flow areas in the region between the test pins and the shroud. The 
highest coolant temperatures occur in the annulus between the shroud and pres­
sure tube. These temperatures reflect an assumed 1.0% bypass flow in this 

region and the 2 W/gm gamma heating in the pressure tube. The peak pressure 
tube temperature 572K (573°F) is predicted in Prather.(a) 

It has been proposed that the test assembly be operated at pressures of 

less than 8.62 MPa (1250 psia) outlet pressure. As a result of such operation, 
the corresponding temperatures in Table 6.1 and Figure 6.2 would be changed by 

an amount approximately equal to the decrease in saturation temperature that 
is associated with the pressure change. The lower pressure will result in a 
somewhat larger departure from nucleate boiling ratio (DNBR ). 

(a) Prather, W. A. July 25, 1980, Memo to G. M. Hesson. "NRU Precondition­
ing Operating Condit ions... Pacific Northwest Laboratory, Rich 1 and, 
Washington 99352. 
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6.3.2 Operating Limits for Pretransient Operation 

The pretransient phase should provide the appropriate initial conditions 
that are needed to begin the transient tests. The operation will use 
1363 kg/hr (3000 lb/hr) dry steam coolant at about 0.275 MPa (40 psia) outlet 
pressure and 436K (325°F) inlet temperature. The steam flow rate is about the 
maximum that pressure loss and condenser sizing allow. The exact inlet pres­
sure and inlet temperature are not known at this time; they will depend on the 
piping configuration to and from the test loop and the pressure losses and heat 
losses of that pipe. However, the configuration will cause the steam to the 
inlet to be dry (superheated) so that meaningful steam temperature measurements 
can be made. An additional criterion for the pretransient test is that the 
test rod cladding temperature not exceed 700K (800°F). 

The operating conditions based on the above criteria are also given in 
Table 6.2. Axial temperature distributions for test fuel cladding and test 
assembly coolant are given in Figure 6.3. Pressure tube temperature maxima are 
noted in Table 6.2, one for the tube at the test assembly location and one for 

TABLE 6.2. Pretransient Operating Condition Summary 

Parameter-Units Value 
Avg Coolant Flow,(a) kg/s (lbm/hr) 0.378 (3000} 
Coolant Inlet Temperature,(a) K (°F) 436 (325) 
Coolant Purity ------See Table 
Total Test Assembly Power, kW (kW) 141 
Outlet Pressure,(a) MPa (psia) 0.276 
Max Test Rod Power, kW/m (kW/ft) 1.80 
Max Guard Rod Power, kW/m (kW/ft) 2.13 
Average Test Rod Power, kW/m (kW/ft) 1.25 
Max Cladding Surface Temperature, K (°F) 700 
Max Pressure Tube Temperature 

At Test Assembly Location 493K 
Above Test Assembly 589K 

(a) Measured values, others are derived values 
(b) Russcher et al. (1981} 
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(141} 
(40.0) 
(0.550) 
(0.648} 
(0.384) 
(800) 

428°F 

600°F 

Acceptable 
Range 

+5 
+3K (+5°F) 
~b) -

C-6 ------
+5 
+5 
NA 
NA 
NA 
NA 



INSTRUMENTATION LEVELS 

3 6 10 13 15 17 18 

800 700 
MAX IMUM FUEL CLADDING 

700 
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400 478 
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FIGURE 6.3. Axial Temperature Distribution 
During Pretransient Operation 

the tube above the test assembly. The location above the test assembly is the 
hottest, primarily because it is in direct contact with the hot steam from the 
test assembly. The temperatures in this region will be monitored to keep the 
pressure tube temperature from exceeding 876K (1117°F). 

6.3.3 Operating Limits for Transient LOCA Simulation 
(Stagnant Steam and Reflood) 

The course of events that will take place during the experimental tran­
sients is not known; in fact, the experiments are being performed to supply 
this information. 

The transients will be initiated from the pretransient steady-state opera-
ting condition. 

flow is stopped. 

Reflood flow is begun a few seconds after the steam coolant 

The test assembly temperatures and coolant conditions will be 
measured at that time. 

Hazardous conditions will be avoided by careful selection of the test 
sequence. The first tests will be done under mild conditions, i.e., early 

6-14 



start of reflood, high reflood rates and/or low test assembly powers. The 
information from the early tests will be used to define subsequent test condi­
tions to avoid hazardous temperatures . Figure 6.4 shows results of the ca lcu­
lations using the FLECHT correlation to provide heat transfer coefficients for 
input to the TRUMP heat transfer code. Figure 6.4 shows the calculated peak 
cladding temperatures at - 2.67 m (8.75 ft) as functions of reflood rates and 
delay times prior to initiation of reflood.(a) Later test conditions will 
be chosen based on information in Figure 6.4. Preliminary results of calcula­
tions by Combustion Engineering (CE) using their proprietary THERM code are 
temperatures slightly lower than those of Figure 6.4. The results of these 
calculations were plotted by CE and are included in Appendix F for the axial 
elevations of 2.44 m (8.0 ft) and 2.74 m {9.0 ft). 
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FIGURE 6.4. Predicted Peak Cladding Temperatures versus Reflood 
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The controlled operating conditions given in Table 6.3 will be set and 
maintained during the transient. When only one value is given, it is a limit. 
Otherwise, the values given cover the range expected to be investigated in the 
tests. 

The values of the dependent variables, given in Table 6.4, are those that 
represent limits within which the tests will be confined. The testing sequence 
outlined above will be used to ensure that the test parameters do not exceed 
the limits given in Table 6.4. 

TABLE 6.3. Transient Operating Condition Summary 

Parameter-Units 
Reflood Rate,(a) m/s (in./s) 
Reflood Temperature,(a) K (°F) 
Reflood Delay Times,(a) s 
Reflood Water Purity 
Max Test Rod Power, kW/m (kW/ft) 
Max Guard Rod Power, kW/m (kW/ft) 

Acceptable 
Value Range 

0.013-0.254 (0 .5-10) +5 
326 (127) ~6K (~10°F) 
3-77 (3-77) +0.1 s 

(b) -
---------See Table C-6 ----------

1.80 (0.550) NA 
2.13 (0.648) NA 

(a) Measured values, others are derived values 
(b) Russcher et al. (1981) 

TABLE 6.4. Limits for Dependent Variables During Transient 

Parameter 
Maximum Clad Surface Temperature 
Maximum Fuel Centerline Temperature 

Maximum Pressure Tube Temperature 
At Assembly Location 
Above Assembly 

Maximum Coolant Outlet Temperature 

(a) Design values. 
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1310K 1900°F 
1338K 19500F 

727K 850°F(a) 

727K 850°F(a) 

727K 850°F(a) 



The histories of several of the dependent variables for a severe tran­
sient experiment are shown in Figure 6.5. The information for this figure was 
calculated using reflood heat transfer coefficients from the FLECHT correlation 
(Lily 1977) as input to the TRUMP heat transfer code. The transient calculated 
was one for which a peak clad temperature of 1255K (1800°F) was desired. For 
the calculations to determine the highest peak pressure tube temperature, it 
was conservatively assumed that conditions were not exact and that the peak 
cladding temperature reached 1355K (1980°F). The figure gives the peak clad­
ding temperatures of both the test and guard rods, the peak fuel centerline 
temperature, and the peak temperatures of the shroud and pressure tube all at 
the same elevation of peak cladding temperature. Calculational techniques to 
determine the maximum steam temperature are not available. However, the data 
from the FLECHT tests cover conditions that are similar to those for the NRU 
LOCA series. They show that steam at the test assembly outlet is superheated 
from 60 to 195K {104° to 350°F) above the saturation temperature of 403K 
(267°F). This superheated steam carries with it entrained water droplets. 
The two phases are obviously not in equilibrium. As the two-phase fluid flows 
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through the system downstream of the test section it will equilibrate, causing 
a significant reduction in the steam temperature. Exit steam velocities are 

in the range of Mach 0.2 to 0.3 but are not expected to cause erosion problems. 

6.4 DURATION OF IRRADIATION 

The two phases of the test series are best explained through examination 
of the proposed test sequence for the basic test series. 

6.4.1 Prototypic Thermal-hydraulic Tests 

The proposed sequence for the thermal-hydraulic tests is summarized below. 

1. The preconditioning period will be conducted in a water-filled loop 

in order to obtain power calibration data, evaluate steady-state tem­
perature distribution, and crack the uo2 fuel to promote typical fuel 
relocation. The procedure followed during the proposed precondi­
tioning period will consist of several steps: 

• initiate full coolant flow in loop 
• start OACS on slow scan rate 
• initiate the first phase of nuclear heat ing 
• perform the first power calibration 
• initiate the second phase of nuclear heating 
• perform the second power calibration 
• repeat sequences until full reactor power is achieved.(a) 

This portion of the test irradiation is shown in Figure 6.6. 

2. The test will include preconditioning for a maximum of 1 hr at full 
reactor power 1) to minimize fission product buildup and 2) to pro­
vide sufficient time to conduct the heatup and reflood portions of 

(a) Ful l reactor power does not necessarily mean full test section power; 
instead, full power depends upon the coupling factor between the test fuel 
bundle and the reactor. Full reactor power for preconditioning may not 
provide the desired fuel power for preconditioning. Thus, PNL will accept 
the highest test section power level (<7.0 kW/ft, avg) that is possible 
and reproducible. 
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FIGURE 6.6 . Preconditioning Phase in Water-Filled Loop 

the test series within the 7-day test window. The maximum test assem­
bly power history will be 1 hr at an average rod power of <23 kW/m 
( 7 kW/ft). 

3. The reactor will be returned to cold shutdown and the loop drained of 
water. The piping changes necessary for the steam-filled loop tests will 
be completed in an estimated 16 hours. The cooling requirements for the 
test assembly are included in Section 9.10.1. 
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4. A low steam flow will be introduced into the loop, and the instrument 

signals will be verified with the DACS. 

5. The flow of dry superheated steam will be increased to a maximum of 
0.378 kg/sec {3000 lb/hr). 

6. Power calibrations will be performed at several power plateaus. 

7. Reactor power will be raised to produce the maximum fuel bundle power of 

141 kW desired to obtain a peak pretransient cladding temperature of up 
to 700K {800°F). 

8. The heatup will be initiated by rapidly decreasing the steam flow while 
maintaining constant reactor power. The maximum test assembly power 
history is 20 hr at an average rod power of 1.25 kW/m (0.38 kW/ft). 

9. Loop pressures will be controlled to 0.276 MPa (40 psia) during the heatup 
and reflood by makeup steam flow introduced at the top of the loop on the 
downstream side of the bundle. 

10. Reflood will be initiated at a predesignated time and rate to control 
peak cladding temperatures. The reflood as well as the other steps in 
the pretransient and transient phases of the test will have a fully 
interlocked sequence. Each step in the sequence will be dependent on the 
successful completion of the previous step (Kendrick 1979). 

11. Following quenching of the fuel assembly, the reactor will be shut 
down and the loop will be drained of water. Figure 6.7 is a sche­
matic of the thermal-hydraulic steam preconditioning, heatup, and 
reflood tests. Cooling requirements are given in Section 9.10.2. 

12. Steps 4 through 11 will be repeated using di fferent values for 

reflood rate and reflood initiation time to produce the requisite 
conditions for the maximum number of heatup and reflood tests 

possible within the 7-day interval available for the test series. 

The sequence of tests will be such that the benign tests (low peak cladding 

temperatures and short times to quench) will be done first. They will provide 
the information needed to define subsequent tests to prevent excessive 

temperatures. 
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FIGURE 6.7. Heatup/Reflood Test Phase 

6.4.2 Cladding Material Deformation Tests 

The preconditioning test sequences used for the thermal-hydraulic tests 
(Steps 1 through 3) will be repeated for the cladding deformation tests. The 
thermal-hydraulic tests included only one water flow preconditioning phase. 
However, since the prepressurized fuel rods will be used in the fuel cladding 
tests, the test rods cannot be used for more than one test. Therefore, a water 

flow preconditioning phase will be required for each of the five sets of new 
test fuel rods {5 total). 
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Steps 4 through 11 used in the thermal -hydraulic tests will be conducted 
on each new set of test fuel rods . One reflood rate and reflood initiation 
time will be used for each of the five fuel cladding tests. 

6.5 RECORDS (DATA ACQUISITION AND CONTROL SYSTEM) 

Readings taken from each instrument by the DACS will be immediately and 
concurrently recorded on magnetic tape and magnetic disk . During reading and 
recording, a low nominal scan rate of 10 samples/sec will be used in the 
steady-state mode, and a high nominal scan rate of 25 samples/sec will be used 
in the transient mode. The date and time, as well as the raw instrument 
reading, will be recorded. The calibration information for every instrument 
will be posted on each recording device. If an instrument reading is recorded 
by the DACS, its immediate or any historical value in engineering units may be 
displayed on the control console cathode ray tube (CRT) or the computer line 
printer, or it may be graphically presented on the graphic terminal or graphic 
hardcopy unit . Readings of the following parameters will be recorded, and 

could be displayed, by the DACS. 

Reactor Loop Instrument Readings Test Assembly Instrument Readings 
• coolant inlet and • cladding temperatures 

outlet temperatures • shroud temperatures 
• coolant differential 

and outlet pressures 
• main loop coolant flow rate 
• steam flow rate 
• steam pressure 

• steam temperature 
• reflood flow rate 

6.6 REACTOR CONTROL AND TRIPS 

• local coolant temperatures 
and delta temperatures 

• local neutron fluxes 
• fuel centerline temperatures 
• internal fuel rod pressures 
• thimble tube temperatures 
• hanger tube temperature 

above fuel assembly 

In the NRU reactor, 18 control rods are used to control reactor power, 
and four adjuster rods are used to adjust the neutron flux . For normal 

6-22 



reactor startup, the control rods are lifted in numbered sequence until the 
reactor reaches critical level. The reactor power is then raised to a 
constant power level of 20% above critical. The reactor can be automatically 
set to maintain a constant neutron power (as measured by ion chambers). 
Currently, reactor trips are set so that, at a 5-MW/sec increase in linear 
power, 110% over power, and 5%/sec change in the log rate meter, these trips 
will cause all the control rods to drop. 

6.6.1 Reactor Control 

As the reactor reactivity changes because of xenon burnout or an adjuster 
rod being moved, the main control rod moves in or out to maintain the neutron 

power. Recent tests at NRU show that the reactor can safely operate at a con­
stant neutron power below 20%, as required for the LOCA test. For the test 

discussed here, thermal reactor power was kept constant even though xenon was 
decaying and the controlling rod was moving. Thus, the average neutron flux 
in the reactor could change even while the ion chamber used for control of the 
reactor observed a constant flux. These flux changes can affect the thermal 
power so that it changes relative to the neutron power. 

There are two convenient ways to monitor thermal power. If the reactor 

heavy water coolant flow is held constant, the heavy water outlet temperature 
indicates the reactor power. It responds to a change in power within 20 to 
60 sec. Another instrument automatically converts reactor flow and temperature 
to thermal power. The thermal power indicators' response time for a change in 

power is much slower than the response time of the heavy water outlet tempera­
ture: about 4 or 5 minutes. 

The flux in the L-24 test section can change, even though the neutron 
power for the whole reactor is held constant. Controlling the neutron power 
with an ion chamber close to the test section by moving a control rod remote 
from the test section could give the most constant flux for the LOCA test. 

Neutron power can also drift as a result of noise from voiding, boiling, 

etc., that could cause uncontrollable changes in reactor power. Since the 
control system cannot immediately compensate for such changes, the neutron 
power will change. 
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6.6.2 Reactor Trips 

There are currently three types of reactor trips: linear-rate trips, log­
rate trips, and overpower trips . These trips cause all the control rods to 
drop. There are four linear rate trip channels. Channel A is set to trip at 
5 MW/sec increase in reactor power and channels B, C and D are set to trip at 
5.5 MW/sec. When two of these four channels trip, the reactor drops all of its 
control rods. There are also four log-rate trip channels. All channels are 
set to trip at 5% power increase/sec. When two of these four channels trip, 
the reactor drops all control rods. There are three channels for the overpower 

trip. One channel is set to trip at a 6% overpower and the other two channels 
are set to trip at 10% overpower . When two of these three channels trip, the 

reactor drops all the control rods . 

For the LOCA test, trips for the U-2 loop, steam system, and reflood sys­
tem can be set as required. In contrast, other trips associated with the 

reactor normally cannot be altered. 

There are two trip-setting limitations: the upper and lower trip settings 
cannot be set inside the normal noise range of the instrumentation; and the 
accuracy of the trip setting is dependent on the sensitivity of the instrument 

used for the trip. 

Trips should be adjusted so that noise does not set them off. Injection 
of reflood water could cause voiding, boiling and slug flow that could, in 
turn, cause a significant reactivity change. This reactivity change could be 
large enough to set off log-rate trips . The reactor power levels for the test 
are low enough to affect only the log-rate trips, no t the linear-rate trips. 
If reflooding is determined to cause rate trips for the existing rate-trip set­
tings, it may be necessary to increase the rate-trip setting levels. If this 

is the case, the new required trip settings will be reviewed by CRNL. Before 
new trip settings are acceptable, CRNL must justify the safe use of the new 

settings to the Nuclear Safety Advisory Committee. 
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6.7 TEST TRAIN REMOVAL AND TRANSPORT 

Following the conclusion of a heatup and reflood transient test, the 
experimental assembly should be allowed to cool in the reactor at least an 
hour. The test train would then be removed from the loop and transported to 
the examination and storage bay for disassembly and inspection. Requirements 
for shutdown cooling and wet removal are included in Section 9.10. 

The instrument leads connected to the DACS will be disconnected at the 
three multicontact cable connectors just below the test lifting ring and above 
the loop closure plug. Water-tight caps will be installed to cover the exposed 
contacts on the test train side of the connectors. Loop sealing rings will 
then be loosened and removed. 

The J-rod flask fuel handling machine(a) will be indexed into position 
over the loop, and the test train drawn upward into the flask barrel. During 
test operation, thermal anomalies may exist that could induce some degree of 
longitudinal bow into the shroud. This bow may cause the shroud to contact 
the pressure tube wall, hampering extraction of the experimental assembly. The 
net result could be an increase in the force required to remove the assembly 
from the pressure tube. 

The maximum lifting capability of the J-rod flask hoist is 3,000 pounds. 
All load-carrying components of the test train are designed to withstand 
extractive loads of this magnitude. In the unlikely event that the hoist would 
be unable to remove the assembly, the entire reactor pressure tube containing 
the test assembly could be removed in accordance with CRNL procedures. 

When the test assembly has been withdrawn and totally contained and sealed 
within the flask, it will be transported by the J-rod flask to the elevator 
position. At this location the flask will be indexed into position over the 
elevator receptacle, which for this operation is equipped with an integral 
full-length transfer can. The test train will be lowered, still in the vert­
ical attitude, into the full-length transfer can until the loop closure plug 

(a) This light-water-cooled flask shall be supplied by Chalk River Nuclear 
Laboratory. 
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rests in the elevator receptacle. The elevator, containing the transfer can 
and test assembly, will then descend to the examination bay cana l . 

At the point it enters this canal, the transfer can must pass under a con­
crete baffle. The upper end of the test train will therefore be approximately 
1 ft below the pool surface. After passing under the baffle, the upper end of 
the test assembly will emerge above the pool surface and the transfer can con­
taining the test assembly will proceed to the entrance of the examination bay. 

Where the test train enters the bay, it will be removed from the transfer 
can and will be transferred to a support strongback. The support strongback 
will be hinged. This hinge will allow it to be rigidly fixed to support the 
test assembly after the hanger rod is loosened. The hinge also will permit the 
test section to assume a horizontal attitude where necessary, then allow its 
return to the original attitude to prevent submersion of the seal area and con­
nector5 for extended periods. 

The strongback/test train unit will be transported to a position adjacent 
to the DERM. The test train will then be transferred from the strongback to 

the DERM. 

6-26 



7.0 POSTIRRADIATION EXAMINATION 

After irradiation, the fuel bundle will undergo destructive and nonde­

structive examination to obtain bay information, universal cell information and 

metallurgical information: 

• The shroud will be characterized to determine its shape. 

• The fuel bundle will be inspected, channel blockages located, and its 
shape and open channels characterized. 

• The inner test bundle will be photographed, its shape and open channels 
characterized and exterior rod diameters described. 

• Single rods will undergo profilometry, and their surfaces characterized 
and examined for cladding strain or failure. 

• Rod regions that contain ballooned or burst configuration will be removed 
and samples taken for metallurgical examination. 

7.1 BAY EXAMINATION 

Nondestructive examination and partial disassembly of the fuel bundle will 

be done on and with the DERM in the examination bay. 

7.1.1 Shroud 

When the test assembly is transferred from the transfer can to the DERM, 
the shroud will be located on the end supports, which are an integral part of 
the DERM. These end supports form the three base data planes to which all 
dimensional information is related. At this point, the shroud will be charac­
terized to determine its "free state" cross-section a 1 and longitud ina 1 shape. 
This information will be obtained using state-of-the-art inspection equipment 
and the DACS. 

Following this characterization, the shroud halves will be clamped to 
retain their free-state shape, which will facilitate later reassembly of the 
shroud. Then the shroud will be opened longitudinally, under machine control, 

to expose the fuel bundle. 
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7.1.2 Fuel Bundle 

The fuel bundle will be positioned in the poo l for underwater TV scanning 
at any longitudinal location, both for general inspection purposes and to 
ascertain locations of channel blockages. The fuel bundle will be character­
ized for overall cross-sectional and longitudinal shape; all open channels 
will be characterized in two orthogonal planes and exterior rods for diameter. 
This information will be obtained with the same inspection equipment as is 
used for the shroud and the DACS. 

Following characterization of the total bundle, the guard rod units will 
be separated along the bundle parting plane to expose the inner test bundle. 
The fuel bundle will then be positioned for inspection. Another underwater TV 
scan will be performed for general inspection purposes, and a photographic 
record of the areas of interest can be made. This bundle will be character­
ized for overall cross-sectional and longitudinal shape. All open channels 

are to be characterized in two orthogonal planes and exterior rods are to be 
characterized for diameter. State-of-the-art inspection equipment and tech­
niques will be used here, and the data recorded by the DACS. Following 
characterization of the test bundle, the test rod bundle halves will be sepa­
rated to expose the remaining three interior rods and the instrumented thimble 
tube.(a) The instrumented thimble tube will be removed then from a test 

bundle half, stored, and eventually installed in the next test bundle. 

The halves of the test bundle in place on the DERM will then be reas­
sembled without the thimble tube. The instrument leads of the bundle will be 
disconnected and the bundle will be moved to a storage location. 

7.1.3 Assembly of Replacement Test Bundle 

The next test bundle will be located on the DERM and opened along the 

longitudinal parting plane. The instrumented thimble tube that was set aside 
will be inserted and the test bundle reassembled. The new test bundle instru­
ment leads will be installed at the gland seal. Reassembly is done in the 

(a) At this point further TV scanning and underwater photography may be 
appropriate. 
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reverse order from disassembly. Once reassembled, the test train will be 
transferred to the transfer can, carried to the bridge, straightened, and 
stored until transferred to the loop for the next test. 

7.1.4 Single-Rod Examination 

After the test train is removed from the DERM, the equipment will be 
available for single-rod profilometry. At this time any rod remaining in 

stored test bundles can be removed by cutting the grid spacers, the rod can be 
indexed into the DERM, and its surface can be characterized. At this point, 
particular attention will be given to areas exhibiting excessive cladding 
strain or failure. Data will be obtained using NOT techniques such as 
profilometry and photography, and the data will be recorded. At this time 
single-rod gamma scan data can also be obtained and recorded to confirm axial 
flux profiles within the test. The rods will be stored in protective cans 
until all bundles have been through the planned heatup/reflood simulation and 
pool examinations are complete. 

7.2 UNIVERSAL CELL EXAMINATION 

Fuel rod regions in the universal cell containing ballooned and burst con­

figurations will be sectioned to remove them from the rest of the rod . Waste 

will be packaged, and the rod sections of interest marked to show their orien­
tation in the bundle and placed in cans for transfer to the metallurgical cell. 
CRNL procedures will be used for moving burst configurations of fuel to the 
cells. 

7.3 METALLURGICAL EXAMINATION 

The fuel cross sections in some of the test samples will be examined to 
assure proper fracturing of the fuel during the preconditioning phase. Bal­
looned portions of the rods, which may have too complex a shape to be charac­
terized by photography or profilometry, will be examined using equipment 
developed specifically for that purpose. The burst configurations will be 
studied in a similar manner. Some of the burst fuel rods that reached high 
temperatures will be sectioned longitudinally through the burst, the fuel 
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removed, and the oxide thickness on the inside of the tube characterized as a 
function of axial or aximuthal distance from the opening . 

Other sections are to be taken and examinations conducted as the need 
arises. There is no plan to do extensive ceramography of the fuel; there will 

be fewer than 25 metallographic samples per test. 

Fission gas studies on unruptured rods will be done only to the extent 
necessary to confirm in- pile instrument readings. The upper l imit is 11 gas 

samples per test. 
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8.0 WASTE DISPOSAL 

Four sources of waste will be generated as a result of the tests and sub­

sequent examinations: 

1. The more severe transients, those leading to cladding rupture, are 
expected to release a small number of fuel fragments to the coolant . 
These will be retained in the strainer at the bottom of the test train. 
Any release of fuel fragments would occur during the reflood and quench 

portions of the transient phase of the test. At this time, water or two­
phase steam flow through the coolant channel is relatively slow, and most 
fuel fragments would settle to the bottom of the test assembly. A negli­
gible amount of fission gas may also be released. Special loop cleanup 

procedures are used when necessary to decontaminate loop piping. Most of 
the solid fuel material debris will be carried over into the canal and 
rod bay. Manipulation of the bundle is likely to release some material 
into the basin where routine underwater vacuum cleaning(a) will 

retrieve it. 

2. When the grids are cut to free individual rods from the cruciform section 
of the material test bundles, fine chips or turnings of low-level, acti­
vated Inconel-718 will be released into the basin. Provision can be made 
to capture this material as it is generated, or it can be left for routine 
cleanup. 

3. Transverse sectioning of the rod in the universal cell to separate bal­
looned and burst regions of cladding for detailed examination will release 
fuel fragments. After sectioning, the fuel contained in the rod must be 
removed. Similarly, sectioning fuel to verify the effectiveness of pre­
conditioning will generate waste. In all cases, the samples not retained 
in archive will require disposal. 

4. Instruments, equipment, and hardware that are furnished by PNL will be 
removed from the site unless PNL and AECL agree otherwise. 

(a) To be furnished by AECL. 
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Within 2 years of the completion of the six tests described in the appen­

dix of the PNL/AECL Contract, 1978, PNL will transport back to the United 
States all fuel and samples associated with these tests. However, AECL has 
expressed willingness, subject to signing a mutually satisfactory separate con­
tract, to dispose of the fuel. 
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9.0 HAZARDS ANALYSIS 

This section summarizes the characterized behavior of the test train 
during both normal and accident conditions. Included are estimates of maximum 
temperature, time to rupture, transient temperature history for the pressure 
tube and upper hanger region along with cool-down information oertaining to 
removal of the assembly from the U-2 loop. The effects of changes in reac­
tivity or redispersal of the fuel are treated, and the structural integrity of 
the bundle under maximum loading conditions is evaluated. Sensor reliability 
for both the loop and test train measurements is also reviewed. Possible 
reactor trip conditions are identified for protection of both the reactor and 
the test train. Finally, decay heat information for the test assembly is 
included. This information will be used for cooling requirements to enable 
safe removal of the test assembly from the U-2 loop. 

9.1 ESTIMATES OF REACTIVITY 

The reactivity effects of heavy water, light water, and steam are compared. 
For this comparison, it is assumed that the reactor is critical and that the 
test assembly contains heavy water, 3.0 wt% 235u-enriched fuel, and a stainless 
steel shroud. If light water were used, the reactivity would be 0.3 mk lower 
than in an assembly cooled with o2o.(a) If steam were used, the reactivity 

would be 2.3 mk higher than a o20-filled assembly. 

Four assembly failure types have been considered: test fuel relocation, 
NRU driver fuel relocation, test fuel dispersal outside the test looo, and test 
fuel dispersal within the test loop. 

In order for the test fuel to relocate, it is necessary for it to fracture; 
however, this is not a credible accident. Relocation of NRU driver fuel is 
also highly unlikely. Neutron flux in the region around the test assembly is 
fairly uniform and the flux in the test loop somewhat lower than most sur­

rounding locations. Therefore, if NRU fuel were to relocate into the test site, 

(a) Here, apparently the poisoning effect of the light water and stainless 
steel overrides the positive effect of the fuel material. 
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the NRU fuel would probably see a lower flux or, at worst, only a small 
increase. This would cause a decrease or a very small increase in reactivity. 

Dispersal of test fuel outside the loop would not be possible without test 
loop fracture. However, such a fracture is not credible. 

Significant dispersal of fuel within the test loop is not likely to occur 
during the tests. If dispersal did take place, the limiting case for calcula­
tional purposes would involve a compaction of the fuel within the shroud . If 

the shroud were to be completely packed with 3.0 wt% 235u enriched fuel, 
this would result in a reactivity of 5.8 mk above the 3.0 wt%, steam-cooled 
condition. 

Under normal conditions two reactivity insertions related to the test 
assembly can be expected. A 0.3-mk decrease (over a D20-filled loop) is 
estimated with installation of the test. Upon draining the light water (hot 
water density at 0.65 g/crrf) from the test loop, the reactivity gain is 
estimated to be 2.6 mk from the water-cooled state. If light water were 
accidentally voided from the test, a ramp reactivity increase would result. 
The reactivity change associated with this release has been estimated at 

2.6 mk as mentioned above. The 2.6 mk reactivity change is well within the 
range of reactivity increases that can safely be handled by the NRU reactor. 

To conservatively assess the transient associated with loop voiding, the 
following situation was modeled. A 45t reactivity insertion over 1 sec at a 
linear rate was assumed. The reactor control system was modeled as inserting 
a maximum negative reactivity of $4.50 in 2 sec with a cosine-shaped insertion. 
A 3/10-sec delay time was allowed between the detector response and the initi­
ation of control rod motion. The reactor was modeled to scram on any one of 
three different events: 110% of steady-state (135 MW) power; 5%/sec rate 

change in the log power measurement; or 5 MW/sec rate change in the linear 
power measurement. No time lag existed between the actual occurrence of an 

event in core and its detection. The calculations indicate the resultant 
transient generates a reactor power increase, peaking at 117% of the pre ­
transient power and decaying to 100% pretransient power about 1 sec after 

voiding begins. 
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The normalized reactor power occurring after a positive reactivity 
insertion of 45t in 1 sec is shown in Table 9.1. The power rise in the first 
0.1 sec is shown to be rapid enough to trip two of three trip settings (5%/sec 
rate change in log power measurement; or a 5 MW/sec rate change in linear 

pONer . ) 

TABLE 9.1. The Normalized Reactor Power After a 
Ramp Reactivity Insertion 

Time 2 sec Reactivity, $ Power --
0.0 0 .0 1.0 
0.1 0.045 1.007 
0.2 0 .090 1.024 
0.3 0.135 1.051 
0 .4 0.179 1.085 
0.5 0.206 1.123 
0.6 0.197 1.157 
0.7 0.136 1.172 
0.8 0.009 1.154 
0.9 -0.187 1.091 
1.0 -0.451 0. 981 

9.2 ESTIMATE OF NEUTRON FLUX AND TEST ASSEMBLY -REACTOR POWER COUPLING 

Preliminary calculations indicate the neutron flux profile across the 
reactor will not be greatly disturbed by the test. Since the reactor neutron 
flux profile is a function of loading , it will be examined again when the 
reactor loading for the test has been set. 

The reactor powers required to obtain the test assembly power levels in 
the test bundles are shown in Table 9.2 . The power coupling between the test 
assembly and the reactor is shown for both steam and water cooling for a hot 

flux, (a) 2.88 wt% fuel enrichment and a thick shroud. 

(a) Hot flux means that the NRU fuel immediately surrounding the test section 
is fresh or relatively unirradiated fuel . 
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TABLE 9.2. Reactor Powers Required to Obtain Power Levels 
In The Test Bundle as Specifi ed in LOCA Tests 

Specified Power 
Thermal-Hydraulics 

Test 
Preconditioning Pretransient 

7 kW/ft 0.38 kW/ft 

i~ Test Bundle(a) 
Materials 
Test 

Preconditioning Pretransient 
7 kW/ft 0.38 kW/ft 

Reactor( ) 
Power b 

Full Power 
127 MW 

Low Power 
-9 MW 

Full Power 
127 MW 

Low Power 
-9 MW 

Coolant Water Steam Water Steam 

(a) 

(b) 

The reactor power required to obtain various power levels in the test 
bundle assumes 2.88 wt% 235u, thick shroud, and hot flux. 
Full reactor power (127 MW) will generate an average power in the test 
bundle of 5.28 kW/ft for steam and 5.85 kW/ft for water. 

The short irradiation times associated with the test program suggest that 
no significant exposure anomaly will be generated in surrounding fuel. 

9.3 STRUCTURAL INTEGRITY 

The analytical evaluations required on test train subassemblies and com­
ponents are indicated in Table 9.3. 

Handling stresses are loads generated by movement of the assembly either 
in the vertical or horizontal position. Handling stresses occur during ship­
ping or transfer by crane in air or water, and at the point of support on the 
strongback or DERM or should the assembly be dropped outside the loop. 

Mechanical stresses are those caused by shoe<, pressure, restraint 
(including preload), weight and flow. They are steady (or in quasi equili­

brium) during the given operational phase of the experiment, or are caused by a 
single postulated loading (e.g., water hammer or assembly dropped in the loop). 

Thermal stresses not included in this category are thermal stresses or 
loads caused by thermal expansion. These are handled in the subsection per­
taining to thermal expansion. Also considered in the latter category is the 
softening, weakening effect of operation at high temperature. 
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COMPONENTS, 
SUBASSEMBLIES 

TOTAL TEST 
TRAIN ASSEMBLY 

CLOSURE 
REGION 

INLET 
REGION 

HANGER 

SHROUD 

SPACER 
GRIDS 

FUEL RODS 

FEED THRUS 

BUNDLE 
REGION 

INSTRUMENTS 
(THERMOCOUPLE 
PROBES, SPND'sl 

TABLE 9.3. Required Structural Integrity Evaluation 

STRESS 

OPERATIONAL 

MECHANICAL 

PRE- PRE-
HANDLING COND.* TRANS."'* 

• 
• • 

• • • • • • • • • 

*PRECONDITION lNG 

** PRETRANSIENT 

TRANS lENT 
AND PRE-

REFLOOD COND. 

• • 
• 

• • 
• 

VIBRATION-
THERMAL HIGH CYCLE FATIGUE 

TRANSIENT TRANSIENT LOW 
PRE- AND PRE- PRE- AND CYCLE 
TRANS. REFLOOD COND. TRANS. REFLOOD FATIGUE OXIDATION 

• • • • 
• • 

• • • • • • • • • • • • • • • • • 
• • 

• • • • • • 

THERMAL LOAD 
EROSION EXPANSION FIT -UP LIMITS 

• • • 
• • • 
• • 
• • • • • • • • 
• • • • • • • • 

• • 



Both mechanical and thermal stresses will be eva l uated in each of the 
three principal phases of the experiment: 

1. Preconditioning: Water flow, high power. 

2. Pretransient: High velocity dry steam flow, relatively low power. 

3. Transient and reflood: Negligible flow during heatup at relatively low 
power followed by water/steam mixture at low flow . An important aspect 
is time at temperature, cumulative from test to test. The objective of 
this portion of the analysis is to show that the test train is not damaged 
during Phases 1 and 2 and that damage is confi ned to the test rod cladding 
during Phase 3. 

The vibration/high-cycle fatigue analysis is mainly concerned with the 
high velocity steam flow of Phase 2, although checks are made on Phase 1 water 
flow for subassemblies that may be susceptible to flow instabilities. In gen­

eral, vibration amplitudes are low enough to be a concern only if flow insta­
bility criteria are exceeded . Special attention is given to the flow baffle 
in the closure region , the shroud, and the fuel rods . 

Low-cycle fatigue is due to thermal, pressure, and preload cycling. As 
long as the stresses are in the elastic range, the few cycles experienced 
should not lead to distortion or weakening of the vital components. The pur­
pose of the analysis is to be sure this is the case. 

Oxidation, principally by corrosion in steam during the transient heatup, 
can lead to weakening of structural members and significant distortion of 
close-fitting components. 

Erosion, mainly of junctions between thermocouple and cladding, is impor­

tant during the pretransient flow of high- velocity steam. 

Thermal expansion evaluations are made to assure that component buckling 

or other localized damage does not occur, that clearances are adequate to 
accommodate differential thermal expansion, that parameters such as bypass flow 
are not changed from their design values, and that seal preloads are withi n 

acceptable limits. 
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Fitup is concerned with ease of assembly, disassembly, and the use of 
interchangeable components. This is a physical confirmation as well as a 
drawing layout check. 

The load limits category of analysis is to set lifting load limits for the 
test train and certain critical components. Should the assembly become jammed 
in the tube, it is important to know which components will fail and at what 

lifting loads. 

The analytical evaluations designated in Table 9.3 were conducted on each 

component subassembly as design informa~ion became available. When the design 
package on the test train was completed, a stress report was compiled. Results 
of the evaluation of the subassemblies have been summarized in table form. 

9.4 TEST ASSEMBLY SENSOR RELIABILITY 

Instrumentation in the test assembly must be reliable. Instrument relia­
bility insures that the required test data will be obtained and that the data 
will be accurate. 

9.4.1 Thermocouples 

The chromel-alumel thermocouples will have voltage characteristics that 
will be within the ANSI special limits of error of 0.375 over the temperature 
range of interest. The reference junction temperature is specified to be main­
tained to within ±O.l5°F of 66~C (150°F). The DACS overall accuracy specifi­
cation is 0.2 for full scale. These errors accumulate to an overall error 
of ±0. 6 'i. 

The thermoelement conductors from the hot junction to the reference junc­
tion are chromel and alumel, except for the pins and sockets in the quick dis­
connects that are located in the hole below the top deck plate. These are made 
from a gold-plated copper alloy. An axial temperature gradient along the pins 

and sockets could introduce an additional error into the temperature measure­
ments. It is assumed that this temperature gradient will not be appreciable, 
so errors from this source are not included in the above overall error 
estimate. 
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Based on experimental thermocouple response time data from Meservey (1976) 
and Billeter et al. (1978), a 0-63% response time of less than 100m/sec is 
predicted for all thermocouples in the NRU tests. 

9.4.1.1 Cladding, Shroud, Thimble, Pressure Tube, 
and Coolant Thermocouples 

Experiments performed at the GfK's Nuclear Research Center Karlsruhe (Karb 
1978 and Fischer and Osborne 1978), which concentrated on the simulation of the 

cladding temperature history during the low-pressure phase of a LOCA, were 
similar in nature to the NRU tests. Although Karb and Fischer did not state 

the number of cladding thermocouples that failed, their reported data indicate 
that the failure rate was low. Because the PNL methods of attaching thermo­
couples to the outside surface of the cladding is similar to GfK's method, we 
are presuming a failure rate of less than 10% for the cladding, shroud, and 
thimble thermocouples. The failure rate for the spring-loaded pressure tube 
and coolant thermocouples is also expected to be less than 10%. 

9.4.1.2 Fuel Centerline and Pellet-Cladding Gap Thermocouples 

Three reports on EG&G's experience wi~h off-center fuel thermocouples 
(Murdock 1978, Kerwin 1978, Cook 1978) showed that out of 20 thermocouples, two 
failed under conditions that were more severe than those anticipated for t he 
NRU tests. Thus, we are presuming a failure rate of less than 10% for the fuel 
centerline thermocouples. 

The pellet-cladding gap thermocouples will have dual diameters: the smal­
ler diameter inside the fuel rod and the larger diameter outside the fuel rod. 
Because of this design, a low failure rate for these thermocouples is expected. 

Corrosion and erosion effects on the thermocouples have not been evaluated 

as yet. 

9.4.2 Test Assembly Flow Measurement 

The flow rates of the pressurized water during the preconditioning phase, 
the steam flow rate prior to heat up, and the reflood flow rates are requi red. 

None of these flow rates will be measured in the test assembly. 

9-8 



The bundle flow rates will be determined from the measurement of the loop 
flow rates taken during the test. The ratio of bundle flow rate to total loop 
flow rate will be measured in an out-of-reactor mockup, and from these data the 
in-reactor bundle flow rate will be predicted. The bypass flow will be between 

1% and 5% of the total flow, and it is expected to be approximately 4% based on 
the out-of-reactor mockup tests. The flow through the test section, therefore, 

should be known to within 1%. 

The steam and reflood flow rates will be measured by loop instrumentation 

located outside the reactor core. 

9.4.3 Test Assembly Power Measurement 

The power distribution within the assembly will be determined by an array 
of SPNDs with cobalt emitters located on the shroud and within the guide tube. 
A typical planar array is shown in Figure 9.1. The four SPNDs on the shroud 
define the edge of the power surface at that elevation and thus assist the 
interpretation of the degree of flux tilt across the bundle. The SPNDs con­
tained in the guide tube assist in defining the contours of the power surface 
within the bundle. A series of SPND arrays at other elevations provides a 
means of coupling the radial power distribution to the axial distribution. 
Provision is also made for a limited number of SPNDs at grid spacer locations. 

These are needed to define the localized power depression. 

The relative power distribution determined from the SPND array is tied to 
an absolute power measurement through two techniques: 1) the first is based on 
distributing the power determined from a thermal balance on the entire assembly 
during the steady-state preconditioning period in both the water-filled and 
steam-fi l led conditions; 2) in the second, centerline fuel thermocouples are 
used at one elevation to improve the absolute power measurements. This 
approach has been utilized successfully in other tests and is based on the fact 
that the fuel rod can be one of the best power measuring instruments. By 

determining the fuel centerline temperature and the cladding surface tempera­
ture, the fuel rod power can be calculated from the temperature difference, 

provided that the U02 thermal conductivity is known. The fuel thermal con­

ductivity of archive uo2 pellets will be determined at PNL to reduce the 
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THERMOCOUPLE - FUEL CENTERLINE 

THERMOCOUPLE INSTRUMENTED 
THIMBLE TUBE 

SPND INSTRUMENTED 
THIMBLE TUBE 

Zr - 2-l/2% Nb Ll NER TUBE 

Zl RCALOY-2 PRESSURE TUBE 

STAINLESS STEEL SHROUD 

FIGURE 9.1. Cross Section of Assembly I l lustrating Fuel Bundle 
Array, SPND and Thermocouple Locations 

uncertainty associated with using literature values. Furthermore, a small 
fuel-cladding gap will be utilized in the vicinity of the thermocouple hot 
junctions to produce a high gap conductance and thus minimize the uncertain­
ties associated with the temperature gradient across the gap. The small gap 
will be produced by a 5-cm column of pellets, which are slightly larger than 
the standard pellets. 

The schematic arrangement of the detectors and signal conditioning equip­

ment is indicated in Figure 9.2. 

An accuracy criterion of less than 1% is set for the detector output. To 

assure that this criterion is met, the measuring resistance Rm must be lower 
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FIGURE 9.2. Schematic Arrangement of Neutron Detector 
and Signal Conditioner 
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than ~ by a factor of 100 or greater. Ri, the resistance of the MgO 
insulation, is a function of its temperature; the resistance decreases with 
increasing temperature. Thus, the accuracy of the detectors is a function of 
temperature and decreases with increasing temperature. 

The resistance of the MgO (Ri) will be maintained at a level greater than 
108 ohms during the tests. To assure that the accuracy criterion of less 
than 1% is met, the resistance of Rm will be set at 106 ohms. 

The accuracy of the neutron detector amplifier is +1% and that of the OACS 
is ~0.2%. Applying propagation of errors to the detector, amplifier, and OACS 
errors, the overall error is less than 1.4%. 

The use of measurement resistors having a resistance of 106 ohms will 
give a 63% response in -1 ms for the SPNOS. 

9.5 NRU U-2 LOOP SENSOR RELIABILITY 

Reliability can be looked at in terms of instrumentation for control of 
the reactor (in which case there is a lot of redundancy in the system) or in 
terms of instrumentation for recorded information such as with the data acqui­
sition and control system. Control of the reactor and loop involves much 
redundancy. If one instrument fails, the operator can switch over to a spare 
instrument insuring the reliability of instrumentation required for safe opera­
tion of the reactor. NRU facility U-2 loop instrumentation is time tested and 
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relatively reliable. U- 2 loop instrumentation connected to the REDACE data 
logger computer system is presented as representative of U-2 loop 
instrumentation. 

9.5 .1 U-2 Loop Resistance Temperature Detector 

Rosemount series 77 and 78 platinum resistance temperature detectors 
spring loaded into thermowells are used in the U-2 loop . They output 0 to 50mV 
and are accurate to +0 . 1% full scale. Their response time is typically 15 to 
20 sec . 

9.5 .2 U- 2 Loop Flow Measurement 

Main U-2 loop flow is measured using a Ventur i flow element with a Barton 
Differential Pressure Unit 199 that has a Taylor F-28T transmitter . The input 
range is 0 to 500 in . water with a transmitter accuracy of ~0.5%. The response 
time of flow instrumentation is difficult to determine because of the depen­
dence of response time on the length of the tubing that is used to connect them 
to the U-2 loop. 

9.5.3 U- 2 Loop Power Measurement 

Power measurement in the U-2 loop is done by calorimetry using test sec­
tion flow rate, and inlet and outlet temperature . Thus the power measurement 
accuracy, response times and reliability are dependent upon the flow and tem­
perature instrumentation. 

9.6 FUEL FAILURE DETECTION EQUIPMENT 

The U-2 loop has a gamma detector and a sample point for a gamma spectro­
meter that should be available for the preconditioning phase of the LOCA test . 
AECL is in the process of putting in a delayed neutron detector. For the steam 
and reflood portions of the test, a gamma detector will be installed on the 
steam line to the condenser on the outside of the piping. Also, fuel rod fail­
ure detector devices will be attached to fuel rods in the same manner as the 
pressure transducers. These devices are on-off, pressure actuated switches and 
will signal the reduction in fuel rod pressure resulting from a breach in the 
cladding. 
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9.7 REACTOR TRIP CONDITIONS AND REQUIREMENTS 

There are two types of trips used for tripping the reactor: conditional 
and absolute trips. Trips in the U-2 loop and trips in the steam and reflood 
system of the LOCA test can be conditional trips. For a conditional trip, all 
the control rods, except the first eight to be withdrawn, are caused to drop 
and shut down the reactor. An absolute trip causes all the control rods in the 
reactor to drop. All trips associated with the reactor plant protective sys­
tem must be absolute trips. Although absolute trips shut down the reactor 
faster, it takes longer to start the reactor up again. Figures 9.3, 9.4 
and 9.5 show the decay in neutron power level for the three NRU U-2 loop, high 
temperature conditional trips. The curves reflect the time necessary for the 
trip relays. Normalized decay power versus time is shown, where Po is the 
original power and P is the power at a given time. Differences in the decay 
curves could be attributed to the initial power and the number of rods dropped. 
The figures show that when more control rods are dropped, the reactor power 
tends to decay faster. 
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9.7.1 Preconditioning Phase Trips 

During this phase, the test section will be connected to the U-2 loop and 
the following standard U-2 reactor trips will be in service: 

• test section outlet temperature (high) 
• pump subcooling delta T (low) 
• test section water flow (low) 
• surge tank level (low) 
• surge tank pressure (high) 

• manual. 

In addition, the following two reactor trips will be in service: 

• Hanger tube (high) temperature: thermocouples at the bottom of the fuel 
hanger tube (level 21) will actuate the trip to protect the pressure tube 
from overheating. 

• Outlet piping (high) temperature: thermocouples on the outlet piping will 
trip the reactor to minimize thermal expansion stresses in the outlet 
piping. 

9.7.2 Pretransient Phase Trips 

The pretransient trips will be: 

• Hanger tube high temperature trip where 2 of 3 thermocouples must reach a 
high set point temperature to cause the trip. 

• Outlet piping high steam temperature trip where 2 of 3 thermocouples must 
reach a high set point temperature to cause the trip. 

• Loss of steam flow trip. 

• Manual trip. 

The steam control system determines steam flow at the outlet of the test 
assembly. Steam pressure, temperature , and control valve positions for test 
assembly bypass and total steam flows are used to determine steam flow through 

the test assembly . When test assembly steam flow drops below a set point, the 
reactor will trip . 

9-15 



9.7.3 Transient Phase Trips 

The transient phase trips will be: 
• Hanger tube high temperature trip (same as pretransient). 

• Outlet piping high temperature trip (same as pretransient). 
• Low reflood flow standby trip. 
• High fuel cladding temperature trip. 

• Manual trip. 

The standby reflood flow would operate if the normal reflood did not oper­
ate. If the standby reflood water flow rate is low, the reactor will trip . 

Fuel cladding temperature will be measured at instrument levels 13, 15, 

and 17 (see drawing H-3-41804, Appendix A). The cladding high-temperature 
trip will trip the reactor if the pseudo (averaged) cladding temperature at 
any one of the 13, 15, or 17 instrument levels should exceed a pre-determined 
set point as outlined below. 

Average thermocouple readings at a level wil l be used for the trip. The 

average of several thermocouples is called a pseudo sensor. For example, the 
pseudo sensor at level 13 to be used for a trip includes an average of 4 ID 
thermocouples. The DACS will sample this pseudo sensor 10 times for a second, 
average these ten readings, and store the average . This will be done for the 
next 9 seconds so that 10 averages are obtained. These 10 averages are then 
averaged and this final result is used for comparison with the trip setpoint. 
Each second a new average of 10 pseudo readings is included with this average, 
and the oldest reading is deleted from the 10-second average. The reactor will 
trip when the average temperature at any one of the three levels reaches the 
trip setting . The pseudo sensors to be used are as follows: 

Level 13: 4 cladding ID thermocouples on 4 outer guard fuel rods. 

Level 15: 4 cladding ID thermocouples on 4 outer guard fuel rods. 

Level 17: 8 cladding ID thermocouples on 4 inner guard fuel rods. 

A minimum of two operating thermocouples is required for each of the three 

trip circuit instrumentation levels (13, 15 and 17). Less than six operating 
thermocouples will result in the reactor trip, or will require an alternate 
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trip scheme. An alternate scheme would require a pseudo trip signal from two 
of any three levels (13, 15 and 17), or from level 15 or 17 alone. Alternate 
trip schemes require more conservative trip set points than are required for 
the full complement of trip sensor thermocouples (greater than or equal to 2 

at each of the three levels). 

During the transient phase of the test, the reactor will also trip on 
failure of the normal reflood water. That is, if the reflood water flow rate 
is significantly less than the reflood water flow rate setting, the reactor 
will trip. 

9.8 FUEL BEHAVIOR - NORMAL OPERATION 

This section covers three kinds of tests that will be performed to examine 
the behavior of fuel under normal operating conditions. 

9.8.1 Thermal-Hydraulic Tests 

The thermal-hydraulic and fuel cladding tests will be conducted as des­
cribed in Section 6.0 of this SAR. All of the rods in the thermal-hydraulic 
tests will be unpressurized and no severe cladding deformation will occur. For 
the thermal-hydraulic tests, no cladding failures are expected to occur and 
therefore no fission products are expected to be released from the test bundle 
to the test loop. 

Figures 9.6 through 9.11 present the expected peak temperature histories 
for both the cladding and fuel for the matrix of test parameters presently 
planned for the NRU tests. Figure 9.6 presents the CE/THERM Code results and 

Figures 9.7 through 9.11 present the GAPCON T-3 computer code results. One 
heatup rate was examined for reflood rates varying between 5.08 and 25.4 cm/s 
(2.0 and 10 in./s) with reflood initiation delay times from 0.0 to 20.0 sec. 
In all cases, the peak pretransient steady-state cladding temperature is 726K 

0 
{848 F). The analysis is conservative since the maximum allowed peak pre-
transient cladding temperature is 700K (800°F). 

Table 9.4 shows the cladding materials deformation test results calculated 
by GAPCON T-3 computer code {Lanning et al. 1978). Also included in the table 
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of results is the peak rod internal gas pressure during the transients. It 
should be noted that Table 9.4 details the results of the cladding deformation 
calculations for the thermal-hydraulic assembly with a cold rod prepressuriza­
tion level of 0.10 MPa (14.7 psia). 

Fission product content for the thermal-hydraulic tests has been estimated 
using the ORIGEN computer code (Bell 1973). The ORIGEN code is used to calcu­
late the quantity of radioactive isotopes in the fuel at the time of cladding 

rupture and at various times following the cladding failure. All of the 
thermal-hydraulic tests will be conducted using the same fuel assembly (guard 
heater rods and test rods) within a seven-day interval. The total fission 
product content of all rods in the fuel assembly was calculated for the condi­

tion of the fuel rods following completion of all possible thermal-hydraulic 
tests. No cladding failure is expected during any of these tests. 
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TABLE 9.4. GAPCON T-3 Code TH Tests Predictions 

Cladding Rupture 
Predicted and 

Delay Elastic Change Creep-Plastic Total Change Peak Rod Number of Rods 
Time, in Cladding Change In Cladding In Cladding Internal Gas Expected to 
sec Radius 1 in. Rcldius 1 in. Radius 1 in. Pressure1 ~si Ru~ture 

0 0.000607 0.000607 43 No, none 
0 0.000488 0.000488 40 No, none 
0 0.00445 0.000445 38 No, none 

10 0.000647 0.000647 44 No, none 
10 0.00534 0.000534 41 No, none 
10 0.000503 0.000503 40 No, none 
20 0.00607 0.00607 43 No, none 
20 0.000488 0.000488 40 No, none 
20 0.000446 0.000446 39 No, none 
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The fission product inventory calculated for these test conditions repre­
sents an upper limit on the total quantity of fission products in the fuel rods 
for all of the NRU tests, including the fuel cladding deformation tests. 
Table 9.5 shows the total fission product content of the 31 fuel rods after 

all the thermal-hydraulic tests have been completed. The total power history 
assumed for the test assembly for the calculations was 1 hr at 2.6 MW, with a 
16-hr decay time, and 20 hr additional exposure at 0.14 MW. It should be 
noted that these results represent an upper bound on total fission product 
content for the entire NRU test matrix. Table 9.5 also gives the activities 
of fission products located in the rod void volume (i.e., plenum plus the 
fuel-to-cladding gap). The fractional release of the gaseous and semivolatile 
fission products from the fuel during the thermal conditions anticipated for 

our LOCA-type tests were taken from the in-reactor test results of Lorenz, 
Hobson and Parker (1971) at Oak Ridge National Laboratory (ORNL). Their 
results showed small fractional releases for cesium (<1%} and other fission 

products. 

Table 9.6 shows the results of the fission product content calculations 
for the period after preconditioning. For these calculations, it was assumed 
that the total power history of the test assembly was 1 hr at 2.6 MW. Table 9.6 
also gives the activities of fission products located in the rod void volume. 

The fractional release of the gaseous and semivolatile fission products to the 
gap and plenum void volume is assumed to be 1%. 

9.8.2 Cladding Deformation Tests 

In the fuel cladding materials deformation tests the inner eleven test 
positions will contain prepressurized rods, and dilatation and rupture of the 
cladding of the inner test rods will depend on the cold internal pressure and 
the cladding time-temperature relationships experienced during the transients. 

Figures 9.12 through 9.20 present the expected temperature transients for 
both the cladding and fuel for the matrix of test parameters presently planned 
for the NRU cladding deformation tests. Figure 9.12 presents the CE/THERM Code 

results and Figures 9.13 through 9.20 present the GAPCON-FLECHT Computer Code 
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TABLE 9.5. Fission Product Inventory for Post Thermal-Hydraulic Tests 
(total for 31 fuel rods) 

Gaseous Fossoon Product Inventory, curoes- Cs. I, Xe. Kr 

Tome After last 
Test . da 0 001 010 0.5 1.0 2 5 

Isotope 

1· 131 J 9() X 10' 3 93 X 101 402x10' 397 X 102 J 89 X 101 367 X 102 2 94 X 10> 
I 132 1 47 X 10' 147x1QJ 1 44 X 10 1 31 X 1().1 1 18 X 101 9 55 X 1().1 503 X 10' 
I 133 508x10l 510x 10' 492x10l 361x103 2 43 X 103 1 10 X 103 1.02 X 102 

1· 134 9 27 X 1().1 8 93 X 1().1 326x1QJ 30 X 100 J X 10 • 2 X 10 11 0 
1-135 6 64 X 1().1 648x 101 518 X 10' 1 92 X 101 5 55 X 101 4 63 X 10' 2 7 X 10; 
Kr -85 994x10 ' 1 OOx 10 1 1 04 X 10 1 1 12 X 10 I 1 14 X 101 1 15 X 10 1 1.15 X 10 1 

Kr SSM 1 42 X 1QJ 1 39x 101 988x 1().1 218 X 101 32 9 X 101 7 5 X 10 1 9 X 10 I 
Kr -87 2 96 X 103 2 .63 X 103 806x10' 4 2 X 100 59 X 10 3 1 X 10 I 9 X 10 26 

Kr 88 4 21 "103 3 98 X 101 2 JJ X 103 216x10' 1 11 X 101 2 92 X 10 1 5 X 10 10 

Kr ·89 5 46" 1().1 247x10' 2 X 10 · ~ 0 0 0 0 
Xe 131M 1 70 X 10 1 1 72 X 10 1 1 88 X 10 I 2 58 X 10 1 J 41 X 10 1 4 95 X 10 1 841x10 1 
Xe-133 7 01 X 101 7 07 X 1QJ 757x10' 9 32 X 102 1 06x 103 1 14 X 103 9.01 X 101 
Xe 135 4 59 x 1QJ 463x1QJ 481 X 1().1 J 94 X 1().1 220x1QJ 480x 10' 2 6 X 100 
Cs-135M 5" 10 8 4 X 10 I 8 X 10 t 4 X 10 12 3 x 10 11 2 X 10 2< 0 
Cs 136 6 6 X 10 1 66x10' ' 6 5" 10 1 64" 10 62x10 1 59x10' 50x1Q-1 
Cs 137 7 4 X 10 I 74x10' 0 74x10' 1 74 X 10 1 74 X 10 1 74" 10' 74x10 1 

Cs 138 683x103 6 37" 103 632x102 3x10l 5" 10 1
0 2 x 10 n 0 

Cs -135 4" 10 1 4 X 10 1 4 X 10' 5 X 10 I 6 X 10 I 7" 10. 7 X 10 I 
Total 490x10" 4 23 X 1 Q" 255x10" 1 26 X 1Q" 7 86 X 1().1 409x103 1.81 X 1().1 

Amount of gaseous fossoon products free on the fuel rod void volume (plenum plus fuel claddong gap) for all 31 fuel rods 
at the tome of claddong rupture ~ 4 90 x 10' Curoes 

Semo-Volatole Fossoon Product Inventory, curoes- Sr. Ba. Te. Se. Sb 

Tome After Last 
Test da 0 001 010 05 10 2 5 

Isotope 

Sr 314x10' 140x10' 851x10' 292x10' 1 20 X 101 J 08 X lQl 114x10' 
Ba 283x10' 1 52 X 1 ()' J J1 X 101 6 28 X 101 590x10' 559x10' 4 76 X 101 
Te 291x10" 1 87 X 1Q" 4 63 X 1(}' 181 X 101 1 42 X 1().1 1 07 X 103 5 34 X 1QJ 
Se J 25 X 103 373x10' 9 9 X 100 1.5 X 10 2 1 0 X 101 7 X 10 ° 2 X 10 3 

Sb 2 53 X 1Q" 586x1QJ 1 15 X 103 2 63 X 10' 7 04 X 101 2 88 X 101 1 57 X 101 
Total 1 17 X 10$ 5 41" 10" 176x10" 5 62 X 10J 3 28 X 1().1 1 97 X 1().1 1 14 X 1().1 

Amount of semo·volatole fossoon products free on the fuel rod vood volume (plenum plus fuel -claddong gap) for all 31 fuel 
rods at the tome of claddong rupture : 1 17 x 1 OJ Curoes 

Total fossoon product onventory (Gaseous plus Semo-Volatole) free on the fuel vood volume (plenum plus fuel·claddong gap) 
for all 31 fuel rods at the tome of claddong rupture= 1 66 x 1().1 Curoes. 
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TABLE 9.6. Fission Product Inventory for Post-Preconditioning 
(total tor 31 fuel rods) 

Gaseous Fossoon Product Inventory, curoes Cs, I, Xe, Kr 

Tome After 
Precondotoonong, hr 0 1 3 5 7 9 11 13 15 17 19 

Isotope 
-

1-131 409 X 101 1 39 X 102 1 96x 102 199x10' 200x102 1 99 X 102 1 99 X 102 199x102 1 99 X 102 1 99 X 102 1 98 X 102 
1-132 901 X 102 880x 102 8 48 X 102 824x102 804x1Q2 7 87 X 102 7 72 X 102 7 57 X 1Q2 744x1()l 730x102 717x1Q2 
1-133 1 89 X 1 (}l 3 56 X 1 (}l 424xl()J 414xl(}l 3.91 X 103 3 .67 X 103 3 43 X 103 321xl(}l 301x10J 2.82 X 1Ql 264xl()J 
1-134 4 42 X 1 ()4 510x1()4 200x1()4 5 46 X l(}l 1 31 X 1 OJ 296 X 102 647 X 101 1 39 X 101 2 93 X 1 CfJ 6.16 X 1 ()' 1 1 29 X 10 1 

1-135 130x1()4 119x1()4 964x l()J 784xl(}l 637 X 1Q3 518xl(}l 421x1Ql 3 43 X l(}l 279xl(}l 227x10J 1 84 X 1Ql 
Kr-85M 367xl(}l 3 42 X 1 (}l 250x1Q3 1 82 X 1Ql 1 33 X 1Ql 971 X 102 708 X 102 517x102 377x102 2 75 X 102 2 .01 X 102 
Kr -85 1 23 X 10 2 186x10'2 285x 10' 357x10 ' 409x10' 4 48 X 10 2 4 76 X 10 2 496x10 2 511 X 1Q 2 5 22 X 1 ()'2 530x10 2 

Kr-87 225x 1()4 1 34 X 1()4 449x 1Ql 150x1Ql 503 X 102 1 69 X 1Q2 5 64 X 101 1 89 X 101 632 X 1()0 212x1CfJ 708x10 ' 
Kr -88 171x1()4 134x1()4 819x1Ql 499xl(}l 304x1Ql 1 85 X 103 113x103 6 89 X l()l 4 20 X 1Q2 256x102 1 56 X 102 

Kr-89 1 01 X 1 QS 234x10 1 1 21 X 10 l2 6 21 X 10 24 0 0 0 0 0 0 0 
Xe 131M 234xto·• 205 X l()' l 900x10' 167x10 2 244x10 2 3 21 X 10 2 3 97 X 10 2 4 73 X 10 2 5 49 X 10 2 6 24 X 10 2 698x 10 ' 
Xe 133 397x1CfJ 1 94 X 101 6 21 X 10' 1 06x 10' 148x1Q2 1 87 X 102 2 23 X 102 2 56 X 102 286x1Q2 3 14 X 102 340x 102 

Xe 135 7 73 X 102 160xl(}l 2 88x l()J 371x1Ql 4 19 X 1Q3 4 42 X 1Q3 4 46 X 103 4 37 X 1Q3 420x103 3 97 X 103 3 70 X 102 
Cs 135M 3 65 X 1()'12 1 67 X 10 l2 347x101l 720x10 14 1 53 X 10 14 2 92 X 10 I S 791x10 1' 1 42 X 10 11 142x10 ' 1 42 X 10 11 1 42 X 10 11 

Cs 135 913x10·• 405x10' 1 1 61 X 10 7 3 36 X 10 7 546x10 7 7 74 X 10 7 1 01 X 10 1 1 24 )( 10 . 1 47 X 10' 168x 10'' 1 89x 10 ' 
\.0 Cs 136 3.31 X 10 1 3 31 X 10 I 329x10 1 3 28 )( 10 I 326x 10 1 325x 10 1 3 23 X 10 1 3 22 X 10 1 3.20x 10 1 319x10 1 3 18x 10 1 
I 

N Cs 137 3 20 X 10 1 3 56 X 10 1 3 56 X 10 1 3 56 X lQ 1 3 56 X 10 1 3 56)( 10' 3 56 X 10 1 356x10 1 3 56 X 10 1 3 56 X 10 1 356x 10 ' ..,. 
Cs- 138 6 47 X 1 ()4 421x1()4 3 94 X 1(}l 304x1Q2 2 30 X 101 174x 1()0 1 31 X 10 9 91 )( 10 3 748xto• 5 65 X 10 S 427x 10 ' 
Total 2.70x 105 1 41 X 105 5 70 X 1()' 309x1()4 218x1()4 787 X 103 1 53 X 1 ()4 1 35 X 1 ()4 1 20 X 1 ()4 1 98 X 1 ()' 979x10l 

Amount of gaseous fossoon products free on the fuel rod vood volume (plenum plus fuel-claddong gap) for all 31 fuel rods at the tome of claddong 
rupture = 2 70 x 1 (}I Curoes 

Semo-Volatole F1ssoon Product Inventory. curoes-Sr. Ba, Te, Se, Sb 

Tome After 
Precondnoonong, hr 0 1 3 5 7 9 11 13 15 17 19 

Isotope --
Sr 3 86 X 10' 2 94 X 1()' 1 94 X 1()' 1 35 X 1 ()4 9 79 X l(}l 732 x 10l 5 65 X lOl 4 48 X l(}l 364x1(}1 3 01 X 1 (}l 2 53 X 1(}1 
Ba 396x 10' 543x1()4 1 47 X 1()' 555x1Ql 2 23 X l(}l 1 01 X 1 Ql 5 65 X 1()' 400x10' 339x 102 3 15 X 1()' 3 06 X 1()' 
Te 341 X 10' 910x10' 1 53 X 1()4 4 58 X 1Q3 2 71 X 103 212x103 1 78 )( 103 154x1(}1 1.36x103 1.22x l(}l 1 11 X 103 
Se 5 86 X 1 ()4 1 15 X 102 5 64 X 101 721x10" 1 49 X 1 CfJ 344x10 1 847x10 2 2 47 X 10 2 108x10 2 7 45 X 10 l 6 62 X 10 J 

Sb 423x 10' 1 55 X 1 ()' 3 22 X 1Ql 2 03 X l(}l 1 46 X 10l 1 06 )( 103 7 79 X 102 5 74 X 1Q2 425x 10' 317x 10' 2 37 X 1()' 
Total 160x10" 1 91 X 10' 527x1()4 2 .57 x 10• 1 62 X 1 ()4 115x1()4 877x1Ql 699x 10' 5.76 X 1Ql 4 86 X l(}l 418x10l 

Amount of semo vola tole fossoon products free on the fuel rod vood volume (plenum plus fuel claddong gap) for all 31 fuel rods at the tome of claddong 
rupture = 1 60 x 1 ()4 Curoes 

Total fossoon product onventory (Gaseous plus Semo-Volatole) free on the fuel vood volume (plenum plus fuel claddong gap) for all 31 fuel rods at the 
tome of claddong rupture = 1 87 x 1 ()4 Curoes 
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results.(a) One heatup rate was used for reflood rates varying between 5.08 

and 25.4 cm/s (2.0 and 10.0 in./s) with reflood initiation delay times of 
0.0 to 60.0 s. As in the case of the thermal-hydraulic tests, the peak 
pretransient, steady-state cladding temperature is 700K {800°F). Some of the 
calculations were initiated at temperatures as high as 750K (890°F), so these 

predictions are concervatively high. 

Table 9.7 presents the results of the cladding deformations calculated by 
the GAPCON-FLECHT computer code (Lanning et al. 1978). Also included in the 
table of results is the peak fuel rod internal gas pressure during the tran­
sient. It should be noted that the cladding deformation results given in 
Table 9.7 are for test rods with an initial cold prepressurization level of 
3.06 MPa (450 psi). The transients where rod failure was calculated to take 
place as well as the failure mechanisms and the number of test rods expected 

to fail are noted in the tables. 

(a) The GAPCON-FLECHT computer code is a combination of the GAPCON-T3 code 
with the FLECHT heat transfer correlation and the DILATE Code Materials 
data base (Mohr et al. 1979). 
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TABLE 9.7. GAPCON T-3 Code Cladding Deformation Results 

Cladding Rupture 
Creep-Plastic Predicted and 

Delay Elastic Change Change In Total Change Peak Rod Number of Rods 
Reflood Time, in Cladding Cladding In Cladding Internal Gas Expected to 
Rate sec Radius 1 in. Radius 1 in. Radius 2 in. Pressure 2 QSi RuQture 

2.0 0 0.002827 0.001084 0.003911 1231 No, none 

5.0 0 0.000611 0.000611 1174 No, none 

10.0 0 0.000565 0.000565 1141 No, none 

2.0 10 0.005856 0.002598 0.008454 1238 No, none 

5.0 10 0.000697 0.000021 0.000718 1206 No, none 

10.0 10 0.000622 0.000622 1180 No, none 

2.0 20 0.005688 0.002516 0.011829 1217 No, none 

5.0 20 0.000910 0.000125 0.001035 1223 No, none 

10.0 20 0.000748 0.000025 0.000748 1209 No, none 

2.0 44 0.009346 0.004315 0.013661 1246 Yes, eleven 
inner test 
rods 

2.0 60 1248 Yes, eleven 
inner test 
rods 

Fission product content for the cladding deformation tests has been esti­
mated using the ORIGEN computer code. The version of the ORIGEN code used for 
these calculations is the same as the version used in the thermal-hydraulic 
fission product calculations. Table 9.8 shows the results of the fiss i on pro­
duct content calculations for a typical single cladding deformation test. The 
total power history assumed for the test assembly for the calculations was 1 hr 
at 2.6 MW, with 16 hr decay time and 65 min additional exposure at 0.14 MW. 
Table 9.8 also lists the fission products free in the rod void volume (i.e., 
plenum plus the fue l -to-cladding gap) . The fractional release of the gaseous 
and semivolatile fission products at cladding rupture is assumed to be 1%. The 

table gives the fission product inventory for 31 fuel rods. Since the inner 
11 test rods will be pressurized, and the surrounding guard rods operate at a 
high power, the expected fractional release is 11/31 of that shown in the 

table. 

9-30 



TABLE 9.8. Fission Product Inventory for Post Materials Test 
(total for 31 fuel rods) 

T1me After Tes1. da 

Isotope 

1-131 
I 132 
I 133 
1-134 
I 135 
Kr-85M 
Kr-85 
Kr-87 
Kr88 
Kr-89 
Xe-131M 
Xe 133 
Xe-135 
Cs 135M 
Cs 135 
Cs-136 
Cs 137 
Cs-138 
Total 

Ga~eous FISSIOn Product Inventory, cunes ~ Cs. I. Xe. Kr 

0 

1 99x 101 
7 83 X 101 
2 89 X 1QI 
2 63 x 101 

3 01 X 101 

4 87 X 101 
53 X 10 I 
13x1().1 

1 24 X 101 
546 X 1Ql 
647x101 
3 29 X 101 

3 9 X 101 
354x10 '0 

1 7 X 10 ° 
3 39 X 10 1 

3 75 X 10 1 

378x1Q3 
260x10' 

05 

2 05 X 1QI 
7 01 X 101 

206x10l 
171x10" 
872 X 102 

7 63 X 101 

576x10 1 

1 87 X 1()> 
6 4 X 101 

0 
1 11 X 10 1 

4 66 X 101 
2 52 X 1Ql 
288x10,. 
273x10' 
3 30 X 10 
377x10' 
2.02 X 10 3 

697x10l 

10 

2 01 X 101 
6 3 X 101 

1 39 X 103 
1 45 X 1Q 4 

2 52 X 102 

1 15 X 10' 
583x10> 
264x10·l 
3 28 X 100 

0 
1 54 X 10 1 

5 43 X 1QI 
1 29 X 1().1 
235x10 18 

3 32 X 10 ° 
3 21 X 10 I 
377x10' 
3 76 X 10 IO 

432x1Ql 

2 

1 90 X 101 

509x10> 
6 28 X 101 

899x1013 
21 X 101 

2 63 X 10 1 

584xl0 2 

521x10' 
862 X 10l 

0 
235x10' 
5 94 X 102 

2 67 X 102 

0 
374x10' 
304x10 1 

3 77 X 1Q 1 

13x10ll 
221x10l 

5 

153 X 101 
2 68 X 1()2 
5.84 X 10' 

0 
1 22 X 10 I 
312x10 6 

584x10 2 

1 22 X 10 II 

1 57 X 1Q IO 

0 
418 X 10 1 

477x101 

1 39 X 1()0 
0 

384x10 6 

2.59 X 10 1 

377x10 1 

0 
9.58 X 1QI 

Amount of gaseous l•sston producets free tn the fuel rod vo1d volume (plenum plus luel­
claddmg gap) lor all 31 fuel rods at the t1me of claddmg rupture = 2 60 x 1 Ql Cunes. 

Sem• Volaule F1ss•on Product Inventory, cunes - Sr, Ba. Te, Se. Sb 

T1me After Last 
Tes1. da 

Isotope 

Sr 
Ba 
Te 
Se 
Sb 
Total 

0 

241 X 10' 
221x10' 
203x10' 
318x 101 
2 33 X 10' 
930x10' 

05 10 

147x1Ql 623x102 
322x101 304x101 

9 33 X 10• 7 55 X 1QI 
B 35 X 10 l 5 34 X 10 l 
1 05 X 101 3.22 X 101 

2 83 X 1 OJ 1 71 X 103 

2 

160x10> 
2 88 X 1QI 
5 76 X 1QI 
3 68 X 10 l 
1 52 X 101 

1 04x 1Q3 

5 

5 83 X 101 

2 45 X 101 
2 86 X 101 
104x10 3 

834 X 100 
598 X 102 

Amount of sem1vol&t1le hss•on products free m the fuel rod votd volume (plenum plus fuel · 
claddtng gap) lor all 31 fuel rods at the ttme of claddtng rupture= 9 30 x 1Ql Cunes. 

Total ftss•on product Inventory (Gaseous plus Semt-Volaule) free tn the fuel vo1d volume 
(plenum plus fuel cladd1ng gap) for all 31 fuel rods at the t1me of cladd1ng rupture = 
1 19 x 101 Cunes 

9.8.3 Effectiveness of Fuel Rewetting 
The largest body of information bearing on fuel rewetting or quench is 

that of the Westinghouse FLECHT experimental series. Cadek (1972) and Rosal 
(1978) have written reports that describe the experiments and results and cover 
the same range of reflood rates as in the tests proposed for NRU. 
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The FLECHT tests used a 10 x 10 array of 12-ft long electrically heated 
rods . The assembly represents a part of a Westinghouse 15 x 15-rod bundle; 
t herefore, its rod power distribution was similar to the Westinghouse fuel 
assembly, including the thimble tubes. The axial power peaking was 1.66 with 
the peak at the axial centerline. 

Qualitatively, the tests show a brief adiabatic period after reflood was 
initiated . This was followed by a period wherein sufficient quantities of the 
reflood were vaporized in the lower sections to cause a convective cooling 
mode in the upper regions and the rate of temperature rise was decreased . As 
the reflood level rose in the assembly the lower sections quenched (rewet). 
At the same time, boiling in the lower section became more vigorous and the 
steam in the upper sections increased in velocity and carried more entrained 
water. This high-velocity mist flow enhanced the convective cooling and the 
rod surface temperature rise rate decreased until the temperature peaked and 
decreased. At this point the rod surface began to cool. Somewhat later the 
quench front arrived at the upper sections and the rod surface temperature 
rapid ly dropped to saturation temperature . The tests showed the adequacy of 
the rewetting to cool the fuel rods . They also provided the basis of correla­
tions that quantitatively describe its occurrence. 

The NRU LOCA test will be quite similar to that of the FLECHT tests, with 
the following major exceptions: 

• NRU LOCA has nuclear-heated rods; FLECHT has electrically-heated rods. 

• NRU has zircaloy-clad rods; FLECHT has stainl ess steel-clad rods. 

• NRU has peak-to-average axial power distribution of 1.51; FLECHT's peak­
to-average axial power distribution is 1.66. 

• The NRU test has 32 rods. The tests have different rod surface-to­
shroud surface ratios. 

• Pretransient steam cooling in the NRU tests distorts the initial 
axial temperature distribution. 

• The fuel rods in the materials tests are expected to distort to a signi­
ficant degree. 
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The FLECHT tests showed the effectiveness of rewetting. The NRU LOCA 
tests will also show effective rewetting as the FLECHT tests did; however, the 

timing of the temperature increase, turnaround, and quench may be different. 
By rising the stepwise approach to the performance of the tests, the problem 
of excessive temperatures up to the time quench occurs will be avoided. 

The maximum credible temperatures expected in the NRU LOCA tests are shown 
in Figure 9.21. These temperatures were determined for conditions that would 

give peak cladding temperatures somewhat higher than the maximum planned [1255K 

(1800°F)J. 

9.9 FUEL BEHAVIOR--WORST-CASE CONDITIONS 

Three cases of fuel behavior during accidents have been assumed and exam­
ined as worst-case conditions. For each of the three cases examined, the peak 
cladding temperature for the inner 11 test rods was calculated to be equal to 
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FIGURE 9-21. Maximum Credible Temperatures Expected in the Test 
Train Assembly 
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or greater than 1255K (1800°F). For each of the accident cases, it can be 
assumed that all of these inner test rods, which have a pressurization level 

of 3.06 MPa (450 psi), will rupture during the acc ident transient. GAPCON 
FLECHT calculations for the cladding materials deformation fuel rods show that 

failure occurs when peak cladding temperatures exceed 1144K (1600°F). The 
maximum fission product content for 31 rods for the thermal-hydraulic tests and 

the materials test will be as given in Tables 9.5 and 9.8. (Both tables can 
be found in subsection 9.8.2.) The amount of gaseous fission products free in 
the fuel rod volume (plenum plus fuel-cladding gap ) for the inner 11 test rods 
at the time of cladding rupture is 92 curies. 

The respective amount of semivolatile fission products is 330 curies. 
Therefore, the total fission product inventory (gaseous plus semivolatile) free 
in the fuel rod void volume for the 11 inner high-pressure test rods at the 
time of cladding rupture is 422 curies. 

Peak temperatures calculated for both the cladding and the fuel for each 
of the three accident cases show that there will be no fuel melting for any of 
the tests that are part of the LOCA Simulation in NRU. The peak fuel center­
line temperature of 1561K (2350°F) is well below the melting temperature of 

the uo2 fuel. 

The thermal-hydraulic response to the three assumed worst-case conditions 
was calculated. All three cases assume that a high cladding temperature test 
was initiated and that reflood was to have started 60 sec after termination of 
pretransient steam flow. The first two cases assume that reflood failed to 
come on and that another 20 sec elapsed before any corrective action was taken. 
In other words, for these two cases, it is assumed that no action will be taken 
to turn around the temperature rise until 80 sec after termination of the pre­
transient steam coolant. The third case assumes the reflood rate is much lower 

than anticipated after a 55-sec reflood delay and that the condition is not 

detected. 

9.9.1 Case 1: 80-Second Scram 

The first case assumes that reflood never occurs but that the reactor was 
scrammed 80 sec after initiation of the transient. The power then drops in 
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accord with the calculated decay for the accumulated power history of the fuel. 
This decay is conservatively shown in Figure 9.22. 

Test assembly temperatures calculated for this case are shown in Fig-
ure 9.23. The clad temperature stops increasing about 20 sec after the SCRAM 
occurs and a peak of less than 1366K {2000°F) is reached. Heat is removed 

through the shroud, pressure tube, and then to the o2o moderator. The shroud 
and pressure tube temperatures continue to increase for 8 to 10 min before the 
clad temperature levels off. Their peak values are BOOK (995°F) and 533K 
{500°F), respectively. The fuel centerline temperatures will be less than 14K 
(26°F) higher than the cladding temperature. 

Since there is no reflood, there will be no steam exiting from the test 
assembly. Therefore, there will also be no energy transfer to the pressure 
tube above the test assembly, and thus, the pressure tube temperature will 
drop. The rate of temperature decrease was calculated and is shown in Fig­
ure 9.24. An initial pressure tube temperature of 644K (700°F) at the test 
assembly outlet was used for this calculation. This temperature corresponds 

to an average rod power of 1.64 kW/m (0.5 kW/ft). Since the actual test will 
use 1.25 kW/m (0.38 kW/ft), the initial pressure tube temperature for the test 

is less than 644K {700°F). Thus, the initial pressure tube temperature used 
for this analysis is conservatively high. 

9.9.2 Case 2: 80-Second Reflood 

The second case assumes that there is no reactor scram but standby reflood 
coolant is initiated after 80 sec at a rate of 10 cm/s (3.94 in./sec). Fig­
ure 9.25 is a graph from FLECHT tests (Cadek 1972) that shows peak cladding 
temperature rise as a function of reflood rate. This curve shows that the peak 
cladding temperature rise will be in the range of 55 to 80K (99° to 144°F). 
If this temperature rise is added to the temperature shown in Figure 9.22 at 
80 sec, a peak clad temperature of about 1388K (2040°F) will be reached. The 
corresponding fuel centerline temperature will be about 1400K (2060°F). 

The FLECHT test data shows that for the higher reflood rates, such as the 

one used here, the steam exiting from the test assembly has a temperature not 
much greater than saturation temperature. Thus, as the steam passes up the 
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FIGURE 9.22. NRU Power Decay After Trip 

pressure tube above the test assembly, it cools the tube. The temperature drop 
of the pressure tube above the assembly for this case will be even faster than 
that shown in Figure 9.24. 

9.9.3 Case 3: Partial Reflood 

The third worst-case condition being considered arises from the fact that 

a few FLECHT experiments at the very low reflood rates of about 1.2 cm/s 
{0.5 in./sec) give high steam exit temperatures in excess of 972K (1290°F) 
even though cladding temperatures peaked and decreased and quench was achieved. 
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The concern is with the temperature of the pressure tube above the test assem­
bly that is in contact with this hot steam. 

No NRU LOCA tests that are planned will give results approaching the high 

steam temperatures discussed above. However, a postulated accident condit i on 
that could result in the high steam temperatures proceeds as follows. A hi gh 

temperature [1255K (1800°F)1 run is planned. In order to achieve it, the re­
flood will not begin until 55 sec after pretransient steam cooling is stopped. 
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However, if for some accidental condition the reflood rates were much lower 

than planned, the low reflood and high steam temperature case described above 
could occur. This analysis further assumes that this low reflood rate 
condition is not recognized and no corrective action is taken. 

Calculational techniques to determine the exit steam temperature and flow 
rates for this particular case are not available. However, this case can be 
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conservatively approximated by FLECHT Low Flooding Rate Test run number 07934 
(Rosal et al. 1975). The conditions for this run were: 

Initial Peak Cladding Temperature 1145K (1601°F) 
Rod Peak Power 3.12 kW/m (0.95 kW/ft) 
Reflood Rate 1.57 cm/s (0.62 in./sec) 
Reflood Coolant Temperature 326K (128°F) 
Pressure 1.9x1o-3 MPa (40 psia) 

The peak rod power is 3.12 kW/m rather than the 1.25 kW/m planned for the 
NRU LOCA tests. Except for this and the reflood rate, the test conditions 
approximate a test planned for late in the testing sequence when a heatup time 
of 55 sec would be imposed before starting reflood at a rate of about 

1.016 cm/s (0.4 in./sec). The reflood rate used in the FLECHT test would be 
about 1/6 that of the NRU test. This FLECHT test, therefore, conservatively 
represents Case 3 where the reflood rate is 1/6 t~e reflood rate planned. 
Figure 9.26 includes the outlet steam temperature from the test data. 

The experimental steam temperatures and flow rates from the FLECHT run 
were used as boundary conditions in a calculation with the TRUMP computer code 
to determine the time-temperature behavior of the pressure tube above the test 

assembly. The results of the calculations are shown in Figure 9.27. Conserva­
tively high initial temperatures were used. The pressure tube cools initially 
because there is no steam flow during this period . The pressure tube tempera­
ture continues to drop until hot steam flow occurs, after which the temperature 
increases, peaks, and decreases again, following the pattern of the steam tem­
perature. The peak temperature during the rise is less than the initial tem­
perature up to a maximum of 599K (618°F), which is well below any temperature 
limit for the pressure tube. 

There is one significant difference between the NRU LOCA tests and the 
FLECHT tests that will impact this analysis: the metal-water reaction. At 

high cladding temperatures the steam will react with the zircaloy cladding as 
given by: 
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FIGURE 9.26. Upper Steam Exit Temperature from FLECHT Data 

The reaction is exothermic producing a heat of 559kJ {143 kcal) per mole Zr. 

The conventional description of the kinetics of this reaction is given by 

Baker-Just (1962) as follows: 
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where 

0 12S 2SO 375 

TIME lsecl 

FIGURE 9.27. TRUMP Calculations of Hanger and 
Pressure Tube Temperatures 

w = weight of Zr reacted, mg/cm2 

9 = time, sec 
A = constant 33.6 x 106 

B = activation energy - 45,500 cal/mole 
R = gas constant, 1.987 mole K 
T = temperature, K. 

soo 

Since the Baker-Just correlation was developed, much experimental data has 
been accumulated showing reaction rates lower by as much as a factor of two 

(Westerman 1977). 

The Baker-Just correlation and a more recent one (Cathcart 1976) were 

incorporated in the GAPCON computer code. Two acc ident cases were then exam­
ined. The first assumed that an experiment had a planned reflood rate of 
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2.5 em/sec (1.0 in./sec), but during the accident the reflood rate was half of 
that planned, just above the reflood rate trip point. The case also assumed 
that the accident continued until the reactor was scrammed and that the SCRAM 
became effective when the peak cladding temperature reached 1478K (2200°F). 

The second case was identical except that the planned and achieved reflood 
rates were assumed to be 5.1 em/sec (2 in./sec) and 2.54 em/sec (1.0 in./sec), 
respectively. The first accident case, which gave the most pessimistic 
answers, is reported here. 

The GAPCON results gave the rod power contributed by the energy release 
from the metal-water reaction. These values are given in Figure 9.28 for the 
two correlations. These energy contributions were added to the nuclear energy 

and used as input to the TRUMP computer code to calculate test assembly tem­
peratures for the accident. The results are plotted in Figure 9.29, which 
shows quite a prompt turn-around of the temperatures for both metal-water 
reaction models. 

The results were incorporated into input to the TRUMP computer code to 
calculate test assembly temperatures during the accident. The results are 

illustrated in Figure 9.29. 

As is indicated, the peak clad temperature rises only slightly above 1478K 
(2200°F) (the temperature at which the trip occurs) before turning around. The 
shroud and pressure tube temperatures continue to increase for a short period 
of time before turning around at a level well below any problem temperatures. 
Subsequent calculations(a) evaluated fuel cladding temperatures of 1644K 
(2500°F), which showed that a predictable, stable termination of the accident 
occurred, based on the high temperature validated correlation (Cathcart 1976). 

A second effect of the zirconium/water reaction has also been evaluated{b) 

to determine the maximum cladding oxidation wastage, and to estimate the maxi­
mum H2 production that could be anticipated for a postulated test accident 

(a) Letter from R. L. Hjelm to G. M. Hesson, "Effect of Energy Release from 
ZrH20 Reaction on NRU Assembly Temperatures-High Temperature SCRAM 
Case," March 10, 1980. 

{b) Letter from G. M. Hesson to G. E. Russcher, "Total Hydrogen Evolution from 
NRU Test (Accident)," June 25, 1980. 
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FIGURE 9.28. Contribution of Metal-Water Reaction to Rod Power 

in which cladding temperatures of 1478K (2200°F) could be reached. A THERM 
calculation of an accident terminated at 1444K (2140°F) provided the tempera­
ture distribution and time history that conservatively represented such an 
accident. No reactor trip was assumed, so the time at the peak temperature 
was extended as the reactor was powered down, and the bundle fuel cladding was 
reflooded and quenched. The zirconium/water reaction was integrated over al l 
31 fuel pins, both in time and axial temperature distribution. Using the cor­
relation of Baker and Just (1962) provided the most conservative integrated 
estimate of 0.133 m3 (4.70 ft 3 ) hydrogen production (at STP), with a peak 
cladding wastage of 0.0028 em (0 .0011 in.). Similarly, using the more real­

istic Cathcart (1976) correlation provided integrated estimates of 0.081 m3 

(4.02 ft3) hydrogen production (at STP) with a peak cladding wastage of 
0.0015 em (0.0006 in.). See Figure 9.28. With the receiver catch tank less 
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than one-half full, the conservative estimate of 0.133 m3 (4.70 ft 3) would 
result in an H2 concentration of less than the ~flammable limit. 

9.10 COOLING REQUIREMENTS FOR THE TEST ASSEMBLY 

As has been mentioned, an experimental assembly must cool in the reactor 
following transient testing. This section gives the cooling requirements for 
the test assembly during these periods: after preconditioning, between tran­
sients, and following the test. 

9.10.1 Requirement for Cooling After Preconditioning 

The cooling problems for the period after the preconditioning operation 

result from the piping to the test assembly being removed and then being 
replaced by the transient piping. During the replacement period the test 
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assembly will be devoid of any coolant; therefore the only cooling available 
occurs as the heat transfers radially to the moderator. The decay heat genera­
ted during this time was calculated using ORIGEN (Bell 1973), assuming that the 

reactor was operated to give an average test assembly power of 23 kW/m (7 kW/ft) 
for one hour followed by a 16-hr shutdown for removal and reconnecting of the 
p1p1ng. The power decay was calculated to include not only the power from 
decay of the test assembly fission product, which decays rapidly, but also the 
heat from the gamma flux of the driver fuel, which decays far more slowly. The 
resultant power decay is shown in Figure 9.22 where time zero is defined as the 

time of the reactor shutdown. This power decay (extended to 16 hr) was then 
used as input to the TRUMP heat transfer computer code. 

After completing preconditioning operation, the U-2 loop will provide a 
(nominal 5 hr) cooldown period. Subsequently, the U-2 loop will be discon­
nected without special (chill block) cooling provisions for the test train 
because the estimated decay heat generation in the test train produces a peak 
cladding temperature of 547K (526°F), well below the allowable temperature of 
700K (800°F). Approximately 11 hr will be required to reconnect the U-1 steam 
supply and reflood piping to provide subsequent cooling to the test train. 
During that period, no coolant is assumed to be available (only radiation). 
The maximum pressure tube temperature reached, 489K (420°F), is relatively low 
and poses no hazards. 

9.10.2 Requirement for Cooling Between Transients 

This cooling requirement is for the period occurring between the several 
thermal-hydraulic tests when the loop has been drained of reflood water from 
one test, but the steam cooling has not been established for the subsequent 
test. A conservative power history for this case is one in which the test 

assembly is operated for one hour at an average rod power of 23.0 kW/m 
(7 kW/ft), the reactor is shut down for 16 hr, and then the reactor is oper­

ated for 20 hr at an average rod power of 1. 25 kW/m (0 .38 kW/ft). The decay 
heat for this case was calculated in a manner identical to that for the post 

preconditioning case with results also shown in Figure 9.30. The peak cladding 
temperatures calculated with the TRUMP computer code are shown in Figure 9.31. 
The time required to drain the loop and reestabl i sh steam cooling is estimated 
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FIGURE 9.30. Power Decay Curve Normalized to 0.38 kW/ft 

to be less than one-half hour. Figure 9.31 shows that the peak cladding tem­
perature at one-half hour is 558K (545°F). Even if the steam cooling is not 
reestablished in that period, the peak cladding temperature reached is only 
573K (570°F), which causes no hazards. 

9.10.3 Requirement for Post-Test Cooling 

Previous experience at NRU shows that by the time the loop is shut down, 
the test assembly will be cool enough to handle for removal. 
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10.0 QUALITY ASSURANCE 

The Quality Control Plan {QCP) implemented by Pacific Northwest Laboratory 
will be used during the design, procurement, fabrication, construction, and 
assembly of each test train that will be tested at the NRU facility by AECL. 
This plan governs all activities that affect product quality commencing with 
design and development and continuing through procurement, materials handling, 
fabrication, testing, inspection, storage, and shipment. 

Detailed specifications and procedures covering these activities are con­
tained in material, product, welding/brazing, special processes, fabrication, 
and assembly documents. Clear, concise, approved drawings of all assemblies 
and components will be provided for ease of machining, fabrication, or assembly. 

A central records-keeping source will be established for material speci­
fications, product specifications, drawings, procurement documents, inspection 
logs and other information deemed necessary for traceability of materials or 
components for each project. 

The project manager shall appoint a project quality control representative 
(PQCR) who shall implement this plan. The manager or PQCR, whoever is respon­
sible, shall have the organizational freedom to make independent assessments of 
quality and direct the attention of others to any quality problem, and its 
causes and to recommend corrections. A quality assurance engineer assigned to 
the Materials Department of PNL shall provide assistance in implementing the 
quality control elements contained within this QCP and conduct independent 
audits of all projects. A materials review board shall be established to proc­
ess all nonconformance reports or discrepancies of materials or components. 

10.1 ELEMENTS OF QUALITY ASSURANCE 

Quality Assurance Plan: The purpose of a Project Quality Assurance Plan 
is to assist in planning Quality Control activities for the project and to 

identify special Quality Assurance requirements specified by PNL's Quality 

Assurance Organization (QAO) or sponsor. 
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Design Control and Method Review: The purpose of this element is to 

assure that the design requirements are formally documented in design drawings, 
specifications and procedures. 

Procurement: The purpose of this element will be to provide documented 
records of all procurement activities, and to establish a central file of all 
purchased materials and components. 

Instructions, Procedures and Drawings: The purpose of this element is to 
assure that activities affecting quality are accomplished in accordance with 
documented instructions, procedures, or drawings. 

Document Control: The purpose of this element is to assure that documents 
affecting quality are properly prepared, identified, reviewed, approved, dis­
tributed to the affected work location, and maintained current. 

Material Identification and Controls: The purpose of this element is to 
assure that only acceptable materials or components are used and that these 
meet special requirements for identification, storage and use. 

Key Fabrication and Special Processes: The purpose of this element is to 
provide documented verification of the control of key fabrication processes 
which affect the quality. 

Inspection and Testing: The purpose of this element will be to assure 
that items requiring inspection and testing conform to specifications and 
design requirements. 

Calibration: The purpose of this element is to assure that all measuring 
and test equipment used are suitable for the intended purpose and are main­
tained in accordance with specified calibration and service procedures. 

Handling, Storage and Shipping: The purpose of this element is to assure 
that all materials or components requiring special instructions are handled, 

stored or shipped to reduce unnecessary damage, deterioration, or loss. 

Nonconformance and Corrective Action: Regulations concerning nonconform­
ance and corrective action must be applied to all components and materials. 
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Project Records: Drawings, specifications, procedures, and other docu­

ments affecting quality must be generated and maintained as evidence of con­
formance to all requirements. Copies of all pertinent documents shall be 
maintained in the project file. Documents shall include but not be limited to 
the following: 

• Purchase Orders 
• Engineering Drawings 
• Material Specifications 
• Product Specifications 
• Receiving Reports 
• Inspection Reports 
• Special Process Procedures 
• Key Fabrication Procedures 

• Nonconformance Reports 
• Calibration Reports and Records 

• Audits 
• Testing Reports 

• Design Analysis 
• Qualification Prodecures 
• Personal Qualifications 
• Shop Travelers 

• Accept Tags 

10.2 SPECIFICATIONS AND PROCEDURES 

The specifications that will be developed and implemented during the pro­
curement and fabrication phases of this project are listed on the following 
pages. The specifications, themselves, can be found in these appendices: 

Material Specifications 
Product Specifications 

Welding/Brazing Specifications 
Heat Treatment Specifications 

Appendix B 
Appendix C 

Appendix D 
Appendix E 
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DESIGN DRAWINGS 

This appendix contains copies of 4 conceptual layout drawings and mechani­
cal drawings that are representative of the entire drawing package to be used 
in the fabrication of the test assemblies. 

Copies of the other drawings in the design package are available upon 
request. 

The following list can be used to locate specific drawings in this 
appendix. 

Drawing Title Drawing Number Page Number 

Closure Region Layout SK-3-21397 A-2 
Outlet Region SK-3-21393 A-3 
Inlet Region Layout SK-3-21392 A-4 
Major Assembly & Disassembly 

Schematic SK-3-21389 A-5 
Reactor Test Train Interface H-3-41801 A-6 
Loop Closure Assembly H-3-41802 A-7 
Test Train Arrangement H-3-41803 A-8 
Test Train Instrumentation Array H-3-41804 A-10 
Shroud Assembly H-3-41811 A-ll 
Guard Bundle Assembly (Side 1) H-3-41812 A-12 
Guard Bundle Assembly (Side 6) H-3-41813 A-13 
Thermal Hydraulic & Materials 

Test Bundle Assembly (Side 1) H-3-41814 A-14 
Test Bundle Assembly (Side 6) H-3-41815 A-15 

Thimble Assembly H-3-41816 A-16 
Thimble Tube Assembly H-3-41817 A-18 
Guard Rod Spacer Assembly H-3-41819 A-19 
Test Bundle Spacer (Side 1 Assy) H-3-41820 A-20 
Test Bundle Spacer (Side 6 Assy) H-3-41821 A-22 
Carrier Assembly (1F, 6A) H-3-41847 A-23 
Carrier Assembly (1A, 6F) H-3-41846 A-24 
Rod Type I H-3-41832 A-25 
Instrumented Rod Type XIII 

Materials Test Bundle H-3-41882 A-26 
Twelve-Pin Connector Assembly H-3-41778 A-27 
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Specification 
TTMS-1000 Rev 2 
TTMS-1001 
TTMS-1002 
TTMS-1014 
TTMS-1015 
TTMS-1016 
TTMS-1031 
TTMS-1032 
TTMS-1033 
TTMS-1035 
TTMS-1037 
TTMS-1039 
TTMS-1060 
TTMS-1062 
TTMS-1063 
TTMS-1070 
TTMS-1075 

Rev 2 
Rev 0 
Rev 1 
Rev 0 
Rev 0 

Rev 1 
Rev 1 
Rev 1 
Rev 2 
Rev 0 
Rev 0 

Rev 0 

Rev 0 
Rev 0 
Rev 0 
Rev 0 

MATERIAL SPECIFICATIONS 

Title 
Zircaloy Alloy Sheet, Strip and Plate 
Zirconium Alloy Seamless Tubes 
Zirconium Alloy Bar, Rod and Wire Stock 
Inconel X-750 Spring Wire 
Inconel 718 Sheet, Strip, and Plate 
Inconel 600 Bar and Rod 
Stainless and Heat Resisting Steel Wire 
Stainless Steel Plate, Sheet and Strip 

Stainless Steel Bars and Shapes 
Seamless Stainless Steel Tubing 
Precipitation Hardening Stainless Steel 
H13 Tool Steel 
Uranium Dioxide Powder 
Boron Nitrate 
Aluminum Oxide Powder 
Wrought Platinum 
Niobium Alloy Strip, Sheet, Foil and Plate 
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Page Number 
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B-5 
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B-B 
B-9 
B-10 
B-11 

B-12 
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B-28 
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Zircaloy Alloy Sheet, Strip, and Plate 

C. Nealley 

TTMS-1000, Rev 2 

l. 0 SCOPE: This material specification describes the material requirements 
for zircaloy alloy sheet, strip, and plate. 

2.0 APPLICABLE DOCUMENTS: The following document forms a part of this 

specification. 

ASTM 8 352 Zirconium and Zirconium Alloy Sheet, Strip, and Plate 

for Nuclear Application 

3.0 MATERIAL REQUIREMENTS: 

3.1 Grade: The grade of the alloy shall be dS designated on the 

fabrication drawing or in the ordering data. 

3.2 Heat Treatment: The. material shall be in the annealed condition. 

4.0 TECHNICAL REQUIREMENTS: 

4.1 Mechani ca 1 Properties: The mechanica 1 properties sha 11 conform to 

the requirements of ASTM B 352, for the designated grade. 

4.2 Alloy Composition: The chemical analysis shall meet the requirements 

of ASTM B 352, for the designated grade. 

4.3 Surface Condition: The surface condition and finish shall conform 

to that specified in P..STM B 352. 

5.0 QUALITY ASSURANC~: 

5.1 Inspection: The sheet, strip or plate shdll be visually inspected 

for cleanliness, workmanship, and defects. 

5.2 Certification: The supplier shall providl! certifications on ail 

tests conducted to meet the requirements of this sPecification. 
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Zirconium Alloy Seamless Tubes 

C. Nealley 

TTI1S-1001, Rev 2 

1.0 SCOPE: This material specification describes the requirements for 

zirconium alloy seamless tubes. 

2.0 APPLICABLE DOCUt~ENTS: The following document forms a part of this 

specification except where modified by this specification. 

ASTM B 353 Wrought Zirconium, Zirconium Alloy Seamless and 
Welded Tubes for Nuclear Service. 

3.0 MATERIAL REQUIREMENTS: 

3. ·I Grade: The grade of the alloy shall be UNS R60804, commonly 

designated Zircaloy-4. 

3.2 Condition: The tubing shall be cold worked to a minimum of ?m~ 

reduction and stress relieved at 500°C (930°F) for 4 hours. 

4.0 TECHNICAL REQUIREMENTS: 

4.1 Mechanical Properties: The minimum room temperature tensile strength 

shall be 483 MPa (70,000 psi). The minimum room temperature yield 

strength (0.2% offset) shall be 414 MPa (60,000 psi). The zirconium 

tubes shall have a minimum elongation of 14% at room temperature. 

Tensile tests shall be performed at 385°C (725°F) for information 

only. 

4.2 Alloy Composition: The chemical analysis shal1 meet the requirements 

of ASTM 8 353, Grade UNS R60804. 

4.3 Surface Condition: The tubes shall be supplied with a belt ground 
OD and an etched ID. 

4.4 Grain Size: The grain size of the recrystallized tubing shall be 

ASTM Size No. 7 or finer prior to final tube reduction. 

4.5 Ultrasonic Inspection: Ultrasonic inspection shall be made as soec­

ified in ASTM B 353. The inspection technique shall detect a longi­

tudinal notch 1.6 mm (0.062 in.) in length by 0.06 mm (0.002 in.) 

in width and depth on the ID and on the OD; and shall detect a 

B-3 



TTMS-1001, Rev 2 

transverse notch 5 mm (0.187 in.) in length by 0.06 mm (0.002 in.) 

in width and depth on the 10 and the OD of the standard sample. 

4. 6 Oxygen Content: The amount of oxygen sha-ll be determined by analyzing 

samples from two finished tubes. Oxygen content shall not exceed 

1600 ppm. 

4. 7 Carras ion Properties: The corrosion propE~rti es sha 11 be determined 

per paragraph 11.2.1 of ASTM B 353. 

4.8 Hydride Orientation: The hydride orientation ratio shall not exceed 

0.30 in accordance with the requirements of Appendix A2 of ASTM 8 353. 

5.0 QUALITY ASSURANCE: 

5. l Inspection: Each tube shall be visually inspected for cleanliness, 

workmanship, and defects. Each tube shall be identified with an 

electro etched number one inch from one end. Analog test charts 

showing 00, ID and wall thickness dimensio:1s shall be furnished 

for each tube. The orientation of the test chart shall be indexed 

to the electro etched number. All analog charts, test results and 

cert ifi cations wi 11 be de 1 i ':ered with the ':ubi ng. 

5.2 Certification: The manufacturer shall provide certifications on 

the starting material and on all tests madE' to meet the requirements 

of this specification. 
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Zirconium Alloy Bar, Rod, and Wire Stock 

C. Nealley 

TTMS-1002, Rev 0 

1.0 SCOPE: This material specification describes the requirements for zir­

conium alloy bar stock used in fabricating test train components. 

2.0 APPLICABLE DOCUMENTS: The following document forms a part of this 

specification except where modified by this specification. 

ASTM B 351 Hot-Rolled and Cold-Finished Zirconium, Zirconium Alloy 
Bars, Rod, and Wire for Nuclear Application (latest edition). 

3.0 TECHNICAL SPECIFICATIONS: 

3.1 Grade: The grade of the alloy shall be UNS R60804, commonly desig-

nated Zircaloy-4. 

3.2 Condition: The material shall be in the fully annealed condition. 

3.3 Mechanical Properties: The mechanical properties shall conform to 

the requirements of ASTM B 351. 

3.4 Alloy Composition: The chemical analysis shall meet the require­

ments of ASTM B 351, Grade UNS R60804. 

3.5 Grain Size: The grain size of the bars shall be equal to ASTM 

Size No. 7 or finer. 

3.6 Ultrasonic Inspection: Each bar shall be ultrasonically inspected 

over its entire length for internal defects by a method that will 
detect a mutually agreed upon standard. 

3.7 Dye Penetrant Inspection: The ends of each bar shall be dye pene­
trant inspected for stringers and center bursts. 

4.0 QUALITY ASSURANCE: 

4.1 Inspection: Each bar shall be visually examined for cleanliness, 

workmanship, and defects. 

4.2 Certification: The manufacturer shall provide certifications on all 

tests made to meet the requirements of this specification. 
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Inconel X-750 Spring Wire 

C. Nealley 

TTMS-1014, Rev 1 

1.0 SCOPE: This specification describes materia'! requirements for Inconel 

X-750 spring temper wire used in fabricating plenum compression springs 
for fue 1 rods. 

2.0 APPLICABLE DOCUMENTS: The following document forms a part of this 

specification except where modified by this ~.pecification. 

AMS 56998 Alloy Wire, Carras ion and Heat Resistant, Revised 1-15-63. 

3.0 TECHNICAL REQUIREMENTS: 

3.1 Form: The wire shall be cold drawn, round wire. 

3.2 Composition: The composition shall conform to the requirements of 

AI-IS 5699B. 

3.3 Mechanical Properties: The wire shall have a minimum tensile 

strength of 1000 MPa (150,000 psi). 

3.4 Wrapping: Wire shall withstand, without cracking, wrapping at 

room temperature for 5 full, closely spa,:ed turns around a diameter 

equal to 3 times the nominal diameter of the wire. 

3.5 Condition: The wire condition shall con~orm to the requirements of 
AMS 5699B. In addition, the wire shall be uniform in quality and 
fiee from pits, abrasions, kinks, twists, scrapes, splits, pipes, 

cold shuts, and other injurious imperfections. 

3.6 Surface: The surface shall have a clean, smooth finish that is free 
from grease, oil, drawing 1 ubri cants, anc: other contaminants. 

4.0 QUALITY ASSURANCE: 

4.1 Inspections and Reports: Inspections and reports shall be in 

conformance with AMS 5699B. 

4.2 Certification: Certifications shall be in compliance withAMS 5699B. 
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Inconel 718 Sheet, Strip, and Plate 

C. Nealley 

TTMS-1015, Rev 0 

1.0 SCOPE: This material specification describes the material requirements 

for Inconel 718 Sheet, Strip, and Plate. 

2.0 APPLICABLE DOCUMENTS: The following document forms a part of this 

specification. 

AMS 5596C Alloy Sheet, Strip, and Plate, Corrosion and Heat 

Resistant 

3.0 MATERIAL REQUIREMENTS: 

3.1 Grade: The grade of the alloy shall be Inconel 718. 

3.2 Heat Treatment: The material shall be solution heat treated at 

954°C o 14°C (1750°F o 25°F), as specified in AMS 5596C. 

4.0 TECHNICAL REQUIREMENTS: 

4.1 ~1echanical Properties: The mechanical properties shall conform to 

the requirements of AMS 5596C. 

4.2 Alloy Composition: The chemical analysis shall meet the requirements 

of AMS 5596C. 

4.3 Surface Condition: The surface condition and finish shall conform 

to that specified in A~1S 5596C. 

5.0 QUALITY ASSURANCE: 

5.1 Inspection: The sheet, strip or plate shall be visually inspected 
for cleanliness, workmanship, and defects. 

5.2 Certification: The supplier shall provide certifications on all 

tests conducted to meet the requirements of this s peci fica ti on. 
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Inconel 600 Bar and RJd 

C. Nealley 

TTMS-1016, Rev 0 

1.0 SCOPE; This material speclfication describe·; the material requirements 

for Inconel 600 bar and rod. 

2.0 APPLICABLE DOCUMENTS: The following document forms a part of this 

specification. 

ASTM 6 166 Nickel-Chromium Alloy (UNS N06600) Rod and Bar 

3.0 MATERIAL REQUIREMENTS: 

3.1 Grade: The grade of the alloy shall be Inconel 600. 

3.2 Heat Treatment: The material shall be annealed. 

4.0 TECHNICAL REQUIREMENTS 

4.1 Mechanical Properties: The mechanical properties shall conform to 
the requirements of ASTM B 166. 

4.2 Alloy Composition: The chemical analysi·; shall meet the requirements 

of ASTM B 166. 

4.3 Surface Condition: The surface condition and finish shall conform 

to that specified in ASTM B 166. 

5.0 QUALITY ASSURANCE: 

5.1 Inspection: The rod or bar shall be visually inspected for 

cleanliness, workmanship and defects. 

5.2 Certification: The supplier shall provice certifications on all 
tests conducted to meet the requirements of this specification. 
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Stainless and Heat-Resisting Steel Wire 
C. Nealley 

TTMS-1 031, Rev 1 

l.O SCOPE: This material specification describes the material requirements 

for stainless and heat-resisting wire. 

2.0 APPLICABLE DOCUMENTS: The following document forms a part of this 

specification. 

ASTM A 580 Stainless and Heat-Resisting Steel Wire 

3.0 MATERIAL REQUIREMENTS: 

3.1 Grade: The grade of the alloy shall be as designated on the 

fabrication drawing or in the ordering data. 

3.2 Heat Treatment: The material shall be in the solution heat treated 

condition. This condition is specified in ASTM A 580 as Condition A. 

4.0 TECHNICAL REQUIREMENTS: 

4.1 Mechanical Properties: The mechanical properties shall conform to 

the requirements of ASTM A 580, for the designated grade. 

4.2 Alloy Composition: The chemical analysis shall meet the requirements 

of ASTM A 580, for the designated grade. 

4.3 Surface Condition: The surface condition and finish shall conform 

to that specified in ASn1 A 580. 

5.0 QUALITY ASSURANCE: 

5.1 Inspection: The wire shall be visually inspected for cleanliness, 
workmanship, and defects. 

5.2 Certification: The supplier shall provide certifications on all 

tests conducted to meet the requirements of this specification. 
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Stainless Steel Plate, Sheet and Strip 

C. Nealley 

TTMS-1032, Rev l 

1.0 SCOPE: This material specification describes the material requirements 

for stainless steel plate, sheet or strip. 

2.0 APPLICABLE DOCUMENTS: The following document forms a part of this 

specification. 

ASTM A 240 Heat Resisting Chromium and Chromium-Nickel Stainless 
Steel Plate, Sheet and Strip for Fusion ~Jelded Unfired Pressure 
Vessels. 

3.0 MATERIAL REQUIREMENTS: 

3.1 Grade: The grade of the alloy shall be designated on the fabrication 

drawing or in the ordering data. 

3.2 Heat Treatment: The material shall be ·n the solution heat treated 

condition. 

4.0 TECHNICAL REQUIREMENTS: 

4.1 Mechanical Properties: The mechanical ~roperties shall conform to 

the requirements of ASTM A 240, for the designated grade. 

4.2 Alloy Composition: The chemical analysis shall meet the requirements 

of ASTM A 240, for the designated grade. 

4.3 Surface Condition: The surface condition and finish shall conform 

to that specified in ASTM A 240. 

5.0 QUALITY ASSURANCE: 

5.1 Inspection: The plate, sheet or strip sllall be visually inspected 

for cleanliness, workmanship and defects. 

5.2 Certification: The supplier shall provide certifications on all 

tests conducted to meet the requirements of this specification. 
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Stainless Steel Bars and Shapes 

C. Nealley 

TTMS-1 033, Rev 1 

1.0 SCOPE: This material specification describes the material requirements 

for stainless steel bars or shapes. 

2.0 APPLICABLE DOCUMENTS: The following document forms a part of this 

specification. 

ASTM A 479 Stainless and Heat-Resisting Steel Bars and Shapes for 
Use in Boilers and Other Pressure Vessels. 

3.0 MATERIAL REQUIREMENTS: 

3.1 Grade: The grade of the alloy shall be as designated on the 

fabrication drawing or in the ordering data. 

3.2 Heat Treatment: The material shall be in the solution heat treated 

condition, as specified in ASTM A 479. 

4.0 TECHNICAL REQUIREMENTS: 

4.1 Mechanical Properties: The mechanical properties shall conform to 

the requirements of ASTM A 479, for the designated grade. 

4.2 Alloy Composition: 

of ASTM A 479. for 

The chemical analysis 

the designated grade. 

shall meet the requirements 

4.3 Surface Condition: The surface condition and finish shall conform 

to that specified in ASTt1 A 479. 

5.0 QUALITY ASSURANCE: 

5.1 Inspection: The bar stock or shape shall be visually inspected for 

cleanliness. workmanship and defects. 

5.2 Certification: The supplier shall provide certifications on all 

tests conducted to meet the requirements of this specification. 
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Seamless Stainless Steel ·rubing 

C. Nealley 

TTMS-1035, Hev 2 

l.O SCOPE: This material specification describe~, 

stainless steel tubing. 

the material requirements 

for seamless 

2.0 APPLICABLE DOCUMENTS: The following document forms a part of this 

s pee ifi cation. 

ASTM A 511 Seamless Stainless Steel /~echanical Tubing 

3.0 I~ATERIAL REQUIREMENTS: 

3.1 Grade: The grade of the alloy shall be as designated on the 

fabrication drawing or in the ordering data. 

3.2 Heat Treatment: The material shall be in the solution heat treated 

condition, as specified in ASTM A 511. 

4.0 TECHNICAL REQUIREI~ENTS: 

4.1 ~lechanical Properties: The mechanical p1~operties shall conform to 

the requirements of ASTM A 511 for the designated grade. 

4.2 Alloy Composition: The chemical analysi~; shall meet the requirements 

of ASTM A 511 for the designated grade. 

4.3 Surface Condition: The surface conditior; and finish shall conform 

to that specified in ASTM A 511. 

5.0 QUALITY ASSURANCE: 

5.1 Inspection: The tubing shall be visually inspected for cleanliness, 

workmanship and defects. 

5.2 Certification: The supplier shall provide certifications on all 

tests conducted to meet the requirements Jf this specification. 
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Precipitation Hardening Stainless Steels 

C. Nealley 

TTMS-1037, Rev 0 

1.0 SCOPE: This material specification describes the material requirements 

for precipitation hardening stainless steel bars or shapes. 

2.0 APPLICABLE DOCUMENTS: The following document forms a part of this 

specification. 

ASTM A 564 Hot-Rolled and Cold-Finished Age-Hardening Stainless 
and Heat-Resisting Steel Bars and Shapes. 

3.0 MATERIAL REQUIREMENTS: 

3.1 Grade: The grade of the alloy shall be as designated on the 

fabrication or in the ordering data. 

3.2 Condition: The material shall be supplied in the solution annealed 

condition in accordance with the requirements of the ASTM ~ 564. 

4. 0 TECHNICAL REQU IREI~ENTS: 

4.1 Mechanical Properties: The mechanical properties shall conform to 

the requirements of ASTM A 564 for the heat treatment specified. 

4.2 Alloy Composition: The chemical analysis shall meet the requirements 

of ASTM A 564, for the designated grade. 

4.3 Surface Condition: The surface condition and finish shall conform 

to Class A as specified in ASTM A 564. 

5.0 QUALITY ASSURANCE: 

5.1 Inspection: The bar stock or shape shall be visually inspected for 
cleanliness, workmanship and defects. 

5.2 Certification: The supplier shall provide certifications on all 

tests conducted to meet the requirements of this specification. 
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HlJ Tool Steel 
C. Nealley 

TTMS-1039, Rev 0 

1.0 SCOPE: This material specification describes the material requirements 

for H13 tool steel. 

2.0 APPLICABLE DOCUMENTS: The following document forms a part of this 

specification. 

ASTM A 681 Alloy Tool Steel 

3.0 MATERIAL REQUIREMENTS: 

3.1 Grade: The grade of the alloy shall be Hl3 tool steel. 

3.2 Heat Treatment: The material shall be in the austenitized, quenched 

and tempered condition, as specified in ASTM A 681. 

4. 0 TECHNICAL REQU I REt~ENTS: 

4.1 Hardness: The minimum hardness shall cJnform to the requirements 

of ASTfl A 631 for HlJ tool steel. 

4.2 Alloy Composition: The chemical analysis shall meet the requirements 

of ASTM A 681 for HlJ tool steel. 

4.3 Surface Condition: The surface condition shall conform to that 

specified in ASTM A 681. 

5.0 QUALITY ASSURANCE: 

5.1 Inspection: The H13 tool steel shall bE· visually inspected for 

cleanliness, workmanship, and defects. 

5.2 Certification: The supplier shall provide certifications on all 

tests conducted to meet the requirements of this specification. 
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Reference Specification for Uranium Dioxide Powder 
R. L. Goodman 

1.0 INTRODUCTION: This specification is intended as a reference standard for 

nuclear applications. Insofar as practicable, it recognizes the 

diversity in specific product requirements and the methods of manufacture 

of specific products. It is therefore anticipated that a purchaser 

may supplement this specification with more stringent and/or additional 

requirements for specific applications. 

2.0 SCOPE: 

2.1 Th·is specification is for nuclear grade, sinterable uranium dioxide 

powder. It applies to uranium dioxide powder containing uranium of 

any 235u concentration. 

2.2 This specification does not include (a) prov1s1ons for preventing 

criticality accidents or {b) requirements for health and safety. 

Observance of this standard does not relieve the user of the obli­

gation to be aware of and conform to all federal, state, and local 

regulations pertaining to possessing, shipping, processing, or 

using source or special nuclear material. 

2.3 Impurity and Equivalent Boron Specifications ~re listed in Appendix A. 

2.4 Special tests and procedures are listed in Appendix B. 

2.5 Applicable documents are listed in Appendix C. 

3.0 TECHNICAL REQUIREMENTS: 

3.1 Chemical Requirements: All chewical analyses shall be performed on 

portions of the representative sample prepared in accordance with 

Section 4.0. Analytical chemistry methods used shall be as stated 

in ASTM Method C696-77. 

3.1.1 Uranium Content: The uranium content shall be a minimum of 

87.7% by weight on a dry weight basis. 

3.1.2 Impurity Content: The impurity content shall not exceed 

the individual element limit specified in Table 1, Appendix A, 

on a uranium weight basis. The summation of the contribution 
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at each of the impurity elements listed in Table 1, 
Appendix A, shall not exceed 1500 ppm. 

3.1.3 Moisture Content: The moisture content shall not exceed 
0.40 weight percent. 

3.2 Nuclear Requirements: 

3.2.1 Isotopic Content: The isotopic content of the uranium in the 

U02 powder shall be determined by mass spectrometry. The 234u, 
235 236 238 . U, U, and U content of the uranlUm sha 11 be reported 

on a weight percent basis. The i~;otopic concentrations 

shall be as specified by the buyer. 

3.2.2 Equivalent Boron Content: For thermal reactor use. the total 

equivalent boron content (EBC), based on a SUITDTlation of the 
contributions from each of the elements indicated in Table 2, 

Appendix A, shall not exceed 4.0 ppm on a uranium weight 

basis. {Factors for converting constitutent concentrations 

to equivalent 

Appendix A.) 
boron concentrations are given in Table 2, 

The E~C of each element shall be calculated 

individually using the following formula: 

EBC of impurity = (EBC factor) x (opm of impurity) 

where: 

EBC factor = 
(at.wt boron) x (aa element) 

(cra boron) x {at.wt e·lement) 

Alternatively the EBC may be determined by a comparative 

reactivity test against a known standard. For fast reactor 

use, the above 1 imitations de not c:pply. 

3.3 Physical craracteristics: 

3.3.1 Particle Size: All of the uranium dioxide shall pa~s through 

a 20-mesh U.S. Standard sieve. Sieving practice shall be 

in accordance with ASTM 8214-76. 
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3.3.2 Bulk Density: Bulk density shall be a minimum of 0.75 g/cc 

as determined by the Scott Volumeter, ASTM 8329-76. 

3.4 Sinterability: Test pellets produced and measured in accordance with 

the sintering performance test described in Appendix B shall have 

a minimum density of 92.0% theoretical. (Theoretical density of 

natural uo2 = 10.96g/cc). 

4.0 LOT REQUIREMENT: 

4.1 A lot is defined as a quantity of uranium dioxide powder which is 

uniform in isotopic, chemical, physical,and sinterability 

characteristics. 

4.2 The identity of a lot shall be retained throughout processing with­

out mixing with other established lots. 

4.3 A powder lot shall form the basis for defining sampling plans used 

to establish conformance to specification. 

4.4 Sampling plans shall be mutually agreed upon by the buyer and the 

seller and will be as defined on the purchase requisition. ASTM 

Standard: E 105-58 (1975) is referenced as a guide. 

5.0 SAMPLING: Uranium oxide is hygroscopic and can absorb sufficient water 

during exposure to a moist atmosphere to cause detectable analytical 

errors. Sampling, weighing of the sample, and handling the sample shall 

be done under conditions which do not alter the moisture content of the 
sample. 

5.1 A representative sample of powder from each lot shall be taken for 

the purpose of determining chemical and physical properties and 

for sintering performance testing. 

5.2 The lot sample shall be of sufficient size to perform quality 

assurance testing at the seller's plant, acceptance testing at the 

buyer's plant, and referee tests in the event they become necessary. 
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5.3 The lot sample for acceptance testing at the buyer's plant shall 

be packaged in a separate container, clearly identified by lot 

number, and shipped with the lot. The referee sample shall be 

clearly identified and retained at the seller's plant until the lot 

has been formally accepted by the buyer. 

5.4 The lot sample shall be prepared by blending and splitting the 

container samples. 

5.5 To obtain a container sample, 
at random locations along any 

container selected at random. 

specimens shall be taken with a thief 
vertical traverse through each sample 

The thief samples from the selected 

containers shall then be blended and split down to the required 

size. 

5.6 The number of containers so sampled shall be 5 + n/10, where n is 

the total number of containers per lot rounded to the nearest 

decade. If there are five or fewer contai~ers per lot, each con­

tainer shall be so sampled. 

6.0 TESTING AND CERTIFICATION: 

6. l The seller shall test the sample described in Section 4.0 to assure 

conformance of the powder to the requirements of Section 3.0. All 

testing shall be conducted by techniques mLtually agreed to by the 

buyer and the seller. 

6.2 The seller shall provide to the buyer documents certifying: 

6.2.1 the isotopic content and identity of the starting material 

lot. 

6.2.2 that the powder meets all the requir,=ments of Section 3.0. 

6.3 Test data on the following characteristics ~;hall be supplied upon 

request: 

• uranium isotopic content 

• uranium content 

• individual impurity levels 

• moisture content 

• sinterability test results 
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6.4 Lot Acceptance: Acceptance testing may be performed by the buyer 

on either the sample provided by the seller or on a sample taken at 

the buyer's plant by sampling one or more individual containers with 

a thief. Acceptance shall be on a lot basis and shall be contin­

gent upon the material properties meeting the requirements of 

Section 3.0. 

6.5 Referee Method: The buyer and seller shall agree to a third party 

as a referee in the event of a dispute in analytical results. 

7.0 PACKAGING AND SHIPPING: 

7.1 Uranium dioxide powder shall be packaged in sealed containers to 

prevent loss of material and undue contamination from air or 
the container materials. The exact size and method of packaging 

shall be as mutually agreed upon by the buyer and seller. 

7.2 Each outer container shall bear as a mini~um a label on the lid 

and side with the following information: 

Seller 1 s Name 

Material in Container 

Lot Number 

Uranium Enrichment 

8.0 QUALITY ASSURANCE: 

Section and Item 
3.1 Chemica 1 Requirements 

3.1.1 Uranium Content 

3.1.2 Impurity Content 

3.1.3 Moisture Content 

3.2 Nuclear Requirements 

3. 2. 1 Isotopic Content 

3.2.2 Equivalent Boron Content 

3.3 Physical Characteristics 

3.3.1 Particle Size 

3.3.2 Bulk Density 

Gross, Tare, Net Oxide Weights 

Uranium Weight 

Purchase Order Number 

Significance (a) Reference 

ASTM C696-77 
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Critical 

Critical 

Major 

Critical 

Critical 

Major 

Major 

ASTM C696-77 

ASTM 8214-76 

ASTM 8329-76 



3.4 

4.0 

5.0 

6.0 

Section and Item 

Sinterability 

Lot Requirements 

Sampling 

Testing and Certification 

Significance.(a) 

Critical 

Major 

Major 

Critical 

{a) These terms are defined as follows: 

Critical 

TTMS-1060, Rev 0 

Reference 

ASA fl5.5 

ASA N5 .5 

Inadequate control of this characteristic car result in a critical 

defect that could cause failure of fuel, especially in a reactor. A 

critical defect is a defect that judgment and experience indicate is 

likely to result in hazardous or unsafe conditions for individuals 
using, maintaining, or depending upon the product; or a defect that 

judgment and experience indicate is likely to prevent performance of 

the function of a major end product such as a fuel rod, fuel assembly, 
or reactor fuel core.(B) 

Inadequate control of this characteristic can result in a major defect. 

A major defect is a defect, other than critical, that is likely to 

result in failure, or to reduce materially the usability of the unit 
of product for its intended purpose.{B) 
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APPENDIX A - IMPURITY AND EQUIVALENT BORON SPECIFICATIONS 

The elements listed in Table 1 require quantitative determination. The 

total impurity content, based on the summation of the contribution from each 

element listed in Table 1, shall not exceed 1500 ppm. The total equivalent 

boron content shall not exceed 4 ppm as determined from a s·.nmw.tion of the 

contribution from each element listed in Table 2. The equivalent boron 

factors listed in Table 2 shall be used to compute equivalent boron contents. 

TABLE 1. Impurity Elements and Maximum Concentration limits 

Element 

Aluminum 

Bari urn 

Beryllium 

Carbon 

Calcium plus Magnesium 

Chlorine plus Fluorine 

Chromium 

Coba 1 t 

Copper 

Iron 
Lead 

Manganese 
Molybdenum 
Nickel 

Ni trag en 

Phosphorus 
Silicon 

Tantalum 

Thorium 

Tin 

Titanium 

Tungsten 

Vanadium 

Zinc 

Zirconium 

t4aximum Concentration 
Limit (ppm) 
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100 

250 

250 

100 

200 

125 

200 

100 

250 

400 

250 

250 

250 

200 

200 

250 

200 

250 

30 

250 

250 

250 

250 

250 

250 



TTMS-1060, Rev 0 

TABLE 2. Equivalent Boron Factors 

Absorption Cross(a) 

Element 
Section, aa 

(barns-2200 m/sec) Atomic Weight EBC Factor 
Aluminum 0.235 26.98 0.0001 
Ba ri urn 1.2 1 37. 34 0.0001 
Boron 759.0 10.81 1. 0000 
Cadmi urn 2,450.0 11<'.40 0.3104 
Calcium 0.44 4C .08 0.0002 
Cesium 30.0 13E.91 0. 0031 
Chlorine 33.2 35.45 0.0133 
Chromium 3. 1 52.00 0.0008 
Cobalt 37.2 58.93 0. 0090 
Copper 3.8 63.54 0.0009 
Dysprosium 930.0 162.50 0.0815 
Europium 4,400.0 151 '96 0.4124 
Gadolinium 49,000.0 157 '26 4.438 
Hafnium 1 05.0 178 49 0.0084 
I ron 2.55 55.85 0.0007 
Lithium 71.0 6. 939 0.1457 

/~anganese 13.30 54.94 0.0034 

Molybdenum 2.70 95.94 0.0004 
Nickel 4.60 58.71 0. DOll 
Nitrogen 1.85 14.01 0.0018 

Phosphorus 0.19 30.97 0.0001 

Samarium 5,820.0 150. 35 0.5513 

Silicon 0. 16 28. J9 0.0001 

Tanta 1 urn 21.0 108.')5 0.0017 

Titanium 6. 1 47.90 0.0018 

Tungsten 18.5 183.1l5 0.0014 

Vanadium 5.06 50. '14 0.0014 

Zinc l. 10 65.:17 0.0002 

(a) Brookhaven National laboratory Publication BNL-325, Second Edition, 
July 1958 and Supplement No. 1, January 19EO, and Supplement No.2, 
1964-1966. 
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APPENDIX B - S!NTERING PERFORMANCE TEST 

B.l A sinterability performance test shall be performed using ten pellets 

produced from each lot sample obtained according to the sampling pro­

cedure in Section 5.0. The density shall be determined and shall not 

deviate from the ten-pellet average by more than +2.0% of the average. 

Minimum density of any one pellet shall not be less than 92.0% of 

theoretical. (The theoretical density of stoichiometric natural U02 
is 10.96 g/cc.) 

B.2 The purpose of the sinterability test is to verify the sinterability of 

each lot of uo2 powder. It is not intended to simulate the buyer's 

pellet fabrication process. The buyer should select either the dry 

(B.5) or the wet (B.6) process performance test. 

B.3 All parameters of the performance test, once established, shall 

remain unchanged throughout all lots of the order. 

B.4 The geometrical density of the fired and unfired pellets shall be 

determined as follows: 

B.4.1 Diameter: Record the average of four readings taken at equally 

spaced intervals along a 180° helix 1/16 in. from each end 

of the pellet using a blade micrometer and reading to the nearest 

0.0002 in. 

B.4.2 Length: Record the average of three readings taken from end to 

end of the pellet at equally spaced intervals along a verically 
bisecting plane using a pointed anvil micrometer and reading to 

the nearest 0.0005 in. 

B.4.3 Weight: Weight to the nearest 0.001 g. 

B.4.4 Density: Calculate the density of each pellet to the nearest 

0.01 g/cc. 

B.5 Dry Process Performance Test 

B.5.1 The pellet shall be cold pressed, without addition of any binder 

or lubricant to the powder to a density between 45 and 55% of 

theoretical density. The density of each pellet shall vary no 
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more than +0.5% TO from the average of the ten required test 

pellets. The density, pressing pre~.sure, and dwell time shall be 

reported. 

8.5.2 The dimension of the unfired test pe~llets shall be approximately 

that of the production pellet. The length-to-diameter ratio shall 
be unity or greater. The variation in length of tre unfired 

pellets shall be held to ~0.020 in. The type of press and press­

ing conditions, including die taper and identification of die 

lubricant, if used, shall be reporte·d. 

8.5.3 The pellets shall be fired as one batch in hydrogen or dissociated 

ammonia through a firing schedule tc allow the pellets to be at 
1625 + 25°C for a maximum of four hcurs. The type of furnace used 

and the atmosphere shall be reported and shall remain unchanged 
throughout all performance tests. The actual firing schedule shall 

be mutually agreed upon. and the location of the temperature mea­
sur2ment shall be indicated. 

B.6 Wet Process Performance Test 

B.6.1 While slowly adding 1.5 weight percent of polyvinyl alcohol water 
solution. the sample shall be mixed in a planetary mixer. Suffi­
cient water shall be added to bring the mix to the consistency 
agreed upon between buyer and seller. 

B.6.2 The oxide-binder mixture shall be granulated through a 20-mesh 
U.S. Standard stainless steel screen. The granules shall be 
placed on a stainless steel tray about l/2 in. deep in a Stokes 
(or equivalent) vacuum drying oven for five hours at 50°C. After 

drying. the granules shall be regranulated through a 20-mesh 
screen and blended with 0.4% weight dry Sterotex lubricant by 
slowly rolling the mix for five minutes in a polyethylene bottle. 

B.6.3 The sample shall be cold pressed to a density between 50 and 60% 
TO. The density_of each pellet shall vary by no more than +0.5% 

TO from the average of the ten required test pellets. The density. 

pressing pressure. and dwell time shall be reported. 
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8.6.4 The dimension of the unfired test pellets shall be approximately 

that of the production pellet. The length-to-diameter ratio 

shall be unity or greater. The variation in length of the unfired 

pellets shall be held to +0.020 in. The type of press and pressing 

conditions. including die taper, shall be reported. 

8.6.5 The pellets shall be placed in a low-temperature {about 430°C) 

furnace for removal of binder and lubricant. The type of fur-

nace and atmosphere shall be reported and shall remain unchanged 

throughout all performance tests. The actual heating cycle time 

(approximately 28 hours} shall be reported to the nearest half 
hour, and the method of temperature measurement shall be indicated. 

B.6.6 The pellets shall be fired in one batch in a hydrogen or disso­

ciated ammonia atmosphere through a firing schedule to allow the 

pellets to be at l,625°C ~ 25°( for a maximum of four hours. The 

type of furnace and atmosphere used shall be reported and shall 

remain unchanged throughout all performance tests. The actual 

firing schedule shall be mutually agreed upon, and the location 

of the temperature measurement shall be indicated. 
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APPENDIX C - APPLICABLE DJCUMENTS 

1. Code of Federal Regulations, Title 10. 

2. Nuclear Safety Guide, U.S. Atomic Energy Corm1ission Report TID-7016, 

Latest Edition. 

3. "Handbook of Nuclear Safety," H. K. Clark, U.S. Atomic Energy Commission 

Report, DP-532. 

4. ASTM Method C 696-77, "Standard Methods fo1~ Chemical, Mass Spectrometric, 

and Spectrochemical Analysis of Nuclear-Grade Uranium Dioxide Powders and 
Pellets." 

5. ASTM 8214-76, "Standard Test Method for Sieve Analysis of Granular Metal 

Powders." 

6. ASTM 8329-76, "Standard Test Method for Apparent Density of Powders of 

Refractory Metals and Compounds by the Scott Volumeter." 

7. ASTM E105-58 (1975), "Recommended Practice for Probability Sampling of 

Materials,'1 Parts 15, 32 and 41. 

8. Military Standard, M!L-STD-1098. April 4, 1969. (Page 2, 3, 4 and 6). 
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BORON NITRIDE BAR STOCK 
C. Nealley 

TTMS-1062, Rev 0 

1.0 SCOPE: This material specification describes the material requirements 

for boron nitride bar stock. 

2.0 MATERIAL REQUIREMENTS: The material shall be densified, solid boron 
nitride in ba_r form. 

3.0 TECHNICAL REQUIREMENTS: 

3.1 1'11echanical Properties: The boron nitride bar stock shall have a 

density of 1.9 gm/cm3. The minimum compressive strength shall be 

16,000 psi, and the minimum bending strength shall be 7800 psi. 

3.2 Chemical Composition: The chemistry of the bar stock shall be 

determined. Minimum values shall be: 

B 42.0 

N 53.5 

c 0.05 

B203 0.10 

Si02 Trace 

Ca 1.5 

Cl 0.20 

3.3 Electrical Properties: The dialetric strength shall be measured, 

and shall be at least 790 volts/mil. 

4.0 QUALITY ASSURANCE: 

4.1 Inspection: The bar stock shall be visually inspected for 

cleanliness, workmanship and defects. 

4.2 Certification: The supplier shall provide certifications on all 

tests conducted to meet the requirements of this specification. 
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Aluminum Oxide Powder 

C. Nealley 

TTMS-1063, Rev 0 

1.0 SCOPE: This material specification describes the material requirements 

for aluminum oxide powder. 

2.0 APPLICABLE DOCUMENTS: The following documents form a part of this 

specification. 

fHL-ST0-1098 

"Engineering Guide to Structural Ceramics," Materials Engineering, 

Special Report, November 1970. 

3.0 MATERIAL REQUIREMENTS: 

3.1 Aluminum Oxide Content: The aluminum c,xide content of the insulator 

pellet shall be at least 99.3% on a dry weight basis. 

3.2 Impurity Limits: The impurity limits shall not exceed the individual 

element limit specified in Table 1. 

3.3 Eguivalent Boron Content: The equivalent boron content (EBC). based 

on a summation of the contributions from each of the elements listed 

in Table 2, shall not exceed 80 ppm. (Factors for converting consti­

tuent concentrations to equi'lalent boron ::oncentrations are listed in 
Table 2.) The EBC of each element shall be calculated individually, 

using the following formula: 

EBC of constituent= (EBC factor) x (ppm of constituent) 

where: 

EBC factor = (at.wt boron) x (oa element) 

(oa boron) x (at.wt element) 

Alternatively, the EBC of the alumina may be determined by a compara­

tive reactivity test against a known standard. 
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4.0 TECHNICAL REQUIREMENTS 

4.1 Gas Content: The gas content, excluding moisture, as measured by 

vacuum outgassing at 3000°F, shall not exceed 0.05 cc/gram of 

aluminum oxide with the gas at standard temperature and pressure. 

5.0 QUALITY ASSURANCE: 

5. l Certification: The supplier shall provide certifications on all 

tests conducted to meet the requirements of this specification. 

B-29 



TTMS-1063, Rev 0 

TABLE 1. Impurity Elements and Maximum Concentration limits 

Element 

Carbon 

Chlorine 
Fluorine 

Nitrogen 

Maximum Concentration 
Limit (ppm) 
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TABLE 2. Equivalent Boron Factors 

Absorption Cross(a) 
Section, oa 

Element (barns-220 m/sec) Atomic Weight ESC Factor 

Aluminum 0.235 26.98 0.0001 

Sari urn 1.2 137.34 0.0001 

Boron 759.0 10.81 1. 0000 

Cadmi urn 2,450.0 112.40 0.3104 

Calcium 0.44 40.08 0.0002 

Cesium 30.0 138.91 0.0031 

Chlorine 33.2 35.45 0.0133 

Chromi urn 3. 1 52.0 0.0008 

Coba 1 t 37.2 58.93 0.0090 
Copper 3. B 63.54 0.0009 
Dysprosium 930.0 162.50 0. 0815 

Europi urn 4,400.0 151.96 0.4124 
Gadolinium 49,000.0 157. 26 4.438 
Hafni urn 105.0 178.49 0.0084 
Iron 2.55 55.85 0.0007 

L ithi urn 71.0 6.939 0. 145 7 
Manganese 13.30 54.94 0.0034 
Molybdenum 2.70 95.95 0.0004 
Nickel 4.60 58.71 0.0011 
Nitrogen 1. 85 14. 01 0.0018 
Phosphorus 0.19 30.97 0.0001 
Samari urn 5,820.0 150. 35 0.5513 
Silicon 0. 16 28.09 0.0001 
Tantalum 21.0 108.95 0.0017 
Titanium 6.1 47.90 0.0018 
Tungsten 18.5 183.85 0.0014 
Vanadium 5.06 50.94 0.0014 
Zinc 1. 10 65.37 0.0002 

(a) Brookhaven National Laboratory Publication BNL-325, Second Edition, 
July 1958; Supplement No. l, January 1960, and Supplement No. 2, 
1964-1966. 
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Wrought Platinum 

C. Nea11ey 

TH1S-l 070, Rev 0 

1.0 SCOPE: This material specification describt~s the material requirements 
for wrought platinum. 

2.0 APPLICABLE DOCUMENTS: The following document forms a part of this 

specification. 

ASTM B 61 Refined Platinum 

3.0 MATERIAL REQUIREMENTS: 

3. l Grade: The grade of the alloy shall be as designated on the 

fabrication drawing or in the ordering data. 

3.2 Heat Treatment: The material shall be supplied in the annealed 

condition. 

4. 0 TECHNICAL REQU I REI1ENTS: 

4.1 Alloy Composition: The chemical analysis shall meet the requirements 

of ASTM B 61, for the designated grade. 

4.2 Surface Condition: The surface conditi,)n and finish shall conform 

to that specified in ASTI1 B 61. 

5.0 QUALITY ASSURANCE: 

5.1 Inspection: The wrought material shall be visually inspected for 

cleanliness, workmanship and defects. 

5.2 Certification: The supplier shall prov·de certifications on all 

tests conducted to meet the requirement:, of this specification. 
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Niobium Alloy Strip, Sheet, Foil, and Plate 

C. Nealley 

THIS-1075, Rev 0 

l.O SCOPE: This material specification describes the material requirements 

for niobium alloy strip, sheet, foil, and plate. 

2.0 APPLICABLE DOCUMENTS: The following document forms a part of this speci­

fication. 

ASTM B 393 Niobium and Niobium Alloy Strip, Sheet, Foil, and Plate 

3.0 MATERIAL REQUIREMENTS: 

3.1 ~: The type of the alloy shall be as designated on the fabri­

cation drawing or in the ordering data. 

3.2 Heat Treatment: The material shall be in the annealed condition, 

as specified in ASTM B 393. 

4.0 TECHNICAL REQUIREI~ENTS: 

4.1 Mechanical Properties: The mechanical properties shall conform to 

the requirements of ASTM B 393, for the designated grade. 

4.2 Alloy Composition: The chemical analysis shall meet the requirements 
of ASTM B 393 .for the designated grade. 

4.3 Surface Condition: The surface condition and finish shall conform 

to that specified in ASTM B 393. 

5.0 QUALITY ASSURANCE: 

5.1 Inspection: The strip, sheet. foil or plate shall be visually 

inspected for cleanliness, workmanship and defects. 

5.2 Certification: The supplier shall provide certifications on all 

tests conducted to meet the requirements of this specification. 

B-33 





APPENDIX C 
PRODUCT SPECIFICATIONS 



Specification 
TIPS-1006 Rev 1 

TIPS-1007 Rev 1 

TIPS-1013 Rev 0 

TIPS-1017 Rev 1 
TTPS-1019 Rev 1 
TTPS-1022 Rev 1 

TIPS-1023 Rev 0 
TTPS-1024 Rev 0 

TIPS-1029 Rev 0 

TTPS-1030 Rev 0 

TIPS-1031 Rev 1 
TIPS-1033 Rev 1 

PRODUCT SPECIFICATIONS 

Title 
Specifications for LVDT--Bellows-Type 
Pressure Transducer for Nuclear Service 
Self-Powered Neutron Detector with Cobalt 
Emitter 
Zircaloy-4 to Type 304L Stainless Steel 
Transition Pieces Produced by Coextrusion 
Standard Fuel Rod 
Uranium Dioxide Pellet 
Eddy Current Pressure Transducer System 

for Measuring Fuel Rod Internal Pressure 
in a Nuclear Reactor 

Special Multipar Extension Cable 
Standard Multipar Extension Cable 

Inconel-600 Sheathed Chromel-Alumel 
Thermocouples with Single or Dual 
Diameters for Nuclear Application 
Metallic Sheathed Mineral-Insulated 
Cables for Nuclear Service 
Self-Powered Pressure Switch 
Shroud Assembly 

C-1 

Page Number 

C-2 

C-9 

C-16 
C-19 
C-29 

C-39 

C-45 
C-46 

C-47 

C-54 
C-61 
C-65 



TTPS-1006, Rev 1 

SPECIFICATIONS FOR LVOT-BELLOWS-TYPE PRESSURE TRANSDUCERS 
FOR NUCLEAR SERVICE 

R. K. Marshall 

1.0 SCOPE: This specification presents the requirements for pressure 

transducers of the Linear Variable Differential Transformer (LVDT)­
bellows type for measuring absolute pressures in a nuclear environment. 

In this type, the bellows is directly attached to the transformer core of 
the LVDT. The LVDT senses the motion of the bellows caused by a change 
in pressure and provides an electrical output signal linearly 
proportional to the change in pressure. Extension cables attached to the 
transducer transmit the electrical signal to readout instrumentation 
located outside of the nuclear environment. A summary of the design 

requirements is shown in Table 1. Applicabl'~ documents are listed in 

AppendiX A. 

2.0 ENVIRONMENTAL CONDITIONS: The transducers and a portion of the extension 
cable will operate in flowing pressurized water up to 2500 psig and 

345°C (650°F) and must be designed to withstand a total neutron 

fluence of 3 x 1020 nvt at a flux of 5 x 1013 nv and a garrma flux of 

1.0 x 109 R/hr. At the end of some tests thE! tranducers will be 

subjected to temperatures as high as 760°C (1400°F) for a maximum 

time of one hour. 

The water in which the transducers operate i~. turbulent and moving at 

high velocities; consequently, flow induced vibrations and shocks can be 

expected. 

3.0 OPERATING CONDITIONS: The pressure transducers will measure pressures 

within the 0-2500 psig range. The fluid whose pressure is being measured 
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will be either the water of the environment or helium contaminated with 
fission gasses. For the latter case, the transducer will be attached 

directly to an operating fuel rod. 

The transducer and a portion of the extension cables will operate in the 

nuclear environment, the remainder of the cables will operate at room 
temperature and pressure. 

4.0 CONSTRUCTION 

4.1 Transducer: All materials must be inorganic. The internal 

components of the transducers must be enclosed in an all welded 

hermetically sealed lnconel case to withstand the environmental 
conditions. The transducer must be evacuated and sealed in such a 
manner to provide absolute pressure measurements. The volume within 
the transducer occupied by the fluid whose pressure is being 

measured should be less than 1.3 cm3 (0.080 in3). 

The design of the transducer shall be such that if the bellows fails 

the fluid within the bellows cannot have access to the extension 
cables. The selection of materials and construction must be such as 
to minimize temperature related null shifts. 

The transducers will be used in an in-reactor experimental assembly 
in which space is at a premium. The maximum envelope dimension for 
the transducers are 25.4 rrrn (1 in.) 00 with 15.2 nm (0.6 in.) OD as 

a goal, and up to 102 mm (4 in.) long for 25.4 mm (1 in.) 00 

transducers, and up to 127 nm (5 in.) long for 15.2 rmn (0.6 in.) 00 

transducers. These dimensions are exclusive of extension cable 
attachment and pressure port. 

A center tap conductor for the secondary windings shall be provided 

so that the sense of direction of core movement can be maintained 
and so that closed loop temperature compensation can be employed if 
desired. 
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4.2 Extension Cables: The extension cables must minimize space, be 
flexible enough to extend from the transducer to a location outside 

the reactor, and must withstand the same environmental conditions as 
the transducer. Two 1.59 mm (0.063 in.) jiameter MgO insulated 

metallic sheathed cables, one containing two conductors and the 
other three conductors are required. Cables up to 11.6 m (38 ft) 

long are to be employed. 

It is important that the extension cable be manufactured to 

standards that are applicable to in-reactor use. It is recommended 

that the cable sheath be either Inconel 600 having a carbon content 

< 0.05% or 347 stainless steel. The mineral insulation shall be MgO 

with a 99.4% minimum content of magnesia itnd with a maximum content 
of boron plus cadmium of 30 ppm. All impurities including boron and 

cadmium must be less than 6000 ppm. The sulfur content must be less 

than 50 ppm and the carbon content less than 300 ppm. 

The finished cab 1 es sha 11 be anne a 1 ed in ct vacuum or an atmosphere 

of hydrogen. 

The following certification should be obtained from the 
manufacturer: 

• 
• 
• 

Chemical analysis of the sheath material 
Certified results of insulation composition 

Test results on insulation tests 
• Test results on sheath integrity tests 
• Test results on metallurgical structure 
• Results of liquid penetrant inspection 

ASTM Specification E-235 can be used as a guide. 

4.3 Extension Cable to Transformer Housing Attachment: In affixing the 

cables to a transition attachment a braze ·Jr weld may be employed. 
If a braze is considered, the braze proced,Jre must be reviewed and 

approved by PNL before being used. 
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4.4 Pressure Port: The pressure port shall be a tube 6.1 mm (1/4 in.) 00 
with a wall thickness of at least 2.41 mm (0.095 in.) x 152 mm 
(6 in.) long, 

5.0 TESTS: Each completed transducer with leads attached shall be heated to 

345°C (650°F) and maintained at that temperature for 24 hours. At 

least one foot of leads shall be heated. The wire continuity and 
insulation resistance of the coils shall be measured before, during, and 

after heating. Transducers which show changes in insulation resistance 
indicating a short or open circuit in the coil windings shall be subject 

to rejection. One transducer shall be heated to 750°C (1400°F) and 
tested as above. 

All seal welds 

1 eak detector. 

and brazes shall be tested with a helium mass spectrometer 
-9 3 A leak rate in excess of 6 x 10 standard em /sec of 

helium shall be used as a basis for rejection. 

6.0 CALIBRATION: A minimum of 20 calibration points on each transducer shall 
be made at each of three temperatures over the specified pressure range. 

These data shall be taken for up runs and down runs with a m1n1mum of 10 

points for each run at 25°C, 270°C, and 540°C (77°F, 500°F, and 
1000°F). The foregoing procedure shall be repeated twice. 

7.0 QUALITY ASSURANCE 

7.1 Documentation: Documentation of all manufacturing, materials, 
testing, and quality records for each detector shall be maintained 
and submitted to the purchaser. 

7.2 Inspection: PNL reserves the right to inspect all materials and 

procedures during fabrication, testing, and before shipment to 
assure that the prescribed requirements are met. 
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7.3 Acceptance Tests at PNL: Acceptance testing at PNL will include the 
following: 

• Visual inspection 

• Verification of Sections 5.0 Tests and 6.0 Calibration. 

8.0 PREPARATION FOR SHIPMENT 

8.1 Cable Seals: The ends of the extension cdbles shall be sealed in 

such a manner that handling during shipment will not break the 
sea 1. 

8.2 Cable Packing and Shipping: The cable shall be coiled for shipping 

in a diameter of not less than 460 mm (18 in.). The detectors and 
extension cables shall be cleaned, packagE!d and shipped in such a 

manner that they are received in an undamc.ged condition. 

9.0 READOUT EQUIPMENT: A single channel signal co~ditioner for reading the 

output of the LVDT's and capable of expansion to four channel operation 
shall be provided (115 V, 60 cycle). The signal conditioner shall 

provide compensating circuitry to substantially reduce the temperature 
sensitivity of the LVDT. The output of the signal conditioner shall be 
capable of being read on a 4-1/2 digit type digital voltmeter. 
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TABLE 1. Summary of Requirements for LVDT-Bellows Type Pressure 

Transducers for Nuclear Service 

Environmental Conditions 

Pressurized flowing water up to 

Total thermal neutron fluence 

Thermal flux - 3 x 1013 nv 

Gamma flux - 1.0 x 109 R/hr 

2500 psig and 
20 

3 x 10 nvt 

Transducer Operating Conditions 

Range: 

Accuracy: 

Linearity: 

Resolution: 

Response time: 

Shock: 

Vibration: 

Construction 

0-2500 psia (transducer evacuated and sealed for zero 

pressure reference) 

+ 0.1% at all points in the linear range 

+ 0.5% over the nominal range 

0.025 mm (0.001 in.) or better 

Less than 30 msec (step change, 10-90% F.S.) 

10 g@ 11 milliseconds 

10 g @ 2K Hz 

Transducer and extension cables to be an integral unit 

Materials: all inorganic 

Maximum Transducer Envelope 
Maximum Allowable: 

Goal: 

Maximum Measuring Volume: 
Pressure Port: 

Extension Cable Length: 

Diameter: 

25.4 mm (1 in.) 00 x 102 mm (4 in.) long 

15.2 mm (0.6 in.) 00 x 127 mm (5 in.) long 

1.3 cm3 (0.080 in. 3) 
Tube, 6.1 mm (1/4 in.) 00 with a wall 

thickness of at lease 2.41 mm (0.095 in.) x 

152 rnm (6 in.) long. 

up to 11.6 m ~ 0.3 m (38ft~ 1ft). 

Length to be specified in purchase order. 

1.588 ~ 0.038 mm (0.0625 ~ 0.0015 in.) 
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APPENDIX A 

APPLICABLE DOCUMENTS 

ASTM E 235 - Thermocouples, Sheathed Type K, for Nuclear or for Other 
High Reliability Applications. 
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Specification for a Self-Powered Neutron Detector With Cobalt Emitter 

R. K. Marshall 

1 . 0 SCOPE: This specification presents the requirements for self-powered 

neutron detectors for monitoring the thermal neutron flux in a nuclear 

reactor under steady state and transient testing conditions. 

2.0 APPLICABLE DOCUMENTS: The latest official issue of the following 

standards: 

• ASTM B-166 Specifications for Nickel-Chromium-Iron Alloy Rod and 

Bar. 

• ASTM B-167 Specifications for Nickel-Chromium-Iron Alloy Seamless 
Pipe and Tube. 

3.0 ENVIRONMENTAL CONDITIONS: The detector and a portion of the extension 
cables will operate in flowing pressurized water up to 17.2 MPa 

(2500 psig) and 616 K (650°F} under steady state conditions. The detec­

tors will operate in steam up to 810 K (1000°F) and 0.34 MPa (50 psig) 

for approximately 30 minutes under transient conditions. The detectors 

shall operate in a thermal neutron flux of 1 x 1014 n/cm2/sec and a 

gamma flux of 1 x 109 R/hr for a duration equivalent to a detector life­

time of 1 x 10 21 nvt (thermal). 

4.0 CONSTRUCTION: The construction is the biaxial type with a cobalt emitter. 
In this type, the construction of the background component is identical 

to the self-powered component except that the emitter is not included. 
The two conductor wires are helically wound. 

4.1 Sensor: The sensor consists of the emitte1·, mineral insulation, 
and collector. 

4.1. 1 Emitter: 

(a) Material: Cobalt with a purity not less than 99.9%. 

(b) Diameter: Shall be determined by contractor to provide 

sensitivity given in 6.0. 
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(c) Length: 101.6 + 4.8 mm (4.00 +. 0.19 in.). 

(d) Mass difference: The emitter mass difference among 

finished sensors shall not ex:eed 0.5 milligram. 

4.1.2 Mineral Insulation: 

(a) Material: The mineral insulation shall be electrically 

fused magnesia (MgO) with a 99.4~/, minimum content of 

magnesia and with a maximum content of boron plus cadmium 

of 30 ppm. All impurities including boron and cadmium 

shall be less than 6000 ppm. The sulfur content shall be 

1 ess than 50 ppm and the carbon content 1 ess than 300 ppm. 

(b) Insulation Thickness: The mir1imum thickness shall be 

0.127 mm (0.005 in.). 

4.1.3 Collector: 

(a) Materia 1 : I ncone 1-600 in accc~rdance with ASTM B- 16 7 

with carbon content restricted to <0.05%. 

(b) Diameter: 3.81 +. 0.08 mm (0.150 +. 0.003 in.). 

(c) Length: Minimum length required to house and separate 

emitter from collector. 

4.2 Extension Cable: The extension cable consists of the two inner con­

ductors, mineral insulation, and sheath. 

4.2.1 Inner Conductors: 

(a) Material: Inconel-600 in accordance with ASTM B-166 with 

chemistry as specified in paragraph 4.1.3(a). 

(b) Diameter: Nominal diameter shall be 0.254 mm (0.010 in.). 

(c) Helix pitch: The conductors shall be formed into a helix 

having a pitch of approximately 25.4 mm (1.0 in.). 

4.2.2 Mineral Insulation: 

(a) Material: As specified in paragraph 4.l.Z(a). 

(b) Insulation thickness: As specified in paragraph 4.1.2(b). 
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4.1.3 Sheath: 

(a) Material: 

(b) Diameter: 

Inconel-600 as specified in paragraph 4. 1.3(a). 

1.587 ~ 0.001 mm (0.0615 ~ 0.0010 in.). 

(c) Wall thickness: Nominal wall thickness shall be 0.254 mm 

(0.010 in.). 

4.2.4 Cable Flexibility: The cable shall withstand a once-only bend 

at any location. The bend shall extend up to 360° on a radius 

of not less than three diameters of any section undergoing 

the bend. 

4.3 Detector: The detector consists of the sensor and extension cable 

as an integral unit. 

4.3. 1 Surface finish: The surface finish of the completed detectors 

shall not have a roughness greater than 0.00081 mm 

(32 microinches). 

4.3.2 Length: ~he length of the completed detectors shall be speci­

fied in the ordering data. 

5.0 TESTS: 

5.1 Insulation Resistance: The lnsulation resistance of the finished 
detectors shall be measured at 294 K (70°F) and at 672 K (750°F). 

The minimum leakage resistance at 294 K (70~F) shall be 1 x 1013 

ohms and at 672 K (750°F) 1 x 108 ohms. 

5.2 Sheath and Collector Integrity: The sheath and collector integrity 

of the finished detectors shall be tested. The manufacturer shall 
perform at least one of the following tests; the manufacturer can 

select which test to perform. 

5.2. 1 Helium Leak Test: Test the finished detectors as follows: 

weld the open end of the sheath or otherwise seal, and wipe 

the detector clean with a solvent-saturated material. The 

recommended solvents are alcohol, methyl ethyl ketone, or 

methyl isobutyl ketone. Pressurize the sheath externally 

with helium to at least 6.9 MPa (1000 psig) for a period of 
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5 to 10 min. Wipe the detector a.gain with a solvent­

saturated tissue and insert with·in 2 hr into a test chamber. 

Evacuate the interior of this chdmber to a pressure of 50 wm 

Hg or less and test for the presence of helium using a mass 

spectrometer-type helium-leak de1:ector. An indication of 

helium leakage of 6 x 10-9 standard cm3 /s or greater shall 

be taken as evidence of a leak, and the detector shall be 
rejected. 

5.2.2 Calorimeter Test: Test the fini~hed detectors as follows: 

Seal weld the open end of the she~ath and place the detector 

in a water environment 1n a hydrc,static chamber. Operate the 

chamber at a pressure of 17.2 MPe (2500 psig) and 616 K (650°F) 

for at least 24 hours. Remove fr·om the chamber and measure 

the insulation resistance of the detectors in accordance with 

paragraph 5.1. If the detector does not meet the requirements 

of paragraph 5. 1, it shall be taken as evidence of a leak and 

the detector shall be rejected. 

5.3 Short Circuit Test: Tests shall be oerformed on the finished detec­

tors to demonstrate that the short circuit current is limited to 0.1 
nanoamp at a temperature of 616 K (650°F). 

5.4 Thermal Shock Test: The testing medium shall be noncorrosive, and 
shall be maintained at a temperature of 586 + 14K (775 ~ 25~F) dur-

ing the test. 

at least 25 mm 

Cycle by immersing the emitter end of the detector and 

(1 in.) of cable in the t:!sting medium and hold for 
2 to 5 min. Remove from the testing medium and cool to room tempera­

ture by means of a water quench within 5 sec. The total elapsed 

time at room temperature s ha 11 be no 1 es :; than 1 min before recy­

cling. The insulation resistance after ·~esting shall be as speci­

fied in paragraph 5. 1. 

6.0 SENSITIVITY: The emitter neutron sensitivity shall be> 1.6 x lo-23 

A/nv-cm. 

7.0 CALIBRATION: Calibration by the manufacturer is not required. 
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8.0 QUALITY ASSURANCE: 

8.1 Inspections: 

8.1.1 Examination of Materials and Procedures: PNL reserves the 

right to inspect all materials and procedures during fabri­

cation, testing, and before shipment to assure that the pre­

scribed requirements are met. 

8.1.2 Visual: The surface of the sheath shall be bright with no 

visible oxidation, scale or discoloration. 

8.1.3 Radiographic Inspection: The emitter end and at least 51 mm 

(2 in.) of cable of the fabricated detector shall be examined 

by radiography for defects and shall be certified to be defect 

free. The detectors shall be radiographed in two directions 

90° apart and perpendicular to the detector axis. Defects which 

are cause for rejection are as follows: 

(a) Cracks, voids or inclusions in the sheath wall or end 

weld greater than 10~~ of the sheath wall thickness or 

0.025 mm (0.001 in.), whichever is greater, are cause 
for rejection. 

(b) Cracks, voids, inclusions, discontinuities, and size 

reductions of the emitter, conductors, insulation, or 

sheath diameter greater than 0.025 mm (0.001 in.) are 
cause for rejection. 

8.2 Acceptance Tests at PNL: 

8.2.1 Visual inspection, paragraph 8.1.2. 

8.2.2 Verification of insulation resistance, paragraph 5.1. 

8.3 Documentation: Certified copies of the following test and inspec­

tion reports shall be submitted to the purchaser. 

8.3.1 Dimensional: 

(a) Distance from center of emitter to end of collector. 

(b) Distance from end of emitter to end of collector. 
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8.3.2 Chemical Analyses: 

(a) Emitter material (see 4.l.l(a)). 

(b) Emitter mineral insulation (see 4.1.2(a)). 

(c) Collector material (see 4.1.3(a) I. 

(d) Inner conductors (see 4.2.1 (a) I. 
(e) Cable mineral insulation (see 4.:~.2(a)). 

(f) Sheath material (see 4.2.3(a)). 

8.3.3 Tests: 

(a I Insulation resistance (see 5.1). 

( b I Sheath and collector integrity (see 5 . 2 I . 
( c I Short circuit test (see 5. 3 I . 
( d I Thermal shock test (see 5.4). 

8.3.4 Inspection: Radiographs of emitter end of detectors (see 

8.1 . 3 I. 

9.0 PREPARATION FOR SHIPMENT 

9.1 Cable Seals: The end of the mineral insulated cable shall be 
permanently sealed. 

9.2 Cable Termination: The end of the cable shall have a temporary flex­

ible lead approximately 152 mm (6 in.) in length, attached for the 

purpose of inspection and calibration. The 'leads shall be coded so 

that the emitter and background conductors may be identified. The 
coding information shall be included with the shipment. 

9.3 Cleaning: The surface of the finished detectors shall be free of 

grease, oil, fingermarks, dirt, scale, and other foreign matter 

before packaging. 

9.4 Marking: Each detector shall be assigned a serial number. The serial 

number shall be inscribed on a corrosion-resisting metal tag and 

affixed to the assembly with paper or plastic-coated corrosion-resistant 

wire approximately 152 mm (6 in.} from the end of the metal sheath 

cable. 
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9.5 Packing and Shipping: The cable shall be coiled for shipping in a 

diameter of not less than 305 mm (12 in.). The detectors and cables 

shall be packaged and shipped in such a manner that they are received 

in an undamaged condition. 
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Specification for Zircaloy-4 to Type 304L Stainless Steel 

Transition Pieces Provided by Coextrusion 

R. F. Klein 

1.0 SCOPE: This specification defines the materials and the quality control 

provisions which shall apply to the parts ma,:hined to the applicable 

drawing. The finished machined part will be a transition piece from 

one metal to another. 

The finished machined parts shall be made from Zircaloy-4 zirconium alloy 

and type 304l stainless steel. These two materials shall be joined by 
a coextrusion process. 

2.0 APPLICABLE DOCUMENTS: 

• ASTM Specification B 351-67, "Hot-Rolled and Cold-Finished Zirconium 
and Zirconium Alloy Bars, Rod, and Wire for Nuclear Application." 

• ASTM Specification A-276, "Specification for Stainless and Heat­

Resisting Steel Bars and Shapes." 

• MIL-I-6866, latest revision, ''Penetrant Method of Inspection.'' 

3.0 SPECIAL PROVISIONS: 

3.1 Parts: The total number of finished parts obtained from any one 

extrusion shall be at the vendor's option. 

3.2 Lot: For the purpose of this specificat·ion, the term "lot" is 

defined as one unmachined extruded bar. 

3.3 Tolerance: The tolerance on the diameter of the Zr-4/304l inter­

face shall be as shown on the drawing. However, it will be the 

vendor's res pons i b i 1 ; ty to see that there· wi 11 be no zi rca 1 oy 

in the area of the stainless steel weld ~reparation and no stainless 

steel in the area of the zircaloy weld preparation when the parts 

are finished machined to the dimensions of the drawing. 
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4.0 QUALITY CONTROL PROVISIONS: 

4.1 Unmachined Extrusion: 

4.1.1 ~·afers: The unmachined extrusion shall be cut into sections 

long enough to obtain finished machined parts plus a wafer 

from both ends of each part. It will be necessary to have 

only three wafers for every two parts as long as the wafers 

from each part can be directly correlated to the ends from 

which they were cut. The thickness of the wafers shall be 

vendor's option but shall be sufficient to make possible the 
practical execution of all inspection steps pertaining thereto. 

4.1.2 Interface Diameter: The bond interface diameter shall be 

measured on all wafers to assure that it is within the dimen­

sions shown on the drawing. 

4.1.3 L.P. Inspection: All wafers shall be liquid penetrant­

inspected per MIL-1-6866 prior to machining on the part. 

Any evidence of a crack shall be cause to reject the next 

adjacent piece(s) of the extrusion. 

4.1.4 Metallography: One wafer shall be selected at random from 

each lot. mounted and polished and one photomicrograph of the 

bond interface shall be obtained. The mount and photomicro­

graph shall be furnished to the customer. 

4.2 Finished Machined Parts: 

4.2.1 Leak Test: All finished machined parts shall be helium leak 

tested. A standard leak-rate cell calibrated to 2.0/4.0 x 
lO-B std cc/sec shall be used. Any evidence of a leak in 

excess of the standard shall be cause for rejection of the 
part. 

4.2.2 l.P. Inspection: All finished machined parts shall be liquid 

penetrant-inspected. Any indications of cracks. laps or 

unbonded areas shall be cause for rejection of the part. 
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4.2.3 Dimensional Inspection: A dimensional inspection of the 

finished parts shall be performed. Parts with dimensions 

outside of the tolerance on the drawing shall be rejected. 

4.2.4 Cleaning: All parts (wafers and finished machined parts) 

shall be thoroughly cleaned on the interior and exterior 

first with acetone, then alcohol. 

4.2.5 Packaging: All parts (waf~rs and finished machined parts) 

shall be individually packaged in 5ealed plastic envelopes. 

The envelope of each machined part shall be marked with its 

serial number; likewise, the envel,)pes containing the wafers 

shall be identified. A separate list shall be provided 

to identify wafers with associated machined part and identify 

from which end of the machined part the wafer comes. The 

nature of markings shall prevent obliteration. If it becomes 

necessary to mark directly on a machined part or a wafer at 

any time, only a chloride- or fluo1·ide-free marking pen shall 

be used. 

4.2.6 Part/Extrusion location: A separa~:e "map" of the extrusion 
shall be provided to show the location along the length of the 

extrusion from which each machined part was taken. 

4.2.7 Shipping: All parts shall be shipped in a wooden box and 

packed in a manner to preclude in-transit damage. 
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1.0 SCOPE: This product specification describes the test fuel rods used in 

the LOCA Simulations in NRU Project, the requirements for the final 
product, verification of these requirements and the associated 

documentation. 

2.0 APPLICABLE DOCUMENTS: The following documents form a part of this 

specification. 

TTMS-1001 
TTMS-1002 

TTMS-1014 
TTMS-1033 
TTMS-1060 

TTMS-1063 
TTHTS-1003 

TTPS-1013 

TTPS-1019 
TTPS-1029 

TTWS-1000 
TTWS-1004 
ASTM A 276 
ASTM B 352 

Zirconium Alloy Seamless Tubs 

Zirconium Alloy Bar, Rod, and Wire Stock 

Inconel X-750 Spring Wire 
Stainless Steel Bars and Shapes 
Uranium Dioxide Powder 

Aluminum Oxide Powder 

Inconel X-750 Heat Treatment Requirements 

Zircaloy-4 to Type 304L Stainless Steel Transition 

Pieces Produced by Coextrusion 
Uranium Dioxide Pellet 
Inconel-600 Sheathed Chromel-Alumel Thermocouples 
with Single or Dual Diameters for Nuclear 
Applications. 
Specification for Welding Austenitic Stainless Steel 
Zirconium Alloy Welding 
Stainless and Heat-Resisting Steel Bars and Shapes 
Zirconium and Zirconium Alloy Sheet, Strip, and Plate 
for Nuclear Applications 
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3.0 MATERIAl REQUIREMENTS: 

3.1 Cladding Assemblies: The cladding assemblies shall consist of 

cladding made from Zircaloy-4 in accordance with PNL specification 

TTMS-1001 and thermocouples made in acccrdance with PNL 
specification TTPS-1029. 

3.2 End Caps: The upper and lower end caps shall be made from Zircaloy-4 

in accordance with PNL specification TTMS-1002. 

3.3 Plenum Springs: The plenum springs shall be made from Inconel X-750 

in accordance with PNL specification TTMS-1014. 

3.4 Insulator Discs: The insulator discs shall be made from aluminum 

oxide powder in accordance with PNL specification TTMS-1063. 

3.5 Fuel Pellets: The fuel pellets shall be made from uo2 powder in 

accordance with PNL specification TiMS-1060. 

3.6 Zirconium-to-Sainless Steel Transition Pieces: The zirconium-to­
stainless steel transition pieces shall be made from coextruded 
Zircaloy-4 and 304L stainless steel in accordance with ASTM 

specifications 8 352 and A 276, respectively. 

3.7 StandOffs: The stand offs shall be made from Zircaloy-4 in 
accordance with PNL specification TiMS-1002. 

3.8 Instrument and Thermocouple Adapters: The instrument and 
thermocouple adapters shall be made from 304L stainless steel in 

accordance with PNL specification TTMS-1033. 

3.9 Thermocouple Adapters: The thermocouple adapters shall be made from 
304L stainless steel in accordance with PNL specification TTMS-1033. 

4.0 TECHNICAL REQUIREMENTS: There are 14 types of fuel rods in the LOCA 
Simulations in NRU test. These test fuel rods will be fabricated in 

accordance with PNL drawings: 
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Rod Type I 

Instrumented Rod Type II 

Instrumented Rod Type III 

Instrumented Rod Type IV 
Instrumented Rod Type V 

Instrumented Rod Type VI 

Instrumented Rod Type VII 

Instrumented Rod Type VIII 

Instrumented Rod Type IX 

Instrumented Rod Type X 

Instrumented Rod Type XI 

Instrumented Rod Type XII 

Instrumented Rod Type XIII 

Instrumented Rod Type XIV 

In addition. the requirements of the 

fabrication of the test fuel rods. 

4.1 Cladding Assemblies: 

PNL Drawing 

H-3-41832 

H-3-41833 

H-3-41834 

H-3-41835 

H-3-41836 

H-3-41837 

H-3-41838 

H-3-41839 

H-3-41840 

H-3-41841 

H-3-41842 

H-3-41881 

H-3-41882 

H-3-41883 

TTPS-1017, Rev 1 

following section apply to the 

4.1.1 Types: There are five types of cladding assemblies that shall 

be fabricated in accordance with PNL drawings: 

Cladding Assembly Type I 

Cladding Assembly Type II 

Cladding Assembly Type III 

Cladding Assembly Type IV 

Cladding Assembly Type V 

PNL Drawing 

H-3-41861 

H-3-41864 

H-3-41869 

H-3-41871 

H-3-41884 

4.1.2 Application: The five types of cladding assemblies shall be 

used in the test fuel rods in accordance with the requirements 

of Table 1. 
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mupl~ •oapter type VI. 
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4.1.3 Cladding: The cladding assemblies shall be made from two 
different types of cladding. Cladding assemblies types I, II, 

III and V shall be fabricated from cladding in accordance with 

PNL drawing H-3-41858. Cladding assembly IV shall be fabri­
cated from cladding in accordance with PNL drawing H-3-41872. 

4.1.4 Thermocouples: Cladding assemblies types I, TI, III and V 

shall have internal resistance spot welded thermocouples. 
Cladding assembly type IV shall have imbedded thermocouples. 

The location of these thermocouples shall be in accordance 

with the PNL drawings listed in Section 4.1.1. 

4.2 End Caps: 

4.2.1 Types: The lower end cap shall be fabricated in accordance 

with PNL drawing H-3-41823. The upper end cap shall be 

fabricated in accordance with PNL drawing H-3-41824. 

4.2.2 Application: The upper and lower end caps shall be used in 

the test fuel rods in accordance with the requirements of 
Table 1. 

4.3 Plenum Springs: 

4.3.1 Types: There are three types of plenum springs that shall be 
fabricated in accordance with PNL drawings: 

Plenum Spring Type I 
Plenum Spring Type II 
Plenum Spring Type Ill 

PNL Drawing 
H-3-41828 
H-3-41861 
H-3-41862 

4.3.2 Application. The three types of plenum springs shall be used 

in the test fuel rods in accordance with the requirements of 
Table 1. 
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4.3.3 Heat Treatment: The plenun springs shall be heat treated in 

accordance with PNL spec ifi cation ''"THTS-1003. 

4.4 Insulator Discs: 

4.4.1 Types: The two types of insulator discs shall be fabricated 
in accordance with PNL drawing H-3-41829. 

4.4.2 Application: The two types of insL:lator discs shall be used 

in the test fuel rods in accordance with the requirements of 
Table I. 

4.5 Fuel Pellets: 

4.5.1 Types: The eleven types of fuel pellets shall be fabricated 
in accordance with PNL drawing H-3-41830. 

4.5.2 Application: The eleven types of fuel pellets shall be used 

in the test fuel rods in accordance with the requirements of 
Table I. 

4.5.3 Product Requirements: In addition to the above requirements. 
the requirements in PNL specification TTPS-1019 apply. 

4.6 Zirconium-to-Stainless Steel Transition Pi,~ces: 

4.6.1 Types: The zirconium-to-stainless ·;teel transition pieces 

shall be fabricated in accordance wHh PNL drawing H-3-41825. 

4.6.2 Application: The zirconium-to-stainless steel transition 

pieces shall be used in the test fuf!l rods in accordance with 

the requirements of Table 1. 

4. 6. 3 Product Requirements: In addition to the above requirements, 

the requirements in PNL specification TTPS-1013 apply. 
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4.7 Stand Offs: 

4.7.1 Types: There are three types of stand offs that shall be 

fabricated in accordance with PNL drawings: 

PNL Drawing 
Stand Off Type I H-3-41859 

Stand Off Type I I H-3-41870 

Stand Off Type III H-3-41885 

4. 7.2 Application: The three types of stand offs shall be used 

the test fuel rods in accordance with the requirements of 

Table 1. 

4.8 Instrument and ThermocouQle AdaQters: 

4 .8.1 Types: There are six types of instrument and thermocouple 

adapters that shall be fabricated in accordance with PNL 
drawings: 

PNL Drawing 
Instrument and Thermocouple Adapter Type I H-3-41860 

Instrument and Thermocouple Adapter Type II H-3-41860 

Instrument and Thermocouple Adapter Type III H-3-41873 

Instrument and Thermocouple Adapter Type 1V H-3-41873 

Instrument and Thermocouple Adapter Type V H-3-41886 

Instrument and Thermocouple Adapter Type VI H-3-42081 

4.8.2 Application: The six types of instrument and thermocouple 

adapters shall be used in the test fuel rods in accordance 
with the requirements of Table 1. 

4.9 Thermocouple Adapters: 

4.9.1 Types: There are six types of thermocouple adapters that 

shall be fabricated in accordance with PNL drawings: 

C-25 

in 



TTPS-1017, Rev 1 

PNL Drawing 
Thermocouple Adapter Type I H-3-41863 
Thermocouple Adapter Type I I H-3-41863 

Thermocouple Adapter Type I I I H-3-41874 
Thermocouple Adapter Type IV 11-3-41865 
Thermocouple Adapter Type v H-3-41887 

Thermae a up 1 e Adapter Type VI H-3-41887 

4.9.2 Application: The six types of thermocouple adapters shall be 

used in the test fuel rods in accordance with the requirements 

of Table 1. 

5.0 FUEL ROD ASSEMBLY: The fuel rod components, which are listed in sections 

4.1 to 4.9 of this specification, shall be assembled into a completed 

fuel rod as specified in the PNL drawings listed in section 4.0. In 

addition, the requirements of this section shall apply. 

5.1 Bottom End Cap Welding: The bottom end cap shall be welded to the 

fuel rod cladding prior to any other assembly step. Welding shall 

be performed in accordance with PNL speci·.:";cat ion TTWS-1004. 

5.2 Pellet Stack Assembly: The pellet stack :;hall be assembled in a V­
trough for measurement and weighing. Perret stack length shall 

conform to the dimensions given in the cm·respondi ng drawing 1 i sted 

in section 4.0. The pellet stack shall we:igh between 1925 and 

2050 grams. 

5.3 Rod Assembly: The pellet handling and as~embly procedure, including 

storage and assembly environments, shall be such that the moisture 

content of the loaded pellets does not exceed the limits set forth 

in PNL specification TTPS-1019. The pellets to be loaded in one lot 

shall be selected within 12 hr of tube loading, and all pellets 

represented by the samples shall be held in the controlled humidity 
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atmosphere of the weld box between the time the sample is selected 

and the rod is sealed. Total time of exposure outside a contro11ed 

atmosphere shall not exceed 3 hr. 

5.4 End Cap Welding: The top end cap shall be aligned such that the rod 

identification number on the top end cap is parallel to within 10° 

of the open slot in the lower end cap. 

5.4.1 Upper End Caps and Zirconium-to-Stainless Steel Transition 
Pieces: The upper end caps and the zirconium-to-stainless 

steel transition pieces, when required in a fuel rod, shall 

be welded to the fuel rod in accordance with PNL specification 

TTWS-1004. 

5.4.2 Instrument and Thermocouple Adapters and Thermocouple 
Adapters: The instrument and thermocouple adapters and the 

thermocouple adapters, when required in a fuel rod, shall be 

welded to the zirconium-to-stainless steel transistion pieces 

in accordance with PNL specification TTWS-1000. 

5.5 Rod Pressurization: After or during welding of the top end cap, 

each fuel rod that is to be pressurized shall be pressurized with 

helium to the specified pressure. The helium shall conform to the 

requirements for pure helium as set forth by the National Bureau of 

Standards. 

6.0 Cleanliness: 

6.1 Prior to Assembly: The cladding, end caps, and springs shall be 

cleaned with ethanol or other appropriate residue-free solvent prior 

to assembly to remove oil, grease, or any other surface contaminant. 
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6.2 Radiation Level: Exterior surface smec_r tests shall be performed. 

No rod shall exceed a smearable alpha cctivity level of 20 dpm per 
100 cm2 or a smearable beta-plus-gamma activity level of 1000 dpm/ 

2 100 em • 

6.3 Prior to Bundle Assembly: All fuel rods shall be cleaned of oil, 

grease, and any other surface contaminant with ethanol or other 
appropriate residue-free solvent prior to bundle assembly. 

7.0 QUALITY ASSURANCE: 

7.1 Pellet Fabrication: The quality assurance requirements for fuel 

pellet fabrication shall be documented in a process outline. This 

document will be prepared by the pellet fabricator and approved by 

the Project Manager and Project Quality Representative. 

7.2 Rod Assembly: The quality assurance requirements for fuel rod 

assembly shall be documented in an assembly procedure. This 

document will be prepared by the rod as~.emb 1 er and approved by the 

Project Manager and Project Quality Representative. 
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1.0 INTRODUCTION: This specification is intended as a reference standard 

for nuclear applications. Insofar as practicable, it recognizes the 

diversity in specific product requirements and the methods of manufacture 

of specific product. It is therefore anticipated that a purchaser may 

supplement this specification with more stringent and/or additional 

requirements for specific applications. 

2.0 SCOPE: 

2.1 This specification is for sintered uranium dioxide pellets. It 

applies to uranium dioxide pellets containing uranium of any 235u 
concentration. 

2.2 This specification does not include (a) provisions for preventing 

criticality accidents or (b) requirements for health and safety. 

Observance of this standard does not relieve the user of the obliga­

tion to be aware of and conform to all federal, state, and local 

regulations pertaining to possessing, shipping, processing, or using 

source or special nuclear material. 

2.3 The function of the uranium dioxide fuel pellet is to provide heat 
energy throughout the operating cycle(s) at rates specified by the 

fuel management program. The fuel pellet must operate without melting 

and within the irradiation swelling limits specified by clad strain 
limits. 

2.4 Impurity and Equivalent Boron Specifications are listed in Appendix A. 

2.5 Applicable Documents are listed in Appendix B. 

3.0 TECHNICAL REQUIREMENTS: 

3.1 Chemical Requirements: All chemical analyses shall be performed on 

portions of the representative sample prepared in accordance with 

Section 5.0. Analytical chemistry methods used shall be as stated 
in ASTM Method C696-77. 
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3.1.1 Uranium Content: The uranium content shall be a minimum of 

87.7 percent by weight on a dry Height basis. 

3.1.2 Impurity Content: The impurity :ontent shall not exceed the 

individual element limit specifi,~d in Table l, Appendix A, on 

a uranium weight basis. The summation of the contribution from 

each impurity element listed in Table 1, Appendix A, shall not 

exceed 1500 ppm. 

3.1.3 Stoichiometry: The oxygen-to-uranium ratio of sintered fuel 

pellets shall be within the rangE! of 1.99 to 2.02. 

3.1. 4 f.1oisture Content: The moisture content of a given pe 11 et 

shall not exceed 20 ppm on a uranium weight basis. The 

average moisture content of the uo2 pellets in a fuel rod 

sha 11 not exceed 10 ppm on a urarium weight basis. 

3. 1.5 Gas Content: The gas content of a given sintered pellet, 

excluding moisture, shall not exceed, at standard temperature 

and pressure, 0.10 cc/g of uranium. The average gas content 

of the pellets in a fuel rod shall not exceed, at standard 
temperature and pressure, 0.05 cc/g of uranium. Gas content 

shall be determined by vacuum outgassing at 3000°F. 

3.2 Nuclear Requirements: 

3.2.1 Isotopic Content: The isotopic content of the uranium in 

the U02 pellets shall be determin1~d by mass spectrometry. The 
234u, 236u, and 238u content of -:he uranium shall be reported 

on a weight percent basis. The i:;otopic concentrations shall 

be as specified by the buyer. 

3.2.2 Equivalent Boron Content: For thermal reactor use, the total 

equivalent bo,·on content (ESC), bc,_sed on a summation of the 

contributions from each of the ele•ments indicated in Table 2, 

Appendix A, shall not exceed 4.0 rpm on a uranium weight basis. 

(Factors for converting constituent concentrations to equivalent 

boron concentrations are given in Table 2, Appendix A.) The 

EBC of each element shall be calculated individually using 
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the following formula: 

EBC of impurity = (EBC factor) x (ppm for impurity) 

where: 
(at.wt boron) x (oa element) 

" (oa boron) x (at.wt element) EBC factor 

Alternatively, the EBC may be determined by a comparative 

For fast reactor reactivity test against a known standard. 

use, the above limitations do not apply. 

3.3 Physical Characteristics: 

3.3.1 Dimensions: The dimensions of the pellet shall be specified 

on the PNL drawing. 

3.3.2 Pellet Density: The density of sintered pellets shall be 

as specified. The theoretical density for uo2 pellets shall 

be considered to be 10.96 gjcc. 

3.3.3 Grain Size: No fuel pellet grain size is required. 

3.3.4 Defects: 

3.3.4.1 The limits for surface cracks and fissures are: 

• radial cracks on the pellet ends - l/8 in. 

• circumferential cracks - l/2 circumference 

• axial crack - l/8 in. 

3.3.4.2 The limits for chips are: 

• pellet ends - 0.030 in. deep x 10?£ of surface 
area of the pellet end 

• circumferential chips - 0.030 in. deep x 10% of 
the pellet circumference 

3.3.4.3 Pellets with intentional slits to accommodate thermo­

couple leads are exempt from the requirements of 3.3.4. 

3.3.5 Cleanliness and Workmanshio: Finished pellets shall be free 
of loose chips, powder and foreign residues. 
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3.3.6 Identification: Each finished pel'let shall have a mark placed 

on the end of the pellet that perm-its identification of the 

pellet enrichment. 

3.3.7 Pellet Resintered Density: The density change (increase) of 

the resintered pellets shall be le:,s than or equal to 1.0% TO. 

The theoretical density for uo2 pellets shall be considered to 

be 10.96 g/cc. The sintered pellets chosen for the resintering 

test shall be hald at a resinterin~· temperature of l700°C for 

24 hours prior to determination of the resintered pellet densities. 

4.0 LOT REQUIREMENTS: 

4.1 A pellet lot is defined as a group of pellets, made from a single 

uo2 powder lot, which has undergone identical sintering procedures. 

4.2 The identity of a lot shall be retained throughout processing without 

mixing with other established lots. 

4.3 A pellet lot shall form the basis for defining sampling plans used to 

establish conformance to specification. 

4.4 Sampling plans(a) shall be mutually agreed upon by the buyer and the 

seller. 

5.0 SAMPLING: Uranium dioxide pellets are hygroscopic and can absorb sufficient 
water during exposure to a moist atmosphere to cause detectable analytical 

errors. Sampli-ng, weighing, and handling the sample shall be done under 

conditions which do not alter the moisture content of the sample. 

5.1 A representative sample(a) of pellets from each pellet lot shall be 

taken for the purpose of determining chemical and physical properties. 

5.2 The lot sample shall be of sufficient size to perform quality assurance 

testing at the seller's plant, acceptance testing at the buyer's plant, 

and referee tests in the event they become necessary. 

5.3 The lot sample for acceptance testing at the buyer's plant shall be 

packaged in a separate container, clearly identified by lot number, 

(a) to be defined on the purchase requisition. 
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and shipped with the lot. The referee sample shall be clearly 

identified and retained at the seller's plant until the lot has been 

formally accepted by the buyer. 

5.4 The number of required archive pellets shall be specified on the 

purchase requisition. 

6.0 TESTING AND CERTIFICATION 

6.1 The seller shall test the sample described in Section 5.0 to assure 

conformance of the powder to the requirements of Section 3.0. All 

testing shall be conducted by techniques mutually agreed to by the 

buyer and seller. 

6.2 The seller shall provide to the buyer documents certifying: 

6.2.1 the isotopic content and identity of the starting material 

lot, and 

6.2.2 that the pellet meets all the requirements of Section 3.0. 

6.3 Test data on the following characteristics shall be supplied upon 

request: 

• uranium isotopic content 

• uranium content 

• individual impurity levels 

• moisture content 

• pellet density, both sintered and resintered. 

6.4 The seller shall report the sintering time and temperature for the 
pellets. 

6.5 Lot Acceptance: Acceptance testing may be performed by the buyer(a) 

on either the sample provided by the seller or on a sample taken at 
the buyer's plant. Acceptance shall be on a lot basis(a) and shall 

be contingent upon the material properties meeting the requirements 

of Section 3.0. 

(a) to be defined on the purchase requisition. 
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6.6 Referee Method: The buyer and seller shall agree to a third party 

as a referee in the event of a dispute in analytical results. 

7.0 PACKAGING AND SHIPPING: 

8. 0 

7.1 Uranium dioxide pellets shall be packaged in sealed containers to 
prevent loss of material and undue contamination from air or the 

container materials. The exact size and method of packaging shall 

be as mutually agreed upon by the buyer and seller. 

7.2 Each outer container shall bear as a minimum a label on the lid and 

side with the following information: 

Seller's Name 
Material in Container 

Uranium Enrichment 

QUALITY ASSURANCE 

Section and Item 

3. 1 Chemical Requirements 

3. 1 . 1 Uranium Content 
3. 1 . 2 Impurity Content 

3. 1 . 3 Stoichiometry 

3. 1 . 4 Moisture Content 
3. 1. 5 Gas Content 

3.2 Nuclear Requirements 

3. 2. 1 Isotopic Content 

3.2.2 Equivalent Boron 
Content 

3.3 Phys i ca 1 Cha racteri sti cs 

3. 3. 1 Dimensions 

3. 3.2 Pe 11 et Density 

3. 3. 3 Grain Size 

3.3.4 Defects 

Gross, Tdre, Net Oxide Weights 

Urani urn \4ei ght 

Purchase Order Number 

Lot NumbE~r 

Significance(a) 

Major 

Critical 

Criti ca 1 

Critical 

Critical 

Critical 

Major 

Criti ol 

Critic.:!l 

None 

Major 

Reference 

ASIM C696-77 

ASTM C696-77 

(a) to be defined on the purchase requisition. 
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Section and Item Significance(a) 

3. 3.5 Cleanliness and 
Workmanship Criti ca 1 

3. 3. 6 Identification Major 

3.3.7 Pellet Resintered Density Major 

4.0 lot Requirements Major 

5.0 Sampling Major 

6.0 Testing and Certification Critical 

(a) These terms are defined as follows: 

Critical 

Inadequate control of this characteristic can result in a critical defect that 
could cause failure of fuel, especially in a reactor. A critical defect is a 

defect that judgment and experience indicate is likely to result in hazardous 

or unsafe conditions for individuals using, maintaining, or depending upon the 
product; or a defect that judgment and experience indicate is likely to prevent 

performance of the function of a major end product such as a fuel rod, fuel 

assembly, or reactor fuel core. 

Inadequate control of this characteristic can result in a major defect. A 

major defect is a defect, other than critical, that is likely to result in 
failure, or to reduce materially the usability of the unit of product for its 

intended purpose. 
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APPENDIX A - IMPURITY AND EQUIVALENT BOf:ON SPECIFICATIONS 

The elements listed in Table 1 require quantitative determination. The 

total impurity content, based on the summation of the contribution from each 

element listed in Table l, shall not exceed 1500 p~m. The total equivalent 

boron content shall not exceed 4 ppm as determined from a summation of the 

contribution from each element listed in Table 2. The equivalent boron factors 
listed in Table 2 shall be used to compute equivalent boron contents. 

TABLE 1. Impurity Elements and Maximum Concentration Limits 

Aluminum 

Carbon 

Elements 

Calcium plus Magnesium 

Chlorine 

Chromi urn 

Coba 1t 

Fluorine 

Hydrogen Exclusive of Moisture 

Iron 
Nickel 

Nirtogen 

Silicon 

Thorium 
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~1aximum Concentration 
Li~it (ppm) 

100 

100 

200 

25 

200 

100 

25 

5 

!)00 

;~so 

75 

:~so 

30 
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TABLE 2. Equivalent Boron Factors 

Absorption Cross(a) 
Section, aa 

Element (barns-2200 m/sec) Atomic Weight EBC Factor 

Aluminum 0.235 26.98 0.0001 

Ba ri urn 1.2 137. 34 0.0001 

Boron 759.0 l 0. 81 l . 0000 

Cadmi urn 2,540.0 112.40 0.3104 

Calcium 0.44 40.08 0.0002 

Cesium 30.0 138. 91 0. 0031 

Ch 1 ori ne 33.2 35.45 0.0133 

Chromium 3. l 52.00 0.0008 

Cobalt 37.2 58.93 0.0090 

Copper 3.8 63.54 0.0009 

Dyspros i urn 930.0 162.50 0.0815 

Europium 4,400.0 151 . 96 0.4124 

Gadolinium 49,000.0 157.26 4.438 

Hafnium l 05.0 i 78.49 0.0084 

Iron 2.55 55.85 0.007 

Lithium 71 . 0 6.939 0.1457 

Manganese 13.30 54.94 0.0034 

Molybdenum 2.70 95.94 0.0004 

Nickel 4.60 58.71 0.0011 

Nitrogen l. 85 14. 01 0.0018 
Phosphorus 0.19 30.97 0.0001 

Samarium 5,820.0 150. 35 0.5513 

Silicon 0. 16 28.09 0. 0001 
Tantalum 21.0 108.95 0.0017 
Tin 0.63 118.69 0.0001 

Titani urn 6. l 47.90 0.0018 

Tungsten 18.5 183.85 0.0014 
Vanadi urn 5.06 50.94 0.0014 
Zinc l. l 0 65.37 0.0002 

(a) Brookhaven National Laboratory Publication BNL-325, Second Edition, July 1958 
and Supplement No. 1, January 1960, and Supplement No. 2 1964-1966. 
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APPENDIX B - APPLICABLE DOCUI1ENTS 

l. Code of Federal Regulations, Title 10. 

2. Nuclear Safety Guide, U.S. Atomic Energy Commi~.sion Report TID-7016, 

Latest Edition. 

3. "Handbook of Nuclear Safety," H. K. Clark, U.S. Atomic Energy Commission 

Report, DP-532. 

4. ASTM Method C696-77, "For Chemical, Mass Spectrometric, and Spectrochemical 

Analysis of Nuclear Grade Uranium Dioxide Powder and Pellets." 

5. Military Standard, I·IIL-STD-109B. April 4, 1969. (Pages 2, 3, 4 and 6). 
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Eddy Current Pressure Transducer System for Measuring 

Fuel Rod Internal Pressure in a Nuclear Reactor 

R. K. Marshall 

This specification presents the requirements for high temperature, 

eddy current type pressure transducers for measuring the interal pressure 

of a fuel rod in an operating nuclear reactor. A summary of the design 

requirements is shown in Table 1. 

2.0 ENVIRONMENTAL CONDITIONS: The transducers and a portion of the extension 

cables will operate in flowing pressurized water up to 2500 psig and 345°C 

(650°F) and must be designed to withstand a total thermal neutron fluence 

of 3 x 1020 nvt at a flux of 5 x 1013 nv and a gamma flux of 1.0 x 109 R/hr. 

3.0 TRANSDUCER OPERATION: The transducer will be welded to the end of a fuel 

rod and will monitor the internal pressure of the fuel rod. The internal 

pressure range will be 0-500 psi. 

4.0 CONSTRUCTION: 

4.1 Transducer: 

Materials - all inorganic 

Size Limitations - As specified on vendor information drawings 

supplied with the ordering information. 

4.2 Extension Cable: The extension cable shall consist of a metal sheathed 

cable coupled to a soft cable. The transition connector between the 
metal sheathed and soft cable and the terminating connector which 

connects the soft cable to the signal conditioner shall be vendor 
designed and supplied. The metal sheathed cable shall extend from 

the transducer housing to the transition connector and shall be 

capable of withstanding the environmental conditions listed in 

Section 2.0. The metal sheathed cable shall have a 
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maximum 00 of 1.59 mm (0.063 in.). The cable insulation shall be 

inorganic. The length of the metal sheathed cable and, the length 

of the soft cable shall be specified in the ordering information. 

The finished cable shall be annealed in either a vacuum or hydrogen 
atmosphere. 

As a goal, straightness of the metal sheathed cable should be such 

that a go-no-go gauge having a length of 1.59 em (5/8 in.) and a 

hole diameter not greater than 0.051 mm (0.002 in.) greater than the 

cable diameter should pass over the ful· length of the metal 

sheathed cable without binding. 

PNL reserves the right to review the verdor qua1ity assurance plan 

for fabrication of the metal sheathed ccbles to assure adequacy for 

nuclear send ce. 

4.3 Signal Conditioner: Each transducer and extension cable shall be 

calibrated ~ith its signal conditioner and matching circuit cards 

supplied for each transducer as required. 

5.0 SYSTEM ASSEMBLY' 

5.1 Extension Cable Routing: The transducer housing will be located in 

the core of an operating nuclear reactor with the metal sheathed 

cable routed through a pressure boundary penetration to the readout 
instrumentation. The transition connect,Jr attached to the end of 

the metal sheathed cable must be designed so that it can be removed 

and installed in the field without signi·'icantly affecting the 

system calibration. The sheathed cab 1 e with the connector removed 

must be capable of being inserted througl1 a hole not greater than 

0.051 mm (0.002 in.) greater than the cable diameter. The removal 

of the connector is required to permit U1e transducer and metal 

sheathed cable to be assembled as part of an experimental 
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apparatus. In addition, the pressure transducer metal sheathed 

cable along with a number of other instrument cables (no power 

cables) will penetrate a Hastealloy plug to which the metal sheathes 

wi 11 be brazed. 

Cables from several eddy current type pressure transducers in the 

same test assembly will be assembled with other instrument cables 

such as thermocouples, linear variable differential transforms, 

turbine flow meters, and self powered neutron detectors into 

protective metal tubes within the reactor core. It is not possible 

to isolate the pressure transducer cable from ground between the 

sensor and the electronics. 

Depending on the location of the transducer in the reactor test 

facility, up to 3.7 m (12ft) of the metal sheathed cable will 

operate at approximately 315°C (600°F). A transition 

temperature zone occurs below and above the pressure boundary 

penetration. This zone is approximately 3m (10 ft) long and the 

temperature of the cable decreases from 315°C (600°F) to 21°C 

(70°F) within this region. The remaining cable length of 

approximately 4.9 m (16 ft) as well as the signal conditioner 

operate at 21°C (70°F). 

5.2 Transducer End Fittings: The transducer will be welded to the fuel 

rod. The end fitting design is shown on the vendor information 
drawing supplied with the ordering information. The cable end of 

the transducer will be attached to other instrumentation. The 
design requirements for this end of the transducer are shown on the 

vendor information drawing. 

6.0 CALIBRATION: A minimum of 20 calibration points on each transducer 

system shall be made at each of three temperatures over the specified 

pressure range. These data shall be taken for up runs and down runs with 

a minimum of 10 points for each run at 25°C, 270°C, and 540°C (77°F, 

500°F, and 1000°F). The foregoing procedure shall be repeated twice. 
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7.0 QUALITY ASSURANCE 

7.1 Documentation: Documentation of all manufacturing, materials 
testing, and quality records for each transducer system shall be 

maintained and submitted to the purcha·;er. 

7.2 Inspection: PNL reserves the right to inspect all materials and 

procedures during fabrication, testing .. and before shipment to 

assure that the prescribed requirement:; are met. 

7.3 Acceptance Tests at PNL: 

Acceptance testing at PNL will include the following: 

Visual inspection 

Verification of Section 6.0, Calitration. 

8.0 PREPARATiON FOR SHIPMENT: 

8.1 Cable Seals: The ends of the extension cables shall be sealed in 

such a manner that handling during shipment will not break the seal. 

8.2 Cable Packing and Shipping: The cable shall be coiled for shipping 
in a diameter of approximately 25 em (12 in.). The transducer 

systems shall be cleaned, packaged, and shipped in such a manner 

that they are received in an undamaged :ondition. 
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TABLE 1. Summary of Requirements for High Temperature Eddy Current Type 
Pressure Transducer System for Measuring Water Pressure in a 
Nuclear Reactor Facility 

Environmental Conditions 

Pressurized flowing water up to 2500 psig and 650°F 

Total neutron fluence: 3 x 1020 nvt 

Neutron flux: 5 x 1013 nv 

Gamma flux: 1.0 x 109 R/hr 

Pressure Transducer System Specification 

Pressure 

Range 

Temperature 

0-500 psi 

Design Temperature Range 

Sensor and Metal Sheathed Cable 

Connector on Metal Sheathed Cable 

Soft Cable and Connector 

Electronics 

Calibration 

Rate of Temperature Change for 

Specified Thermal Zero or 

Sensitivity Shifts 

Thermal Zero Shift (25°C to max. 

operating temperature) 

Sensor 
Electronics 

C-43 

-75°C to 540°C (-100°F to 1000°F) 

-75°C to 150°C (-100°F to 300°F) 

-55°C to 105°C (-67°F to 220°F) 

0°C to 55°C (32°F to 132°F) 

15°C, 270°C, 540°C (77°F, 500°F, 

1000°F) See Section 6.0 for additional 
requirements. 

0.1°C/sec (0.9°F/sec) max. 

Less than ~ 0.0270 FS0/°C 

Less than + 0.04% FS0/°C 



System Performance 

Frequency Response 

Sensor 

Electronics 

linearity, least Squares 

Repeatability@ 25°C (77°F) 

Hysteresis @ 25°C (77°F) 

Output Voltage, Analog 

Construction 

25K Hz 

zero to lOK Hz 

within + :.% FSO 

within 0.1% FSO 

0.5% FSO 

0 to I Vdc 

TTPS-1022, Rev I 

Pressure transducer and metal sheathed cable to be an integral unit. 

Materials: All inorganic 

Extension Cable: Up to 11.6 m + 0.3 m (38ft+ 1ft) length specified 

in purchase order. 

Diameter: 1.588 ~ 0.038 mm (0.0625 ~ 0.0015) 

Maximum Envelope for Transducer: As specified on the vendor information 

drawing supJlied with ordering 

information. 
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Specification for Special Multipair Extension Cable 
R. K. Marshall 

1.0 SCOPE: This specification presents the requirements for multipair extension 

cable for transmitting electrical signals from special quick disconnect 

connectors to signal conditioning electronics. 

2.0 CONSTRUCTION: Extension cable with pairs of chromel-alumel conductors 

twisted to reduce magnetic interference. The number of pairs shall be 
specified in the ordering information. Each conductor to be 24 gauge 
stranded (7/32) wire insulated with PVC. Individual pairs shielded with 

aluminum backed Mylar tape and a 24 gauge bare stranded copper drain wire 

in contact with the aluminum to reduce electrostatic interference. A second 
overall aluminum backed Mylar tape shield with a 24 gauge bare stranded 
copper drain wire in contact with the aluminum and with a PVC outer jacket. 
Primary insulation to withstand ambient temperatures up to at least 378 K 

(331°F). Outer jacket to withstand ambient temperatures up to at least 
353 K (176°F). The outside diameter of the insulation over each conductor 
shall be less than 1.37 mm (0.054 in.) and greater than 0.76 mm (0.030 in.). 
Individual conductors shall be color coded and individual pairs shall be 
uniquely marked for easy identification. 
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Specification for Standard Multipair Ex·:ension Cable 

R.K. Marshall 

1.0 SCOPE: This specification presents the requ·,rements for multipair 

extension cable for transmitting electrical :ignals from signal con­

ditioning electronics to a data acquisition system. 

2.0 CONSTRUCTION: Extension cable with pairs of copper conductors twisted to 

reduce magnetic interference. The number of pairs shall be specified in 

the ordering information. Each conductor to be 20 gauge copper 

insulated with PVC. Individual pairs shielded with aluminum backed ~1ylar 

tape and a bare copper drain wire in contact ~ith the aluminum to reduce 

electrostatic interference. A second overall aluminum backed t·lylar tare 

shield with a bare copper drain wire in conta,:t with the aluminum and with 

a PVC outer jacket. Primary insulation to wi :hstand ambient temperatures 

to at least 378 K (22l°F). Outer jacket to withstand ambient temperatures 

up to at least 353 K (176°F). Individual conductors shall be color coded 

and individual pairs shall be uniquely marked for easy identification. 
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Specification for Inconel-600 Sheathed Chromel-Alumel Thermocouples with 

Single or Dual Diameters for Nuclear Application 

R. K. Marshall 

1. 0 SCOPE: 

1.1 Intent: This specification presents the requirements for sheathed, 

Type K (chromel-alumel) thermocouples for nuclear service. The require­

ments of this specification include Inconel-600 for sheathing, magnesium 

oxide or aluminum oxide as insulation and Type K thermocouple wires for 

thermoelements. 

1.2 General Design: The general design of the finished thermocuples is 

shown in Figure 1. By appropriate selection of dimensions A, B, C, 0 

and E, either single diameter or dual diameter thermocuples can be 

specified. Sheath dimensions and tolerances for each nominal dimension 

shall be in accordance with Table 1. 

2.0 APPLICABLE DOCUMENTS: The latest official issue of the following standards: 

2.1 ASTM Standards: 

• B 167 Specifications for Nickle-Chromium-lron Alloy Seamless 
Pipe and Tubing, 

• E 2 Methods of Preparation of Micrographs of Metals and Alloys 

(Including Recommended Practice of Photography as Applied to 
Meta 11 ography), 

• E 3 t4ethods of Preparation of Metallographic Specimens, 

• E 94 Recommended Practice for Radiographic Testing, 

• E 142 Method for Controlling Quality of Radiographic Testing, 
• E 165 Method for Liquid Penetrant Inspection, 

• E 220 Method for Calibration of Thermocouples by Comparison 

Techniques, 

• E 230 Standard Temperature Electromotive Force (EMF) for Thermo­
coup 1 es, and 

• E 235 Thermocouples, Sheathed, Type K, for Nuclear or Other 

High Reliability Applications. 
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<.2 ANSI Standard 

• B 46.1 Surface Texture 

3.0 ORDERING INFORMATION 

• 

• 
• 

• 

• 

The quantity, lengths, and nominal diameters of the sheathed 

thermocouple (dimension A, 8, C, D, E of Figure 1), 

The limits of error if other than standard limits (see Tables E 230) 
!he type of ceramic insulation required, either magnesia (/~gO) or 

alumina (Al 203J, 
The class of thermocouple measuring junction, either grounded (Class 1} 

or ungrounded (Class 2), see Figures 2 and 3, 

The type of dye-penetrant inspection procedure to be used. 

4.0 r1ATERIALS AND MANUFAcTURE: 

4.1 Sheath Material: The Inconel-600 tubing used for the sheath 

material shall conform to B 167 with cctrbon content restricted to 

4.2 

<0.05%. 

Thermocouple \</ires: 

specification shall 

Thermocouple wires referred to in the 

be Type K with standard limits of error. 

4.3 Insulation: As specified in E 235 paragraph 5.1.3 and subpara­

graphs 5.1.3.1, 5.1.3.2, and 5.1.3.3. 

4.4 Processing: Cleanliness as specified in paragraph 5.2.1. 

5.0 INSPECTION AND METHODS OF TEST 

5.1 General Procedure: As specified in paragraph 6.1 and subparagraphs 

6.1.1 and 6.1.2 in E 235. 

5.2 Insulation Resistance: 

except that resistances 

As specified in paragraph 6.2 of E 235 
9 shall be greater than 10 ohms. Measurements 

shall be made at room temperature. Conclitions and resistances as 

specified in Table 2 of E 235 shall not apply. 
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5.3 Radiographic Inspection: As specified in 6.3. l, 6.3. 1. 1, 

6.3.2, 6.3.3, 6.3.4, 6.3.4.1, 6.3.5, 6.3.6, and 6.3.7 of 

E 235. 

5.4 Sheath Integrity: As specified in 6.4.1, 6.4.2 and 6.4.3 of 

E 235. 

5.5 Surface Finish: As specified in 6.5 of E 235. 

5.6 Surface Defects: As specified in 6.6 of E 235. 

5.7 Metallurgical Structure of the Sheath: As specified in 

6.7.1, 6.7.3 of E 235. 

5.8 Thermal Cycling of Measuring Junction: As specified in 

6.8, 6.8.1, and 6.8.2 of E 235. 

5.9 Insulation Resistance After Thermal Cycling: As specified 

in 6.9 of E 235. 

6.0 CALIBRATION: As specified in 6.10.1 and 6.10.2 of E 235. 

7.0 CERTIFICATION ANO TEST REPORTS: 

• Chemical analysis of the sheath material in accordance with 4.1 

• Certification that the type of thermocouple wire used in the 

manufacture of the thermocouples is in accordance with the 
purchaser's ordering documents and the requirements of Tables 

E 230 for the designated material descrlhed in 4.2. 

• Certified results of insulation composition tests (see 4.3). 

• Test results in insulation resistance tests (see 5.2). 

• Radiograph results of radiographic inspection (see 5.3). 

• Test results of sheath integrity tests {see 5.4). 

• Results of liquid penetrant inspection (see 5.6). 

• Test results on metallurgical structure (see 5.7) 

• Test results from thermal cycle tests {see 5.8). 

• Calibration results {see 6.0). 
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8.0 PREPARATION FOR SHIPMENT 

8.1 Cable Seals: The end of the mineral insulated cable shall be 

permanently sealed. 

8.2 Cable Termination: The end of the cab-e shall have a temporary 

flexible lead approximately 152 mm (6 ·n.) in length, attached 

for the purpose of inspection and calit,ration. The leads shall 

be coded so that the chromel and alumel conductors may be identi­

fied. The coding information shall be included with the shipment. 

8.3 Cleaning: The surface of the finished thermocouples shall be free 

of grease, oil, fingermarks, dirt, scale, and other foreign matter 

before packaging. 

8.4 Marking: Each thermocouple shall be assigned a serial number. 

8.5 

lhe serial number shall be inscribed on a corrosion-resisting 

metal tag and affixed to the assembly with paper or plastic-

coated corrosion-resistant wire approxi~ately 152 mm (6 in.) from 

the cold junction end of the metal sheath cable. For dual diameter 

thermocouples, the metal tag shall include the nominal diameter and 

length of the reduced portion of the cable. 

Packing and Shipping: The thermocouple shall be coiled for shipping 

in a diameter of not less than 305 mm (12 in.). The thermocouples 

shall be packaged and shipped in such a manner that they are re-
ceived in an undamaged condition. 
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1-------c -------1 

HOT JUNCTION END 

FIGURE 1. General Design of Sheathed Thermocouples 
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TABLE l. Dimensions and Tolerances for Sheathed Thermocouples, 
see Figures 2 and 3. 

Sheath Outside Diameter, A Hinimum Minimum Minimum 
Sheath Insulntion \4i re 

Nomina 1 Tolerance fla ll ThicknPc;<; Diameter E, Tolerance F, Tolerance 

m1n max B c 0 min rnax min max 

--·-·-·----------

f-1i 11 imetei'S ----

l. 588 l. 562 l. 624 0.23 0.13 0.25 0. 23 0.81 0. 13 0. 81 

l . 016 0. 991 l. 054 0. 15 0. l 0 0.13 0.15 0. 51 0. l 0 0.53 

0.508 0.483 0.533 0.069 0.05 0.094 0.069 0. 381 0.076 0.381 

0. 254 0. 241 0. 267 0.036 0.025 0.033 0.036 0.254 0.076 0.254 

--~------·· 

n Inches ' "" ~ 
0.0625 0.0615 0.0640 0.009 0.005 0.010 0.009 0.032 0.005 0.023 

0.0400 0.0390 0.0415 0.006 0.004 0.005 0.006 0.020 0.004 0. 021 

0.0200 0.0190 0.0210 0.0027 0.002 0.0037 0.0027 0.015 0.003 0.015 

0.0100 0.0095 0.0105 0.0014 0.001 0.0013 0.0014 0.010 0.003 0.010 



SHEATH\ 

WlRE 

·.d 

I 1 i L_ ~, 
c 

WELD CLOSURE--. 

INSULATOR\ \ 

FIGURE 2. Grounded Measuring Junction, Class 1 

FIGURE 3. Ungrounded Measuring Junction, Class 2 
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Metallic Sheathed Mineral-Insulated Cable:; for Nuclear Service 

R. K. Marshall 

1.0 SCOPE: This specification presents the requirements for a metallic 

sheathed, mineral-insulated cables extending from in-reactor sensors to 

out-of-reactor signal conditioners. 

2.0 APPLICABLE DOCUMENTS: The latest official issue of the following 

standards. 

2. l ASTM Standards: 

• A262 Recommended Practives for Detecting Susceptibility to 

Intergranular Attack in Stainless Steels 
• Bl67 Specifications for Nickel-Chro~ium-Iron Alloy Seamless 

Pipe and Tube 

• A632 Specifications for Seamless and Welded Austenitic Stainless 

Stee 1 Tubing ( sma 7l diameter) for G1?nera l Service 

• E2 Methods of Preparation of Micrographs of Metal Alloys 

(including recommended practice for photography as applied 
to metallography) 

• E3 Method of Preparation of Metallo9raphic Specimens 
• £94 Recommended Practice for Radiographic Testing 

• El12 Methods for Estimating the Aver·age Grain Size of Metals 

• El42 Method for Controlling Quality of Radiographic Testing 

• E165 Methods for Liquid Penetrant Inspection 
• E235 Specifications for Thermocouples, Sheathed, Type K, for 

Nuclear or other High-Reliability Applications. 

2.2 ANSI Standard: 

• 846.1 Surface Texture. 

3.0 ENVIRONMENTAL CONDITIONS: The metal sheathed :ables will operate under 

both steady-state and transient conditions in 3 recirculating loop facility 

in a nuclear reactor and shall be designed to l)perated under the following 

environmental conditions. 
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3. l Nuclear: A thermal neutron 

gamma flux of l x 109 R/hr. 

TTPS-1030, Rev 0 

14 2 flux up to 1 x 10 n/cm /sec and a 

3.2 Steady State: Pressurized flowing water up to 17.2 MPa (2500 psig) 

and 616 K (650°F). 
3.3 Transient: Steam up to 0.34 MPa (SO psig) and 977 K (l300°F). 

4.0 ORDERING INFORMATION: The purchase order documents shall specify the 

following information. 

• The quantity, length, and nominal diameters of sheathed cable, either 

1.588 mm (0.0625 in.) or 1.016 mm (0.0400 in.) 

• the type of ceramic insulation required, either alumina (Al 2o3) or 

magnesia (MgO) 

• the type of tubing material 

• the type and quantity of conductor wires. 

5.0 MATERIALS AND MANUFACTURE 

5.1 Cable: 

S.l.l Material: AISI types 304,308,310,316,321, or 347 stainless 

steel in accordance with A632. I ncone 1-600 in accordance 

with Bl67 except that carbon content shall be <0.05~~. 

5. 1.2 Conductor wire: Material and quantity to be specified by 

the buyer 

5.1.3 Insulation: The insulating material shall be either magnesia 

(MgO) or alumina (Al 2o3) and shall comply with the following 

requirements as to composition: 
• the magnesia shall be electrically fused with a 99.4 

percent minimum content of magnesia and with a maximum 

content of boron plus cadmium of 30 ppm. All impurities 

including boron and cadmium shall be less than 6000 ppm. 
The sulfur content shall be less than 50 ppm and the 

carbon content less than 300 ppm. 

• The alumina shall be alpha alumina with a minimum content 

of 99.5 percent alumina. The maximum boron plus cadmium 

content shall be 30 ppm. Sulfur shall not exceed 50 ppm 

while carbon shall not exceed 300 ppm. All impurities 
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in the alumina, including the boron and cadmium, shall 
be no more than 5000 ppm. 

• A certified analysis of the Cl)mposition of the insulating 

material as supplied to the thermocouple manufacturer 

5.2 Processing: 

shall be furnished to the purchaser. The thermocouple 

manufacturer shall be respons-ible for maintaining the 

purity within the specified l-imits in the finished product. 

5.2.1 Cleanliness: The surface of the CClmpleted cables at the time 

of delivery shall be free of residues containing nuclear 

poi sons such as boron and cadmi urn c:ompounds, or foreign 

substances such as chlorine compourds, strong acids, bases, 

oils, greases, or dust that could tecome the source of corro­
sions of chemistry changes in a primary coolant or heat-transfer 

medium. The use of compounds containing halogens is prohibited 
for final cleaning. Alcohol or methyl isobutyl ketone may be 
used unless otherwise specified. 

5.2.2 Annealing: The sheath of the finished cable shall be solution 
annealed and shall not be sensitized. 

6.0 INSPECTION AND TEST METHODS 

6.1 Insulation Resistance: The electrical resistance between conducting 
wires and between each conducting wire and sheath shall be in accordance 
with Table 1, with the applied voltabe specified (both direct and 
reversed polarity) for a cable length not exceeding 15m (50ft). 

6.2 Radiographic Inspection: 
6.2.1 A length of the fabricated cable extending a minimum of 102 mm 

(4 in.) from one end of the cable st1all be examined by 

radiography to determine that the dimensions are in accordance 

with Table 2 and that any defects dco not exceed the following 
requirements: 

• Cracks, voids or inclusions in the sheath wall greater 
than 15 percent of the sheath wall thickness, or 0.05 mm 

(0.002 in.), whichever is greater. 
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• Cracks, voids, inclusions, discontinuities, or local 

reduction of the conductors, insulation, or sheath 
diameter greater than 0.05 mm (0.002 in.). 

6.2.2 The cable shall be radiographed in two directions 90 degrees 
apart and perpendicular to the cable axis. The radiography 

shall be performed in accordance with Recommended Practice 
E94, and the design of the penetrameter shall be as specified 
in E142 as modified according to E235, Section 6.3.4.1. 
The radiograph shall be supplied to the purchaser along with 

appropriate means of identifying the cable with its radiograph. 

6.3 Sheath Integrity: The sheath integrity of the finished cables shall 
be tested. The manufacturer shall perform at least one of the following 

tests, the manufacturer can select which test to perform. 
6.3. 1 Helium Leak Test: Test the finished cables as follows: weld 

the open end of the sheaths or otherwise seal, and wipe the 
cable clean with a solvent-saturated material. The recommended 

solvents are alcohol, methyl ethyl ketone, or methyl isobutyl 
ketone. Pressurize the sheath externally with helium to at 
least 6.9 MPa (1000 psig) for a period of 5 to 10 min. Wipe 

the cable again with a solvent-saturated tissue and insert 
within 2 hr into a test chamber. Evacuate the interior of 
this chamber to a pressure of 50 ~m Hg or less and test for 
the presence of helium using a mass spectrometer-type helium­
leak detector. An indication of helium leakage of 6 x 10-9 

standard cm3;s or greater shall be taken as evidence of a 
leak, and the cable shall be rejected. 

6.3.2 Hydrostatic Test: Test the finished cables as follows. 
Seal weld the ends of the sheath and place the cable in a 

water environment in a hydrostatic chamber. Operate the 
chamber at a pressure of 24.1 MPa (3500 psi) and room 
temperature for a minimum of one hour. Remove from the 

chamber and measure the insulation resistance of the cables 

in accordance with 6.1. If the cable does not meet the 
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requirements of 6.1, it shall be taken as evidence of a leak 

and the cable shall be rejected. 

6.4 Surface Finish: The surface of the sheaths of all cables in the 

completed condition shall have a bright a~~pearance with a finish 

no rougher than 0.00081 mm (32 ~in.). Ma~e a visual comparison 

with roughness standards in accordance with ANSI B46.l. 

6.5 Surface Defects: There shall be no cracks, seams, holes, or other 

defects on the surface of the sheath of t~e finished thermocouples 

when tested in accordance with Procedure fl2 of Methods E165. Any 

indication of cracks, seams, holes, or other defects shall be cause 

for rejection. 

6.6 Metallurgical Structure of the Sheath: 

6.6.1 Select a sample cable at random from each "lot" of cables. A 

"lot" of cables is defined as a group of 15 cables or fraction 

thereof, manufactured from the same materials in the same 

production run. Using a section of the sample cable, close-

wind the selected section of the sheath three full turns on a 

mandrel that is twice the sheath di:!meter. Prepare the 

metallographic specimen in accordan:e with Method E3. The 

sheath material of the mounted specimen shall not contain 

evidence of cracks or localized wall thinning when longitudinally 
sectioned and examined by normal metallographic practice at 
a magnification of 200 to 500 X in dccordance with Method E2. 

6.6.2 Mount another section of the sample cable which has not been 
bent and examined for grain size. 1:onduct the grain size 

measurements in accordance with Methods Ell2. The maximum 

allowable grain size is ASTM Number 6. The sheath material 

of the straight section shall not contain evidence, when 

examined at 200 to 500 X, of any cracks, inclusions, porosity, 

or grain boundary attack. In addit·,on Types 304, 304L and 316 

stainless steel sheaths shall not contain continuous envelopes 

of precipitated carbides defined as "ditch structure" in 

Recommended Practice A262. 
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7.0 CERTIFICATION AND TEST REPORTS: Copies of the following certified tests 

and inspection reports shall be submitted to the purchaser. 

• Chemical analysis of the sheath material (see 5.1.1) 

• chemical analysis of conductor wires (see 5. 1.2) 
• certified results of insulation composition tests (see 5.1.3) 

• results or insulation resistance tests (see 6.1) 
• results of radiographic inspection (see 6.2} 
• results of sheath integrity tests (see 6.3) 

• results of liquid penetrant inspection (see 6.5) 
• test results on metallurgical structure (see 6.6). 

8.0 PREPARATION FOR SHIPMENT 

8.1 Cable Seals: The ends of the mineral insulated cable shall be 

permanently sealed. 
8.2 Cable Termination: Both ends of the cable shall have a temporary 

flexible lead approximately 152 mm (6 in.) in length, attached for 
the purpose of inspection. 

8.3 Cleaning: The surface of the finished cables shall be free of 
grease, oil, fingermarks, dirt, scale, and other foreign matter 

before packaging. 
8.4 Marking: Each cable shall be assigned a serial number. The serial 

number shall be inscribed on a corrosion resisting metal tag and 

affixed to the cable with paper or plastic-coated corrosion-resistant 
wire approximately 152 mm (6 in.) from one end of the cable. 

8.5 Packing and Shipping: The cable shall be coiled for shipping in a 

diameter of not less than 305 mm (12 in.). The cables shall be 
packaged and shipped in such a manner that they are received in an 
undamaged condition. 
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TABLE 1. Insulation Resisunce 

Sheath Outside Diameter, mm (in.) 

1.0 (0.040) 

1.587 (0.0625) 

Applied DC Voltage 
(Both Direct and 
Reverse Polarity 

50 Vdc (min) 

500 Vdc 

TABLE 2. Dimensions and Tolerances for 

Sheath Outside Diameter Minimum Minimum 
Nomina 1 Tolerance Sheath Insulation 

Min Max Wall Thickness 

Mi 11 imeters 

1 . 016 0. 991 1 . 054 0.15 0.10 

l. 588 l. 562 l. 625 0.23 0.13 

Inches 

0.0400 0.0390 0.0415 0.006 0. 0)4 

0.0625 0.0615 0.0640 0.009 O.W5 
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Required Minimum 
Insulation Resistance 

at Room Temperature, MD 

Cables 

Minimum 
Wire 

1000 
5000 

Diameter 

0.13 

0.25 

0.005 
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Self-Powered Pressure Switch 

R.K. 11arshall 

l. 0 SCOPE: This specification presents the design and operating 

for a self-powered pressure switch which. when attached to a 

will indicate cladding failure during reactor operation. 

requirements 

fuel rod, 

2.0 APPLICABLE DOCU~IENTS: The latest official version of the followin9 

documents: 

• PNL Specification: TTPS-1030, Revision 0, f~etallic Sheathed f1ineral­

Insulated Cables for tluclear Service. 

• PNL Design Drawings: H-3-41867, Sheets l & 2. 

• ASTt~ A479 for 304L stainless steel. 

3. 0 ENVI RON~!ENTAL CONDIT! ONS: The switch and metal sheathed cable will operate 

under steady-state and transient conditions in a recirculating loop faci 1 ity 

in a nuclear reactor and shall be desiqned to operate under the following 

environmental conditions. 

3.1 Nuclear: A thermal neutron flux up to 1 x 1014 n/cm2/sec and a gamma 
flux of 1 x 10 9 R/hr for a maximum operating time of 48 hours. 

3.2 Steady-State: Pressurized flowing water up to 17.2 ~lPa (2500 psiq) 
and 616K (650'F). 

3.3 Transient: Steam up to 0.34 MPa (50 psig) and SllK (lOOO'F). 

4.0 FUEL ROD INDICATOR OPERATION: 

4.1 Description: The device is an on-off pressure-activiated switch 
combined with a thermocouple. The device is welded to the top end 
of a fuel rod. Pressure increase within the fuel rod causes compression 
of the two bellows shmm in Drawing H-3-41863 sheet 1. The switch is 
open at atmospheric pressure and closes when the fuel rod internal pressure 

reaches a predetennined value. Hhen the switch closes, continuity is 

established between each thermoelement conductor and the cable sheath. 
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\>!hen the pressure drops below the predetemined value, the circuit is 

opened indicating the reduction in pressure. The break in continuity 

can be determined by electrical means. 

4.2 Pressure Switch Adjustment: The adjustmert of the switch closing and 

opening pressure is accomplished by adjusting the gap between the 

thermocouple tip and bellOI'JS adapter extension, dimension A. The re­

quirement for the gap 'Nidth, Drawing H-3-41867, Sheet 1, Dimension A 

is included in the orderin9 information. 

4.3 Switch Design Operating Conditions: The S'Nitches shall be designed to be 

operated under the loop environmental conditions specified in Section 

3.0 and under the following switch internal pressure and temperature 

conditions. The pressure difference acros~; the bellows wall is approx­

imately 8.10 ~lPa (1175 psi) 1-.'ith the highet· pressure on the bellows 

outside. 

4.2.1 Steady-State: 4.3 ;•.Pa (870 psig) at 616K (650°F). 

4.2.2 Transient: 8.3 MPa (1200 psig) at !11K (1000°F). 

5. 0 CONSTRUCTION: 

5. 1 Switch: 

5.1.1 r,1aterials: All inorganic. 

5.1.2 Belloi-.'S: Inconel 718 or Inconel 750. Material specification 

specified by bellows manufacturer. 

5.2 Extension Cable: The extension cable consists of an Inconel-600 

meta1 sheathed cable with chromel-alumel conductors insulated with 

~1GO. The cable shall be purchased in accordance with PNL Specification 

TTPS-1030, Revision 0. The required ordering information is listed 

in TTPS-1030, Revision 0. 

5.3 \~elds and Brazes: Qualification tests of weld and braze procedures 

shall demonstrate that adequate welds and brazes are produced. PNL 

reserves the right to review the weld and braze procedures and qual­

ification tests before use. 
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6.0 TESTS: 

6.1 Leak Tests: All containment welds and brazes shall be tested with a 

helium mass spectrometer leak detector. A leak rate in excess of 
6 x 10-9 standard cm 3;sec of helium shall be used as a basis for 

rejection. 

6.2 Resistance f1easurements: The resistance of the chromel-alumel con­

ductors shall be measured to assure thermocouple continuity. The re­

sistance shall conform to the calculated or premeasured values for the 

thermoelectric circuit. The resistance of each thermoeler1ent conduc­

tor to the cable sheath shall be measured when the switch is open and 
when closed. When the switch is open, infinite resistance should be 

read. \·Jhen c1osed, the resistances should conform to the nor:1inal re­

sistance values for each conductor. The above measurements shall be 

made after assembly of the device has been completed. 

6.3 Thermocouple Attachment Test: The weld or braze of the thermocouple 

sheath to the end bulkhead shall be designed to withstand and axial load 

of at least 18 kg (40 lbs) applied to the internal end of the thermo­

couple wire. Tests shall be performed to demonstrate that this require­

ment is net. 

7.0 CALIBRATION: The switch shall be calibrated by internally pressurizing the 

assembly ~o<1ith helium, argon, nitrogen or air at room temperature andre­

cording the pressure at which the switch closes and opens. Switch closure 

and opening shall be determined by measuring the resistance of each thermo­

element to the sheath. The values shall conform to those determined in 6.2. 

This procedure shall be repeated twice for a total of three runs. The design 

closure pressure and tolerances will be specified in the orderinq information. 

8.0 QUALITY ASSURANCE: 

8.1 Inspection: 

8.1.1 Examination of Materials and Procedures: PNL reserves the riqht 

to inspect all materials and procedures during fab(ication, test­

ing, and before shipment to assure that the prescribed requirements 

are met. 

8.1.2 Visual : The surface of the indicator and cable shall show no 

visible oxidation, scale or discoloration. 
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8.2 Acceptance Tests at PNL: 

8.2.1 Visual inpsection, paragraph 8.1.2 

8.2.2 Verification of Section 7.0, Calibration. 

8.3 Documentation: Certified copies of the following inspection and 

calibration reports shall be submitted to t~e rurchaser. 

8.3.1 Chemical and Physical Analyses: 

(a) Bellows 

(b) 304L stainless steel 

8.3.2 Extension cable documentation as specified in TTPS-1030, Rev. o 

8.3.3 Results of leak tests,resistance measJrements,and thermo­

couple attachment tests (see 6.0). 

8.3.4 Calibration data (see 7.0). 

9.0 PREPARATION FOR SH!PMEIIT: 

9.1 Cable Termination: The readout end of the cable shall have a temoorary, 

flexible lead approximately 152 mm (6 in.) in length, attached for the 

purpose of inspection and calibration. 

9.2 Cleaning: The surface of the finished asse~blies shall be free of 

grease, oil, fingermarks, dirt, scale, and other foreign matter before 

packaging. 

9.3 ~1arkinq: Each assembly shall be assigned a s:rial numer. The serial 

number shall be inscribed on a corrosion-resi·;tant tag and affixed to 

the assembly ~>tith paper or plastic-coated, coJ~rasion-resistant wire 

approximately 152 (6 in.) from the end of the metal sheath cable. 

9.4 Packaging and Shipping: For shipping, the cable shall be coiled in a 

diameter of not less than 254 mm (10 in.). The· assemblies shall be 

packaged and shipped in such a manner that they are recieved in an un­

damaged condition. 
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Shroud Ass~bly 

C. Nealley 

1.0 SCOPE: This specification describes the fabrication requirements for a 

shroud. 

2.0 APPLICABLE DOCUMENTS: The following documents form a part of this 

specification: 

ASTM A 276, Stainless and Heat-Resisting Steel Bars and Shapes 

PNL Material Specification TTMS-1033, Revision 2 

PNL Heat Treatment Specification TTHTS-1008 

PNL Drawing H-3-41811, Sheet 2 

3.0 MATERIAL REQUIREMENTS: The material shall conform to PNL Specification 

TTMS-1033, Revision 2. 

4.0 TECHNICAL REQUIREMENTS: 

4.1 Shape and Dimensions: The shroud shall be machined to meet the 
shape and dimensions shown in PNL Drawing H-3-41811, Sheet 2. 

4.2 Heat Treatment: The initial heat treatment of the material shall 
be in accordance with ASTM A 276, Stainless and Heat-Resisting Steel 
Bars and Shapes. Any stress-relieving heat treatment performed 
during fabrication shall be in accordance with PNL Heat Treatment 
Specification TTHTS-1008. 

4.3 Pickling: After the final heat treatment, the shroud shall be 
pickled to remove any heat treatment discoloration. This pickling 
operation shall be performed in accordance with PNL Heat Treatment 
Specification TTHTS-1008. 

4.4 Workmanship: All material shall be free of laps, cracks, voids, 
seams, and other defects. The surface finish of the shroud shall 

be in accordance with PNL Drawing H-3-41811. In addition, the 

shroud shall be free of burrs which might interfere with assembly or 
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function of the final shroud assembly and be free of chips, dirt, 

grease, corrosion or other foreign material. 

5.0 QUALITY ASSURANCE: 

5.1 Inspection: Each shroud shall be visually inspected for defects, 

surface condition and cleanliness. The shroud shall also be 
inspected for all items specified on PNL Drawing H-3--+1811, Sheet 2. 

5.2 Certification: All tests and inspections shall be certified and 

reported to the buyer. 

5.3 Acceptance: Acceptance shall be at the seller's facility by a 
buyer's representative. 

6.0 PACKAGING: Each shroud assembly {two matchecl halves) shall be sealed with 

tape in a flat, plastic vinyl tube. The plastic wrapped shroud assembly 

shall then be crated in wooden containers for shipment to the buyer. Scrap 
or rejected parts shall be crated in a wooden container and shipped to the 

buyer. 
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Specification fer \·lelding Austenitic Staln1,e::s Steels 

R. F. Klein 

1.0 SCOPE: This specification describes the requirer.1ents fot· welding austenitic 

stainless steel. 

2.0 TECHNICAL SPECIFICATION: 

2.1 Base Metals: Base 11l'2tals shall be in accordance with HPS-230-\~ or an 

equivalent specification. 

2.2 Fill~r Metals: Filler Metals shall be in accordance with HPS-230-W 

or an equivalent specification. 

2.3 Welding Processes: Welding process shall be in accordance with the 

processes in HPS-230-\.J with the foll01~·ing exceptions: 

1. Paragraph 2.1 shall not apply. 

2. Paragraph 3.1 .a shall be ame;~ded to read: Welding operations 

performed under this specification shall meet the requirements of 

the ASME Code, Sections III or VIII, or ANSI 531 .l .0, as applicable, 

or as approved by the 8HW Project Engineer except as :ncdified 

herein or otherwise defined on dra>~ings, in the construction 

specifications, or in the purchase order. 

3. Paragraph 3.2.a{l) shall be amended to rec~: ldelding prccedu;e 

specifications shall be prepared for all welding orocesses to be 

used on projects where this speclfic.ition governs. The miniro1um 

elements to be included in the procedure specifications shall he 

as defined in Section IX of the AS~~E Code or by the BN 1.-J Project 

Engineer. Except as othen-:ise defined herein, the procedures shall 

be qualified in accordance l't'ith Sect'ion IX and shall be formally 

approved by the Project Engineer prior to use in production 

operations. 

4. Paragraph 3.2.a(2) shall be amended to read: Sheet metal welding 

procedures shall be qualified in accordance with Section IX or as 

approved by the BNW Welding Engineer and Project Manager. The 

Contractor shall maintain current records of the procedure 
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specifications, qualification test results and approval documentation; 

all of which shall be subject to audit. The contractor shall also 

maintain copies of the approved procedure specifications at the job 

site to permit their use for reference purposes by concerned 

personnel. 

5. Paragraph 3.2.b shall be amended to read: \~elders and 1-lelding 

Operators, except those involved with special process welding 

such as sheet metal or other applications not directly addressed 

by national codes, shall be qualified in accordance with Section IX 

of the ASt,lE Code. However, if the welder or welding operator 

performs the ~t.'eld parameter development for a specific weld and 

these parameters and \~elds are approved by the 8~'~ welding engineer 

or BtiW' project engineer, the welder or welding opera:or shall be 

considered qualified to perform that specific weld. 

6. Paragraph 3.6.n shall be amended to read: \·iater shall not be 

placed on the v1eldment until the v1eld area has cooled to room or 

c.mbient temperature. 

3. 0 G.:.i·JERAL: 

3.1 Terminology: The term "administration" as used in the "Hanford 

Process Specifications'' (HPS) shall be specifically defined as 

Batte7ie i"'•emorial Institute, Pacific Northwest Laboratories (BN~i). 

3.2 ~Jeldment Type: 1-ieldments made under this specification shall be 

Type I I. 
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SPECIFICATION FOR WELDING INCONEL ALLOYS X-750 and 718 

R. F. Klein 

1.0 SCOPE: 

Inc one 1 
This specification defines the minirnum requirements for welding 

X-750, and Inconel 178. 

2.0 REFERENCED CODES AND STANDARDS: The follow·ing codes and standards form a 

part of this specification to the extent defined herein. The issue in 

effect, including any addenda, on the date of invitation for bids or 

request for approval, shall be applicable. 

• AMERICAN NATIONAL STANDARDS INSTITUTE 

ANSI Z49.1 Safety Precautions 

• AMERICAN SOCIETY OF MECHANICAL ENGINEEF:S (ASME) 

ASME Code Boiler and Pressure Vessel Code 

• AMERICAN SOCIETY FOR NONDESTRUCTIVE TESTING (ASNT) 

• AMERICAN WELDING SOCIETY (AWS) 

AWS A2.4 Symbols for Welding and Nondestructive Testing 

AWS A3.0 Terms and Definitions 
AWS A5.12 Specification for Tungsten Arc Welding Electrodes 

3.0 REFERENCES: 

3.1 General: 

a. Welding operations performed under this specification shall meet 
the requirements of the ASME Code, Sections III or VIII, or ANSI 

831.1.0, as applicable, or as approved by the Battelle Northwest 
project engineer, except as modified herin or otherwise defined 

on drawings, in the construction specifications or in the 

purchase order. 
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b. Symbols, Terminology and Safety Precautions: Welding symbols and 

terminology used in communications and documentation shall be in 
accordance with AWS A2.4 and A3.0 latest edition respectively. 
Safety precautions shall conform to ANSI Z49.1 latest edition. 

c. Definitions 

(1) The term "Buyer" as used herein shall be interpreted as the 

Battelle PNL Project Manager or Welding Engineer. The term 
"As specified by contract documentation," used herein, shall 

mean as specified by product design drawings, project speci­

fication, purchase order, or other contract documentation. 

(2) The term "Inspector" as used herein shall be interpreted as 

the person or persons designated by the Buyer to determine 
compliance with the requirement of this specification. For 
construction requiring ASME certification, the designated 

individuals shall be authorized inspectors who have been 
qualified as required by the applicable sections of the 
ASME Code. 

3.2 Qualification Requirements 

a. Welding Procedures: 

(1) Welding procedure specifications shall be prepared for all 
welding processes to be used on projects where this specifi­
cation governs. The minimum elements to be included in the 
procedure specifications shall be as defined in Section IX of 
the ASM~ Code or by the Buyer. Except as otherwise defined 
herein, the procedures shall be qualified in accordance with 
Section IX or as approved by the Buyer prior to use in 
production operations. 
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(2) Current records of the procedure specifications, 

qualification test results and approval documentation shall be 

maintained and shall be subject to audit. 

b. Personnel: Welders and welding operators, except those 

involved with special process welding such as sheet metal or 

other applications not directly addressed by national codes, 

shall be qualified in accordance with Section IX of the ASME 

Code. However, if the welder or welding operator develops the 

welding parameter for a specific weld, and these parameters and 

welds are approved by the Buyer, th~~ welder or welding operator 

shall be considered qualified to pe·"form that specific weld. 

3.3 Materials and Welding Processes 

a. Base Metals: Base metals covered b:1 this specification shall 

be Inconel X-750 in the annealed or solution-treated condition 

and Inconel 718 in the solution annealed condition. The 

m3terial shall be purchased under the following specifications: 

Inconel X-750 

AMS 5542G for sheet 

AMS 5582 for tube 

AMS 5671 for bar 

InconE! l 718 

AMS 5~;953 or 5597 A for sheet 

AMS 5£;89 or 5590 for tube 

AMS 5£628, 55638, 5564A for bar 

b. Welding Processes and Filler Metals: Except where otherwise 

approved by the Buyer, welding proce·sses and filler metals used 
shall be capable of producing welds having corrosion resistance 

and mechanical properties equal to or exceeding those of the 

base metal being welded. Inconel filler metal 718 purchased to 

AMS 5832 is recommended for both base metals. The following 

welding processes shall be acceptable for use in manual, 

semiautomatic or automatic modes of operation, as applicable, 

subject to the provisions defined herein. 
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(1) Gas Tungsten Arc Welding (GTAW) - GTAW may be employed for 

all applications and positions. Tungsten electrodes shall 

conform to AWS A5.12, Classification EWTh-2. Filler metal 

may be cut-length rod or spooled wire as appropriate for 

the mode of operation. Automatic GTAW not using filler 

wire, shall be permitted on base metal not exceeding 1/8 

inch thickness where it is shown in procedure 

qualification tests that no degradation in the properties 

of the base metal occurs. Such evidence may require 

limited testing beyond that specified in Section IX of the 

ASME Code and sellers proposing use of the process should 

review test requirements with the Buyer prior to 

conducting qualification tests. Current characteristic 

for GTAW shall be Direct Current Straight Polarity 

(DCSP). It is preferred that GTAW equipment have high 

frequency arc initiation capabilities. However, equipment 

without such capabilities may be used subject to 

provisions defined in Paragraph 3.6 of this 

specification. The welding torch shall be equipped with a 

gas lens cup for minimum shielding gas turbulance. 

(2) Plasma Arc Welding (PAW) - PAW may be employed for joining 

materials in thicknesses from 0.1 to 0.3 inch. The arc 

system shall be of the transferred type using the keyhole 
method without filler metal. Tungsten electrodes shall 

conform to AWS A5.12, Classification EWTh-2. Shielding 

and orifice gases shall be similar to the shielding gases 

permitted for other welding processes except that 

oxidizing or reducing gas additives shall not be permitted. 
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Argon containing not more than 6 percent dry hydrogen 

(H2) may be used for the orifice gas but shall not be 
permitted as shielding gas. Joints in material over 0.3 
inches thick can be plasma ar: welded by use of the 
keyho 1 e method, without fi lle· .. meta 1, for the root pass, 

followed by a nonkeyholing pass with filler metal added. 
In this case, filler metal rna:~ be cut-length rod or 

spooled wire as appropriate for the equipment involved. 

(3) Electron Beam Welding (EBW) - EBW may be employed for all 

practical applications. The parts to be welded shall be, 
at a minimum, thoroughly degreased per paragraph 3.5c (2). 

It may be necessary to chemicd.lly clean the parts prior to 

welding using a pickling solu~:ion as recommended by the 

metal supplier. A vacuum of at least 1 x 10-4 torr 

shall be achieved prior to we'lding on the parts. The 

welded parts shall be allowed to cool prior to backfilling 

the chamber. 

(4) Shielding and Purging Gases - Shielding gases for use with 

gas-shielded welding processe~; shall be argon (Ar) or 

helium (He) of welding grade, 99.99% or better purity and 

have a dewpoint of -60°F or lt!SS. Mixed gases used for 

shielding such as Argon-Helium shall have a dewpoint of 

-50°F or less and be of welding grade quality. Purging 

gases for use with all weldin~J processes where an inert 

backing is required shall be argon or helium or duplex mix 

of same, unless otherwise approved by the Buyer. Oxidiz­

ing or reducing gas additives shall not be acceptable for 

purging applications. 
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3.4 Welding Materials Handling and Control: Electrodes and filler wires 
shall be stored in a clean, dry location in a manner that assures 

complete protection from contamination of any type and freedom from 
condensation. Spooled electrode and bare filler wire shall not be 
left uncovered in the field or shop when not in use. 

3.5 Preweld Preparation 

a. Joint Design: Joint design shall be in accordance with the 
drawing requirements and applicable codes. Unusal joint 

designs which are required for special applications or to suit 
particular processes may be approved where the technical 
soundness of each for its proposed application is established 
to the satisfaction of the Buyer. 

b. Edge Preparation: Joint edges shall be prepared by machining, 
grinding, power chipping, filing, shearing or by arc cutting 
with the plasma arc process. The edges of the base metal to be 

welded shall be free of shearing cracks, laminations, burrs, or 
other defects and the surface roughness shall not exceed 

125 RMS. 

c. Cleaning 

(1) General - Surfaces to be welded and the weld zone (i.e. a 
distance of 2 inch minimum from the weld pass) and bare 
filler metal shall be thoroughly cleaned of moisture, 
grease, oil, point, cutting fluids, marking crayons or 
inks, temperature indicating markings and other foreign 
material that would prevent proper welding. 

(2) Methods - Shop dirt and oil or grease based materials can 
be vapor degreased with perchloroethylene. Other 
materials not soluble in this agent may be cleaned with 
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methylene chloride, alkaline cleaners, alcohol, 

trichlorethylene, etc., not containing sodium 

sesquisilicate or sodium carbonate. Oxides shall be 

removed by grinding, abrasive blasting, machining or 

pickling in a solution approved by the buyer. Abrasion 

and wire brushing shall be limited to clean aluminum oxide 

abrasives and brushes having stainless steel bristles 

respectively. Chemically cleaned material shall be 

thoroughly rinsed or otherwise neutralized to assure all 

traces of cleaning solution have been removed, and 

immediately dried. 

d. Joint Alignment 

(1) General Structure - Joint edges in fitup shall not be 

offset by greater than the 1 tmits defined in Section 4.0 

of this specification. 

(2) General Piping and Tubing- Fc•r general piping and tubing 

other than that used for structural or critical 

application purposes, alignment shall not be offset by 

greater than the limits defined in Section 4.0. In 

addition, except where otherwise defined by drawings, 

misalignment (the deviation from 180° is measured along 

the axes of two abutting pipes or tubes} shall not exceed 

5°. Root openings prior to welding shall be as 

specified in the joint design requirements of the approved 

welding procedure specification. 

e. Tacking 

(1) General - Tacking as required shall be of small size and 

kept to the minimum necessary to maintain alignment of 
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joint edges during welding. Tacks which will be 
incorporated into the finished weld shall be deposited in 
such a manner that complete fusion to the weld joint root 
occurs. Tacking shall be accomplished by certified 

personnel only. 

(2) Defective Tacks ~ Cracked, broken and otherwise defective 
tacks shall be completely removed before welding is 
completed in the area where the faulty tacks were located. 

f. Preheating: Where base metal temperature is below 60°F but 

above 0°F, preheating of the material shall be required. In 
such cases, the weld area and two inches back from the prepared 
edge shall be heated to within a temperature range of 60-80°F 
(warm to bare hand) prior to tacking or welding. Preheating 

may be by flame, resistance, furnace, or induction techniques. 

3.6 Welding Operations 

a. Welding Process - The acceptable welding process or processes 

for specific applications shall be as defined on the drawings. 

b. Base Metal and Ambient Temperatures -Welding shall not be 

permitted on base metals which are at a temperature of less 
than 60°F until the base metal has been preheated in 
accordance with Paragraph 3.5f of this specification. Neither 
welding nor preheating shall be permitted where base metal 
temperature or ambient temperature is 0°F or less. 

c. Protection from Adverse Environment - Protection from direct 
winds, drafts, air currents, rain, snowfall and other adverse 
conditions shall be required. Special observation of this 
provision shall be given where gas-shielded welding processes 
are involved. The protection given shall, as a minimum, shield 
the actual weld zone, weld gun or holder and the welder or 
welding operator. 
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d. Minimum Root Openings - Except where otherwise approved by the 
Buyer, joint designs in base metal exceeding 3/8 inch thickness 
shall have a maximum root opening of l/16 inch and for 
thicknesses of 3/4 inch and greater shall have a maximum root 
opening of 1/8 inch. 

e. Condition of ,Joint Area- Weld joint areas shall be completely 

dry and clean before commencing the welding operation. Drying 
of damp metal may be accomplished by flame heating or other 
means acceptable to the Buyer. Cleanliness of the base metal 
in the area to be welded shall be determined by visual 

examination and wiping with a clean, white, lintfree cloth 

moistened with a volatile compound such as isopropyl alcohol. 
Dangerous substances such as carbon tetrachloride (CC1 4), 
trichlorethylene (C2Hcl 3) gasoline and similar materials 
sha 71 not be permitted for such purposes. After wiping. the 
cloth shall exhibit no discoloration upon drying. 

f. Cleanliness of Filler Metal - Bare filler rods and electrodes 
shall meet the same cleanliness criteria as the base metal to 
be welded. 

g. Arc Striking - Runoff tabs and arc-~.triking plates may be 
employed as required providing the composition is identical to 
the alloy being welded or is compose·d of pure copper (Cu). Use 
of arc striking plates shall be mandatory for GTAW processes 
not having high frequency arc initiating capabilities except 
where the arc strike area is to be removed from the subsequent 
weldment and discarded. Under no circumstances shall arc 
striking be permitted on other than the tabs or plates or in 
the immediate joint area where weld metal will be deposited. 
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h. Weld Positions and Deposition Techniques - Welding may be 
performed in any position. Weld deposition shall be 
essentially stringer passes. Vertical joints shall be welded 
in the upward direction except where otherwise specifically 

approved by the Buyer. For Inconel 718, the heat input should 
be low. 

i. Multipass Deposition Requirements- In multipass welds, 
starting and stopping points shall be staggered. The points 

shall be faired by grinding before the subsequent passes are 
deposited. Each weld pass shall deposit a layer of weld metal 

not exceeding 1/8 inch thick excluding depth of penetration 
except where otherwise approved by the Buyer for the particular 
application involved. For Inconel 718, many light beads are 

preferable to a few heavy beads. Minimum requirements for 

piping and tubing welds shall be similar except no less than 2 
weld passes shall be deposited per joint unless otherwise 

approved by the Buyer. 

j. Interpass Cleaning and Repair· Each weld pass shall be 
completely cleaned by abrasive blasting or grinding, prior to 

depositing a subsequent pass. Completely remove the abrasive 
grit before continuing to weld. Any defects noted shall be 

removed or repaired and recleaned before further welding. 

k. Interpass Temperatures · Interpass temperature shall not exceed 
350°F as determined by temperature sensing crayons or paints, 
thermocouple temperature measuring devices or by other means 
acceptable to the Buyer. Temperature measuring shall be 
accomplished in such a manner that no contaminants or residues 

reach the actual surfaces being welded or previously deposited 
weld passes. 
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1. Shielding- Gas-shielded welding processes shall be handled or 
adjusted in such a manner that gas ·'"low commences slightly 

ahead of arc initiation and continues to shield the weld zone 

until slightly after the arc is terr~inated. For GTAW and PAW 

processes being used in the manual node of operation. the 
heated end of the fi 11 er rod sha 11 not be removed from the 

shielding atmosphere during welding or until after the shield 

flow has stopped at termination of 1~elding. For all gas­

shielded processes operating at a travel speed of 25 inches per 
minute or greater, a trailing shield of the same gas used for 

shielding the weld zone shall be required except where welding 

is performed in an inert atmosphere filled enclosure. 

m. Purging - For all welds to be deposited from one side except 

where welded into backing of similar· alloy, or where welding is 
being performed in an inert atmosphere, the root side of the 

joint shall be protected by a purgirrg gas until the weld and 
base metal have cooled to 700°F or lower. The purging gas 
flow shall be started and continued for a sufficient time prior 
to welding to assure all ambient air has been displaced. Water 
soluble barrier paper or tissue may be used for making a 

purging dame in pipe and tube weldme·nts providing the type of 
barrier material is chemically neutral after dissolving in 
water and there is no prohibitation against use of water in the 
particular weldment. Water shall net be placed in the weldment 
until the weld area has cooled to ream or ambient temperature. 

n. Weld Reinforcement- Weld reinforcement or crown shall not 

exceed the limits specified in Section 4.0. 
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o. Repair or Defective Welding - The defective weld shall be 

totally removed in a manner acceptable to the Buyer except that 

flame and arc-gouging techniques shall not be permitted. 

Peening, caulking and other cover-up methods shall not be 

acceptable. No more than two repair attempts on major defects 

(those requiring correction of other than minor surface 
imperfections) shall be permitted on any weld joint without 
specific approval of the buyer. Repaired welds shall conform 
in all respects to requirements of the original weld. 

p. Wash Passes - Wash passes, the act of smoothing a weld surface 

by remelting the upper surface layer but without addition of 

filler metal shall not be permitted. 

q. Buttering or Buildup - Buttering or buildup of joint surfaces 

by welding to correct oversize root opening or other errors in 

joint preparation, or to facilitate welding operations shall be 

completed prior to final fitting and shall not exceed 3/8 inch 

thickness on each joint edge. Where the degree of a deviation 

is such that correction cannot be accomplished within this 

limitation, the defective material shall be replaced, or the 

contractor may propose a suitable repair method for specific 

approval of the Buyer prior to beginning the repair. Buttering 

or buildup shall be considered part of the involved weld and 

shall be subject to all quality requirements applicable to the 
weld. 

r. Removal of Temporary Attachments - In removing temporary 

attachments such as lifting pads, erection brackets, mounts for 

alignment devices, etc., the welds shall be removed by 

chipping, grinding, or machining. The base metal surfaces 

shall be restored by grinding (and polishing where required by 
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service conditions) to fair out the temporary weld area 
providing the operation does not reduce the material thickness 
below the specified minimum. Where excess base metal would be 
removed in fairing, suitable preparation welding shall be 
completed prior to surface restoration. All restored temporary 

attachment areas shall be inspected by penetrant techniques 
after completion to assure surface integrity. 

s. Heat Treatment- Heat-treating of these metals will not 
normally be required except for special purposes. Where, 

because of service requirements, such special heat-treating is 

necessary, the procedures to be followed shall be detailed on 
the drawings or in other contract documentation. 

4.0 QUALITY ASSURANCE PROVISIONS 

4.1 General: Inspection and acceptance re::Juirements for the welds shall 
include visual inspection as a minimum and where required on the 

drawings or in other contract document3tion, radiographic, 
ultrasonic and/or penetrant inspection. Nondestructive testing 

sha 11 be in accordance with requirements of the app 1 i cab 1 e codes 
and/or specified by contract documentation. 

4.2 Visual Inspection 

a. General -Visual inspection shall be accomplished on welds 
which are in finished, as-welded ~arm prior to any alteration 
of the deposits for purposes such as facilitating 
nondestructive testing. Inspection shall be 100% on pressure 

vessels, pressure piping, major s':ructure and other critical 

weldments such as those subject to severe corrosive 

environment. Weldments of less critical nature may be subject 
to spot examination only where permitted by contract 
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documentation. The first weld pass of critical welds and rear 
side preparation of joints to be welded from both sides may be 
subject to spot or 100% visual inspection as specified on the 

engineering drawings. 

b. Supplementary Inspection Devices - Visual inspection of welds 
and base metals may be accomplished with the aid of 
supplemental magnifying devices not exceeding lOX or with 

inspection mirrors and ather remote examination devices. 
Resolution capability of supplementary inspection devices shall 

be at least equal to that obtainable by direct visual 
examination. 

c. Acceptance Criteria - The minimum acceptance criteria specified 

herein shall be considered applicable to all welds regardless 
of service application. Where other criteria are required, 

such shall be as specified on the drawing or in other contract 
documentation. 

(1) Prohibited Defects - Welds and weld zones shall be free of 
the following defects. 

• Cracks of any description 
• Underfill {except for limits defined herein) 

• Incomplete fusion 
• Over 1 aps 
• Surface porosity and gas pockets 
• Arc strikes 
• Crevices of any type {except where permissible for 

the joint design type specified on the drawing) 
• Weld spatter 

• Crater pits and depressions 
• Surface checking and crazing 
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• Gouge marks and other surface imperfections resulting 
from rem ova 1 of s 1 ag or temporary attachments 

(2) Excessive Melt- Through - Excessive melt-through including 

globules of any degree shall not he acceptable until 

properly repaired so that the resulting welds meet minimum 

acceptance criteria. 

(3) Undercut- Undercut (not to be corfused with underfill) 

shall not be acceptable on pressure vessels, pressure 
piping and major structure. For all other welds, undercut 

shall not exceed 1/64 inch or 10% of the base metal 
thickness, whichever is less, except for base metal 
thicknesses of l/2 inch and greater, undercut not 

exceeding l/32 inch may be allowed if the accumulated 

( 4) 

length of undercut deeper than 1/64 inch does not exceed 

20% of the joint length or 12 inches accumulative in any 

36 inch length of weld, whichever i 5 less. 

Surface Oxidation - Weld and base .net a 1 surfaces showing 

evidence of oxidation accompanied )y a wrinkled or 
cryst a 11 i ne appearance {as caused .1r i mar i 1 y by improper 

shielding or purging) shall not be acceptable. Tightly 
adhering color temper films caused by local heating during 

welding shall not be considered as a defect. 

{5) Weld Contour - The contour or conf·iguration of welds shall 

b 1 end smooth 1 y and gradua 11 y into the base met a l. Where 

grinding is required, it shall be performed in such a 

manner that the thickness of the weld and adjacent base 

metal is not reduced below the min·mum specified 

thickness. 

D-18 



TTWS-1003, Rev 1 

(6) Weld Reinforcement - Except where otherwise specified on 
the drawing, the as-deposited height of weld 

reinforcement, as measured from the base metal surface, 

shall be within the following limits: 

Base Meta 1 
Application Thickness 

Maximum 
Reinforcement Reinforcement 

All to 1/2 in. Flush with base 1/16 inch 

over 1/2 
to 1 inch 

over 1 inch 

metal surface 

" 

" 

3/32 inch 

1/8 inch 

(7) Pipe Root Reinforcement - The reinforcement of pipe and 
tube welds shall be as specified in Item (6) except that 

the root reinforcement for welds not using backing rings 

or consumable inserts and which are not welded on the rear 
side shall meet the following criteria. 
(internal underfill) shall be permitted 

No concavity 

unless the 

resulting total thickness of weld melt is equal to or 

exceeds the minimum thickness of the adjacent base metal. 

Condition Pipe Size Nominal Maximum Reinforcement 

Convexity Less than 2 inches 1(16 inch 
Convexity 2 inches and over 3(32 inch 
Concavity Less than 2 inches 1(32 inch 

Concavity 2 inches and over 1/16 inch 
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(8) Weld Joint Offset - Except whe·"e otherwise specified 

herein or on the drawing, the maximum permissible offset 

between components of a joint ;hall not exceed the 

following: 

Base Metal Thickness 
1/4 inch and less 

over 1/4 to 3/4 inch 

over 3/4 to 1-1/2 inch 

over 1-l/2 inch 

Maximum Offset 

20% of thickness of thinner 
memb1~r 

25% of thickness of thinner 
member but not exceeding 
3/32 inch 

1/8 inch 

10% of thickness of thinner 
memb!~r but not exceeding 
3/16 inch 

(9) Fillet Welds - The minimum siz!~ of fillet welds shall be 

as specified on the drawing. ~1aximum deviation shall not 

be greater than l/16 inch above that specified on the 

drawing for welds to l/2 inch nor greater than 1/8 inch 

above that specified for welds over 1/2 inch. Under no 

circumstances shall the size of a fillet weld leg be 
greater than the thickness of the base metal in the weld 

zone except where differing le~J lengths for a given weld 
are specified on the drawing for particular applications. 

Weld convexity shall not be grHater than LOS+ 0.3 inch 
nor concavity greater than 0.1~; - 0.01 inch, where S is 

the actual weld leg length in -:nches based on the shortest 

leg. 

D-20 



TTWS-1003, Rev l 

4.3 Nondestructive Testing (NOT) -NOT including methods and applicable 
acceptance criteria shall be as specified on the drawing or in other 
contract documentation. Testing will generally be 1 imited to 

pressure vessels, pressure piping, major structure, weldments 
exposed to highly corrosive or radioactive environments and similar 

critical applications, but may be required in other cases where in 

the judgment of the designer such testing is desirable to assure 
integrity of the weld for its service requirements. The following 

test methods, singly or in conjunction, may be employed subject to 
the provisions defined. 

(a) Radiographic Inspection (RT) - RT inspection may be 100 percent 

or spot test as specified by the drawing or in other contract 
documentation. Where spot ex ami nation is i nvo 1 ved. the 

examination shall meet requirements of Section III or VIII of 
the ASME Code, as applicable. Spot examination of particular 

weld joints shall include representation of the welding of each 
welder or welding operator ir.volved in producing the joint. 

(b) Ultrsonic Inspection (UT) - UT inspection may be 100 percent or 
spot test as specified by the drawing or in other contract 
documentation. Where spot examination is involved, the 
examination provisions shall be similar to that specified for 
RT above. 

(c) Penetrant Inspection (PT) - PT inspection may be of dry (OPT) 
or fluorescent (FPT) type at the option of the Seller except 
where the method is specifically defined on the drawing or in 

other contract documentation. Examination shall meet 
requirements of Section III or VIII of the ASt~E Code as 
applicable. 
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1.0 SCOPE: This welding specification describes the requirements for welding 
zirconium alloys. 

2.0 TECHNICAL REQUIREMENTS: 

2.1 Method: The end caps shall be welded to the tubing by the Gas 

Tungsten Arc Welding (GTAW) method. No filler metal shall be allowed 

and an inert gas chamber shall be used. 

2.2 Gas Composition: The shield gas shall i)e at least 99.9~; inert and 

shall consist of helium with an allowance for up to 10:; argon to aid 

in maintaining the weld arc. 

2.3 Weld Throat Thickness: The weld fusion bead shall provide a minimum 

thickness at the weld throat of 70~~ of the normal tube thickness. 

2.4 Void Porosity, Defects, and Inclusions: The fusion zone shall not 

contain any inclusion or void porosity where the largest dimension 

of such inclusion or void porosity is greater than 0.13 mm (0.005 in.). 

The fusion zone shall be free of fissurE~s or cracks. 

3.0 QUALITY ASSURANCE: 

3.1 Tests and Inspections: The porosity, irclusions, and weld throat 
thickness requirements shall be determired by 100% radiographic 

inspection. Each end cap weld shall be x-rayed in two views 90° 

apart. Each end cap weld shall be helium leak checked. A leak 
-7 rate of less than or equal to 1.7 x 10 STO cc/sec is acceptable. 

3.2 Certification: All inspections and test reports shall be recorded 

and certified. 
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3.3 Welding Procedures: Welding procedures shall be prepared for all 

welding processes used. 

3.4 Welding Operator Qualification: Welding operators who develop the 

welding parameters for a specific weld are qualified to perform that 

weld, if these parameters and welds are approved by the BNW \~elding 

Engineer or the BNW Project Engineer. Other welding operators may 

become qualified by demonstrating their skill in performing the 

welds to the satisfaction of the BNW Welding Engineer or BNW Project 
Manager. 
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1.0 SCOPE: This brazing specification describe~; the general requirements for 

oxy-acetylene torch brazing to be performed during fabrication of fuel 
rods and fuel assembly components. 

2.0 TECHNICAL REQUIREMENTS: 

2.1 Filler Metal: Brazing filler metal shall meet the requirements 

prescribed in the American Welding Soc'ety 11 Specification for 

Brazing Filler Metal," AWS A5.8, latest issue. The filler metal 

used shall be recommended by the manufacturer for use with the torch 

brazing process. 

2.2 Method: The process used for brazes performed under this 

specification shall be the oxy-acetylene torch brazing method. 

2.3 Braze Length: The length of the braze or the amount of the joint 
filled with the braze material shall be· determined on a case-by-case 

basis by the PNL Project Manager and tre PNL Welding Engineer. 

3.0 QUALITY ASSURANCE: 

3.1 Qualification 

3.1.1 Braze Qualification: A particular brazing operation for a 
specific joint shall be considered qualified after the 

brazing parameters have been established to the satisfaction 
of the PNL Welding Engineer, three consecutive brazes have 
been made on actual or representative parts, and the bra·zes 

meet the standards established in paragraph 3.3. 
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3.1.2 Brazing Operator Qualification: Brazing operators who 

develop the parameters for a specific braze, and these para­
meters and brazes are approved by the PNL Welding Engineer 
and/or the PNL Project Manager, shall be considered qualified 
to perform those specific brazes. Other brazing operators may 
become qualified by demonstrating their skill in performing 

these brazes to the satisfaction of the PNL Welding Engineer 
or PNL Project Manager. 

3.2 Tests and Inspections: Each braze, when practical, shall be helium 

leak checked. A leak rate not exceeding 1.7 x 10-7 Std cc/sec 
will be acceptable. Visual inspection of the brazes may be made for 

lack of fusion and cracks. A lOX magnification may be used. 
Radiographic examination for lack of penetration and porosity may 

also be employed, when practical, at the discretion of the PNL 
Project Manager. 

3.3 Certification: All inspection and test reports shall be recorded 
and certified. 

3.4 Brazing Procedures: Brazing procedures shall be prepared for each 

different braze joint or each braze using a different filler 
material. 
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Aging Heat Treatment of Inconel 718 

C. Nealley 

1.0 SCOPE: This specification describes the aging heat treating procedure 

for Inconel 718 nickel base material. 

2.0 APPLICABLE DOCUMENTS: The following document forms a part of this 

specification. 

TTMS-1015, Revision 0, lnconel 718 Sheet, Strip and Plate 

3.0 MATERIAL REQUIREMENTS: The material shall meet the requirements of PNL 

specification TTMS-1015, Revision 0. 

4.0 HEAT TREATING PROCEDURE: The following prccedure shall be followed during 

heat treatment. 

4.1 Cleaning: The components shall be cle~aned with a fresh commercial 

cleaning solvent to remove any traces of dirt. oil, marking crayons, 

or other possible contaminants. Cleanliness of the parts shall be 

inspected to assure that all visible E!vidence of contaminants has 

been removed. Residues left from the cleaning solvent shall be 

removed by wiping with denatured alcohol and a clean cloth. 

4.2 Handling: After cleaning, all parts ~,hall be handled with clean 

gloves to avoid further contamination. If visible evidence of 

contamination from fingerprints or other sources is observed, the 

affected parts shall be recleaned in ttccordance with paragraph 4.1, 

"Cleaning", prior to heat treating. 

4.3 Racking: During the heat treating cycle, the parts shall be placed 

on a support of such size as to offer adequate but not constrained 

support. The support shall be Incone· series of nickel base 

alloys or high purity refractory mate1·ial. 
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4.4 Furnace Temperature: The parts shall be heated to 7l8°C ~ soc 
(1325°F ± l5°F) at a rate of 138.5°( per hour, and then held at 

this temperature for 8 hours, then furnace-cooled at a rate not 

to exceed 55.5'C per hour to 62l'C ± S'C (ll50'F ± l5'F) and held 

for an additional 8 hours, and finally cooled to room temperature 

at a rate not to exceed 138.5°C per hour. Total aging time shall 

be 18 hours. 

4.5 Furnace Atmosphere: The heat treating cycle can be performed in 

either a vacuum or an air atmosphere. If the parts are to be heat 

treated in air, the furnace shall be prebaked to >l093°C (2000°F) 

for 4 hours to remove any potential contamination from prior heats. 

4.6 Storage: After cooling, the parts shall be packaged and stored to 

prevent contamination. 

5.0 QUALITY ASSURANCE 

5.1 Inspections: Each part shall be visually inspected for defects, 

warpage, color and surface condition. Hardness and yield strength 

measurements shall be made on selected samples when required. 

5.2 Certification: Certification that the parts were heat treated in 

conformance with this specification is required. 
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1.0 SCOPE: 

Inconel 

Inconel X-750 Heat Treatment Requirements 

c. Nealley 

TTHTS-1003, Rev l 

This specification describes the heat treating procedure for 

X-750 nickel base material. 

2.0 APPLICABLE DOCUMENTS: The following documen·ts form a part of this 

specification. 

TTMS-1014, Revision 1, Inconel X-750 Spdng Wire 

AMS 56998, Alloy Wire, Corrosion and Heat Resistant, Revised l/15/63. 

3.0 r~ATERIAL REQUIREMENTS: The material shall meet the requirements of PNL 

specification TTMS-1014, Revision 1 and AMS S699B. 

4.0 HEAT TREATING PROCEDURE: The following procE!dure shall be followed during 

heat treatment. 

4.1 Cleaning: The components shall be cleaned with a fresh commercial 

cleaning solvent to remove any traces of dirt, oil, marking crayons, 

or other possible contaminants. Cleanliness of the parts shall be 
inspected to assure that all visible evidence of contaminants has 

been removed. Residues left from the cleaning solvent shall be 

removed by wiping with denatured alcohol and a clean cloth. 

4.2 Handling: After cleaning, all parts shall be handled with clean 
gloves to avoid further contamination. If visible evidence of con­

tamination from finger prints or other sources is observed, the 

affected parts shall be recleaned in accordance with paragraph 4.1, 

"Cleaning", prior to heat treating. 

4.3 Racking: During the heat treating cycle, the parts shall be placed 

on a support of such size as to offer adequate but not constl~ained 

support. The support shall be the Inconel series of nickel based 

alloys or a high purity refactory material. 

4.4 Furnace Temperature: The part shall be heated to 650 ± 14°( 

(1200 ± 25°F) for 4 hours and then air cooled. Temperature chart 
recordings of the furnace temperature shall be retained for certifi­

cation. 
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4.5 Furnace Atmosphere: The heat treating cycle can be performed in 

either a vacuum or an air atmosphere. If the parts are to be heat 

treated in air, the furnace shall be prebaked to > 1093°[ (2000°F) 

for 4 hours to remove any potential contamination from prior heats. 

4.6 Storage: After cooling, the parts shall be packaged and stored to 

prevent contamination. 

5.0 QUALITY ASSURANCE: 

5.1 Inspections: Each part shall be visually inspected for defects, 

warpage, color and surface condition. Hardness and yield strength 

measurements shall be made on selected samples when required. 

5.2 Certification: Certification that the parts were heat treated in 

conformance with this specification is required. 
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Precipitation Hardening Stainless Steel 
593°( Heat Treatment Requi~ements 

C. Nealley 

TTHTS-1004, Rev 0 

1.0 SCOPE: This specification describes the 593"C heat treating procedure 

for precipitation hardening stainless steels. 

2.0 APPLICABLE DOCUMENTS: The following documents form a part of this 

specification. 

TTMS-1037, Revision 0, Precipitation Hardening Stainless Steel 

ASTM A 564, Hot-Rolled and Cold-Finishec Age-Hardening Stainless 
and Heat-Resisting Steel Bars and Shapes. 

3.0 MATERIAL REQUIREMENTS: The material shall meet the requirements of PNL 

specification TTMS-1037, Revision 0. 

4.0 HEAT TREATING PROCEDURE: The following procedure shall be followed during 

heat treatment. 

4.1 Cleaning: The components shall be cleaned with a fresh commercial 

cleaning solvent to remove any traces of dirt, oil, marking crayons, 
or other possible contaminants. Cleanli1ess of the parts shall be 

inspected to assure that all visible evi,jence of contaminants has 

been removed. Residues left from the cleaning solvent shall be 

removed by wiping with denatured alcohol and a clean cloth. 

4.2 Handling: After cleaning, all parts shail be handled with clean 

gloves to avoid further contamination. lf visible evidence of con­

tamination from finger prints or other sources is observed, the 

affected parts shall be recleaned in accc·rdance with paragraph 4.1, 

"Cleaning", prior to heat treating. 

4.3 Racking: During the heat treating cycle, the parts shall be placed 

on a support of such size as to offer adequate but not constrained 
support. The support shall be stainless steel or high purity re­

fractory material. 
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4.4 Furnace Temperature: The part shall be heated to 593 ± soc 
(1100 ± l5°F) for 4 hours and then air cooled. Temperature chart 

recordings of the furnace temperature shall be retained for certifi­

cation. 

4.5 Furnace Atmosphere: The heat treating cycle can be performed in 

either a vacuum or an air atmosphere. If the parts are to be heat 

treated in air, the furnace shall be prebaked to >l093°C (2000°F) 

for 4 hours to remove any potential contamination from prior heats. 

4.6 Storage: After cooling, the parts shall be packaged and stored to 

prevent contamination. 

5.0 QUALITY ASSURANCE: 

5.1 Inspections: Each part shall be visually inspected for defects, 

warpage, color and surface condition. Hardness and yield strength 

measurements shall be made on selected samples when required. 

5.2 Certification: Certification that the parts were heat treated in 

conformance with this specification. 
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Precipitatlon Hardening Stainless Steel 

Alternate Heat Treatment Requirements 

C. Nealley 

1.0 SCOPE: This specification describes the alternate heat treating procedure 

for precipitation hardening stainless steel. 

2.0 APPLICABLE DOCUMENTS: The following documer,ts form a part of this 

specification. 

TTMS-1037, Revision 0, Precipitation Hardening Stainless Steel 

ASTM A 564, Hot-Rolled and Cold Finished Age-Hardening Stainless 

and Heat-Resisting Steel Bars and Shapes. 

3.0 MATERIAL REQUIREMENTS: The material shall meet the requirements of PNL 

Specification TTMS-1037, Revision 0. 

4.0 HEAT TREATING PROCEDURE: The following proc"dure shall be followed during 
heat treatment. 

4.1 Cleaning: The components shall be clea11ed with a fresh corrmercial 

cleaning solvent to remove any traces a·"" dirt, oil, marking crayons, 

or other possible contaminants. Cleanl·iness of the parts shall be 

inspected to assure that all visible ev·idence of contaminants has 
been removed. Residues left from the c·eaning solvent shall be 

removed by wiping with denatured a 1 coho~ and a c 1 ean c 1oth. 

4.2 Handling: After cleaning, all parts shc.ll be handled with clean 

gloves to avoid further contamination. If visible evidence of con­

tamination from finger prints or other sources is observed, the 
affected parts shall be recleaned in accordance with paragraph 4.1, 

"Cleaning", prior to heat treating. 

4.3 Racking: During the heat 

size 

treating cycle, the parts shall be placed 

as to offer adequate but not constrained on a support of such 

support. The support 

refactory material. 

shall be stainless steel or high purity 
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4.4 Furnace Temperature: The part shall be heated to 760 ~ ls~c 

(1400 o 25°F) for 90 minutes, and then cooled to 15 ± 3°C (55' 5°F) 
within one hour. This temperature shall be held for not less than 

30 minutes. After holding this temperature, the part shall be heated 

to 566 ± 6°C (1050 ± l0°F) for 90 minutes and then air cooled. 

Temperature chart recordings of the furnace temperature shall be 

retained for certification. 

4.5 Furnace Atmosphere: The heat treating cycle can be performed in 

either a vacuum or an air atmosphere. If the parts are to be heat 

treated in air, the furnace shall be prebaked to >l093°C (2000°F) 

for 4 hours to remove any potential contamination from prior heats. 

4.6 Storage: After cooling, the parts shall be packed and stored to 

prevent contamination. 

5.0 QUAUT'I ASSURANCE: 

5.1 Inspections: Each part shall be visually inspected for defects, 

warpage, color and surface condition. Hardness and yeild strength 

measurements shall be made on selected samples when required. 

5.2 Certification: Certification that the parts were heat treated in 

conformance with this specification and ASTM A 564 is required. 
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Solution Heat Treatme1t 

of Austenitic Stainless :5teel 

C. Nealley 

TTHTS-1007, Rev 0 

1.0 SCOPE: This specification describes the solution heat treating procedure 
for austenitic stainless steels. 

2.0 APPLICABLE DOCUMENTS: The following document forms a part of this 

specification. 

TTMS-1032, Revision 1, Stainless Steel Flate, Sheet and Strip 

3.0 MATERIAL REQUIREMENTS: The material shall meet the requirements of PNL 

specification TTMS-1032, Revision 1. 

4.0 HEAT TREATING PROCEDURE: The following procedure shall be followed during 

heat treatment. 

4.1 Cleaning: The components shall be cleaned with a fresh commercial 

cleaning solvent to remove any traces of dirt, oil, marking crayons, 

or other possible contaminants. Cleanli11ess of the parts shall be 

inspected to assure that all visible evidence of contaminants has 

been removed. Residues left from the cleaning solvent shall be 

removed by wiping with denatured alcohol and a clean cloth. 

4.2 Handling: After cleaning, all parts sha~l be handled with clean 

gloves to avoid further contamination. lf visible evidence of 

contamination from finger prints or other sources is observed, the 

affected parts shall be recleaned in acccrdance with paragraph 4. 1, 

''Cleaning'', prior to heat treating. 

4.3 Racking: During the heat treating cycle, the parts shall be placed 

on a support of such size as to offer adequate but not constrained 

support. The support shall be stainless steel or high purity 

refractory material. 
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4.4 Furnace Temperat~re: The part shall be heated to l038°C (l900°F) 
for 1/2 hour per inch of matel·ial thickness, and then water 

quenched. Temperature chart recordings of the furnace temperature 

shall be retained for certification. 

4.5 Furnace Atmosphere: The heat treating cycle can be performed in 

either a vacuum or an air atmosphere. If the parts are to be heat 
treated in air, the furnace shall be prebaked to >1093°( (2000°F) 

for 4 hours to remove any potential contamination from prior heats. 

4.6 Storage: After cooling, the parts shall be packaged and stored to 

prevent contamination. 

5.0 QUALITY ASSURANCE 

5.1 Inspections: Each part shall be visually inspected for defects, 

warpage, color and surface condition. Hardness and yield strength 

measurements shall be made on selected samples when required. 

5.2 Certification: Certification that the parts were heat treated in 

conformance with this specification is required. 
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Stainless Steel Stress Rel·eving 
Heat Treatment Requirements 

C. Nealley 

1.0 SCOPE: This specification describes the heat treatment requirements for 
stress relieving stainless steel. 

2.0 APPLICABLE DOCUMENTS: The following documents form a part of this 

specification. 

TTMS-1033, Revision 2, Stainless Steel Bars and Shapes 

ASTM A 276, Stainless and Heat-Resisting Steel Bars and Shapes 

3.0 MATERIAL REQUIREMENTS: The material shall meet the requirements of PNL 

Specification TTMS-1033, Revision 2. 

4.0 HEAT TREATING PROCEDURE: The following proce•Jure shall be followed during 

heat treatment. 

4.1 Cleaning: The components shall be cleaned with a fresh commercial 

cleaning solvent to remove any traces of dirt, oil, marking crayons, 

or other possible contaminants. Cleanliness of the parts shall be 

inspected to assure that all visible evidence of contaminants has 

been removed. Residues left from the cleaning solvent shall be 
removed by wiping with denatured alcohol and a clean cloth. A final 

cleaning shall be performed after all fat.rication processes have been 

completed. 

4.2 Handling: After cleaning, all parts shall be handled with clean 

gloves to avoid further contamination. If visible evidence of con­

tamination from finger prints or other sources is observed, the 

affected parts shall be recleaned in accordance with paragraph 4.1, 

"Cleaning", prior to heat treating. 

4.3 Fixturing: During the heat treating cycle, the parts shall be 

fixtured, if necessary, to obtain 

stress relieving heat treatment. 

be stainless steel or high purity 

the optimum benefits from the 

Materials used for fixturing shall 

refract~Jry material. 
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4.4 Furnace: The parts shall be heat treated in a vertical type furnace. 

4.5 Furnace Atmosphere: The heat treating cycle can be performed in 

either a vacuum or an air atmosphere. If the parts are to be heat 
treated in air, the furnace shall be prebaked to >1093°C (2000°F) 
for 4 hours to remove any potential contamination from prior heats. 

4.6 Thermal Treatment: 

4.6.1 Intermediate Stress Relieving Heat Treatment: If the parts 
require heat treatment to relieve internal stress between 
machining operations, they shall be heated to 900! 8°C 
(1650 ~ 25°F) for a minimum of two hours and furnace cooled 
to at least 205°C (400°F). The parts shall then be removed 
from the furnace and cooled to room temperature in still air. 

4.6.2 Final Stress Relieving Heat Treatment: If a final stress 
relieving heat treatment is required after the final machining, 
the procedure shall be the same as in Section 4.6.1, "Intermediate 

Stress Relieving Heat Treatment." 

4.7 Pickling: After final heat treatment, the parts shall be pickled to 
remove all heat treatment thermal discoloration. The parts shall be 

pickled by immersing them in a 10 to 15 volume percent solution of 
concentrated hydrochloric acid at 60 to 66'C (140 to 150°F) for 
10 to 15 minutes, followed by a rinse in water. Then the parts shall 

be immersed in a 10 to 15 volume percent solution of nitric acid at 
60 to 66'C (140 - 150'F) for 10 to 15 minutes. This is followed by 
a final water rinse. 

4.8 Storage: After cooling, the parts shall be packed and stored to 
prevent contamination. 
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5.0 QUALITY ASSURANCE: 

5.1 Inspections: Each part shall be visuall.t inspected for defects, 

warpage, color and surface condition. The parts shall be measured 

before and after heat treatment to determine the effect of the heat 

treatment on the dimensions. This measurement data shall be furnished 
to the buyer. 

5.2 Certification: Certification that the pctrts were heat-treated in 

conformance with this specification is re-quired. 
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APPENDIX F 
THERM CODE CALCULAT!ONS(a) 

(a) Prepared by Combustion Engineering, Inc. under subcontract to PNL 



THERM CODE CALCULATIONS 

Peak Cladding Temperature History for Cladding Deformat1on Tests -
0-second Reflood Initiation Delay Time, 2-in./sec Reflood Rate F-2 

Peak ~ladding Temperature History for ~ladding Deformation Tests -
0-second Reflood Initiation Delay Time, 5-in./sec Reflood Rate F-3 

Peak Cladding Temperature History for Cladding Deformation Tests -
0-second Reflood Initiation Delay Time, 10-in./sec Reflood Rate F-4 

Peak Cladding Temperature History for Cladding Deformation Tests -
10-second Reflood Initiation Delay Time, 2-in./sec Reflood Rate F-5 

Peak Cladding Temperature History for Cladding Deformation Tests -
10-second Reflood Initiation Delay Time, 5-in./sec Reflood Rate F-6 

Peak Cladding Temperature History for Cladding Deformation Tests -
10-second Reflood Initiation Delay Time, 10-in./sec Reflood Rate F-7 

Peak Cladding Temperature History for Cladding Deformation Tests -
20-second Reflood Initiation Delay Time, 2-in./sec Reflood Rate F-8 

Peak Cladding Temperature History for Cladding Deformation Tests -
20-second Reflood Initiation Delay Time, 5-in./sec Reflood Rate F-9 

Peak Cladding Temperature History for Cladding Deformation Tests -
20-second Reflood Initiation Delay Time, 10-in./sec Reflood Rate F-10 

Peak Cladding Temperature History for Cladding Deformation Tests -
44-second Reflood Initiation Delay Time, 2-in./sec Reflood Rate F-11 

Peak Cladding Temperature History for Cladding Deformation Tests -
60-second Reflood Initiation Delay Time, 2-in./sec Reflood Rate F-12 
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FUEL DESCRIPTION 

TEST ASSEMBLIES 

In all, six different test assemblies will be irradiated during the test 
program. The first to be tested will be the thermal-hydraulic assembly. The 
remaining six are materials test assemblies. While there are significant dif­
ferences between the thermal-hydraulic assembly and the materials test assem­
blies (instrumentation, internal rod pressure, etc.) these differences have 
little impact on the nuclear physics behavior of the fuel. The basic design 
of the assemblies is uniform. 

FUEL 

The test bundle fuel element is a full-length, 31-rod design modeled after 
a typical Babcock and Wilcox 17 x 17 light water reactor element. The perti­

nent data are given in Table G.l and the test bundle is shown in Fiqure G.l. 

The 31 fuel rods are placed inside a stainless steel shroud. Outside of 
the stainless steel shroud tube there is a double-wall pressure tube. The 
inner wall is constructed of cold-worked Zircaloy-2 while the outer wall is 
Zircaloy-2. 

G-1 



THERMOCOUPLE - FUEL CENTERLINE 

THERMOCOUPLE INSTRUMENTED 
THIMBLE TUBE 

SPND INSTRUMENTED 
THIMBLE TUBE 

Zr - 2-lf2'1o Nb ll NER TUBE 

Zl RCALOY-2 PRESSURE TUBE 

STAINLESS STEEL SHROUD 

FIGURE G.l Schematic Cross Section of Assembly Illustrating 
Instrument Locations 

TABLE G.l. Fuel Test Bundle Data 

Fuel Element O.D. 
Fuel Element Pitch 
Pitch/Diameter 
Cladding Thickness 
Fuel Pellet Diameter 
Pellet-Cladding Gap 
Instrumented Thimble O.D. 
Instrumented Thimble I.D. 
Pressure Tube I.D. 
Pressure Tube 0.0. 
Active Fuel Length 
Fuel Enrichment 

G-2 

9.6 11111 

12.7 11111 

1. 32 
0.597 11111 

8.23 mm 
0.10 mm 
9.6 11111 

8.406 11111 

103.38 l1l1l 

11 3 . 54 11111 

3.66 m 
2.88 wt% u235 
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