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PLUTONIUM UTILIZATION PROGRAM ANNUAL REPORT 

FISCAL YEAR 1967 

The Plutonium Utilization Program was initiated in 1956 with the 

objectives of developing technology for safe and economical recycle of 

plutonium fuel in power reactor systems, and demonstrating plutonium 

recycle in a practical manner. The program is conducted by the Pacific 

Northwest Laboratory, Battelle Memorial Institute under sponsorship of 

the AEC Division of Reactor Development and Technology. This report 

summarizes Plutonium Utilization Program results for fiscal year 1967. 

During the past year, it has become increasingly more evident that 

plutonium recycle in thermal reactors will be required in order to 

attain the most economic fuel cycle. This has come about because of 

the surge in orders from the utilities for water reactors and the 

uncertainty in the timing of fast reactor introduction. Based on present 

reactor startup projections, it appears that excess plutonium will be 

available for plutonium recycle by 1973. Although technical feasibility 

of plutonium recycle is now established, many questions remain to be 

answered to ensure optimum utilization of the plutonium. This will 

require an integrated effort of the AEC's and industry's programs. 

Specific steps are being taken by Pacific Northwest Laboratory to transfer 

to industry the technology developed in the AEC program and to cooperate 

with industry in developing programs of mutual interest. 

The present phase of the program is focused on obtaining the data 

required to assure timely application of plutonium to water reactors. 

The over-all program is comprised of research and development in fuels 

development, reactor physics, fuel cycle analysis, reactor engineering 

and materials with the major emphasis on the first two areas. 

Fuels development effort is emphasizing the irradiation behavior of 

Pu0
2

-U0
2 

under high linear power ratings and exposure, transient and 

defect behavior, evaluation and comparison of Pu0
2

-U0 2 fuels fabricated 

using several methods, and investigation of problems and techniques 
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involved in fuel fabrication. Experimental physics efforts have in the 

past emphasized measurements on uniform lattices of several fuel 

compositions. Emphasis has shifted to measurement of core nuclear 

characteristics as a function of exposure and to specific problems 

associated with loading plutonium in water reactors. The primary 

objective of the physics efforts is to evaluate and improve where 

necessary design and analysis methods to a stage where reliable engineering 

calculations can be made for predicting the nuclear characteristics of 

plutonium fueled thermal reactors. 

Highlights of the program are presented followed by detailed 

discussion of accomplishments in FY 1967. 

• 



I' 

1.3 BNWL-624 

PROGRAM HIGHLIGHTS 

FUELS DEVELOPMENT 

Batch Core Testing 

The Batch Core Experiment is providing irradiation behavior data on 

a statistically significant number of U0
2
-Pu0 2 fuel elements operating at 

maximum linear rod powers of nearly 20 kW/ft with maximum fuel temperatures 

near melting. Goal exposure is 13,000 MWd/tonne. During FY 1967 fuel 

elements reached an average burnup as high as 1200 MWd/tonne. Non

destructive and destructive examinations of selected fuel rods indicate 

that performance is satisfactory. Results of the program to date indicate 

that for the low plutonium concentrations of interest in thermal reactor 

fuels, the performance characteristics such as physical fuel behavior, 

fission gas release, sintering, and fission product migration are not 

significantly different for U0
2 

and vibrationally compacted U0 2-Pu02 
fuels. 

Fuel irradiations were performed to determine the maximum allowable 

reactor power level as limited by a maximum permissible fuel temperature. 

Thirteen fuel rods were metallographically examined to ascertain fuel 

structures formed during these irradiations. Under PRTR operating 

conditions the onset of melting in vibrationally compacted U0
2
-2 wt% Pu0

2 
fuel rods apparently occurs at 20.5 ± 0.5 kW/ft. This power to produce 

Tm 
melting is equivalent to an J oKdT of about 68 w/cm. Fuel melting 

° occurred in two of the vibrationally compacted rods examined. Destruc-

tive examination of the end regions of these two rods show that the 

depleted U0
2 

pellets used at the end of the fuel column effectively 

prevented excessive fuel temperatures in the end cap region. No pel12t 

fuel interaction and only minor pellet cracking was observed. 

FERTF (Fuel Element Rupture Test Facility) Testing 

During FY 1967, a 19-rod cluster of commercially designed and 

fabricated fuel rods containing hot pressed pellets of U0 2-1.94 wt% Pu0 2 
was tested in the FERTF. The objective of this test was to gain 
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irradiation experience with fuel assemblies containing hot pressed pellets 

before charging such fuel into the batch core. 

A special 8-rod FERTF Test Element to be used for defect tests was 

designed, fabricated, and tested. The FERTF test element consists of a 

protective sleeve assembly surrounding the fuel rod rack that supports an 

8-rod ring of Mark I-R
2 

fuel rods. The sleeve assembly provides pro

tection for the surrounding Zircaloy pressure tubes. The flexibility to 

meaintain the desired power match between fuel rods in the FERTF and fuel 

rods in Ring 1 of the batch core is achieve by changing the macroscopic 

absorption cross-section of the assembly. This can be accomplished by 

changing the types of sleeve and insert materials used in the assembly. 

The physics and power generation characteristics of the FERTF Test 

Element were computed and also determined experimentally by zero power tests 

in PRTR. The thermal hydraulic characteristics of the FERTF Test Element 

were also determined experimentally. Boiling burnout limits were 

determined analytically. 

A testing program was formulated for irradiating fuel rods containing 

vibrationally compacted 002-Pu02 fuel, 002-Pu02 pellet fuel, and 

vibrationally compacted enriched 002 fuel. The first test series will 

be run at rod powers up to 20 kW/ft and will require approximately nine 

irradiation periods (reactor operating cycles). 

High Exposure Plutonium Studies 

As a first step in determining dose rates and shielding requirements 

for high exposure plutonium, detailed isotopic analyses of uranium, 

plutonium, and transplutonium nuclides were completed on Shippingport and 

Yankee high exposure fuel samples. Evaluation of the Shippingport ath;,l),ses 

are reported in BNWL-478. 

Dosimetry measurements were made on Shippingport, Yankee, Hanford and 

other high exposure plutonium samples. Practically all samples were in the 

form of oxides or metal. Gamma dose rates were fairly well defined and 

special studies were made of the 2~'Am buildup contribution. Some neutron 

dosimetry was completed. X-ray and gamma energy spectra measurements were 

made on Shippingport and Yankee plutonium product samples from fuel 

.' 
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irradiated to exposures of approximately 30,000 and 40,000 MWd/tonne, 

respectively. 

Fabrication Costs 

An analytical model was used to investigate the influence of plant 

throughput on thermal reactor fuel element costs. A detailed estimate was 

made of costs at 1/4 and 1/2 ton/day output levels, for fuel elements 

enriched with uranium and with high exposure plutonium. These costs are 

compared with previously estimated costs for producing the same fuels at 

an output of 1 ton/day. Costs have also been extrapolated to cover 5 and 

10 ton/day throughput levels. 

Special Batch Core Testing 

Four D0
2
-2 wt% Pu0

2 
fuel rods instrumented to measure fuel rod gas 

pressure and plenum gas temperature are presently operating in the PRTR. 

Two of these rods have operated at 20 kW/ft and have obtained exposures 

of 1280 MWd/tonne. The other two have operated at 10 kW/ft and have 

reached exposures of 590 MWd/tonne. Plenum gas pressure measured in the 

higher power rods is 56 psi and in the lower power rods, 17 psi. 

The exposures on these rods were obtained during relatively short 

periods (100 hours, maximum) of steady-state operation. Because 

extended periods of steady-state operation have not been obtained, the 

gas release characteristics have not been established. It appears, 

however, that gas pressure increases in a stepwise manner during reactor 

startups and then levels off or decreases slightly during steady-state 

operation. Though it is difficult to ascertain fission gas release values 

at the low exposures reached by the fuel rods, the trend of increasing 

internal gas pressures with exposures is apparent. 

MTR/ETR Testing 

A 7-rod cluster fuel element containing a defected vibrationally 

compacted D02 fuel rod was successfully irradiated in the ETR pressurized 

water loop at a maximum linear rod power of 28-29 kW/ft. This rod power 

resulted in an estimated 60-65% of the radius molten at the plane of the 

defect. After irradiation under these conditions for nine effective 

full power days, the test was terminated. Examination of the defected 
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rod in the ETR basin did not reveal any physical changes as a result of 

the irradiation. Hot cell examination is in progress. 

Transient Tests 

Two transient irradiation experiments were conducted in TREAT to 

investigate the meltdown behavior, in water, of nonirradiated Zircaloy-

clad vibrationally compacted U0 2 fuel rods with and without simulated fission 

gas pressure. Although all of the fuel rods received the same total amount 

of transient energy, approximately one-third less power was required to cause 

failure of the pressurized fuel rods than the low-pressure fuel rods. 

Pressure rise rates resulting from the meltdown of vibrationally compacted 

U0 2 fuel rods were higher than those resulting from the meltdown of 

pellet-containing fuel rods tested by ANL. The more energetic pressure 

pulses with vibrationally compacted fuel are attributed to the smaller 

U0 2 fragments resulting from the transients. 

Examination of a high speed motion picture obtained from the transient 

irradiation of a vibrationally compacted U0 2 fuel rod suggests that 

unexpected differences may exist in the behavior of pellet-contained 

fuel rods (previously tested and filmed by ANL) and vibrationally com

pacted fuel rods undergoing_similar transient irradiations. 

A series of experiments was formulated to establish the failure 

thresholds of fuel rods undergoing power transients. Approval in 

principle to conduct such tests was obtained from the Laboratory 

Director's Office of ANL. 

PRTR Fringe Position Test 

Irradiation of selected U0 2 and U0 2-Pu0 2 fuel elements (pre-Batch 

Core Experiment vintage) containing 0.5, 1.0, and 2.0 wt% Pu0 2 is con

tinuing in fringe positions of the PRTR during the Batch Core Experhnent. 

These elements are being irradiated to determine performance at high 

exposures >10,000 MWd/tonne). Periodic underwater examination of these 

elements indicates that their performance continues to be satisfactory. 

Commercial Fuels Study 

Plutonium fuel rods designed and fabricated by a commercial fuel 

fabricator are currently undergoing irradiations in the PRTR. A total 

of seventy-seven fuel rods containing hot pressed U0
2
-Pu0

2 
pellets were 
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purchased. A 19-rod cluster of these rods was irradiated in the FERTF 

and performed satisfactorily. Two 19-rod clusters of hot pressed pellet 

rods are scheduled to be charged in the batch core. 

Three fuel rods containing cold pressed and sintered U0
2
-Pu0

2 
pellets are also being purchased from a commercial fuel fabricator. 

The performance of these fuel rods will be compared to that of 

vibrationally compacted fuel rods as well as the hot pressed pellet rods. 

REACTOR PHYSICS 

Sub-Critical and Critical Experiments 

Experiments were conducted in the Critical Approach Facility and the 

Plutonium Recycle Critical Facility to investigate the detailed physics 

properties of plutonium-fueled reactor systems. Measurements have been 

made using U0
2
-2 wt% Pu0

2 
rods in H

2
0 moderator. Experiments were con

ducted at lattice spacings covering the range of moderator to Pu0
2
-U0

2 
volume ratios of 0.61 to 9.7 and the plutonium contained either 8, 16 or 

24 percent Pu240 . The results included critical masses, bucklings, flux 

and power distributions, reactivity coefficients, kinetic parameters, and 

control rod worths. The experimental results provide data for evaluation 

of calculational methods and approximations. These measurements, when 

combined with results obtained in other years, make data available which 

is a rigorous check of calculational methods for a range of plutonium 

concentrations and of volume ratios of moderator-to-fuel of importance 

to pressurized and boiling water reactors. 

The PCTR is being used for evaluating the effect on reactivity of 

finite Pu0
2 

particles in U0
2 

and for obtaining additional data on water 

lattices not obtainable from other facilities which is required for 

further evaluation of analysis methods. The initial results of the Pu0
2 

particle size experiments indicate that the reactivity decreases as the 

size is increased from 100~ to 350~ for the fuel composition used 

(2.0 wt% Pu0
2

, 8.05 wt% Pu240 ). The design of the first experiment 

in the water tank is complete and will contain Pu0
2
-U0

2 
fuel on a 1.0 

inch lattice pitch. The water tank experiments will supplement lattice 
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experiments performed in the CAF and PRCF. The PCTR technique will evaluate 

neutron leakage which is a major effect in the CAF and PRCF experiments. 

PRTR Batch Core Experiments 

A large scale burnup experiment has been initiated in the D
2
0-

moderated Plutonium Recycle Test Reactor using 19-rod clusters of U0
2

-wt% 

Pu02 rods. This experiment is providing data relating the reactivity 

characteristics of the core and the isotopic composition of the fuel in 

the core as a function of exposure of the fuel. The basic fuel loading 

will remain essentially unperturbed to the end of the core reactivity 

lifetime thus providing a unique set of the data for use in checking 

methods of calculating reactivity lifetimes of reactor cores. Another 

important aspect of the experiment is the simultaneous irradiation of 

a statistically significant number of plutonium-bearing, packed particle 

fuel elements under conditions similar to those in an operating power 

reactor. 

The first phase of the experiment has been completed and consisted of 

an extensive set of tests at zero power during the initial loading of the 

core. A series of power tests designed primarily to verify predicted 

operational characteristics of the reactor were conducted when the loading 

was completed. The boron concentration in the D20 moderator needed to 

compensate for the initial excess reactivity in the core agreed with 

predicted concentration requirement to within a few percent and in general 

all parameters measured during the test were in reasonable agreement with 

values which had been predicted earlier. The power tests which have been 

completed have also generally confirmed the predicted operational 

behavior of the reactor and thp. power has been increased to its operat'lg 

level of approximately 50 MW. Further tests will measure growth and 

decay of fission product pOlsoning in the power coefficient of reactivity. 

EBWR Experiment 

An irradlation experiment was conducted in the Experimental Boiling 

Water Reactor at Argonne National Laboratory. This experiment is part of 

the joint ANl-PNL program to demonstrate the utilization of plutonium in 

a boiling H20 power reactor and to obtain useful physics information on the 
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behavior of a plutonium fuel in such a reactor system. Information obtained 

in this experiment for the plutonium zone will be compared to results of 

calculations to identify areas of uncertainty in the computations. 

At three stages of burnup a series of rods were removed from the 

plutonium zone for nondestructive and destructive analysis. The series 

of rods contained Al-Pu, natural U0
2

, and U0
2
-Pu0

2 
fuels. In addition, the 

fuels which contained plutonium differed in their Pu24D concentration. 

Some of the rods are selected from positions in the core so that the 

spatial distribution of burnup can be obtained from the nondestructive 

and destructive analysis. 

Analysis of Irradiated Fuels 

Fuel rods removed from selected location in the EBWR and from past and 

present experiments in the PRTR are both nondestructively and destructively 

analyzed to obtained fission and fuel concentration and isotopic 

composition. From these data effective cross section ratios are derived 

for use in evaluating burnup analysis methods. New techniques for this 

purpose using multi-parameter, non-linear regression methods have been 

developed and applied to data from four sets of irradiated Al-Pu samples. 

The PNL Gamma Scanner has been improved and continues to be used for the 

nondestructive analysis. 

Saxton Experiment 

Information on the physics characteristics of pressurized water power 

reactor systems which were obtained during the Saxton plutonium program is 

compared to results obtained with zero, one, and two-dimensional diffusion 

theory methods. The purpose of the comparison is to evaluate nuclear 

design methods by pointing out discrepancies, identifying the reasons f~r 

the discrepancies, and illustrating schemes for normalizing the methods 

to bring about agreement between calculation and experiment. The 

conclusion that is reached is that a one-dimensional cylindrical model of 

the reactor seems adequate from the standpoint of reactivity calculations 

for single zone lattices. 
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Analytical Survey Studies 

Analytical survey studies have been performed to provide information 

on the physics characteristics for various reactor systems of interest. 

Results of these studies are directed toward providing the scope for 

possible experiments and providing information on certain physics 

characteristics of reactor systems in the absence of experimental 

information. 

It is shown that the U0 2-4 wt% Pu0
2

-H
2

0 cores which were studied 

would be undermoderated and that the characteristic parameters such as 

n, f, and p play an important role in the physics behavior of these 

cores. As a result an experimental program is planned. 

A survey study was conducted to determine the approximate magnitude 

of various reactivity coefficients for U0 2-Pu02 fueled light water 

reactors. The composition of the plutonium is assumed typical of first 

cycle plutonium fuel from light water reactors. 

Calculations were also performed to determine the reactor charac~ 

teristics of thorium loadings in D20 moderator. The feasibility of the 

thorium loading in the PRTR was determined either as a batch core or 

as a driver region for a U0 2-Pu0 2 core. The physics characteristics of 

metallic fuel and of ceramic fuels were investigated along with the 

variation in rod size in thorium enrichment. 

Cross Section Measurements 

Cross section measurements were phased out of the program at the end 

of FY 1966. Data reduction was completed in FY 1967 and several reports 

prepared. Slow neutron inelastic scattering cross sections have been 

reported for H
2

0 and D20. The double differential cross section and 

corresponding Egelstaff scattering law have been obtained from measure

ments for room temperature H20 and D20 and for H20 of five degrees below 

its freezing point using the Battelle Rotating Crystal time-of-flight 

Spectrometer. In addition, results of measurements for H20 at 95°C 

using the Battelle Triple-Axis Spectrometer have been reported. 

The results provide significant information in two areas. One is the 

area of nuclear reactor design in which a knowledge of the slow-neutron 
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differential scattering cross section is required for accurate calculations 

of neutron-thermalization effects of moderator and coolant. The second 

area is the physics of liquids, for which the same scattering cross 

section provides detailed information on the motions of the hydrogen atoms. 

The results for H
2

0 include the first known observation of well resolved 

high energy vibrations using the neutron scattering technique. 

Methods Development 

An extensive evaluation of the RBU Monte Carlo Code has been completed. 

The purpose of the evaluation is to check the formulation and coding of 

the code and to provide a base of problems to help in the selection of 

future applications. The test problems specifically test the various 

routines (fission, resonance, thermalization, geometry, etc.). Results of 

this evaluation indicate that the RBU Monte Carlo code is free of gross 

program errors and can be used reliably for reactor physics calculations. 

Knowledge of the Legendre moments of moderator scattering cross 

sections is of particular importance in the prediction of the thermal 

neutron spectrum of plutonium fueled reactors. Based on the Egelstaff

Schofield formalism, two methods for calculating scattering moments 

for moderators have been developed and programmed on the computer. 

Starting with identical width functions, the programs generate results 

that are in agreement. Each has advantages in certain applications. A 

model for water is being evaluated using available experimental data. 

Several computer codes have been adapted, modified, or improved for 

use in the physics programs. The RBU Monte Carlo code has been 

thoroughly tested and appears to be working satisfactorily. The ZODT~C-2 

burnup code was modified and enlarged to increase its burnup capabLlL .cs. 

The HRG (~anford Revised GAM) code spectrum model used in resonance integral 

calculations was improved. Several special purpose codes have been 

developed. 

At the request of RD&T, assistance was provided to Brookhaven National 

Laboratory in preparing nuclear data for the ENDF/B. Data were furnished 

for the ten isotopes which Battelle accepted responsibility to evaluate 

as a member of the Cross Section Evaluation Working Group. Adaption of 



1.12 

the ENDF/B system to the local UNIVAC 1108 is in progress. 

Methods Evaluation 

BNWL-624 

Theoretical studies have been directed toward developing a 

mathematical physics model which accurately predicts the observed physics 

behavior of power reactor systems. A measure of the validity of the 

mathematical model is obtained by comparing measured and calculated 

integral parameters such as reactor multiplication and effective cross 

sections. Frequently the results of comparison are in such good agreement 

that the effects of uncertainties in the model must be considered in 

determining the model's figure of merit. Comparisons have been performed 

for numerous plutonium and/or uranium fueled H
2

0 lattices. 

The calculated multiplications are all low compared to experimental 

values for the U0
2
-fueled H20 critical experiments~ high for aluminum

plutonium fueled experiments; and are in good agreement for U0
2
-Pu0

2 
fueled experiments. For the latter experiments there does not appear to be 

any trend in the results with Pu240 concentrations; however, for high 

(6.6 wt%) Pu0
2 

concentration in U0
2

, the multiplications are overpredicted 

by about 1-2 percent. Sources of the discrepancies have also been 

evaluated and it is concluded that the theoretical methods utilized in 

this study cause uncertainties as large as those caused by the cross 

section data. 

Comparisons of flux and power densities, reactivity coefficients, 

kinetic parameters, and effective cross section ratios, have also been 

made. The results of the comparisons show that in many cases the calcu

lational techniques need to be refined. As an example, calculated local

to-average power peaking factors in rods adjacent to water holes are 

greater than the measured values by approximately 6 percent and average 

void coefficients are 20-30 percent higher than the measured values. A 

conclusion from the comparison of calculated ratios of effective cross 

sections to values deduced from burnup experiments is that the comparison 

is best when the thermal cross sections for Pu239 and Pu241 are 

normalized to the 2200 m/sec values of the Leonard evaluation, but the 
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calculated values using Westcott normalization differ from the experimental 

values by only about one standard deviation. 

PLUTONIUM UTILIZATION STUDIES 

There is an economic incentive for reoptimizing the lattices of 

reactors originally designed for uranium fuel to utilize plutonium fuel. 

The magnitude of the saving is dependent on both the method of changing 

the lattice and the plutonium composition. The three methods examined 

were reduced fuel density, reduced rod size, and increased lattice pitch. 

Of these, the reduced rod size and increased pitch showed more savings (up 

to 0.3 mills/kWh) with the rod size reduction possibly being technologically 

the more desirable. 

Power sharing between freshly charged fuel bundles containing plutonium 

and those containing only slightly enriched uranium also depends upon fuel 

density, rod size and lattice pitch. Reduced fuel density and increased 

lattice spacing both increase the power peak in plutonium bearing fuel 

above the 20% increase found in the reference lattice. Reducing the rod 

diameter reduces the power peak in the plutonium bearing fuel. Placing the 

plutonium in a few rods in each assembly reduces the power peak in the 

assembly, but the plutonium bearing rods produce more than their share of 

the power in the assembly. Reducing the enrichment of the plutonium 

bearing rods tends to equalize the power produced in each rod of the assembly. 

PRTR OPERATIONS 

Recovery from the FY 1966 Fuel Element Rupture Test Facility (FERTF) 

incident was completed during the early part of FY 1967. All nuclear 

critical experiments were completed for the Batch Core Experiment and 

the FERTF program. The PRTR began the batch core power tests on January 

24, 1967, and all power tests, except the measurement of the transient 

fission product poisoning, were completed by the end of FY 1967. 

Modifications to the PRTR were initiated to update the reactor safety 

circuits. Modifications were made to permit the change of the primary 

coolant pH from 10 to 7; to replace the D
2

0 in the reflector with H20; to 

permit control of the reactor with a chemical shim (boron); to measure 
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fission product pressure in fuel rods during irradiation; to permit better 

control of the aqueous and ventilation waste; and to permit power 

generation of the PRTR to be increased to 85 MW. 

Thirty-four irradiated fuel elements were chemically processed at the 

Redox Plant of Isochem, Inc., to produce 9 kg of plutonium containing 14.6% 

of the Pu240 isotope. 

MATERIALS 

Effects of Flux on the Corrosion and Hydriding of Zirconium Alloys in the 
PRTR 

Sixty tubular Zirca1oy-2 and Zirca1oy-4 specimens were exposed in-flux 

on a Zirca1oy-2 rod at a position normally occupied by a fuel rod. The 

specimens were exposed in as-etched and prefi1med (pretransition and 

posttransition) surface conditions. Corrosion rates were accelerated at 

the higher flux positions for all surface conditions of both alloys. 

However, accelerated corrosion was slight on as-etched specimens. Pre

filming adversely affected the in-flux corrosion rates. Hydrogen pickups 

also were higher for the prefi1med specimens. 

Two Zirca1oy-2 process tubes were examined for oxidation and hydriding 

at several points along each tube. Accelerated corrosion occurred on both 

tubes. The corrosion followed the flux profile along the tube axes. In

flux weight gains up to 180 mg/dm2 were observed. However, deuterium 

pickups were 3 to 20 ppm, corresponding to absorption of less than 4 to 27% 

of the corrosion product deuterium. Hydrogen concentrations were higher 

toward the cooler ends of the tubes, likely due to thermal diffusion. 

Ceramic Fuel Dissolution Studies 

Application of the oxalic acid, peroxide, gluconic acid decontamination 

mixture to the 9-29-65 PRTR rupture debris was highly effective. The 

dependence of the U0 2 dissolution rate on temperature was found to 

correspond to an activation energy of about 12 kca1, similar to dissolution 

in 4~ HN0
3

• The rate of dissolution in OPG increased with mixing (unlike 

dissolution in nitric acid). 
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For effective dissolution of high fired Pu0
2

, more strenuous reagents 

are required. Phosphoric acid, 99%, even in the presence of Fe(N03)3'9H20 

as an inhibitor to reduce attack on stainless steel was still much more 

effective than 85% phosphoric acid. Generally, the high acid decontamination 

procedures are compatible with Inconel 600, AISI 446 and AISI 304 alone or in 

combination. The corrosion rates on carbon steel are excessive. 

Attempts to reduce ceramic fuel material in sodium-NH
3 

solutions were 

dropped after it was shown that Fe
3

0
4 

catalyzed the formation of sodium 

amide, without affecting significant reduction of the magnetite. 

Corrosion and Boron Deposition in H
3

-B0
3 

Solutions 

Materials and components representative of the PRTR moderator system 

have been exposed to boric acid solutions in pilot plant installations 

and in the PRTR moderator systenl. These tests have demonstrated the 

potential for localized Al corrosion in the shroud tube bellows assembly. 

If specified operating criteria are observed, no other corrosion 

problems are anticipated. 

Boron deposition on moderator system surfaces is expected from 

laboratory studies to be <3 ~g B/cm2 , well within PRTR reactivity control 

capabilities. Measurements in-reactor indicate boron deposition of 

<0.1 ~ B/cm2 • 

PRTR Pressure Tube Technology and Surveillance 

Tube nUTIlber 5696 was examined for the cause of a flaw in the tapered 

section and destructively examined to determine irradiation effects on 

PRTR tubing. The flaw was found to be caused by a falling alignment 

mandrel. Tests on the remainder of the tube showed an increase in both 

300°C and room temperature burst strength, and no loss of crack prop~g~tion 

strength with increasing exposure to 3 x 1021 nvt. 

Tests were completed for hoop stress at failure vs. temperature curves 

out to 300°C for constant slot lengths of 3/4, 1-1/2, and 3 inches. The 

crack arrest temperature was between room temperature and 150°C for all 

slot lengths. Room temperature crack propagation tests were run on 

specimens with 1-1/2 inch flaws and varying amounts of hydrogen; they showed 

no decrease in hoop stress with increasing hydrogen. 
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Tests were completed for hoop stress at failure vs. temperature 

curves for tubes with 275 ppm hydrogen and slot lengths of 3/4 and 1-1/2 

inches. These curves showed no decrease in stress with increasing temperature 

for hydrided tubes when compared to similar curves for "as-received" 

tubing. There was an increase in the crack arrest temperature for the 3/4 

inch slot to over 300°C and an increase to between 150°C and 300°C for the 

1-1/2 inch slot. 
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FUELS DEVELOPMENT 

The prime objective of the Fuels Development portion of the Plutonium 

Utilization Program is to prove the feasibility of recycling plutonium fuels 

in thermal reactors. The broad scope of this objective calls for a diversity 

of studies on (1) the development of fabrication techniques, particularly as 

affected by the inclusion of power reactor plutonium in the fuel material, 

(2) fuel fabrication cost studies, and (3) investigation of the irradiation 

performance characteristics of plutonium-bearing fuel elements. 

The PUP Fuel Development studies to date strongly indicate that at 

existing power reactor operating conditions, performance characteristics of 

U0 2-Pu02 fuels are not significantly different from U0
2 

fuels. A major 

area of concern which still exists relative to U0
2
-Pu0 2 , and also U0

2 
fuels, 

is failure behavior and behavior under out-of-limit transient conditions. 

Accordingly, during the past year, BNW's efforts on fuel development has 

been refocused to better obtain the information needed in these areas. Another 

emerging need is that of determining dose rates obtained from utilizing high 

exposure plutonium (the type of plutonium that will be available from many 

commercial power reactors) in recycle fuels. In response to this need, 

efforts on these studies have been acce.lerated during the past year. Other 

shifts in program emphasis will undoubtedly be required to insure a viable PUP 

Fuels Development effort. Efforts will be refocused as necessitated by a devel'Jping 

fuels technology. 

PRTR Batch Core Testing - M. D, Freshley 

Fuel Performance 

The Batch Core Experiment is providing statistically significant irradiation 

behavior data on U0
2
-Pu0

2 
fuel elements operated at power generations greater 

than those currently employed in commercial power reactors, i. e., maximum linea-;:: 

rod power generations of nearly 20 kW/ft with maximum fuel temperatur .. :=. ,.'.car 

melting to goal burnups over 13,000 MWd/tonne. A summary of the pr~scLc core 

loading status is presented in Table I. 

Vibrationally compacted U0
2
-2 wt% Pu0

2 
elements in the batch core reached 

an average burnup as high as 1200 MWd/tonne. Nondestructive and destructive 

examinations of selected fuel rods indicate that performance is satisfactory. 

No fuel failures have occurred thus far in the program. A transverse cross 

section of a vibrationally compacted U0
2
-2 wt% Pu0

2 
fuel rod irradiated in 

PRTR at approximately the maximum power expected during the Batch Core 

Experiment is shown in Figure 1. 
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Table I 

PRTR Core Loading Status 

Element Type (1) 

Batch Core Experiment: 

Vipac PI(2)U0
2
-2 wt% Pu0

2 (Batch Core Experiment 
Elements) 

Hot Pressed Pellet 
U0 2-l.94 wt% Pu02 

Fringe Position Tests: 

Vipac PI U02-2 wt% Pu02 
(Spare Batcn Core 
Experiment Elements) 

Swaged PI U0 2-2 wt% Pu0 2 

Swaged PI U0 2-l wt% Pu0 2 

Vipac PI U0 2-l wt% Pu0 2 

Vipac PI U0 2-l.5 wt% Pu0 2 

Vipac MM(3)U0
2
-0.5 wt% Pu0

2 

Swaged MM U0 2-0.5 wt% Pu0 2 

Swaged U0 2 

No. of 
Elements 

66 

1 

4 

1 

1 

2 

1 

1 

2 

1 

Max. Rod 
Power Gen. 

(kW/ ft) 

-20 

-21.5 

-20 

-20 

-17 

-15 

- 6 

-16 

-13 

-12 

BNWL-624 

Burnup 
(MWd/tonne) 

-1200 

> 500 

>4800 

>2500 

>7000 

>6000 

>3000 

>11 ,000 

>9000 

>9000 

(l)PRTR elements are 19-rod cluster bundles of 0.565 O.D. Zircaloy-clad rods 
with active fuel lengths of 58.5 and 88.5 inches. 

(2)PI = 

(3)MM = 

High energy rate pneumatically impacted fuel. 

Mechanically mixed fuel. 
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/3- 'Y Autoradiograph 

E2513 

Photom crograph 

Q Au toradiogr a ph 

Figure I 

Transverse Section of a Vibrationally Compacted U02 -2 wt. % Pu02 
Fuel Rod Irradiated Under the Maximum High Power Density 

Conditions in PRTR. i. e. 20 kW 1ft with Maximum Fuel Temperatures 
near Melting 
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Results of the program to date indicate that for the low plutonium 

concentrations of interest in thermal reactor fuels such performance 

characteristics as physical fuel behavior, fission gas release, sintering, 

and fission product migration are not significantly different for U0
2 

and 

vibrationally compacted U0
2
-Pu0

2 
fuels. Alpha autoradiographs of irradiated 

rods indicate that some plutonium migration or segregation occurs under molten 

fuel conditions. 

Irradiations to Establish Reactor Power Limit 

Among the first fuel irradiations to be performed in the PRTR were tests 

to determine the maximum allowable reactor power level based on a maximum fuel 

temperature limit. Maximum PRTR power level is determined by the linear rod 

power that produces fuel temperatures (-2790 °C) just below melting. Thirteen 

fuel rods were metallographically examined to ascertain fuel structures formed 

during irradiation. These irradiations indicate that under PRTR operating 

conditions the onset of melting in vibrationally compacted U0
2
-2 wt% Pu0

2 
fuel 

rods occurs at 20.5 ± 0.5 kW/ft. This power to produce melting is equivalent to 
Tm 

an f KdT of about 68 w/cm. Results also show that (1) the temperature at 
0° 

which columnar grain growth apparently begins is approximately 2000 °c for 

irradiation times up to 80 hours, (2) structural equilibrium is reached more 

rapidly at the higher power generations, and (3) structural characteristics 

are time dependent. 

Fuel melting occurred in two of the vibrationally compacted rods examined 

as part of the reactor power calibration experiments. One of the two rods 

melted to approximately 10% of the radius; the other to approximately 33% 

of the radius. Both rods were presumably irradiated under the same conditions. 

The reason for the difference in the indicated melt radius is being investigated. 

Destructive examination of the end regions of these two rods showed that the 

depleted U0
2 

pellets effectively prevent excessive fuel temperatures in the 

end cap regions. No pellet-powder fuel interaction and only minor pellet cracking was 

observed. Prior to batch core operation, excessive fuel temperatures due to 

flux peaking in the end cap regions limited reactor power. 

FERTF (Fuel Element Rupture Test Facility) Testing - M. D. Freshley 

Because no commercial power reactor can be operated economically without 

accommodating defective fuel rods, the study of fuel rod defect behavior is an 

important part of the Fuels Development Sub-Program. It is especially important 

to determine limits of operability with defected rods so that commercial 
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reactor operators are able to maintain optimum operating efficiency and 

power density. Toward this end, the Fuel Element Rupture Test Facility 

(FERTF) was installed in the PRTR and a test program on defective fuel 

rods was formulated. This program is designed to study the effect of 

specific power, burnup, and fuel form on defect behavior of fuel rods. 

The determination of defect behavior is also an important consideration 

in the comparative performance evaluation of pellet and packed-powder fuel. 

The FERTF will also be used to test fuels which may require some 

additional irradiation testing prior to charging into the batch core 

proper, or which may represent a potential high risk if tested in the 

batch core. 

During FY 1967, a series of power and calibration runs were performed 

to bring the PRTR power level up to about 65 MW (the equivalent of a 

maximum linear rod power of about 20 kW/ft). During this time, a 19-rod 

cluster of commercially designed and fabricated fuel rods was tested in 

the FERTF at a linear rod power of 21.5 kW/ft. These rods contained hot 

pressed pellets made of U0 2-1.94 wt% Pu0 2 • The objective of this test 

was to gain irradiation experience with hot pressed pellet rods before 

charging the rod cluster into the batch core. 

Periodic examination of the pellet-containing element in the reactor 

basin indicates that the irradiation performance of this type of fuel is 

satisfactory. Postirradiation examination of one of the pellet fuel rods 

in radiometallurgy is currently in progress. Preliminary examination 

results indicate that some fuel melting had occurred (Figure II). 

Vibrationally compacted U0 2-Pu02 fuel rods, pellet-containing U0 2-Pu02 
fuel rods, and vibrationally compacted enriched U0 2 fuel rods will be 

irradiated in the FERTF Test Element at powers up to 20 kW/ft. This test 

series will require approximately nine irradiation periods. (Subsequent 

test series are planned for rod powers of 23 and 28 kW/ft.) Testing during the 

20 kW/ft series will include irradiation of both nondefected and deliberately 

defected fuel rods at linear rod powers sufficient to produce the onset of 

fuel melting in the vibrationally compacted fuel rods and temperatures below 

melting in the pellet-containing rods. A schedule for the disposition of 
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Figure II 

Transverse Section Through a Hot Pressed U02 -1.94 wt. % Pu02 Fuel 
Rod Irradiated in PRTR at a Linear Power Generation 

of 21.2 ± 1.0 kW 1ft 
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individual rods used in the FERTF Test Element is presented in Table II. The 

sequence and number of irradiations outlined in Table II may change during the 

course of the test series depending upon experimental results, operating 

experience, and reactor sched~les. A summary of the fuel rods tested as part 

of the 20 kW/ft test series is presented in Table III. Some nondefected fuel 

rods irradiated in the FERTF Test Element may subsequently be irradiated in 

reactor core positions. Also some fuel rods from the HPD fuel elements in the 

Batch Core may be irradiated in the FERTF Test Element. 

The FERTF Test Element consists of a prote::tive sleeve assembly surrounding 

the fuel rod rack that supports an eight-rod ring of Mark I-R2 fuel rods. The 

sleeve assembly provides protection for the surrounding Zircaloy pressure 

tube. The fuel rod rack assembly can be removed from the sleeve assembly as 

an integral unit to facilitate rod manipulations. The fuel rods are suspended 

from the top of the rack assembly and are free to expand or contract independently, 

Four circumferential strip bands secure the rods to the rack assembly. 

The flexibility required to obtain the desired power match between fuel 

rods in the FERTF and fuel rods in Ring 1 is achieved by changing the 

macroscopic absorption cross-se2tion af the assembly. This can be accomplished 

by changing the types of sleeve and insert materials used in the assembly. 

The physics and power generating characteristics of the FERTF Test 

Element were computed and also determined experimentally by zero power tests 

in PRTR. These tests included measurements of relative power generation, 

reactivity worth of the FERTF Test Element compared to a water filled tube, 

and coolant void worth of the element. The most reliable relative power 

generation data obtained from zero power irradiations with the present FERTF 

Test Element design are summarized in Table IV. Based upon the results 

of the experimentally determined values, estimates were made of the~: ~ive 

power generation for various combinations of FERTF Test Element compo':i~:,ltS. 

These calculated values are also listed in Table IV. The thermal hydraulic 

characteristics of the FERTF Test Element were determined experimentally and 

the boiling burnout limits were determined analytically. The boiling burnout 

analysis indicates that at tube powers below 680 kW with the insert removed 

and below 710 kW with the insert installed, boiling limits are more restrictive 

than burnout limits are at a mass velocity as low as 1 x 10 6 lb/hr-ft2 . 
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Table II 

Disposition of Individual Fuel Rods for 20 kW 1ft Test Series 

N 

OJ 



Number of Rods of Approximate Burnup, MWd/tonne 

Fuel 2000 4000 9000 Total 
Rod Type 1000 2000 4000 5000 6000 (l000 (3000 (l000 Rods 

Post- Post- Post-
Defecting) Defecti ng) Defecting) 

Vibrationally 
Compacted I I I 
U02-PU02 

I I I I 7 

Hot-Pressed 
Pellet I I I I I 5 U02-PU02 

N 

Cold-Pressed 
and 

Sintered 
Pellet I I 

U02-PU02 

Vibrationally 
Compacted I I 

U02 
I I I 5 

Table III 

Summary of Destructively Examined Fuel Rods from 20 kW 1ft Test Series 



Sleeve 
Mat'l 

SST* 

SST* 

SST* 

SST* 

SST** 

SST** 

SST** 

SST** 

Zr** 

Zr** 

Zr** 
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Table IV 

Relative Power Generation in the FERTF Test Element Using 
Vibrationally Compacted U0

2
-2 wt% Pu0

2 
Rods 

Stainless Absorber FERTF 
Steel Plug Power Ratio Ring 1 
Insert Mat'l Calculated Measured 

No SST 1.02 0.95 + 0.03 

No Hast-X 1.01 0.95 ± 0.03 

Yes SST 0.91 0.89 ± 0.04 

Yes Hast-X 0.90 0.90 ± 0.06 

No Al 1.10 

Yes Al 0.98 

No Zr 1.10 

Yes Zr 0.99 

No Zr 1. 21 

Yes Zr 1.08 

No SST 1.12 

*Experimental1y determined values. 
**Estimated values based upon the experimentally determined data. 

• I 
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An 8-rod prototype FERTF Test assembly is being tested in an 

ex-reactor hydraulic test loop (EDEL-l) to determine the wear and fretting 

characteristics of the assembly under PRTR coolant conditions. After 84 

days of testing at a coolant temperature of 475"F, coolant pressure of 

1050 psig, and coolant pH of 7.5 the test assembly shows no wear between 

components within the assembly and only a minimum amount of fretting or 

wear between the sleeve and pressure tube. Testing was conducted at 

coolant flow rates between 70 and 122 gpm. 

A considerable amount of special underwater handling equipment has 

been developed for use with the FERTF Test Element. Equipment is included 

which will permit interim and postirradiation measurements and inspection 

of fuels. Equipment is also available which will permit rapid removal, 

manipulation, and replacement of fuel rods so as to minimize reactor down 

time associated with FERTF testing. 

High Exposure Plutonium Studies - R. C. Smith 

The radiation hazards associated with high exposure plutonium must 

be established to determine the amount of shielding which may be required 

when fabricating fuels containing such plutonium. 

Detailed heavy element nuclide analyses were completed on Shippingport 

and Yankee fuel samples. Shippingport fuel samples ranged in exposure from 

approximately 10,000 to 30,000 MWd/tonne; some Yankee fuel samples had reached 

exposures of approximately 40,000 MWd/to-ne. Plutonium product solutions were 

also obtained from Dresden and Hanford high exposure fuels. 

Data on heavy nuclide formation appear to fall into consistent patterns 

which show a relatively large variation in the formation of the highec 

nuclides with neutron spectra variations. This is particularly noth;eab I.e 

in the Shippingport fuel and is evaluated in BNW-478. (1) The amount of 

235pu formed was consistently small and apparently will not contribute 

significantly to handling hazards. 

Analyses have generally confirmed predicted trends for heavy nuclide 

formation. The fuel samples analyzed indicate that for natural and 235U 

enriched fuels from light water reactors, the 2~Opu tends to peak out at 

concentrations between 25 and 35 per cent of the total Pu isotopic composition. 

(1) Smdh, R. C. an.d Van. Tuyl, H. H., "H~gh Expo~W!.e Plu.toMWrl S.:t.u~u An.alyJ.JM 
06 Shlpp~n.gpoJr.t Fuel," BNWL-478, BatteUe-NofLthwut, July, 1961. 
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X-ray and Gamma Ray Measurements 

X-ray and gamma energy spectra measurements made on Shippingport and 

Yankee plutonium revealed no significant quantities of photo-peaks above 

400 keV. Substantial quantities of very low energy photo-peaks were 

resolved. A breakthrough in the resolution of low energy spectral 

determinations was made with the use of a Si(Li) detector to supplement 

the normally used Ge(Li) detectors. Greatly improved resolution was 

obtained particularly for x-rays in the range below 20 keV. Only pre

liminary readout of the energy spectra was made as a Lawrence Radiation 

Laboratory computer program is being adapted for photo-peak evaluation. 

The new computer program will save many manhours and provide greater 

accuracy in spectral energy data evaluation. The computer program is also 

being adapted to incorporate the experimentally determined efficiency of 

the spectrometer system and allow practical yield data readout in addition 

to the energy information now obtained. 

Gamm and x-ray yields and surface dose rates from high exposure 

plutonium were found to significantly increase with time after chemical 

separation. The energy spectra determinations showed the increase was 

primarily caused by the 59.6 keV photons from 241Am which grew in via 

241pu beta decay (T 1/2 = 13 y). For the most of the high exposure 

plutonium measured containing ~ 3 per cent 241pu, the gamma dose rate would 

double within one year after chemical separation due to the 241Am buildin. 

Representative surface dose rates are given in Table V. Measurements 

are being repeated monthly to follow the 241Am growth and to correlate 

actual surface dose rate measurements and theoretical calculations as a 

function of plutonium isotopic content, chemical and physical form, and 

time since chemical separation. 

X-ray and Gamma Ray Shielding Requirements and Personnel Exposure 

Very preliminary shielding measurements indicate the gamma and x-ray 

radiation from pure high exposure plutonium is very easily shielded. This 

is to be expected from the predominance of low energy photo-peaks revealed 

in the gamma spectral measurements. 
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Table V 

Measured Surface* Dose Rates on High Exposure Plutonium 

Container 
Days Material Surface 

Wt Since 240 pu 241pu Thickness, Dose Rate 
Pu Source Grams Separation Atom % Atom % Inches Rad/~ 

Shippingport Pu0
2 73 85 23.18 7.63 0.033P* 3.65 

Shippingport Pu0
2 

61 86 23.60 7.66 0.033P 3.37 

Dresden Pu0
2 

63 164 21. 56 6.88 0.033P 2.73 

20 wt% Pu-Al Unknown 19.22 3.00 0.020 Al 1. 47 

20 wt% Pu-Al Unknown 19.22 2.75 0.020P 2.46 

*Dose rate as measured through polyethylene plastic (p) bag or aluminum (Al) 
cladding material not extrapolated to the plutonium compound surface. 
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Actual personnel exposure records were kept during the fabrication of 280 

fuel rods containing recycled plutonium from Dresden fuel process by Nuclear Fuels 

Services. The isotopic content of the plutonium was approximately 0.3 238pu , 

75.3 239pu, 18.15 240 pu , 5.1 241 pu , and 1.15 242pu (atom %). The surface 

dose rate for plutonium of this isotopic content would be over 2.5 Rad/hr. 

The actual hood readings through neoprene gloves were about 500 mrad/hr at approxi

mately one foot above the Pu0
2

. The plutonium was processed in the normal 

fuel fabrication facilities with special housekeeping precautions. After 

blending the Pu0
2 

with U0 2 (4% Pu0
2

-U0
2

) and pneumatic impaction, the fuel 

dose rates were nominal and essentially normal fuel handling procedures were 

used. The final surface dose rate from a 1/2 inch diameter fuel rod with 

.035 inch thick Zircaloy-2 cladding was 2 mrad/hr. 

Neutron Measurements 

Initial neutron yields were made with a "Long Counter." A 70 gram sample 

of Shippingport Pu0
2 

gave a neutron yield of 3.86 x 104 n/sec. A 200 gram 

sample gave approximately 1.05 x 105 n/sec. Measurements of a 942 gram 

Shippingport plutonium metal disk approximately 3 inches by 1/2 inches thick 

gave values for neutron yields of 4.23 x 105 n/sec from the flat side and 

2.71 x 105 n/sec from the edge. 

Fabrication Costs - J. P. Keenan 

A model has been developed at Battelle-Northwest Laboratories by 

J. B. Burnham, L; G. Merker, and D. E. Deonigi for calculating fuel element 

cost(2). The model is based on a 1 ton/day plant to produce a 1000 MWe PWR 

fuel(3). This model was used to calculate costs in a plant producing a 

single type of fuel by six different fuel fabrication schemes. In these 

cost studies throughput was varied, but plant capacity was not changed. More 

recent studies have investigate the influence of plant throughput on the cost 

of the same fuel element, produced under the same conditions as before except 

that plant capacity is varied. Throughput relationships were developed for 

vibratory compacted fuels enriched with either 235U or high exposure plutonium. 

(2)BUJtn.ham, J. B., MeAR.eA, L. G., an.d Ve.orUg-t, V. E., "CompaJta.U.ve. Co.ot 06 
oude. Fuel. Ete.me.n.:t.o, Volume..o I, 2, an.d 3," Ba:t:te..t.te. - NoMhwe..ot. BNW L - 273. 
July, 1966. 

(3) "1000 MWE Clo.o e.d-Cyete. WateA Re.actolL Study," We..oun.g hOM e. Atom-tc. POWe.1L 
Ve.patr.:tme.n.:t. WCAP-2385. MaJtc.h, 1963. 
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Results are sunnnarized in Table VI and Figure III. 

Calculated costs can be quite sensitive to the assumptions used in 

the cost model. For example, a cost differential of one dollar/kg for 

a one ton/day throughput represents an annual cost of approximately $250,000. 

Raw material conversion costs are a very significant portion (50%) of 

the total cost (Table VI). These costs become more significant as throughput 

increases. Enough fuel fabrication plants are assumed to be in operation 

that the size of anyone plant will not affect raw material costs. 

Elements of profit to cover research and development and risk were not 

considered in computing fuel costs. A higher risk factor would probably be 

associated with plutonium enrichment and the difference between uranium 

enrichment and plutonium enrichment shown by these studies therefore is not 

as great as it should be. 

Special Batch Core Testing - T. B. Burley 

The Batch Core Experiment includes a study to determine internal 

pressure buildup as a function of burnup in vibrationally compacted-mixed 

oxide fuel rods operating at different powers. Toward this end, four 

instrumented U0 2-2 wt% Pu0 2 fuel rods (two in each of two fuel assemblies) 

are presently operating in PRTR. The instrumented fuel rods contain thermo

couples to measure plenum gas temperature. Gas pressure in each rod is 

measured by a transducer containing a null-pressure balance diaphragm. (4) 

Gases within the fuel rod (fission gases and sorbed gases) produce pressure 

on one side of the diaphragm keeping an electrical contact closed. Pressure 

is applied to the secondary side of the diaphragm through a pressure c?gulating 

valve until the electrical contact just opens, thereby indicating balan~ed or 

internal pressure. (Figure IV) 

(4) Re..yvwld6 , M. V., "The.. Me..a..6Wteme..iU: on Ff1.e..e.. F,u,.6-<-OI1 Ga..6 Pf1.e...6.6Wte.. -<-11 Ope..f1.a;t.,[l1g 
Re..ac;tof1. Fue...t Eleme..lU:.6," GEAP- 413 5, Jal1uMy 23, 1963. 



Table VI 

Breakdown of Costs 

High Exposure Pu0
2 

in U0 2 Enriched U0 2 
Throughput Tons/Day 1/4 1/2 1 5 E5} 10 1/4 1/2 1 5 

Direct Material 14,435 14,435 14,415 14,415 10,717 10,717 10,697 

Labor 3,529 3,090 2,780 2,888 2,440 2,220 

Building and Equipment 5,187 2,848 1,671 1,700 4,942 2,706 1,595 

Indirect Manufacturing 
Expense 5,095 4,035 3,625 2,700 4,339 3,485 3,030 

Use Charge 822 822 822 280 804 804 804 

Nuclear Losses 1,170 1,170 1,170 1,170 1,165 1,165 1,165 

Ordinary Losses 152 152 152 152 105 105 105 

Fixed Manufacturing 
Cost 2,854 1,451 772 260 2,716 1,380 727 

General and Administration 
Cost 1,399 700 351 120 1,399 700 351 

Working Capital 422 371 346 115 335 288 265 

Cost/Fuel Element 35,065 29,074 26,114 20,912 29,410 23,790 20,959 

Cost/kg 71.00 58.90(6) 52.90 43.00 40.00 59.53 48.16(6) 42.43 33.00 

(5)All extnapolated data. 

(6)In Volwne III oil BNWL-273, C.O.6t.6 weJte c.alc.u1.ated iloJz.. opeJta:Ung a 1 :ton/day plant on one .6iU.M OJz.. at one-halil 
de.61gn c.apawy. The C.O.6:t peJt WogJz..am Wct6 _1.00 hlgheJz.. :than :th-W. 

10 

N 

f-' 
0\ 

31.00 
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Test cQnditiQns fQr the two. sets Qf instrumented fuel rQds are given 

belQw: 

Linear PQwer 

Maximum Fuel Temperature 

VQlumetric Average Fuel Temp. 

Fuel EXPQsure 

Gas Pressure 

Two. RQds 
In Fuel 

Assembly 6520 

20 kW/ft 

>Melting 

-1350 °c 
1280 MWd/tQnne 

56 psi 

Two. RQds 
In Fuel 

Assembly 6519 

10 kW/ft 

-1600 °c 

- 800°C 

590 MWd/tonne 

17 psi 

The eXPQsures Qn these rQds were Qbtained during relatively shQrt 

periQds Qf steady-state QperatiQn. The lQngest periQd Qf steady-state 

QperatiQn was 100 hQurs. Because extended periQds Qf steady-state 

QperatiQn have nQt been Qbtained, gas release characteristics have nQt 

been established. It appears, hQwever, that during transient QperatiQn 

at relatively lQW eXPQsures the gas pressure in vibratiQnally cQmpacted 

D0
2
-2 wt% Pu0

2 
fuel rQds increases in a stepwise manner during reactQr 

startups and then levels Qff Qr decreases slightly during ste~dy-state 

QperatiQn. The magnitude Qf the stepwise pressure increase is greater 

in the high temperature fuel than in the lQW temperature fuel., ThQugh it 

is difficult to. ascertain fissiQn gas release values at the lQW eXPQ~ures, 

the trend Qf increasing internal gas pressure with eXPQsure is apparent. 

The pressure increase due to. sQrbed gases and mQisture in the fuel is 

cQnsiderably less than WQu1d be predicted frQm the analysis Qf the fuel 

material. 

A vibratiQ'nally cQmpacted Th0
2
-5 wt% Pu0

2 
element with two. rQds 

instrumented in the manner described abQve has been fabricated and wLll 

sQQn be charged into. Qne Qf the batch CQre fringe PQsitiQns. 

MTR/ETR Testing - M. D. Freshley 

A 7-rQd cluster fuel element cQntaining a defected vibratiQnally 

cQmpacted D0
2 

fuel rQd was successfully irradiated in the ETR P-7 pressurized 

water lQQP at a maximum linear rQd PQwer Qf 28 to. 29 kW/ft. This rQd 

PQwer resulted in an estimated 60 to. 65 per cent Qf the radius mQlten at 

the plane Qf the defect. The defect cQnsisted Qf a 1/16 inch diameter hQle 
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drilled through the Zircaloy cladding of one rod. After irradiation under these 

conditions for nine effective full power days, the element was discharged 

from the reactor for postirradiation examination. This test will provide a 

basis for performing defect tests at the same power in the FERTF using 

U0 2-Pu02 fuel. 

During its residence time in the reactor, the defected element was 

subjected to three programmed power increases, two of which were from zero 

power. The element was also subjected to one scram recovery which 

included a very rapid (3 minutes) power increase from 1 to 50 per cent of 

full power. Although the activity release to the loop piping was quite 

high during the scram recovery, modest amounts of activity were released 

during the programmed power increases. Increases in reactor power and 

coolant temperature caused activity bursts which decreased to low 

equilibrium values during steady-state operation. 

Examination of the defected rod in the ETR basin did not reveal any 

physical changes as a result of irradiation. A detailed postirradiation 

examination will be conducted to compare the performance of the defected rod 

with the performance of adjacent nondefected rods. The defected rod will 

also be examined for evidence of dimensional changes, water-logging, fuel 

washout, fuel relocation, fission product and/or plutonium migration, and 

stoichiometry changes. 

Transient Tests - R. L. Gulley 

The transient behavior of U0 2-Pu02 fuels must be determined to fully 

establish their performance characteristics. To accomplish this objective, 

a transient testing program utilizing the Transient Reactor Test Facility 

(TREAT) was started. To provide a basis for comparison, U0
2 

fuels are also 

being tested as part of this program. The first series of transient 

experiments were performed in cooperation with staff members of the Chemical 

Engineering Division and the TREAT Facility of Argonne National Laboratory. 

Pressure Autoclave Tests 

Two transient irradiation experiments were conducted in instrumented 

autoclaves to investigate the meltdown behavior, in water, of non-irradiated 

Zircaloy-clad vibrationally compacted fuel rods with and without simulated 

fission gas pressure. Each experiment involved four fuel rods which 
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contained pneumatically impacted U0
2 

(15 atom % 235U) with an O:U ratio of 

2.02. Particular emphasis was placed on determining (1) the extent of 

cladding metal-water reaction and fuel-water reaction, (2) the peak pressure 

produced in the autoclave, (3) the rate of pressure rise, and (4) the 

particle size distribution of the fragmented fuel and cladding. The four 

fuel rods in the first experiment contained helium at a room temperature 

pressure of 1500 psia to simulate fuel irradiated to high burnup. The 

reactor transient characteristics and experiment results are summarized in 

Table VII. (7) 

Observations from the simulated burnup transient experiments and from 

comparison with the transient behavior of pellet containing fuel rods 

(previously tested by ANL) are: 

1. Although both sets of fuel rods received the same total amount 

of transient energy (400 MW sec), approximately one-third less 

power was required to cause failure of the pressurized fuel 

rods than the low-pressure fuel rods. 

2. The extent of Zr-H
2

0 chemical reaction, about 40%, is 

approximately the same as was previously observed with 

U0
2 

pellet-containing fuel rods. The extent of metal-water 

reaction was slightly greater for the low-pressure fuel rods 

than for the high-pressure fuel rods (45 versus 38%) probably 

because the cladding on the low-pressure capsules was hotter 

at the time of failure, thus resulting in more reaction. 

3. X-ray diffraction analysis of the meltdown residue showed the 

presence of compositions between U0 2 . 0 through U0 2 . 20 . If it 

is assumed that all the residue is U0 2 . 20 , approximately 10% 

of the total H2 generated would have come from U0 2 oxidation. 

(7) LU.ma.tcU.nen, R. C. (ANL), Flte.6lU..ey, M. V. (BNW), Te.6:ta, F. J. (ANL), 
"Tlta~.-len:t IMacUaUon.6 06 V.-lbltat.-i.ona.l.£y Compaued UO Z Fuel In TREAT," 
Tltan.6. Am. Nuc.. Soc.., VoL 9, No. Z, pp, 395-396, Qu. 30-Nov. 3, 1966. 
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Table VII 

BNWL-6Z4 

Summary of Transient Experiments With Zircaloy-Z-Clad, 
Vibrationally Compacted UOz (15 Atom % 235U) Fuel in a 

Pressure Autoclave 

Experiment No. 

Internal Fuel 
Capsule Pressure 
He, psia 

Reactor Characteristics 

Integrated Power, 
MW sec 

Peak Power, MW 

Period, msec 

Fission Energy 
Input, cal/g UO

Z 

Experiment Results 

Zr-HZO Reaction(b), 
per cent 

Fuel Appearance After Transient 

Particle ~iJe After Transient 
d , mils c 

sv 

Peak Autoclave Pressure, psig 

Max, Pressure Rise Rate, psi/sec 

Total (Chemical & Nuclear) Energy 
Released, cal/g HZO 

Percent Chemical Energy Release(d) 

Z18-S(a) Z19-S(a) 

15 1500 

407 411 

lZ80 lZ75 

74 75 

467 471 

45 38 

Complete Complete 
Fragmentation, Fragmentation, 
particles and particles and 

fines fines 

36 30 

800 700 

4000 3000 

416 385 

51 46 

(a) Four fuel rods were irradiated simultaneously in each test. Each fuel 

(b) 

(c) 

rod was Z4.1 cm (9.5 in) long by 1.44 cm (0.566 in) OD and contained 110 
g UO

Z 
(15 at% 235U) vibrationally compacted to about 80% TD. 

Calculated on the assumption that all the evolved hydrogen (measured by 
mass spectrographic analysis) resulted from the reaction Zr + ZHZO ~ 
ZrOZ + 2H2 · 
d = 1 

sv L:Wi 
di 

where d 
sv 

Wi 
di 

mean particle size 

weight of particle in a given group 
average diameter of particles in a given group 

(d) Percent Chemical 1 chemical energy 
energy re ease = total (chemical + nuclear) energy release x 100 



2.23 BNWL-624 

4. Both the peak pressures in the autoclave and the maximum rate 

of pressure rise were higher for vibrationally compacted fuel 

than for pellet-containing fuel. These more energetic pressure 

pulses with vibrationally compacted fuel are attributed to the 

smaller U0 2 fragments resulting from the transient. U0 2 
fragments from vibrationally compacted fuel were about one-third 

as large as from pelleted fuel. The larger surface area of 

vibrationally compacted fuel residue promotes more rapid dissipation 

of heat into the coolant water. The peak autoclave pressure was 

slightly lower (700 versus 800 psig) for the simulated high-burnup 

fuel rods than for the simulated low-burnup materia. It is 

postulated that this resulted because the pressurized fuel rods 

failed sooner in the transient and the fuel contained less 

fission heat at that time. 

Transparent Autoclave Tests 

Three experiments involving vibrationally compacted U0 2 (9.54 atom% 

235U) fuel rods, submerged in water, were conducted in transparent auto

claves to obtain high speed motion pictures of single fuel rods undergoing 

transient irradiations in TREAT. A Zircaloy-clad U0
2 

fuel rod (Experiment 

No. 229T), vibrationally compacted to about 84% TD, separated into four 

individual sections (Figure V) when subjected to a transient energy 

input of 357 cal/g U0 2 . A blow-out type failure of the cladding occurred 

first near a depleted U0 2 insulator pellet. The failure occurred on the 

surface nearest the center of the reactor and before heating of the 

surface nearest the camera was visibly detectable. It appears that very 

hot or molten fuel came in contact with water in this region. Immediately 

after the failure, three distinct high temperature bands, each about 

one-eighth inch long, formed around the rod. The high temperature 

bands occurred at each end and at the center of the fuel column. As 

nuclear heating proceeded, the cladding between the two bands nearest the 

original failure did not visibly overheat, whereas, the cladding between 



Figure V 

Vibrationally Compacted U0
2 

(9.54 atom% 235 U) 
Fuel Rod After Transient Irradiation in TREAT 
at a Fission Energy Input of 357 cal/g U0 2 (Experiment No. 229T) 

N 

N 
~ 
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the bands furthest from the original failure heated uniformly and 

finally failed, releasing molten fuel. Postirradiation examination of 

two other vibrationally compacted V0
2 

(9.54 atom% 235V) fuel rods 

subjected to energy inputs of approximately 241 and 255 cal/g V0
2 

showed evidence of similar high temperature bands (Figures VI and VII). 

A postirradiation radiograph of these two rods (Figure VIII) suggests 

that initial clad penetration was aided by the release of entrained gases 

in the fuel at elevated temperatures. Offgas analysis of fuel obtained 

from history samples indicate that the entrained gas release as a function 

of temperature is approximately 1.3 x 10-4 cc/g fuel/oC in the range of 

900 to 1650°C. A summary of the reactor characteristics and experiment 

results obtained from the transient irradiation of the three V0
2 

(9.54 atom% 235V) fuel rods is presented in Table VIII. 

Two additional experiments involving single vibrationally compacted 

V0
2 

(5.01 atom% 235V) fuel rods, submerged in water, were conducted in 

transparent autoclaves to obtain high speed motion pictures. A summary 

of the reactor characteristics and experiment results obtained from these 

two tests is presented in Table VIII. The cladding near the center of 

both fuel rods appeared to fail first followed by fragmentation of the rods 

into small particles and fines. Neither rod displayed the well defined 

high temperature bands that occurred during Test 229T with a vibrationally 

compacted V0
2 

(9.54 atom% 235V ) fuel rod. Further irradiations utilizng 

the transparent autoclave are planned to better define the transient 

behavior of vibrationally compacted oxide fuel rods. 

Planned Transient Testing Program 

A series of experiments was formulated to establish the failure 

thresholds of fuel rods undergoing power transients. Approval in 

principal to conduct such tests was obtained from the Laboratory 

Director's Office of Argonne National Laboratory. Proposed tests to 

be performed in instrumented pressure vessels are summarized in 

Table IX. Specific objectives of these experiments are to: 

• provide information about the failure mechanisms and 

performance limitations of V0
2 

and V0 2-Pu02 thermal 

reactor oxide fuels, 



Figure VI 

Vibrationally Compacted U0
2 

(9.54 atom% 235U) 
Fuel Rod After Transient Irradiation in TREAT 
at a Fission Energy Input of 241 cal/g U02 (Experiment No. 227T-2) 

N 
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Figure VII 

Vibrationally Compacted U0
2 

(9.54 atom% 235U) 
Fuel Rod After Transient Irradiation in TREAT 
at a Fission Energy Input of 255 cal/g U0

2 (Experiment No. 228T) 

N 

N 
-.J 



Experiment No. 227T-2 
Fission Energy Input: 
241 Cal/g U0 2 
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Figure VIII 
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Experiment No. 228T 
Fission Energy Input: 
255 Cal/g U0

2 

Radiographs of Two Vibrational1y Compacted UO 
(9.54 atQm% 235U) Fuel Rods After Transient 2 
Irradiation in TREAT 



Table VIII 

Summary of Transient Experiments With Zircaloy-2-Clad Vibrationally 
Compacted U0

2 
Fuel in Transparent Autoclaves 

Fuel Rod Characteristics 

Internal Fuel Capsule Pressure 
He, psia 

Fuel Enrichment 

Nom. 0. D., inch 

Clad Thickness, inch 

Plenum Length, inch 

Enriched U0
2 

Length, inch 

Calculated Enriched U0 2 % T.D. 

Enriched U0 2 Weight, gram 

Reactor Characteristics 

Integrated Power, MW sec 

Peak Power, MW 

Period, msec 

Fission Energy Input, cal/g U0
2 

Fuel Appearance After Transient 

227T-2 

15 

9.54 at% 235 U 

0.564 

0.030 

2 

4.2 

83.4 

126.9 

225 

281 

139 

241 

Cladding 
spli t in 
two spots 

228T 

15 

9.54 at% 

0.564 

0.030 

2 

4.2 

84.0 

127.0 

238 

481 

108 

255 

Cladding 
split in 
one spot 
and bulged 
in another 
spot 

Experiment Number 
229T 233T 

15 15 
235 U 9.54 at% 235 U 5.01 at% 235 U 

0.564 0.564 

0.030 0.030 

2 0.72 

4.2 5.43 

83.9 86.1 

127.0 167.6 

334 507 

1015 2472 

74 48 

357 335 

Rod separated Complete 
into four fragmentation, 
individual particles and 
sections fines 

234T 

15 

5.01 at% 235 U 

0.564 

-0.030 

0.72 tv . 
N 

5.43 \D 

86.5 

168.3 

634 

3541 

43 

418 

Complete ttl 

fragmentation, ~ 
particles and I 

0' 

fines N 
.p-
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Table IX 

PNL Transient Irradiation Program on Thermal Reactor Oxide Fuel 
in the TREAT Facility 

Approximate 
Pre irradiation Number of 

Fuel Type and Form Exposure (MWd/T) Experiments 

U0
2 

Powder 0 4 

U0
2 

Pellet 0 4 

U0
2
-Pu0

2 
Powder 0 3 

U0
2
-Pu0 2 

Pellet 0 4 

U0
2 

Powder 1,000 1 

U0
2 

Pellet 1,000 1 

U0
2
-Pu0

2 
Powder 1,000 2 

U0 2-Pu0 2 
Pellet 1,000 1 

U0
2 

Powder 10,000 2 

U0
2 

Pellet 10,000 2 

U0
2
-Pu0

2 
Powder 10,000 2 

UO i -Pu0
2 

Pellet 10,000 2 

U0
2 

Powder 25,000 2 

U0
2 

Pellet 25,000 2 

U0
2
-Pu0

2 
Powder 25,000 2 

U0
2
-Pu0 2 Pellet 25,000 2 
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• compare the transient behavior of pellet (hot pressed and 

cold pressed and sintered) and vibrationally compacted 

oxide fuels; and 

BNWL-624 

• determine the effect of different preirradiation conditions 

(i.e., unsintered fuel, sintered fuel, molten fuel, and 

burnup) on the transient behavior of oxide fuels. 

Fuel rods tested under this program will contain fuel enriched with 

5 atom% 235U (or equivalent Pu content). All experiments will be conducted 

with the rods submerged in water. It is anticipated that about 50 experiments 

will be conducted under this program over the next three to four years. 

PRTR Fringe Position Tests - M. D. Freshley 

Irradiation of selected U0
2 

and U0
2
-Pu0

2 
fuel elements (pre-Batch 

Core Experiment vintage*) containing 0.5, 1.0, and 2.0 wt% Pu0
2 

is 

continuing in fringe positions of the PRTR during the Batch Core 

Experiment. These elements are being irradiated to determine their 

performance at high burnups (>10,000 MWd/tonne). A listing of these 

elements and their current status is given in Table I. 

The fringe elements contain both pneumatically impacted and mechanically 

mixed (incrementally loaded) U0
2
-Pu0

2 
fuel material. The highest burnup 

(over 10,000MWd/tonne) is being attained on one of the first mechanically 

mixed elements charged into the PRTR. Periodic underwater examination of 

these elements indicates that their performance continues to be satisfactory. 

Irradiation of these elements will continue throughout the duration of the 

Batch Core Experiment. 

Commercial Fuels Study - R. L. Gulley and M. D. Freshley 

An important part of the PUP Fuel Development studies is to procure 

and test plutonium fuel rods designed and fabricated by commercial fuel 

*The High Power Density (HPD) fuel elements used in the Batch Core Experiment 
are shorter (76 inches) than the pre-Batch Core Experiment fuel (106 inches). 
The HPD fuel also contains a gas plenum and all fuel is enriched with 2 wt% 
Pu02 · 
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vendors. Seventy-seven rods containing hot pressed U0 2-Pu0 2 pellets were 

procured. A 19-rod cluster of these rods was tested in the FERTF prior to 

the insertion of two such clusters in the batch core. As described in 

the section on FERTF Testing, the 19-rod cluster performed satisfactorily. 

Individual rods, defected and nondefected, will be tested in the FERTF 

using the special 8-rod cluster test assembly. Performance of these rods 

in the FERTF will be compared to performance of vibrationally compacted fuel 

rods. 

Three fuel rods containing cold pressed and sintered U0 2-Pu0 2 fuel 

pellets are being purchased from a commercial fuel fabricator. Performance 

of these fuel rods will be compared to that of vibrationally compacted fuel 

rods as well as that of fuel rods containing hot pressed pellets. 
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REACTOR PHYSICS 

The main objective of the physics program is to evaluate and 

improve where necessary calculational methods and approximations to 

a stage where reliable engineering calculations can be made for pre

dicting the nuclear characteristics of plutonium fueled thermal reactors. 

Existing methods are modified and adapted when adequate. New methods 

are developed when required. In order to evaluate these methods, 

extensive experimental data are required. These data come from 

experiments conducted at Pacific Northwest Laboratory as well as 

laboratories at other sites. Data are obtained from both critical 

experiments and irradiation experiments. During the past year emphasis 

has changed from measurements of zero exposure characteristics in 

uniform lattices to characteristics of reactor cores as a function of 

exposure and to specific problems associated with loading plutonium 

fuels in water reactors. 

Uniform lattice studies over a range of moderator-to-fuel ratio 

and 240pu concentrations were completed for U0
2
-Pu0

2 
fuel rods. 

These results allow computational techniques to be evaluated over a 

range of moderator-to-fuel ratios and fuel characteristics of interest 

to pressurized water reactors and boiling water reactors. In addition, 

the importance of the approximations utilized in the calculational 

methods depends on the moderator-to-fuel ratio. Therefore, a range Jf 

moderator to fuel ratios broader than necessary for pressurized or 

boiling water designs allow conclusions to be made about the adequacies 

of the approximations. The reactivity associated with temperature 

and voiding is of particular interest in plutonium power reactor 

designs. The temperature and void coefficients of reactivity are very 

sensitive to the plutonium concentration. Because of this plans have 
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have been made to conduct experiments using 4 wt% Pu0
2 

in U0 2 . This 

concentration is of specific interest for the use of plutonium in 

power reactors moderated with H
2
0. 

There is cost incentive from a fuel fabrication standpoint to 

allow the Pu02 particle size in the U0
2 

matrix to be as large as 

possible compatible with the physics and heat transfer characteristics 

for the fuel. An experiment was initiated in the Physical Constants 

Testing Reactor to study the effect of particle size on the value of 

koo for the lattice. The first experiments were conducted in a graphite 

lattice. The fabrication of an H
2

0 tank for use in the Physical 

Constants Testing Reactor will allow these measurements to be extended 

to H20. In addition, the unique capability of the Physical Constants 

Testing Reactor will now be available to study the lattice charac

teristics of H20 moderated systems. 

The accurate prediction of fuel burnup and reactor core lifetime 

is important to the production of low cost power with nuclear power 

systems. Reasonably accurate predictions of initial loading, depletion 

rate and final fuel exposure can result in savings of fuel cycle and 

plant depreciation costs. Important to studies which determine reactor 

lifetime is the correlation of experimental burnup data with results 

from burnup calculations. For these reasons, fuel burnup studies 

utilizing clusters of specific fuel composition have continued in the 

Plutonium Recycle Test Reactor. In addition, experiments have been 

initiated which will measure the burnup behavior of batch loadings of 

plutonium fuels in the Plutonium Recycle Test Reactor and in the 

Experimental Boiling Water Reactor. Because of other program prioritles, 

the Experimental Boiling Water Reactor experiment was shortened. However, 

the information obtained from fuel rods removed from nondestructive and 

destructive analysis during the irradiation and the terminal critical 

experiment which was performed on the plutonium enriched zone will be 

an important supplement to the Saxton burnup experiment and the more 
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detailed information obtained from the Batch Core Experiment in the 

Plutonium Recycle Test Reactor. 

Where necessary methods are developed, modified, or improved for 

use in the evaluation. One important development has been a unique 

statistical analysis technique which has been applied to the analysis 

of burnup data obtained from plutonium-aluminum clusters irradiated in 

the Plutonium Recycle Test Reactor to obtain ratios of effective cross 

sections. The application of this technique to burnup data allows 

separate evaluations to be made of the cross section data and the 

calculational model and it is believed to be a more stringent test of 

the methods than either the isotopic concentrations or reactivity. 

Experimental data obtained to date have been very helpful in 

extensive evaluations made to determine how accurately the observed 

physics behavior of power reactors can be predicted. Major emphasis 

in the evaluation has been on clean uniform lattices with future 

work expected to be on clean non-uniform lattices and on irradiation 

behavior. The objective is to be able to predict criticality reactivity 

coefficients, power distributions and fuel exposure relationships with 

sufficient accuracy to permit reliable reactor design calculations and 

accurate fuel cycle predictions to be made. Comparisons between 

experiment and calculations are made for systems which contain plutonium 

only, uranium only, and the more interesting mixture of uranium and 

plutonium. Such a systematic approach allows conclusions to be drawn 

about the reliability of the calculational methods. 

Subcritical and Critical Experiments 

Experiments were conducted in the Critical Approach Facility (CAF), (1) 

Plutonium Recycle Critical Facility (PRCF), (2) and Physical Constants 

(1) He.YlJl.y, H. L., SwanbeJ1..g, JJz..., r., "Cfl.,(,tic.a1. ApplWac.h racA.LUy r-tna1. 
Sabe.guMcU Ana1.Yf.!-<A," BNWL-CC-1319. 

(2) Be.nne;tt, R. A, and Sc.hmid, L. C., "Appltoac.h to CJutic.a1. and Calibltation 
ExpeMme.n,u -<-n the. PfUtOMWI1 Re.c.yc.ie. C~c.a1. rac.J..lity," HW-80206, 
July 1964. 
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Testing Reactor (PCTR), (3) investigating the detailed physics properties 

of plutonium fueled reactor systems. The experimental results provide 

data for use in evaluating the adequacy of calculational methods. 

Results of experiments which were conducted during this reporting period 

are described here. 

Subcritical Experiments 

Subcritical Measurements With U0 2-2 wt% Pu0 2 Fuel - W. P. Stinson 

Measurements have been made in the Critical Approach Facility (CAF) 

of the critical masses and bucklings for a wide range of lattice spacings 

of one-half inch diameter rods of U0
2
-2 wt% Pu0

2 
in H

2
0 moderator. 

The fuel rods were 0.030 inches thick Zircaloy tubes with a 0.508 

inch I.D. filled with vibratory compacted 2 wt% Pu02-U0 2 to a length of 

36.0 inches. Each rod contained an average of 1128 g of Pu0
2

-U0
2

. The 

U in U0 2 was natural, and the isotopic compositions of the plutonium 

were, by weight, 91.62% Pu239 , 7.65% Pu2~O, 0.70 Pu24l , 0.03% Pu242 , and 

81.11% Pu239 , 16.54 Pu240 , 2.15% Pu241 , 0.20% Pu242 , and 71.76% Pu239 , 

23.50% Pu240 , 4.08% Pu241 , 0.66% Pu242 • The rods were loaded in hexagonal 

lattices at spacings covering the range of moderator-to-pu02 volume ratios 

of 0.61 to 9.7. All lattices were completely reflected with H20. 

The number of rods for a critical loading was determined by the 

extrapolation of neutron multiplication data obtained with as much as 

96% of the critical mass. Count rates were also obtained along the 

(3) Vonahue, V. J., Lanning, V. V., Bennett, R. A., He~neman, R. E., 
"VUeJlm,[nwon on k FJtom CJU..;t.tc.a1. ExpetUmeV/M WUh The PCTR," 
Nuct. Sc..<.. and Eng.; 4.297 11958). 
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central axis of each loading when 50% of the c::ritical mass was loaded. 

From these data the mate!:"ial buckling was::omputed and equated to the 

geometrical bu:::kling of the cr~tical loading, A value of the reflector 

savings was calculated from the equality, for each lattice with the 

assumption that the savings are equal in the vertical and horizontal 

directions, 

A preliminary summary of these data has been presented earlier. (4) 

The tabulation in Table I represents the results of the final analysis of 

these experiments. 

Critical Experiments 

Experiments With Hafnium Oxide Rods in D02-Pu02-H
2

0 Lattices - V. O. Dotinen 

Reactivity w~rths of Hf0
2
-bearing rods have been measured(S) in the 

Plu tonium Recycle Critical Faci li ty (PR':F) in a loading of half-inch 

diameter, U0 2-2 wt% Pu0 2 fuel :rods moderated with H
2
0. The fuel rods 

are clad with Zir~aloy-2 (0.030 inches Lhick) and were loaded in a 

hexagonal lattice with 0.85 inch pitch, Ihis corresponds to a moderator

to-oxide volume rati') of 1.83. Each fuel rod <contains an average of 1128 g 

D02-Pu0 2 " The plutonium isotopic comp:Jsition is, by weight, 91.62% Pl.'239, 

7.65% Pu2~O, 0.70% Pu 24 ', and 0,03% Pti2~2" The lattice was surrounded with 

a thick-::1ess of H20 greater than that co:r:responding to an infinite reflector. 

These fuel rods ha7e been \lSed for ::Jther cd tical (6) and subcritical 
, (4) 

exper~ments. 

Rods with Hf02 concentrations of 5.11 g/cm 3 , 3.42 g/cm3, 1.74 g/cm3, 

and 0.52 g/~m3, a:'1.d an alumin'.lm r0d, were used. The matrix materL'; in the 

(4) LvLka1.a, R, C. w1.d S;U.YlC)Yl., W. p" "Exp~wne.n.;ta1. aVld AVlMljUC.a1. RMu£;tJ.> 
60ft PuOz-UOz-HzO Lat-ti"...e6," Tll.W1-6. Am, N'1U. So~. f ~ un Ju.ne. 1966 .. 

(5) UOUl1.e.i1., V, 0., "Mea.flI..lJt0t1eV1,t~ 06 the Re.a~tiv{'tlj WOll.th 06 Ha6nLW'YI Ox .. de. 
ROM in a P'J0

2
-U0

2
-HZO LaW.c.e," Tll.aVlJ.:,o Ame NucL Soc.. 'i (520) 

NO'Jf'mbeJt J 966. 

(6) UOUVle.Vl, V 0 O. an.d W)'££,LamA., LV., "Expe.ll.VrI e.nu aVld Calc.u.lauo nJ.:J 6 all. 
H zO-ModeJr.a.te.d A.6,5 embt·Lei'l Ccn;ta,c l1 .{.ng UO 2 - 2 wl% PuO 2 fwd RocL6," Tll.aVl6" 
Am. NucL Soc." 10 520\ JU.Vle. J967, 



Table I 

Results of Subcritica1 Measurements With 
U0 2-2 wt% Pu0

2 
Rods in H2O 

~onentia1 

Lattice H/Pu H2 O/ Rod Critical Vertical Reflector Savings 
Tempera ture Spacing Atom Volume Buckling Relaxation and Extrapolation 

~"C2 (in·2 Ratio Ratio No. Rods (10- 6 cm-2 ) No. Rods Length (cm) Length .\(cm) 

8% Pu240 Rods 

23.9 0.80 238 1.187 319.0±0.3 8801:t28 163 -15.46±0.09 7.93±0.04 
20.2 0.93 391 1.956 193.0±0.1 10288±27 97 -14.88±0.07 7.55 i O.03 
19.8 1.05 554 2.768 149.8±0.4 10343±60 73 -14.41±0.11 7.57 i O.06 
23.4 1.143 693 3.464 146.6±0.3 9777-t36 73 -14.78 i O.05 7.05±0.03 U,) . 
22.6 1. 32 991 4.956 163.0:1:0.2 7679±30 85 -17.70±0.14 6.73±0,05 0'> 

26.2 1.386 1113 5.564 180.9±0.4 6995±35 91 -17.75:t0.11 6,00"'0.06 
19.4 1.6107 1550 7.750 472 ±3 3271±38 241 -33.15 i O.50 3.85 i O.21 

16% Pu240 Rods 

20.0 0.93 391 1. 956 241.2f·0.3 8837 i 27 121 -16.03:t0,07 7.67±0.04 
22.6 1.05 554 2.768 188.1:t0.3 8905±44 91 -15.36±0.12 7.62±0.06 
20.5 1.143 693 3.464 186.8:t0.4 8191±33 91 -15.92±0.07 7.29±0.04 
25.5 1.32 991 4.956 221.3±0.3 6181±23 109 -18.72±0.12 6.88:t0.06 
24.4 1.386 1113 5.564 254.9±0.6 5548±25 127 -19.74:t0.09 5.87 i O.06 

24% Pu240 Rods 
b:I 

24.4 0.80 238 1.187 524.2±1.3 6239±27 253 -18.88±0.08 8,32:t0.05 ~ 
1:""' 

24.7 0.93 391 1.956 287.5±0.4 7887±25 139 -16.33±0.07 7.67±0.04 I 
0'> 

23.5 1.05 554 2.768 234.2±0.3 7714±29 121 -17.72±0.11 7,6YO.05 N 
~ 

22.0 1.143 693 3.464 232.1±0.2 7220±18 109 -16.23±0.06 7.00:t0.04 
25.3 1. 32 991 4.956 296.7±0.4 5358±15 151 -20.76±0.07 5.81:t0.04 
23.6 1. 386 1113 5.564 366.7±0.4 4405±11 181 -23.07±0.08 5.47±0.4 
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Hf02 rods is aluminum. Each of these rods is 0,368 inches in diameter, 

36.0 inches long, and surrounded by a Zircaloy-2 sleeve, 0.372 inches I.D. 

and 0.426 inches O.D. 

The worth of one of the Hf02 rods (0.52 g/cm 3) was measured at three 

positions in the core. The worth ~f each of the rods was measured in the 

central lattice position. In each case the worth was determined for the 

exchange of a fuel rod for a poison rod and for the exchange of a column 

of water for a poison rod. 

The results of the PRCF experiment are surrnnarized in Figure I along 
. (7) 

with the results of earlier subcritical exper1ments. The subcritical 

experiments were performed in the Critical Approach Facility (CAF) at 

moderator-to-oxide volume ratios of 3.47 and 6.21. These results indicate 

that the worth of a poison rod increases with decreasing lattice pitch 

over the range of lattice pitches considered. As the lattice pitch decreases 

from 1.32 inches to 1.05 inches to 0.85 in~hes, the relative worth of a 

Hf02 rod replacing H20 increases approximately from 1.0 to 1.5 to 2.0. 

The present experiment provides a test of the accuracy of the sub

critical method, (7) which depends on how well a diffusion-theory calcula

tion(8) can predict the worth of fuel rods at the measured critical radius. 

In the present core, the calculated and measured worth of a peripheral fuel 

rod are 0.203 and 0.200 dollars, respectively. This agreement between 

calculated and measured fuel rod worth, and the consistency of subcritical 

and supercritical measurements, indicate that the accuracy of the subcritical 

method is satisfactory. 

Clean Critical Loading of Al-2 wt% Pu Fuel in an H
2

0 Moderated Core -
V. 0. Uotinen 

An experiment was performed in the Plutonium Recycle Critical - 3<_ility 

(PRCF) to determine the "clean" critical mass of an H20-moderated lattice 

of Al-2 wt% Pu rods whose plutonium contained 16.46 wt% 2;.,°pu. The critical 

(7) Uoune.n, V. O. and LU.R.ata, R, C., "R e.aW<l -<.ty WofLth 06 N e.ut!l..O n Ab.6 OJr.b-i..n.g 
RocU in. Pu-Fue.le.d, HfO Mode.ltate.d Sy.6tem.6," TJtan..o. Am. Nuc.l. Soc.., VoL, 9, 
No.1, p. 180, June. .966, 

(8) U11.e.y, J. R" "Compute.Jt Code. HFN-Mu.t:tigJtoup, Mu..U.Ur.e.gioVl. Vi66u..6ion. 
The.oJty in One. Spac.e. V-bne.n..o,zon.," HW-71545 (1961 i • 
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mass had previously been measured(9) in the Critical Approach Facility 

(CAF) using a subcritical method. The fuel rods were 0.500 inches in 

diameter, 36 inches long, and enclosed in Zircaloy-2 tubes 0.566 inches 

in a.D. and 0.030 inches thick. Each fuel rod contained an average of 

6,38 g plutonium. The rods were arranged in an equilateral triangular 

lattice with a lattice pitch of 0.85 inches. The core was surrounded by 

an effectively infinite H20 reflector. 

The PRCF was critical when the core contained 740.2 fuel rods. 

However, this does not correspond to the critical number of fuel rods for 

a "clean" core, because the PRCF contained two lucite lattice plates, three 

lucite sheet followers, -30 lucite sleeves surrounding certain fuel rods, 

and control rod fuel followers which contained fuel different from that in 

the surrounding lattice. 

Measurements were made to determine the reactivity worth of these 

foreign materials. When the control rod followers are replaced with the 

proper fuel, the critical number of rods increases by 60 ± 6. Removing 

the lattice plates, sleeves, and sheet followers from the core decreased 

the critical number of rods by a total of 3.2, Thus, the clean critical 

mass if 797 ± 6 fuel rods. 

An earlier subcritical measurement(9) in the CAF gave a value of 

785.6 ± 0.4 fuel rods for the critical mass, The CAF value has to be 

corrected for the presence of 785 lucite sleeves, two lucite lattice 

plates, and one aluminum lattice plate. Using the PRCF measurements, we 

can estimate that removing the lucite plates and sleeves from the CAF 

would increase the critical mass by ~l and ~15 ± 8 fuel rods, respectively. 

The worth of aluminum was not measured, so we have no estimate of ':he 

worth of the aluminum lattice plate. However, it was positioned a'::" j 

point of minimum worth (just below the top of the fuel) and its removal 

is expected to decrease the critical mass by only a few fuel rods. If 

we neglect the worth of the aluminum plate, the clean critical mass from 

the CAF experiment is 802:t 8 fuel rods. 

(9) Stin6 011, W. P., MM/v." J. A., al1d Sc.hm.<-d, L. C., "SubC'./U...t{.c.a£. Me.a.6WLe.
me.W WUh 2 w.t% Pu-A£' ROM il1 Light Wa..teJL," Phy,6ic..o Reoe.CVLC.h QuM.te.JU.y 
Re.pont, Ju.£.y, Aug~.t, Se.pte.mbeJL, 1963, HW-79054, Oc..tobeJL 75, 1963. 
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From this comparison we can conclude that critical mass measurements 

in the PRCF and CAF give consistent results within experimental uncertainties. 

Th 1 ' h d ' I' ,(10) f 1 f e same conc US10n was reac e 1n an ear 1er compar1son 0 resu ts or 

a U0 2-1.5 wt% Pu0
2 

core. 

Critical Experiments in H
2
0-Moderated Assemblies Containing U0

2
-2 wt% Pu0

2 Fuel Rods - V. 0. Uotinen and L. D. Williams 

Critical experiments have been performed in the Plutonium Recycle Critical 

Facility (PRCF) in six configurations of U0 2-2 wt% Pu02 fuel rods in H20 

moderator. Each rod contains 1128 g of U0
2
-Pu0

2 
and is 36 inches long, 

0.508 inches in diameter, and clad with 0.030 inches of Zircaloy-2. The 

rods are of three types which have respectively the following weight percent 

of 239pu/240pu/241pu/242pu: 

1. 91.62/7.65/0.70/0.03 

2. 81.11/16.54/2.15/0.20 

3. 71.76/23.50/4.08/0.66 

The rods were assembled in a hexagonal array with a lattice spacing of 0.85 inches 

and a water-to-oxide volume ratio of 1.83. 

Single-zone cores were studied using fuel types 1 and 3. Two-zone cores 

were studied using various combinations of the three fuel types. An 

effectively infinite H
2

0 relfector surrounded the core. 

Measured parameters included critical mass; spatial flux and power 

distributions; power peaking and power sharing; bucklings, reflector savings; 

worth of fuel rods; moderator void worth; moderator level reactivity 

coefficient; moderator temperature reactivity coefficient; and the ratio of 

effective delayed-neutron fraction to mean neutron lifetime, 8/2. A brief 
(6) 

summary of the results has been recently presented. A more detailed 

description of the experimental techniques utilized and results obtaineCl 

, h' d ' 1 h (ll) 1n t 1S stu yare glven e sew ere. 

(10) Sc.hmi..d, L. C., e;t al., "SwnnaJty 06 Re.-6uLto 06 EBWR CJU.;ttc.al ExpeJvime.nM, " 
Phy~iC6 Re.-6e.aJtc.h QuaJtt~~ Re.po~t, Oc.tob~, Novemb~, Ve.c.emb~, 1964, 
HW-84608, JanuaJty 15, 796. 

(ll) Uotine.n, V. O. and W-LtU.arn~, L. V., "ExpeJvime.nM and Calc.ulation..6 oo~ HZO 
Mod~e.d A6~embUe.-6 ContaiMng UOZ-Z wt% PUO Z Fue..t Roci6," BNWL-SA-I107, 
May Z 3 , J 9 6 7 • 
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Critical Mass, Bucklings and Reflector Savings 

The critical mass with full moderator height and with all control 

elements completely withdrawn, was determined for each of the loadings. 

Measurements were then made to determine the reactivity worth of lucite 

templates, sleeves, and safety sheet followers, and of the control rod 

fuel follower rods. These results were used to correct the measured 

critical mass for these perturbations. The resulting corrected critical 

number of fuel rods represents a "clean" loading. 

Radial and axial bucklings and reflector savings were deduced from 

two types of measurements: (1) spatial distribution of thermal activation 

of copper pins, and (2) spatial distribution of gamma-ray activity from 

fuel rods. 

The appropriate functions (cosine and J o Bessel function) were fitted 

to the axial and radial distributions to obtain the bucklings. The 

reflector savings were then obtained from the difference between the 

effective height and the fuel height, and the difference between the 

effective radius and the critical radius, The critical mass, bucklings, 

and reflector savings are given in Table II. 

Spatial Activation and Power Density Distributions 

Spatial distributions of copper pin activity were measured in the 

axial and radial directions in the two single-zone cores, and in the 

radial direction in all two-zone cores. Spatial distributions of relative 

power density were obtained by measuring the gamma-ray activities of fuel 

rods after short irradiations (-1 hr.) at low power levels (-100 w). Axial 

and radial distributions were measured in five of the six cores. The 

radial distributions in the two-zones cores provide a measurement of ryower 

sharing between different types of fuels. 

Typical distributions of spatial activation and power density in the 

radial direction are presented in the methods evaluation section of this 

report where comparisons to calculated results are given. 

Fuel Rod Worth, Moderator Voiding, and Kinetics 

The worth of a fuel rod replacing water was measured as a function of 

radius in the two single-zone cores. The results are plotted in Figure II. 



Table II 

Summary of Critical Loadings For U0
2
-2 wt% Pu0

2 
Lattices(a) 

Actual Refined 
Type of Critical Critical Buckling (m- 2 ) Reflector Savings (cm) 
Fuel 1/ F.E. 1/ F.E. Radial Axial Radial Axial 

1 252.0 251.6 ± 0.4 82.2 ± 3.3 8.89 ± 0.09 8.55 ± 0.53 6.96 i 0,25 

1-3 290.0 295.0 ± 1.5 

3 386.7 393.5 ± 0.5 63.3 ± 1.4 9.11 :1': 0.07 7.75 :! 0.33 6.32 ± 0.20 

3-2 353.35 355.7 ± 1.1 6.79 ± 0.36 
w . 

2-3 345.31 347.2 ± 1.1 6.38 ± 0.30 i-' 
N 

3-1 318.8 319.4 i 0.6 6.96 ± 0.28 

1 (b) 252.16 251.4 ± 0.4 

(a) All quantities are in terms of number of fuel elements. 

(b) The 7.65% 240 pu loading was repeated. 
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Worths of cylindrical (tube) voids and annular (film) voids we.re 

measured as a function of radius in the two s~ngle-zone cores. The tube 

void was fonned by a luci te tube with an I. D. of 0.625 inches. The annular 

film void replaced ·14% of the moderator in a cell around a fuel rod; this 

void was formed by a lucite tube (0.625 inches I.D.) wh~ch surrounded the 

fuel rod. The annular region between fuel rod and lucite thimble was filled 

with either water or air; and the difference in reactivity between these 

two cases was taken to be the worth of the void. rhe results are plotted in 

Figure III. 

By summing the worths of individual film voids one can obtain an 

estimate of the worth of simultaneously voiding the entire moderator by 14%. 

Such a value is an estimate because it does not take into account interactions 

among cells, and because the exact shape of the curve is not known. 

The ratio of effective delayed-neutron fraction to mean neutron lifetime 

(8/£) was obtained in the two single-zone cases from measurements of reactor 

noise. 

A summary of the measurements of fuel rod worth, moderator voiding, and 

kinetics parameters are given in Table III. 

Moderator Level Reactivity Coefficient 

Moderator level reactivity coefficients were measured in five of the 

six cores. In some cases measurements were made in the top reflector only; 

in other cases measurements were also made below the top of the fuel. 

results for the two single-zone cores are plotted in Figure IV. 

TemEerature Coefficient 

The temperature coefficient of reactivity was measured in the two 

single-zone cores over the temperature range between -20 C and 50 'r 

The moderator was heated (or cooled) in a storage tank and was pum:{:od 

out of the reactor vessel between measurement. 

The 

1 and 

The effect of thermal expansion of the lud te lattice plates i.s estimated 

to be a very large correction. Preliminary results are presented Ln the 

Meth0ds Evaluation section of this rep'Jrt. The interpretation of this 

experiment is continuing. 
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Table [l T 

Fuel Rod Worth, Moder~toI VOld Worth and Kinetics Parameters 

(a) Worth Dt 14% VOlds Average 
Fuel Rod Worth (cents) Integrated VOld C0eftlcl~n~ 

Fuel TYEe Central Fuel Rod Per.lEheral Fuel Rod In Central C",l1 ~cents) Over Core ($) c/% Void 6/"'1 ::>-2 : 

1 23.2 0.2 21.0(b' 12.8 0.2 12_2(c) 87 127 Ll 

1 15.3 0.2 10.2(b) 7 .5 0.2 9.9('":) 71 114 L~ 

(a) For a fuel rod replacing H
2
0. 

(b) Estimated uncertainty is . 5%. Read off curves in F.lgute II at effective radju~ ot ~ore. 

(c) Values do not include interaction effects between cells, 8stimaled uncertainty ~s lO%. 
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A "Poison-Free" Loading of U0 2 and Al-Pu in the PRCF With D20 Moderator -
V. 0. Uotinen 

The control rods that are used in the D20-moderated Plutonium Recycle 

Critical Facility (PRCF) are of the "shutter" type so that, in their normal 

"withdrawn" position, there is still a large amount of cadmium in the 

reactor. (1) Thus, under normal operating conditions the three control rods 

create three large flux sinks in the reactor. It is difficult to accurately 

represent discrete control rods in a one-dimensional diffusion theory 

calculation. To assist in the evaluation of calculational methods, a 

1 d f . . 1 f" bl d (12). h D 0 contro -ro - ree crltlca con 19uratl0n was assem e ln t e -
2 

moderated PRCF. 

The PRCF contained fuel in a two-zone loading, an inner zone of natural 

uranium oxide(13) and an outer zone of Al-l.8 wt% Pu. (14) The fuel 

elements were 19-rod clusters and were arranged in a hexagonal lattice 

with an 8-inch pitch. Details of this experiment along with results of 

other reactivity measurements and reaction rates of gold and lutetium foils 

are given in Reference 12. 

The "poison-free" critical configuration contained 24 U0 2 fuel elements 

and 16 Al-Pu fuel elements. With this loading, the reactor was critical at 

a moderator height of 98.15 inches. 

A calculation with the diffusion theory code HFN(8) using cell-averaged 

cross sections generated with the codes THERMOS, (15) TEMPEST, (16) and HRG, (17) 

predicts the effective multiplication factor to within 0.7% of the measured 

value for the control-rod-free loading of U0 2 and Al-Pu clusters. 

(12) UOUYLe.YL, V. 0., "A Po.-L6oYL-FJte.e." LOaMYLg 06 U0 2 aYLd Pu-kt -tYL the. PRCF Wdh 
V20 Mode.Jta.toJt," BNWL-372, May 1967. 

(13) Mil.lhoile.YL, M. K., "Spe.uMc.ation..o 60Jt Swage.d U0 2 19-Rod C.tMte.Jt, PRTR 
Fue..t E.teme.YLt MAAR. I, /I HW- 64 3 59, G e.YLe.Jta..t E.te.c..tJzA.c. Co., R-tc.h.e.aYLd, u}a/.:J il" 196 0 , 

(14) FJte..oh.e.e.y, M, V., "P.tutoYL-i..um Sp-tR.e. Fue..t E.teme.n.M 60Jt the. PRTR PMt I -
The. MAAR. I-G," HW-69200, Pt. 1, 1961, aYLd ShAAp, R. E., "The. MAAR. I-H," 
HW-69200, Pt. 2, Ge.YLe.Jta..t E.te.c.tJt~c. Co., R-tc.h.e.aYLd, Wa6h., 1961. 

(15) HoYLe.c.R., H. C., "THERMOS: A TheJ1YYlalizatioYL TJtan..opoJtt The.oJty Code. 60Jt 
R e.ac.toJt Lattic.e. Ca..tc.u.tatio n..o ," BN L - 5 8 2 6 • 

(16) Shudde., R. H. aYLd Vye.Jt, J., NAA PJtogJtam Ve..oc.Jt.{.pUOYL, "Tempe..ot, A Ne.utJtoYL 
TheJ1YYlalizatioYL Code.," NoJtth Ame.Jt-i..c.aYL AV-tatioYL CoJtpoJtatiOYL, 1960. 

(17) CMte.Jt, J. L., JJt., "Compute.ft Code. Ab.6uac.t..6, Compute.Jt Code.-HRG," 
Re.ac.toJt PhY.6-tc..6 Ve.p~e.YLt Te.c.hYL-i..c.al Ac.tiv~e..o QuMte.Jt.ty Re.poJtt -
JUly, AugMt, Se.ptem6e.Jt, 7966, Oc.tobe.Jt 75, 7966. 
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Reactivity Worth of a Central Safety Rod Wit~ and Without an Int~rnal 
Scatterer - V. O. Dotinen and A. L. Pitner 

An experiment was performed in the 020-moderated Plutonium Recycle 

Critical Facility (PRCF) to determine the increase in negative reactivity 

worth of a hollow cadmium safety rod when a scattering material (Luclte) 

was placed inside the safety rod. The experiment was conducted to investigate 

the feasibility of increasing the IN"orth of the PRCF safety system for special 

purposes and to evaluate calculational methods of determining the worth of 

safety rods with internal scattering. 

The PRCF was loaded with a two-zone configuration of Al-l.8 wt% Pu(14) 

and natural D0
2

,(13) The core loading consisted of an inner zone of natural 

D02 fuel elements surrounded by a zone of Al-Pu fuel elements with a safety 

rod located in a central fuel channel. Each fuel element was a cluster of 

19 fuel rods. The fuel clusters were arranged in a hexagonal lattice with an 

8 inch pitch. The moderator height was 105,25 inches during the reactivity 

measurements; and the thickness of the 0
2

0 reflectors at the top and bal.;:;,',": 

of the core were 8.34 and 9.04 inches, respectively. 

The safety rod, consisting of a 2.695 inch 0.0., 2.303 inch roo, and 

85 inch long aluminum cylinder coated with a 0.025 inch layer of cadmiUI!!, ',-0. 

placed in an aluminum thimble in the center of the PRCF. The aluminum thlTI':'· 0:' 

had an outer diameter of 3.47 inches and a wall thickness of 0.18 inches 

The worth of this safety rod was determined from subcritical multipl;.

cation data which were obtained from three BF3 chambers positioned in th.:o 

radial reflector. The count rate was measured with and without the safety 

rod in the thimble, and the worth was calculated using the equation 

A -1) (l-k ) eff
l 

In Equation (1) 6k
eff 

is the worth of the safety rod, and N2 and N
1

, 

respectively, are the count rates with and without the safety rod in the 

is the effective multiplication factor of the rea:tor 

L I 

thimble. The k 
eff 

in the absence of ~he safety rod, and A is an empirically determIned constaGt 

The constant A was determined for each chamber by measuring multiptlcation 

before and after inserting into the reactor (at a radius of 16 inches) a 

safety rod of known worth, and using Equation (1). 



3.20 BNWL-624 

Measurements were made to determine the decrease in reactivity caused 

by the addition of lucite to the interior of the safety rod. A lucite sleeve 

2.240 in. O.D., 1.550 in. I.D., and 84 inc long was placed in the safety rod. 

Subsequently a lucite rod 1.510 in, in diameter and 75 in. long was placed 

inside the lucite sleeve. The lucite rod rested on a guide and was flush with 

the lucite sleeve at the top (Figure V), A measurement was also made of the 

reactivity worth of a stainless steel rod to simulate the lead screw of a 

regular PRCF safety rod. This simulated lead screw of diameter 0.875 in. 

penetrated 7.7 in. below the top of the cadmium section of the safety rod. 

The negative worth of the safety rod in the center of the reactor, as 

determined from subcritical multiplication measurements, was (40.7 .±. 0.6) mk 

or (8.78 ! 0.13) $. 

Addition of the lucite sleeve to the safety rod increased the negative 

worth of the safety rod (2.36 ' 0.02) mk, or (51.0 t 0.4) c. Placing the 

lucite rod inside the sleeve increased the negative worth by an additional 

(1.40 ~ 0.01) mk, or (29.2 : 0.2) C. The total effect of replacing the 

internal void of the safety rod with lucite is a 9.2% enhancement of its 

negative worth. 

The simulated lead screw was worth (-0.040' 0.004) mk, (-0.9 .t 0.1) c. 

The net contribution of the lucite sleeve to the worth of a PRCF safety rod 

(with lead screw present) was (2.34 ~ 0.02) mk, (50.5 ! 0.4) C, or an 

increase of 5.7%. 

The worth of the safety rod, with and without lucite, was calculated 
(17) 

using the system of computer codes HRG for determining fast cross 

sections, THERMOS(15) for thermal cross sections, TEMPEST(16) for thermal 

diffusion coefficient, and HFN(S) for Cl one-dimensional, 4-group, diffusion

theory calculation of the neutron leakage from the reactor. 

Homogenized cross sections, generated with HRG, THERMOS, and TEMrEST, 

were used in the diffusion-theory code HFN to calculate the effective 

multiplication factor. The calculated change in keff when D20 replaces the 

safety rod cell which contains lucite is 48.2 mk, and the change in keff when 

D20 replaces the safety rod cell without lucite is 41.9 mk. The safety rod 

cell considered in the calculations includes the thimble into which the 

cadmium-coated safety rod is inserted. To compare the calculated results 

with measured results we must subtract from the calculated results the ~keff 
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produced when the thimble is replaced by D
2
0; namely, 1.5 mk. When this 

is done, the calculated worth of the safety rod with no lucite is 40.4 mk 

and the calculated worth of the safety rod containing lucite is 46.7 mk. 

The calculated effect of filling the interior of the safety rod with 

lucite is an increase of 15.6% in the negative worth of the safety rod. 

The calculated worth of the safety rod agrees well with the measured 

worth, but the increase in worth produced by adding lucite is over

estimated by the calculation. 

The rather small effect that the internal scatterer had on the worth 

of a safety rod indicates that for the PRCF loading which was studied this 

is not a practical method of increasing the worth of the safety system. 

However, the effect of adding lucite would be greater in a loading in which 

the ratio of epicadmium neutrons to subcadmium neutrons is greater than in 

this core. 

Effective multiplication factors, calculated for the present core using 

the series of computer codes HRG, THERMOS, TEMPEST, and HFN, are -1.2% 

higher than experimental values. The worth of a central safety rod, as calculated 

with these codes, agrees well with the measured worth; however, the decrease 

in reactivity produced by adding lucite to the interior of the safety rod 

is over-estimated. 

PCTR Experiments - N. A. Hill 

Introduction and Results 

The experiments described in this section are being conducted in the 

Physical Constants Testing Reactor (PCTR) as a part of the study of plutonium 

utilization in thermal reactors. The experiments contain Pu0 2-U02 fuel in 

several configurations; 19-rod clusters in square graphite cells and 3in6le 

rods in square graphite cells, and single rods in water moderated cells. One 

fuel composition was used in the 19-rod geometry for two pitches; 6.5 inches 

and 8.375 inches. Two fuel compositions were used in the single rod geometry 

for two pitches; 2.0 inches and 4.0 inches. A third fuel composition 

containing varying sizes of Pu02 particles was used in the single rod geometry for 

the 4.0 inch pitch lattice. A water tank has been designed and built for 

conducting light water moderator experiments in the PCTR. 
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The results of the experiments include values of the infinite medium 

neutron multiplication factor (k). An adjoint weighted excess neutron ,,, 
production cross section «Lr »(18) was obtained for four lattices. 

o 
Relative plutonium and uranium fission rates in the fuel were measured 

with plutonium and uranium foils. 

The initial results of the Pu0 2 particle sizes versus reactivity 

indicate that the reactivity decreases as the size is increased from 

100 ~ to 350 ~ for the fuel composition used (2.0 wt% Pu0 2 ; 8.05 wt% Pu240 ). 

The experimental values of k are summarized in Table IV. The values 
00 

of <L > are given in Table V. 
p 

Description of Experiments 

The PCTR has a 41. 25 inch by 41. 25 inch by 37.5 inch cavity in to which 

test lattices are placed. The test lattices for these experiments were 3 x 3 

cell arrays for the 19-rod cluster experiments and 8 x 8 cell arrays for 

the single rod experiments. 

Figures VI and VII show the reactor loading for the 6.5 inch and the 4.0 

inch lattices, respectively. 

The experiments containing 19-fuel rod clusters (19) (e.g., Figure VI had 

eight cells surrounding the central test cell in the radial direction and a 

short buffer cellon each end in the axial direction). 

The correct amount of copper is determined from the null reactivity 

technique when the central cell has the neutron energy distribution of a 

cell in an infinite array of like cells. This criterion was satisfied in 

these experiments by changing the reactor loading around the test lattice 

until the gold cadmium ratio of the test cell matched the cadmium ratios of 

the surrounding buffer cells, 

Figures VI and VII show the placement of the flux matching fuf.'- ')8tween ::h,,, 

test lattice and the PCTR driver fuel for the purpose of matching the gold 

cadmium ratios. 

(18) Hill, N, A., UpP,{,Vl.c.ott, E. P., NewnaVl., V. F., LamuVl.g, V. V., HUVl.emaVl., R. E" 
"Comp~oYl.6 06 PCTR Me.MWteme.i'LU Uo.{,Vl.g UVl.po,woVl.e.d aVl.d Po,wclVl.e.d Te.c.hVl.-<.que..6 
Ovl. PuOz-UO z GJLapfUte. Sy~;tem~, II BNWL-47Z (!967J. 

(19) ThoJLVl.bWty, T. B., Hill, N. A., "Ve.;te.JLm.{.Vl.at-<.OVl. 06 k 60JL a PuOz-UO z 
GJLapfUte. Latt-<.c.e.," TJLaYl.6, Am. Nucf. Soc.., VoL 8, No.1, JUVl.e. 1965, 



Table IV 

Experimental Values of koo 

Fuel 19-Rod Clus ters Single Rod 

PuO? Pu240 

Pu0 2-U0 2 Pu 6.5 inch 8.375 inch 2.0 inch 4.0 inch 

(wt%) (wt%) Pitch Pitch Pitch Pitch 

.9 7.24 0.95 1.21 1.104 1.339 

2.6 29.34 -- -- -- 1. 376 



Lattice Pitch 

Inches wt% 

2.0 .9 

2.0 2.6 

4.0 .9 

4.0 2.6 

3.25 

Table V 

PU240 

Pu 

at% 

7.24 

29.34 

7.24 

29.34 

U235 

U 

.234 

.182 

.234 

.182 

3.1 

-2.8 

BNWL-624 

<L > p 0 

cm- 1 

± 0.lxlO- 4 

± 0.2xlO- 4 

1. 21 ± O. 02xlO- 3 

2.47 ± .005xlO- 3 

Reference (18) describes the normalization and usefulness of <L > • 
p 0 
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The test cells for the null reactivity measurements are shown in Figure 

VII. The slots provided in the lattice for copper poison are shown in 

Figure VII with a few sample strips of copper inserted. 

A reactivity series was done for most of the reactor loadings for which 

gold cadmium ratios were measured. A reactivity series consisted of measuring 

the reactivity worth of three quantities: 

1. The central test cell (~Pcell)' including any copper (Mcu) loaded 

in the slots on the boundaries. 

2. 

3. 

bound A small increment of copper on the boundary (~p ), and 
'd

cU 
A small amount of copper in the cavity (~p VOl), which is vacated 

cu 
by the central supercell when it is out of the reactor. 

. . bound void 
The three quantltles, ~P 11' ~P , and ~P , were combined to ce cu cu 

calculate the amount of copper (~M ) which must be added to or subtracted cu 
from the copper already loaded (M ) on the test cell so that the null cu 
reactivity condition could be satisfied. 

Each reactivity series gave an estimate for the mass of copper, Mo, 

required to absorb the excess neutrons of the test cell for the respective 

gold cadmium ratio measurements. 

The relative reaction rates of the test cell components were also 

determined in the match conditions. Figures VIII and IX show two of the 

central test cells which were prepared for detector traverses. The fission 

rates in the plutonium were measured by inserting dilute Pu-Al foils between 

specially designed separable fuel elements. The effective subcadmium 

«.64 ev) absorption rates in the l/v absorbers were monitored with copper 

foils whose activities were corrected for epi-cadmium activity by measured 

cadmium ratios. The subcadmium absorption rates in all cell components 

were normalized to the total production rates in the cells for both the 

poisoned and unpoisoned cases. A small correction is included for the 

epi-cadmium absorption in the copper which is multiplied by an estimated 

resonance escape probability and normalized to the total productions for the 

poisoned cases. The effective subcadmium capture to fission cross section 

ratio for Pu239 was calculated by the THERMOS(20)computer code using 

(20) HoVle.c.I<., H. C., "THERMOS, A Thvrma.L[za,tioVl TJta.n.6poJt:t. The.oJty Code. 6011. 
Re.a.c.:t.oJt La:ttic.e. Ca.lc.u£a.;t,(.On.6," BNL-5826, Se.p:t.embe.Jt 1961. 
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experimentally determined copper concentrations in the poisoned cases. 

The Determination of k From These Experiments 
co 

The method of analysis to obtain k has been described in previous 
(3)(18) co, 

documents. The presence of plutonlum in the system required a careful 

review of the definition of k. The values of k are derived from the activation 
co co 

ratios normalized to the thermal column activations where the cross sections are known. 

These values of k , when multiplied by the appropriate leakage terms from 
00 

a two-group analysis, yield values of keff defined as the total neutron 

production divided by the sum of the total neutron loss due to absorption 

and leakage. This expression for evaluating k from the experimental data 
00 

is given in reference (18), where the relation between the calculated k 

and the defined keff is also presented. 

Light Water Moderator Experiments 

00 

Figure X shows the water tank in the core of the PCTR. The design of 

the first experiment in the water tank is complete. Reactivity changes due to 

increasing the Pu02 particle size will be determined in H20 for the same fuel 

used to determine the effect in graphite. The pitch of the first lattice in 

H20 will be 1.0 inch. 

PRTR Batch Core Experiment 

P-6 PRTR Batch Core Experiment - R. I. Smith 

A large-scale burnup experiment (the Batch Core Experiment) (21) has been 

initiated in the Plutonium Recycle Test Reactor (PRTR)~22) This experiment 

is providing data relating the reactivity characteristics of the core and 

the isotopic composition of the fuel in the core as a function of the 

exposure of the fuel. The basic fuel loading will remain essentially 

unperturbed to the end of the core reactivity lifetime, thus providing a 

unique set of data for use in checking methods of calculating reactivity 

lifetimes of reactor cores. Another important aspect of the experiment is 

(21) WOlLden, J. R., PWtc.eU., W. L., Sc.h.nU..d, L. C., "Phy.o-<.C6 ExpeJUment, H-<.gh 
POWelL Ven.oUy COlLe 06 the PRTR," BNWL-221, Ba.t.teU.e-NoJL.thwut (1966). 
FlLuhtey, M. V., ShCUtp, R. E., Sk.avdaht, R. E., "PfutOMW'YI Utilization 
PlLogJtam: PRTR IlLlLad-tation Pfun.o," BNWL-314, Ba.t.teU.e-NoJL.thwut (1966). 

(22) W-<..t.tenblLOc.k., N. G., e.t al, "PfutOMW'YI Rec.yc.fe Tut Reac..tolL, F-<.nal 
Sa6egUCUtd.o Analy.o-t.6," HW-61236, Han60lLd WOlLk..o (1959]. 
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the simultaneous irradiation of a statistically-significant number of 

plutonium-bearing, packed-particle fuel elements at power densities similar 

to those in an operating power reactor. 

The fuel elements for the Batch Core Experiment are 19-rod clusters of 

vibrationally-compacted U0
2
-2 wt% Pu0

2 
rods~23) The fuel in each rod is 

0.505 inches in diameter and 58-1/2 inches in length, and is contained in 

tubes of Zircaloy-2 which have wall thicknesses of 0.030 inches. This 

same fuel has been studied previously(24) in the Plutonium Recycle Critical 

Facility (PRCF). 

The basic core for the physics experiment occupies the central fifty-five 

channels in the eighty-five channel core of the PRTR. This core provides the 

large excess reactivity (~260 milli-k) necessary to obtain a planned full 

power lifetime of about one year (at 100% operating efficiency). The excess 

reactivity is controlled by dissolving boron, enriched to 92% lOB, in the 

D20 moderator. The D
2

0 coolant is not borated. Twelve additional U0 2-2 wt% 

Pu0 2 elements are charged to form a buffer zone between the physics core 

and the irradiated elements from' earlier PRTR operations which will make up 

the balance of the core for the power phase of the experiment. 
(25) The first phase of the experiment has been completed and consisted 

of an extensive set of tests at zero power during the initial loading of 

the 55 element core, to establish the physics characteristics of the 

unirradiated core. 

Critical Tests - Ro 1. Smith and J. W Kutcher 

Fuel loading began on July 16, 1966 and initial criticality was 

achieved with nine fuel elements on July 19. Loading and testing cOQt~nJed 

on an around-the-clock basis until the basic 55 element core had been 

(23) Keenan, J. P., ShaJtp, R. E .• "PRTR Qua.LUy CoYtt.!z.o.t Sy.6tem," BNWL-349, 
Batte..tte - No.!z.thwe.ot i 196 7l . 

(24) ./(u;tc.he..!z., J, W., e.t at, "Cut-<.c.a.t ExpeJUmeYtt6 wah PuO?-u0 2 Fue.£. and 
020 Mode...!z.ato.!z.," TItaYL6. Am. Nuc..t. Soc.., i., 2448 (1966T. 

(25) SmUh, R. 10, Kutc.he...!z., J, W., Lauby, J. H, "CUUc.a.t ExpeJUme.Ytt6 Wah 
The U0 2-2 wt% Pu0 2 Batc.h CO!z.e -In the PRTR," T.!z.aYL6. Am. Nuc.L Soc.., ~, 
1, 185 11961 
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charged and all major tests had been completed on August 25, 1966. Additional 

measurements were performed at various times in the interval prior to receipt 

of authorization to begin Power Tests in December, 1966. 

The measurements performed during the Critical Test period included: 

the critical number of elements for boron concentrations in the moderator 

ranging from zero to about 21 wppm lOB in D20 and thermal neutron flux 

distributions axially in the core (Table VI), moderator level coefficients 

of reactivity over a 25 inch range of critical moderator heights at several 

boron concentrations (Figure XI)reactivity effects due to loss of coolant 

from the fuel channels (Table VII), the integrated boron worth and the 

differential boron worth as a function of boron concentration in the 

moderator (Figure XII). 

Additional measurements were made to determine (by gamma scanning) the 

relative power match between fuel rods in the center channel and rods in 

elements in the first ring of channels in PRTR. The reactivity effects due 

to changes in coolant, and to changes in configuration of the special fuel 

element designed for use in the Fuel Element Rupture Test Facility (FERTF) 

have also been measured. The results of these measurements are summarized in 

Table VIII. 

No surprises were encountered during the critical test program. The 

boron concentration in the D20 moderator needed to compensate for the 

initial excess reactivity of the core agreed with the predicted concentration 

requirements to within a few percent. In general, all parameters measured 

during the tests were in reasonable agreement with the values which had been 

d ' d l' (21) pre lcte ear ler. 

Power Tests - J. W. Kutcher and R. I. Smith 

A series of power tests was conducted when the reactor loading was 

completed and power was increased to its operating level of approximately 

50 MW. These tests were primarily designed to verify predicted operational 

characteristics of the PRTR with the Batch Core Loading, but included those 

physics tests which required power operation. 

For normal power operation of the PRTR, the central channel of the 

reactor was connected to the Fuel Element Rupture Test Facility (FERTF) and 

was cooled with H
2
0. During the power tests the FERTF contained a 19-rod 
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Table VI 

Critical 
Boron-10 Moderator Axial 

No. of Fuel Concentration Level Peak-to-Average 
Elements (wppm) (Inches) Flux Ratio 

9 0 98.5 0.02 1. 28 ± 0.02 

12 2.6 = 0.03 99.75 0.02 1.29 :t 0.02 

16 5.6 = 0.03 94.55 T 0.02 1. 34 0.02 

23 10.2 0.03 95.15 :!; 0.02 1.34 0.02 

31 14.1 :! 0.03 96.7 1: 0.02 1.32 :t 0.02 

55 14.1 1: 0.03 72.2 0.02 1.86 " 0.02 

c, 20.9 0.03 98.0 t 0.02 1.34 t 0.02 J_.J 

Table VII 

Core Coolant Worth Measurements 

JOB Cone. Fueled D
2

0 H
2
O 

(wppm) Channels Dry 

12.4 31 0.0 +20.2 
(100.40) (85.92) 

18.6 55 0.0 + 8.6 
(89.77) (85.29) 

19.6* 55 0,0 + 0.8 -3.5 
(91. 56) (91.10) (96.05) 

() Numbers in parentheses are critical heights 

* Unfueled channels were filled with D20 
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Table VIII 

FERTF 
No. of Rods Stainless Steel Center Void Element 

in FERTF Basket Thickness of FERTF Power Ratio l FERTF/lst Ring F.E. Worth Worth 
:, Fuel Type Coolant Element (inches) EleIpent Measured Calculated (milli-k) (milli-k) 

U0 2 H2O 6 0.125 H2O 0.62 ± 0.05 0.55 +4.8 ± 0.2 

UO -3 wt% Pu02 
11 6 0.125- H2O 1. 76 ± 0.03 1. 70 . 2 

U:02-2 wt% Pu02 
11 6 0.125 H2O 1.53 ± 0.01 1.48 +2.1 ± 0.2 

U0 2-2 wt% Pu02 
II 8 0.125 Hast-X 0.95 ± 0.03 1.01 +1.6 ± 0.2 +6.5 ± 0.2 

UO -2 wt% Pu0 2 
11 8 0.239 SST 0.89 ± 0.04 0.91 +4.6 ± 0.2 2 

\,.o.J 

UO -2 wt% Pu02 
11 8 0.239 Hast-X 0.90 ± 0.06 0.90 +3.7 ± 0.2 

2 \,.o.J 
(Xl 

UO -2 wt% Pu02 
II 19 1.09 1.13 -0.90 ± 0.2 2 

U0 2-2 wt% Pu02 D20 19 0.99 1.02 -0.02 ± 0.2 
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cluster of pelleted U0 2-2 wt% Pu0 2 . Twelve additional U0 2-2 wt% Pu0
2 

elements were charged to form a buffer region separating the basic 55 

element core and the irradiated elements from earlier PRTR operation 

that occupied the remainder of the fuel channels in the reactor. 

The power test series included: traverse of the peripheral flux 

chamber thimbles to determine the shape of the flux radially through the 

H20 reflector; axial flux peaking as a function of critical moderator 

level over the range from 86 to 100 inches (Figure XIII, and Table IX); 

transient response of the reactor to addition and removal of boron by 

the chemical shim system (Figure XIV), a detailed examination of the 

heat removed by each of the reactor coolant systems in order to determine 

total reactor power (Table X); the temperature coefficients of reactivity 

associated with the fuel + coolant system (-0.019 milli-k/'F over the 

range l78-356°F) and the moderator system (+0.108 milli-k/oF over the 

range 92.5-14l o F, with 20 wppm lOB in the moderator); and measurement 

of the ratio of the effective delayed neutron fraction to the neutron 

lifetime, S/£, at power levels of 250 watts and 1 megawatt, with a sinusoidal 

reactivity oscillator. The measured ratio was 19.7 ± 1, and did not exhibit any 

significant dependence on reactor power level. 

Those power tests which have been completed have, in general, confirmed 

the predicted operational behavior of the reactor. Further tests are 

planned to measure growth and decay of fission-product poisoning, and to 

determine the power coefficient of reactivity. 

EBWR Experiment 

An irradiation experiment was conducted in the Experimental Boi1i:~)g 

Water Reactor (EBWR) at Argonne National Laboratory (ANL). This exper:...ment 

is part of a joint ANL-PNL program to demonstrate the utilization of 

plutonium in a boiling H
2

0 power reactor and to obtain useful physics 

information on the behavior of a plutonium fuel in such a reactor system. 

Information obtained during this experiment for the plutonium zone will be 

compared to results of calculations to identify areas of uncertainty in the 

computation. 
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Table IX 

Axial Flux Peaking 

Moderator 
<PMax/<Pave. Height 

86.0 inches 1.467 

89.4 1.389 

92.0 1. 357 

95.0 1.334 

98.0 1.319 

100.0 1.312 

Table X 

PRTR Power Calculation 

T T 
k * System (Inletl ~outletl 6T Flow 6 Power 

Primary Coolant 456°F 485.85°F 29.85°F 10200 gpm 1. 47 46xlO- 4 44.897 Ml.J 

Moderator Loop 125.04 139.90 14.86 1095 1. 4392 2.342 

Reflector Loop 85 100 15 172 1.452 0.375 

Shield Loop: 

Top 93 123 30 51 1. 452 0.222 

Bottom 93 117 24 47 1.452 0.164 

Side 46 51 5 57 1.460 0.042 

Thermal 46 49 3 63 1.459 0.028 

Rotating 46 67 21 9 1.459 0.028 

D20 Recovery 0,100 

Pump Friction -0.250 

Rupture Loop 441 482 41 169.4 1. 3441 0.912 

Total Reactor Power 48.860 MW 

*k6 is a conversion factor which depends on coolant temperature and density. 
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Power Operation History - R. C. Liikala 

The power operation of the EBWR is outlined briefly in Table XI. The 

power operation was terminated on June 29, 1967. The reactor reached 42 MW 

power level early in November of 1966 and operated until the early part of 

February, 1967 at this power level. Approvals were received to operate the 

EBWR at 70 MW. During February, experiments were performed to ensure the 

safe operation of the EBWR at 70 MW. 

An activation experiment was also performed at the power levels of 42 

and 70 MW to aid in determining if a spectral change occurred in this power 

interval. Power operation at 70 MW was attained during the middle of March 

and the reactor operated until the end of April at this power level. 

Intermittent power operation of the EBWR occurred during the month of 

May due to problems encountered with the EBWR steam system. During the 

month of June, the reactor was operated at a power level of about 60 ~M. 

Irradiated Fuel Sampling and Post Irradiation Experiments - R. C. Liikala 
and U. P. Jenquin 

At three stages of burnup of the experiment, a series of rods are 

removed from the plutonium zone for return to PNL for non-destructive and 

destructive analysis. The first set of rods were removed in February, 1967 

prior to raising the power level to 70 MW. The estimated average exposure 

on these rods is -1300 ~/tonne. The second series of rods were removed 

from the EBWR in May, 1967 and the estimated average exposure is 2300 

MWD/tonne. The last series of rods is to be removed after the post 

irradiation experiments are completed. The estimated average exposure 

of these rods is 2600 MWDI tonne. The series of rods contain the f)J'.:- "ing 

fuels: two Al-3.35 wt% Pu with one containing -8 wt% Pu24Q and the '~her 

-26 wt% Pu240 , one natural U0
2

, one U0
2
-l.5 wt% Pu0

2 
with -26 wt% Pu<~O, 

one U0
2
-1.5 wt% Pu0

2 
with -20 wt% Pu 2wO , and twelve U0

2
-l.5 wt% Pu with 

-8 wt% Pu2~Q. The latter fuel of this series is the normal fuel composition 

of the EBWR plutonium zone and these rods are selected from various 

positions in the core so that the spatial distribution of burnup can be 

obtained from the non-destructive and destructive analysis. 



Date 

Oct. 1966 to Feb. 1967 

Mar. 1967 to May 1967 

May 1967 

June 1967 

3.44 

Table XI 

Outline of Power Operation 
EBWR Pu Experiment 

-Reactor Assumed Power 
Exposure From Pu Zone 

(MWD) (% of Reactor Power) 

3760 35 

3140 30 

310 25 

1050 25 

Total 

BNWL-624 

-Pu Zone* 
Exposure 

(MWD/Tonne) 

1320 

940 

80 

260 

2600 

* Since there is - one tonne of UO Z-Pu02 in the EBWR, the exposures are 
quoted in megawatt days per metrlc ton. 
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The post irradiation experiments include a determination of boric acid 

worth, control rod worths, and the rod free-no-boron multiplication for the 

1 . If h l' . b" 1(26) p uton1um zone at room temperature. t e p uton1um zone 1S su cr1t1ca 

the loading is to be augmented with other plutonium fuel assemblies. 

Irradiated Fuel Shipments - J. B. Edgar, R. C. Liikala, A. R. Maki, L. D. Williams 

A study of utilizing the PRTR shipping cask was made by the PNL Nuclear 

Safety Specialist to determine if this cask could be licensed for shipping 

irradiated fuel from ANL to PNL. The study concluded(27) that the PRTR 

cask could not be modified and approved for interstate shipments of 

irradiated fuel. Arrangements were made to use the Yankee single element 
(28) . (29) 

cask for th1S purpose. A review was made of the hazards associated 

with using this cask for the irradiated fuel shipments. Approval was granted 

and the cask has been used for two shipments to date. 

The set of pins removed from the EBWR in February were shipped from 

ANL to PNL in May and the set removed in April were shipped in July. The 

final shipment of irradiated fuel was made in September. Gamma scanning 

of the pins are currently underway. 

Non-,Destructive Analysis - E. S. Murphy and D. E. Christensen 

Gamma scanning experiments to determine relative fuel burnup have been 

irradiated on the set of seventeen EBWR fuel pins which were removed from 

the reactor in February. The pins are being scanned with a 1-1/2 inch 

diameter x 3 inch long sodium iodide detector. Two prominent peaks are 

evident in the gamma spectrum of the pins. One peak at about 500 keV is 

due mainly to the 513 keV gamma from the decay of l06Rh. The other p2ak 

(26) K~~, P. H., phivate QOmmuniQ~on. 

(27) Lett~ 6JtOm C. L. BlLOWn to R. L. SQott, en-t<;tted, "Rev~w 06 PRTR CMQ 
60lL 06 6-S~te Srupment, Ii NovembelL 1, 1966. 

(28) JayY/(2,,6, B., Payne, V. V., and WaiduA-, H. F., "ExpehienQe ~n the Shlpment 
06 YanQee Fuel AMeJ'Ylbu(2,,6 60lL PO.6t-IMa~~on Exam~na;Uon, II WCAP-6062, 
F eblLUaJz.y 1 96 5 . 

(29) BlLoWn, C. L., "Ra~a;Uon and C~Qaidy Sa6ety Rev~w 06 EBWR Fuu Rod 
Shl,rtrrJen-U 6lLom AN L to PN L, II BNWL-CC-1 022, 196 7. 
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at about 750 KeV is due mainly to the 724 and 757 KeV gammas from the decay 

of 95Zr and the 768 KeV gamma from the decay of 95Nb. In the present 

analysis, the energy threshold of the single channel analyzer is set at 

675 KeV. 

A gamma scan of U0 2-1.5 wt% Pu0
2 

(8 wt% Pu240 ) fuel pin is shown in 

Figure XV. The gross count rate has been corrected for background and for 

the contribution to the total count rate from radioactive zirconium in the 

cladding. There is a peak in the fuel burnup about 11 inches from the 

bottom of the fuel. The top ten inches of fuel have experienced very little 

burnup. This pin is one of the four centermost pins in the plutonium zone 

of the EBWR. The scan was performed four months after removal of the pin 

from the reactor. Gamma scan analyses are being made of the other pins 

removed in February along with those removed from the EBWR in May, 1967. 

Analysis of Irradiated Fuels 

Non-Destructive Analysis of Fuel Burnup 

Underwater Gamma Scanning Facility - D. E. Christensen and E. S. Murphy 

Introduction 

Development of the PNL Gamma Scanner and of the measurement techniques 

for its use has continued during the past year. Fuel rods of U0 2 , Al-l.8 wt% 

Pu, and U0 2-0.48 wt% Pu02 which had been irradiated in the Plutonium Recycle 

Test Reactor (PRTR) have been examined in course of the development work. 

More recently, several fuel pins from a fast reactor (described in this 

report) and selected rods from the fuel burnup experiment in the EBWR have 

been examined. 

Equipment Description 

h d ' f h d ' f '1' (30) h ' T e es~gn 0 t e un erwater gamma scann~ng ac~ ~ty, s own ~n 

Figure XVI, permits scanning of irradiated 1/2 inch diameter fuel rods 

under approximately 6 ft. of water in the PRTR basin. The collimator is 

105 inches long from source to detector and contains 6 inches of lead 

(30) S.tJU.ngeJt, J. L., "Gamna Sc.anneJt Fac.A.LUy," QuaJtte.Jz1.y PfLogfLeA.6 RepoJtt 
ReAeafLc.h and veVeio~ent PfLogfLam, Ap~, May, June, 7964, HW-83298, 
1. 1 - 7.5 (Nov. 196 . 
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near the source and 6 inches of lead next to the detector to collimate the 

gamma ray beam. At present a 1/4 inch diameter aperture is incorporated 

in the design with the option of installing a 1/16 inch diameter aperture 

if desired. The detector, a 1-3/4 inch diameter by 2 inch NaI(Tl) crystal, 

is shielded from background radiation by lead housing 4-1/2 inches thick. 

The detector and housing are mounted on rails which makes it possible to 

move the collimator along a fuel rod. The rod is held horizontally in a 

'~" shaped trough and is raised to be positioned directly beneath the 

collimator head. A shutter is included near the source to close the 

aperture and take background readings. 

The detecting system, in addition to the NaI(Tl) crystal optically 

coupled to an EMI 9536 B photomultiplier contained in a light-tight assembly, 

includes a preamplifier (white cathode follower type), a double delay line 

clipped nonoverloading linear pulse amplifier, a single channel pulse height 

analyzer which can be made to scan a given energy range, a linear count 

rate meter, a strip chart recorder, and a scaler. A multichannel analyzer 

is available to do more detailed energy analysis. Data has been taken to test 

the stability of the detecting system and the reproducibility of the count 

rate as a function of position. These data have been shown to be reproducible 

to ± 1.5%. 

Measurement Technigues 

The longitudinal variation of the gross fission product activities in 

a fuel rod are determined from a point-by-point traverse along the rod to 

establish the relative exposure of the fuel. Detailed gamma-ray spectra are 

determined at selected points with a multi-channel analyzer. Subsequent 

destructive analysis of 1/2 inch fuel sections then provides data for the 

absolute determination of the exposure. 

Scanning of Irradiated Fuel Samples 

As a demonstration of the measurement techniques and the equipment 

capabilities, the results of an examination of two fuel pins from a fast 

reactor are presented here. 

The relative distribution of fission products in two SST-Pu02 cermet 

fuel pins irradiated in the EBR-II as part of the LMFBR program has been 

determined. These fuel specimens were fabricated by a coextrusion process 
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where high density Pu0 2 pellets in a 304-88T matrix were coextruded in 

304-8ST cladding. The core compositions were 30 volume percent and 20 

volume percent Pu0 2 for pins 5P14 and 5P13, respectively. The average 

pin diameters and average core diameters were 0.295 inches and 0.253 

inches for pin 5P14 and 0.290 inches and 0.258 inches for pin 5P13. Core 

lengths of 15.50 inches and 14.62 inches, respectively, were loaded in 

40 inch long, 0.375 inch outside diameter EBR-II fuel capsules with a 

fuel bond of sodium. Between March 26, 1966 and October 20, 1966, the 

pins were irradiated for varying periods, the total irradiation time being 

approximately 129 days. The encapsulated pins were available for scanning 

during March, 1967. Two prominent peaks were evident in the gamma spectrum 

taken with the NaI(Tl) detector, one at about 500 KeV due mainly to the 

513 KeV gamma from l06 Rh and another at about 750 KeV due mainly to the 

724 and 756 KeV gammas from 95Zr and the 765 KeV gamma from 95 Nb. For 

these scans, the energy threshold of the single channel analyzer was set at 

670 KeV. The fuel pins were counted at 1/8 inch invervals and the 1/16 inch 

aperture was used. The gamma scan traces, Figures XVI and XVII indicate two 

definite areas of low relative activity in each pin. Comparison of the gamma 

scans with pre irradiation radiographs showed that in each case the low 

activity regions coincide with pellet interfaces in the extrusion billet. (31) 

These interfaces appear as a nose-to-tail effect during the extrusion process. 

(See diagram on Figures XVII and XVIII). There are variations in·activity along 

the length of each pin of the order of 5-10 percent. The statistical accuracy 

of the data and the difficulty of reproducing the counting geometry on the 

0.375 inch diameter rods with equipment designed for 0.5 inch diameter rods 

would account for variations of the order of 3-4 percent. The larger 

variations in activity are due, in part, to inhomogenieties in Pu0
2 

concen

tration. Full length beta-gamma autoradiographs showed considerable 

nonuniformity. This has been attributed partially to nonuniform distribution 

of the Pu0
2 

in the pins during fabrication and partially to nonuniform contact 

of the pins with the film during the exposure of the autoradiograph. (31) 

These pins are presently being destructively analyzed. Two pieces of fuel 

are being saved for subsequent gamma-ray spectrum analysis with a Ge(Li) 

detector. 

(31) PeY!1beA, L. A., P,uvcUe. Conmw1~Lc.ation 
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Future Plans 

Work is in progress to develop a fully automated system. This system 

will include a range of aperture sizes, a high resolution Ge9Li) detector, 

the associated data collection equipment, and the versatility to scan a 

variety of fuel geometries. Concurrently, computer programs are being 

developed which will reduce the complex gamma-ray spectra information to 

quantitative fuel burnup results. 

Destructive Analysis of Fuel Burnup 

Burnup Analysis of Aluminum-Plutonium Fuel Irradiated in the PRTR -
R. P. Matsen and D. E. Christensen 

New methods for analyzing power reactor burnup data have been developed. (32) 

Our approach is directed toward the extraction of cross section information 

f~om the experimental data rather than just making the usual comparison of 

the data with results predicted by r~actor burnup codes. This cross 

section information constitutes a compact set of experimental numbers 

which should be useful in checking some intermediate steps of reactor 

burnup codes. Extensive use of least squares techniques is made in the 

analysis of the data. Least squares fitting codes (programs LEARN and 

LIKELY), (33) sufficiently versatile for our analysis, have recently been 

developed at this laboratory. 

The experimental data(34,35) were obtained from samples cut from 

aluminum-plutonium 19-rod elements irradiated in the Plutonium Test 

Reactor. Samples having the same initial fuel composition and irradiated 

in approximately the same nuclear surroundings have been analyzed together. 

resulting in four groups of data: 

(32) SQhmid, L. C., C~ten6en, V. E., Vuane, B. H., L~Qata, R. C., and 
Mat.6en, R. P., "Expe.tLhnental and TheoJteUc.at Muhoci6 U.6ed noJt BuJtnup 
Anallj.6--u at Battelle-NoJtthwe.6t," InteJtna..U.onat ConneJtenc.e on the Phlj.6iQ.6 
PJtobl0m.6 in TheJtmat Reac.toJt Ve.6ign, June 27-29, 1967, to be pub~hed. 

(33) Vuane, B. H" "Maxhnwn UQruhood NomneaJt CoJtJtuated Fiuci6 (Battelle 
NoJtthwe.6t PJtogJtam LIKELY)," BNWL-390, PauMc. NOJtthwe.6t LaboJtatoJtIj, 
RiQhland, Wa.6h., SeptembeJt, 1965. 

(34) ChJt-L6ten6en, V. E., Reppond, E. B., and ReaJtdon, W. A., "BuJtnup Vata 
FJtom Low Expo.6uJte Plutoniwn-Alwn.-i..nwn Fuel," BNWL-CC-904, PauMc. NoJtthwe.6t 
LaboJtatoJtIj, NovembeJt, 1966. 

(35) ChJt-L6ten6en, V. E., Reppond, E. B., and ReaJtdon, W. A., "BuJtnup Vata 
nJtom High Expo.6uJte Plutoniwn-Alwn.-i..num Fuu, I. BNWL-CC-905, PauMc. 
NoJtthwe.6t LaboJtatoJtIj, Vec.embeJt, 1966. 
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• LxO - 1.82 wt% Pu in Al (6.25% 240pu) from rods of the l2-rod 

outer ring of the elements 

• LxMC 1.82 wt% Pu in Al (6.25% 240pu) from rods of 6-rod inner 

and center rods of the elements 

• HxO - 2.60 wt% Pu in Al (16.45% 240pu) from rods of the l2-rod 

outer ring 

• HxMC - 2.60 wt% Pu in Al (16.45% 240 pu ) from rods of the 6-rod 

inner ring and center rods. 

The maximum exposure of the samples amounted to a plutonium depletion of 50%. 

The samples were chemically assayed for plutonium and cesium-137. Plutonium 

isotopic atom ratios were obtained by mass spectrometer analyses. 

Two methods of analysis are presently being used. (32) In each, the 

poorly known flux-time variable has been eliminated from the plutonium 

transmutation equations used in the analysis. This requires that the cross 

section information be extracted as ratios of effective (flux-averaged) 

cross sections rather than as the effective cross sections themselves. 

However, this is a small price to pay for ridding the analysis of the 

undesirable flux-time variable. 

In the first method (Method A) the differential transmutation equations 

are solved for the cross section ratios and applied to each of five burnup 

increments which together span the full burnup range. In this way variations 

in the cross section ratios as a function of exposure can be determined. 

Since the number of cross section ratios exceeds the number of transmutation 
A4l A49 A42 A49 

equations by two, the cross section ratios a /0 and a /0 are pre-
a a a a 

determined in order to determine the remaining ones. In previous work, 
A4l A42 A49 
a was held fixed and a /0 set equal to zero and therefore the results 

a a (36) 
quoted here are different than those previously reported. The resui1:S 

are presented in Figure XIX, (;40/;49), and in Table XII. All cross section 
. A40 A49 a a 

ratlos except a /0 are constant within their assigned uncertainties and 
a a 

therefore it is the average value of these constant cross section ratios 

that is quoted in Table XII. 

(36) Re.aJLdon, W. A., a.nd Ch!r.Mte.VL.6e.n, D. E., "Atom Ra.:t.to.6 a.nd E66e.c.tive. 
CJtO.6.6 Se.c..uOVL Ra.:t.to.6 in Highly De.plete.d P-fu;toVLium-A-f..wni.num AUoy 
Fu.el," Nu.c.L Suo & Eng., 30, 222-232 (1967). 
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Table XII 

Cross section ratios for LxO, LxMC, HxO, and HxMC sets of data 

~49 
Method LxO LxMC HxO HxMC 

ex A 0.442 0.020 0.442 0.018 0.444 0.024 0.451 0.024 

B 0.439 0.015 0.436 0.015 0.442 0.014 0.447 0.014 

'41 ~49 
C /0 

d a A 1.150 (fixed) 1.150 (f ixed) 0.150 (fixed) 1.150 (fixed) 

B 1.143 (fixed) 1.143 (fixed) 1.143 (fixed) 1.143 (fixed) 

41 
A 0.356 0.028 0.359 0.021 0.347 0.010 0.340 0.010 ":"( 

B 0.351 0.015 0.355 0.015 0.342 0.015 0.339 0.015 

'42 ~ 49 
r /0 A 0.09 to 0.06 0.09 to 0.06 0.082 (fixed) 0.082 (f ixed) 

(fixed) (f ixed) 

B 0.07 (fixed) 0.07 (fixed) 0.07 (fixed) 0.07 (fixed) 

In the other method (Method B) the differential transmutation equations 

"Ie integrated assuming all of the cross section ratios are constant over the 

entire burnup range as suggested by the results of Method A, with the 

exception of ;40/;49 which is assumed to have the form A + B/N40 . the 
a a 

experimental data is cast in the form of isotopic concentrations (Ni in 

atoms/bn-cm) including their experimental uncertainties. The cross section 

ratios result from a simultaneous fit of the integrated transmutation 

equations to the burnup data using the method of least squares (program 

LIKELY). In principle, all cross section ratios can be determined from 
~41 ~49 ~42 ~49 

the least squares analysis. In practice, 0 /0 an a /0 must again 
a a a a 

be predetermined and the remaining ratios obtained from the fitting analysis. 
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The fit to the LxO experimental data is shown in Figure XX which is a 

reproduction of a plot generated by an output subroutine of program LIKELY. 

The cross section ratio results from the Method B analysis are shown also 

in Figure XIX and Table XII. In Figure XIX, the points with one standard 

deviation error flags were determined by Method A. The solid lines are the 

results of Method B. The one standard deviation uncertainties (not shown) 

of Method B are about the same size as those of Method A. The cross 

section ratios which were predetermined and held fixed during the analysis 

are so labeled in Table XII. The remaining ratios are reported with their one 

standard deviation uncertainties. A comparison of the LxO and LxMC cross 

section ratio results with computed values is given in Table 3 of reference 

(32) . 

The remarkably good fit of the burnup equations to the experimental 

data over a wide range of exposure supports the validity of the assumed 

functional 
A40 A49 
(' /0 ). 

a a 
for these 

form of the cross section ratios (i.e., constant except for 
A4l A49 A4l 

The values of 0 /0 am a are expected to remain constant 
a a 

d h " 0 0 0 1 V "49(E) and "4l(E) ata. In t e energy reglon . to . e, u u 
a a 

exhibit very similar shapes so that their ratio remains constant and is 

unaffected by shifts in the thermal spectrum. The capture to fission 
"41 241 ratlo a (E) for Pu is relatively constant in the thermal energy 

region, also rendering it insensitive to spectral shifts. On the other 
49 

hand, a (E) does vary over the entire thermal region. This leads to 

the conclusion that changes in the thermal spectrum are either insignificant 
A49 

of if they do occur, the corresponding changes in a are compensated for 

d h f k d b d " "h A40/
A
49 "" d db"' an t ere ore mas e y a J ustments ln t e 0 0 ratlo ln uce YiJk 

a a A42 A4 c 
least squares fitting routine. Although the computed value of 0 0 - is 

a a 
not constant as a function of exposure, it is too small to affect the 

least squares fitting results and therefore has been assumed to be a 
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constant. The flux-averaged cross section ~49 increases markedly during 
a 

the course of the irradiation due to self shielding changes resulting from 

a threefold decrease in 239pu concentration. Since our attention has been 

focused on cross section ratios rather than the cross sections themselves, 

this variation in ~49 has been obscured by the similarities in the shapes 
a 

of the cross sections making up the ratios. Even the empirical form 

(a + b/N40 ) assumed for ~40/~49 makes this variation since 1/N40 term 
a a 

empirically fuses together the separate 239pu and 240pu self shielding effects. 

The burnup methods described above are currently being extended to the 

transplutonium isotopes 234Am and 244Cm as well as being applied to the 

uranium-plutonium fueled systems more typical of thermal power reactors. 

Saxton Experiment 

Th f h S Pl . P (37). d 1 . f . e purposes 0 t e axton uton1um rogram 1S to eve op 1n ormat10n 

concerning the use of plutonium enriched fuel in pressurized water power 

reactor systems. Information on the physics characteristics of these 

systems obtained during this experiment is compared to analytical results. 

The purpose of the comparison is to evaluate nuclear design methods by 

pointing out discrepancies, identifying the reasons for the discrepancies, 

and illustrate schemes for normalizing the methods to bring about agreement 

between calculation and experiment. 

Analysis of WREC Experiments - G. L. Simmons 

As a part of this over-all program, a series of design-oriented critical 
(38) . experiments were conducted . at the West1nghouse Reactor Evaluation Center 

(WREC) using the same fuel rods as those to be used in the Saxton core. 

These experiments include single zone and two zone loadings of 5.7[, "!J':% 

and U0
2
-6.6 wt% Pu0

2 
fuels in H

2
0 moderated lattices. The lattice 

configurations are square arrays of rods and the assemblies were made 

critical by adjusting the height of the moderator. Since the cores are 

(37) Saxto~ Plutonium P~og~am P~og~~~ Repo~, WCAP-3385-1 t~ough 10, 
W~.ti~ghoMe Atom-tc. Pow~ V-tVM-tO~, PaU I, Pe~~. 

UO 
2 

(38) Taylo~, E. G., e;t aL, "Saxto~ Plutonium P~og~am C~c.al Exp~e~M 
6o~ the Saxto~ PMtiue Plutonium Co~e," EURAEC-1493jWCAP-3385-54, 
W~.ti~ghoMe Elec.t~o~~c. Co~po~atio~, Vec.emb~, 1965. 
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geometrically either rectangles or squares* is was felt that an evaluation 

of the neutron leakage from these cores was necessary. A systematic 

evaluation of the effects of neutron leakage on the multiplication, flux 

distributions and power distributions of these assemblies is being made. 

Preliminary results of an analytical study aimed at investigating the 

effects of neutron leakage on multiplication values, keff , are given 

here. 

The neutronics model used in the analysis of these critical experi

ments is described in detail in the Methods Evaluation section of this 

report. Briefly, this model consists of using the codes HRG~39) THERMOS, (40) 

and TEMPEST(4l) for computing the neutron spectrum in a lattice cell to 

obtain cell average cross sections. The cell average cross sections obtained 

are used in a diffusion theory calculation of the neutron leakage from 

the finite assembly to obtain the effective multiplication factor, keff . 

The leakage calculations were made using a point reactor model (zero D), a 

one-dimensional cylindrical model (l-D) , and a two-dimensional square model 

(2-D) of the reactor. The reactor was assumed to consist of two regions 

for the 1 and 2-D models, namely a homogeneous core and an H20 reflector. 

The experimental buckling is utilized to account for all leakage in the 

point reactor model calculations. The measured axial bucklings were used 

to account for axial leakage in the 1 and 2-D reactor model calculations. 

The cores HFN(42) and EXTERMINATOR(43) were utilized for the 1 and 2-D 

* An exception is the 0.52 inch U0
2 

lattice was a cylindrical configuration. 

(39) Ccvr..:teA, J. L., JJt., "ComputeA Code Ab.6tJta.c.u, ComputeA Code-HRG," Re..auo!z. 
Phy.6ic...o VepaJ1Amei'U: Tec.hrU.c.al AwvJ..tie..o Ql.J.OJt:t.eMy RepoJtt; Jul.y, AugU.6t, 
Septe.mbeA 1966; USAEC RepoJtt, BNWL-340, OuobeA 15, 1966. 

(40) Honed,., H. C., "THERMOS - A TheJ!milization TMn.oPOJtt TheoJty Code nOJt 
ReauoJt Lattic.e Calc.ul.ation.o," BNL-5826, BJtool<.haven National LaboJtatoJty. 

(41) Shuddle, R. H. and VyeA, J., NAA PJtogJtarrl Ve..oc.Jtiption, "TEMPEST - A 
ne.u.Vl..On The.tm1ilization Code," NoJtth ArneAic.an Aviation COJtpoJtation, 
1960. 

(42) L~e.y, J. R., "Compute.Jt Code. HFN - Mul.tigJtoup, Mu1.tiJtegion Neu.:tJt.on 
Vin nU.6ion TheoJty in One Spac.e Vhne.n.oion," USAEC RepoJtt HW-71 545, 
Nove.mbe.Jt, 1961. 

(43) FowleA, T. B., TobiM, M., and Vondy, V. R., "EXTERMINATOR - A Mu1.tigJtoup 
Code. noJt Solving Ne.u.:tJt.on Vin oU.6ion Equation.o in One and Two Vimen.oion.o," 
ORNL-TM-842, FebJtlLaJty, 1965. 
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computations. The point reactor calculations were made assuming two groups 

of neutrons (10 7 to 0.683 eV, and 0.683 to 0.0 eV), whereas four groups 

(10 7 to 1.17 x 104 eV, 1.17 x 104 to 2.38 eV, 2.38 to 0.683 eV, and 0.683 

to 0.0 eV) were assumed in the 1 and 2-D calculations. 

The adequacy of the 4 group-1D model in predicting values of keff for 

the U0
2
-6.6 wt% Pu0 2 cores** is described in the Methods Evaluation section 

of this report. This same model predicts values of keff for the 5.74 wt% 

U0 2 cores** which range from about 0,5% low at the tight lattice to about 

2.0% high at the loose lattice. 

The differences in calculated values of keff for the zero, one, and two 

dimensional models are shown in Table XIII. Large differences are noted 

between the zero and one dimensional model whereas small differences are 

noted between the one and two dimensional model. Part of the differences 

between the point reactor model and the one dimensional model could be due 

to the differnt number of neutron energy groups (recalling 2 groups used 

for the zero D model and 4 groups used for the others). The conclusion tha~ 

we reach in this analysis is that a one dimensional cylindrical model of the 

reactor seems adequate from the standpoint of reactivity computations for 

these single zone lattices. 

The Saxton core is a multi-region U0
2

/U0
2
-Pu0

2 
configuration which may 

dictate using a two dimensional model. Moreover, the accurate computation 

of power distributions and core burnup for the Saxton core probably require 

a two-dimensional reactor model. 

Analytical Survey Studies 

Analytical survey studies have been performed to provide information 

on the physics characteristics for various reactor systems of interest. 

Results of these studies are directed toward, (a) providing the scope for 

possible experiments, and (b) providing information on certain physics 

characteristics of reactor systems in the absence of experimental information, 

A summary of the results of these studies is given here. 

** Extrapolations to a critical fully inumdated cylindrical core, p. A-3 of 
WCAP-3385-54. 
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Table XIII 

Differences in k ff Using A Zero*, One, and Two Dimensional 
e Diffusion Theory Model 

L.S. (in) 

0.52 

0.56 

0.792 

0.52 

0.56 

0.735 

0.792 

1. 04 

L 1 + B 
g 

6k
eff 

(mk) 

(Zero D to 1D) 

+ 15.5 

+ 29.2 

+ 35.0 

+ 16.7 

+ 28.9 

+ 32.6 

+ 27.1 

+ 12.8 

VL f2 I, 
I La 

+ ,.-
2 

11 
+ B Dl g 

'-
\' + L.a 

1 

(lD to 2D) 

- 1.84 

- 1.34 

2 

(L1
+

2 
) 

La + L1+2 
1 

-1 t-
B2 D-,l I :1 + 

~~ c 

, 
\' i L \' 
L172J La 

2 

where subscripts 1 and 2 refer to non thermal and thermal neutron energy 
groups. 
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t and V. 0. Uotinen 
~20 Moderated Lattices of U0 2-4 wt% Pu0

2 
Fuel - S. Kobayashi 

Over the last few years experiments have been conducted in H
2
0-moderated 

lattices of PU02-UO~ fuel rods in which the concentration of Pu0 2 was 

6.6 wt%, (44) 2 wt%( 5) or 1.5 wt%. (46) The concentration of Pu0
2 

that is 

expected to be best suited for commercial thermal reactors is between 

2 wt% and 6.6 wt%. 

To privide data at an intermediate concentration, a series of experi

ments in H20-moderated lattices containing U0 2-4 wt% Pu02 fuel rods is 

being planned. (47) Experiments will be conducted to measure critical masses, 

bukclings, reflector savings, reactivity coefficients, and other detailed 

properties of these lattices. The experimental program will include 

approach-to-critical experiments in the Critical Approach Facility (CAF) 

and critical experiments in the Plutonium Recycle Critical Facility (PRCF). 

This report describes preliminary calculations which have been per

formed to help predict critical masses and various lattice parameters for 

these experiments. 

tVisiting physicist from Central Research Laboratory, Hitachi Ltd., Tokyo, 
Japan. 

(44) Taylolt, e;t aL, "Saxton. Plu.tovUwn PltOgltam CJU:t.i.c.al ExpeJUrne.~ 001t the. 
Saxton. Palttial PlutovUwn COIte.," EURAEC-1493/WCAP-3385-54, We..6tin.ghou.6e. 
Ele.~c. COItPOltation., De.c.e.mbe.lZ., 1965. 

(45) L.-U.lud.a, R. C. an.d SUYlJ.>on., W. P., "ExpVt"ime.nta.£. an.d An.alytic.a.£. Re..6utt.6 
001t PuO Z-U0 2-H ZO Lattic.e..6," Tltan..o. Am. Nuc.L Soc.., J.,., 1:127 (1966), 
an.d Uoun.e.n., V. 0. an.d W~am-6, L. D., "ExpvUme.~ an.d Calc.uW,[on..o Of)fL 

H20-Mode.lZ.ate.d AMe.mbUe..6 Conta,(vUn.g U0 2-2 wt% Pu0 2 Fuel ROM," :'lZ.an..o. 
Am. Nuc.f. Soc.., ~, (1967). 

(46) Sc.h.rrK.d, L. C., e.t al, "ClZ.,[uc.al MaMe..6 an.d Buc.RLLn.g-6 00 Pu02-UO z-H20 
SY-6te.m-6," Tltal1-6, Am. Nuc.f. Soc.., I, 2:216 (1964). 

(47) Daw-6on., F. G., e;t al., "PltOgltam An.alY-6,(,6 an.d Plan..o PlutovUwn Uuuzat,[on. 
Pltogltam FY 1967 TMough 1970," BNWL-298, July 1966. 
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Fuel and Lattice Arrangements 

The fuel selected for the calculations contains 4 wt% Pu02 in U0 2 , 

the uranium being natural. Two isotopic compositions of plutonium were 

considered, the 240pu content being either 7.65 wt% or 23.5 wt% as shown 

in Table XIV. These isotopic compositions are identical to compositions 

in existing rods that contain 2 wt% Pu0
2 

in U0
2

. (48) Also, the fuel rod 

dimensions are identical to the dimensions of the U0
2
-2 wt% Pu0

2 
fuel 

rods. The fuel (Pu0 2-U0 2) is 0.505 inches in diameter and 36.0 inches 

long, is clad with 0.030 inches thick Zircaloy-2, and has a fuel density 

which is assumed to be 88% of theoretical (9.2675 g/cm3 of Pu0
2
). 

Table XIV 

Isotopic Compositions of Plutonium (wt%) 

239 240 241 242 
Pu Pu Pu Pu 

C-I 91.62 7.65 0.70 0.03 

C-II 71. 76 23.50 4.08 0.66 

(48) Vaw.6on, F. G., e;t aL, "Ana1.y.6,w 06 PlutorUWrI-Fu.e.le.d U.glrt. Wa.X.e.Jt 
Re.ac;toM," lAEA SffrlPo.6iWrl on :the. U.6e. 06 Plu.tOrUWrI a..o a Re.ac.;tott Fu.:? J?, 
BttU.6.6e.l.o, Be.lgiWrl, Mattch 13-17, 1967. 
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Hexagonal lattices with fuel rod spacings of 0.75, 0.80, and 0.85 

inches were selected. These lattices have a moderator-to-fuel volume 

ratio of 1.16, 1.49 and 1.84 respectively. The physical temperature of 

materials in the lattice was selected at 20°C. 

Calculational Methods 

The calculational methods employed are identical to those used in 

analysis of other plutonium fueled-HtO critical experiments. (45,46,48) 

They consist of using the codes HRG, 49) THERMOS, (50) and TEMPEST(5l) to 

obtain multigroup cell homogenized cross sections, and HFN(52) to calculate 

multiplication. 

The critical radius and number of rods for critical are obtained from 

a one-dimensional, four energy group, diffusion theory calculation (HFN code) 

assuming a two-region reactor consisting of a homogeneous core and an H
2

0 

reflector. Axial leakage effects are accounted for with transverse bucklings 

which are assumed to be 8.550 x 10- 4 cm- 2 for all cases and for all energy 

groups. This buckling is based on a reflector savings of 8.0 cm. Cut-off 

energies for the four energy groups are 1.17 x 10 4 eV, 2.38 eV and 0.683 eV. 

Calculational Results 

The critical radius and number of fuel rods at critical obtained from 

HFN critical search calculations are listed in Table XV. Also shown are the 

group parameters which describe the thermal and non thermal characteristics of the 

(49) CMtvz., J. L., Jft., "E66e.c.tive. CftOM Se.c.tiOV/..6 60ft Re.-60VlaVlc.e.-6 -tVl HRG, II aVLd 
"Computvz. Code Ab~tJta.c.;U, II Te.c.h~c.al Ac.tiv~e.-6 Qua.JtteJtJ!..y Re.poftt, July, 
Aug~t, Se.pte.mbe.ft, 1966, USAEC Re.potc.:t BNWL-340, Oc.:tobvz. 15, 1966, 

(50) HOVle.C.Q, H. C., "THERMOS - A The.f1.m~zatioVl Ttc.aV/..6potc.:t The.ofty Cod,) 60ft 
Re.ac.:toft La:t:t.,tc.e. Calc.ulatioV/..6," BNL-5826, Btc.ookhave.Vl NatiOVlal Labofta:tofty, 
aVLd Woftde.Vl, J. R" PUfLC.W, W. L., aVld LUQala, R. C., "Mod-tMc.aUOV/..6 to 
the. Computvz. Code. THERMOS, aVld Compaftat{.ve. Stud-te.-6 Ovl SC.a:t:te.tc..,tVlg Ke.fT.Vle.U," 
PhY~-t~ Re.-6e.atc.c.h Quaftte/l.ly Re.pofL:t, July, Aug~t, Se.pte.mbvz., 1965, 
BNWL-193, ppo 5-15, Oc.:tobe.tc. 25, 1965. 

(51) Shudde., R. H. aVld Vyvz., J., NAA Pftogtc.am Ve.-6C.~ptiOVl, "TEMPEST - A Ne.UtJWVl 
The.'1maUzatiOVl Code.," Notc.:th Am~c.aVl AV-i.atiOVl COftpOtc.atiOVl (19601. 

(52) L~e.y, J. R., "Computvz. Code. HFN-Multig'l.oup, M~e.g-tOVl Ne.u:tJr.OVl 
V-i.66~-tOVl The.ofty -tVl OVLe. Spac.e. VJ.me.V/..6{'Ovl," USAEC Re.potc.:t HW-71545, 
Nove.mbvz., 1961. 
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Table XV 

U0 2 (Nat.) 4 wt% Pu02-H20 Lattices - Preliminary Results 

7.65 wt% 240pu 23.5 wt% 240pu 

Lattice Pitch 
(in. ) 0.75 0.80 0.85 0.75 0.80 0.85 

Volume Ratio 1.1567 1. 489l 1. 8423 1.1567 1. 489l 1.8423 
VM/FF 

Radius at 
Critical (cm) 19.613 17.265 15.938 25.655 21. 748 19.649 

No. of Fuel 
Rods at Critical 384.67 261. 86 197.77 657.88 415.52 300.58 

nf (thermal) 1. 7660 1. 7544 1. 7392 1. 6794 1. 6669 1.6508 

n(therma1) 1.8333 1. 8417 1.8484 1.7477 1. 7554 1. 7613 

f (thermal) 0.9633 0.9526 0.9409 0.9609 0.9496 0.9372 

Disadvantage 
Factor (thermal) 1. 8562 1. 8283 1. 8161 1. 7616 1. 7365 1. 7263 

P1 
0.9l99 0.9336 0.9436 0.9208 0.9344 0.9442 

P2 
(238U) 0.6638 0.7184 0.7598 0.6636 0.7185 0.7600 

P3 
(240pu) 0.8424 0.8688 0.8883 0.7963 0.8259 0.849l 

nf 1 1. 6279 1.6490 1. 6612 1. 6057 1. 6277 1.6405 

nf 2 0.6796 0.6724 0.6660 0.6326 0.6256 0.6203 

nf3 0.5328 0.5154 0.5029 0.3305 0.3132 0.3014 
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lattice. They are ~f,n and f for thermal parameters, and nf
l

,nf
2

, and 

nf3 and resonance escape probability p for nonthermal. The nf's are 
- -

defined as the ratio of the cell averaged cross sections V~f to Za' The 

cell averaged value of n is the ratio of [v~f4] fuel to [~a4] fuel. The 

f is the usual thermal utilization, ~f/~. 

Resonance escape probabilities, p., are calculated as the ratio of 
1 

cell averaged values of ~ to ~ ,where i refers to particular neutron 
out. r, 

1 J_ 

energy groups and Lr is the removal cross section (i,e., ~a + ~out)' 

p(U238 ) and p(Pu240 ) are defined so that they correspond to energy 

groups from 1.17 x 104 to 2.38 eV and from 2.38 eV to 0.683 eV, respectively. 

The dependence of these parameters on lattice spacing for constant 

temperature (20°C) can be summarized as follows. As the lattice spacing 

increases, (a) nfthermal' nf3 and nf 2 decrease, (b) nfl increases, (c) the 

p's inc~ease, and (d) the number of fuel rods for critical decreases. 

The 0.75 to 0.85 inch lattice can be considered to be undermoderated; 

and the changes in critical mass follow the trend in the reciprocal of p .. 
1 

The changes in nf for groups 2, 3, and thermal as a function of lattice 

spacing follow the trend in f(f
2 

= 1 - P2 etc.) rather than n. The change 

in nf for group 1 follows the trend in n
l 

rather than fl' It is evident 

that the balance between the changes in nand f values plays an important 

role in the reactivity behavior of the system. 

The difference in 2 4 0pu content (about a factor of three in our case) 

has a large effect on the values of nf, p and n in the third and thermal 

energy groups; the effect in the third energy group is larger than that 

in the thermal group. Thus, it is important to investigate experimentally 

how the characteristic parameters change as the 2 4 0pu content chang ~ 

Thermal Neutron Energy Spectrum 

To describe quantitatively the thermal neutron spectrum, activation 

ratios AR, of a non-l/v element (-?o1u) to a l/v element (63 Cu )*, were 

,~ Generally, j7 5lu , S"Cu or 5'-'Dy is used as a l/v detector in the thermal 
energy region, but !6 4 Dy is not strictly speaking a l/v detector, because 
its cross section deviates downward from the l/v cross section near the 
thermal cutoff energyo 6,Cu is selected here as a typical example of a 
l/v detector. 
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calculated. The AR, which are roughly proportional to neutron temperature, 

are calculated by the following equations 

JE* -* rE* 0L ¢ (E)dE °Lu¢x(r,E)dE I 
J u r 

AR 0 0 

fE* -* JE* °l/v¢x(r,E)dE °l/v¢r(E)dE 

0 0 

where 

E* = thermal cutoff energy. This is taken to be 0.683 eV. 

° (r, E) x 
¢ (E) 

r 

°Lu,ol/v 

x,r 

neutron flux at position and energy E. 

neutron flux at reference position 

microscopic absorption cross sections of 176Lu and 

63 Cu 

notations of position, r means reference position 

AR
f 

in the fuel region and ARm in the moderator region are obtained 

from THERMOS calculations, and cell averaged activation ratios, AR , are 
c 

calculated as follows: 

V 
ARf +--E!.. (D.F) ·AR 

Vf 
m 

AR = c V 
1 +--E!.. 

Vf 
(D.F) 

where, vm and Vf are volumes of moderator and fuel regions respectively, 

and (D.F) is the disadvantage factor. 

These thermal spectral parameters are listed in Table XVI. The 

difference in thermal spectra between 7.65 wt% 240pu lattices and 23.~ wt% 

240 pu lattices is not very large. Spectral differences are expected t~ be 

greater in the near thermal region than in the thermal region, becaube of the 

large 240 pu resonance at 1 eV. Thus, it seems that an experimental study of 

the epi-thermal neutron spectrum is important. 

Two-Group Parameters 

An analytical model that is frequently used in the analysis of 
. 1(53) d .. 1(54) . . h d'ff . exponentla an crltlca experIments IS t e two-group 1 uSlon 

(53) He.Le.en..6, R. L. an.d Hon.ec.k, H. C., "L.-Cght WateJt Latuc.e..o," IAEA, STI/VOC 10.- 12, 
V.-Cen.n.a, 1962. 

( 54) SbtawbJU..dg e" L. E. an.d J aMIj, R. F., NS & E ~, 58 (1 965) • 
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Table XVI 

Activation Ratios for U0 2-4 wt% Pu0 2-H20 Lattices 

Lattice ARf AR AR Spacing m cell 

0.75 1. 4648 1. 3683 1. 3990 

7.65 wt% 2 4 0pu 0.80 1.4179 1.3116 1. 3402 

0.85 1. 3803 1. 2660 1.2923 

0.75 1. 4699 1.3767 1. 4074 

23.5 wt% 240pU 0.80 1.4246 1.3201 1. 3492 

0.85 1. 3884 1. 2741 1. 3014 
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theory model as applied to bare reactors. In this model all the leakage 

effects are accounted for by a measured material buckling, and the 

effective multiplication factor is given by 

TifF (l-PF ) nf P 

keff 
ast ast 

+ 
th Fast 

1 + B2, (1+B 2,) (1+B2L2) 

where 

P 
Fast 

[L IL] 
out r Fast 

, 
[DILr]Fast 

L2 [DIL) th 

VLf. 

nf. 
1 

(i Fast, th) . = 
1 L 

a. 
1 

Two-group parameters for the U0
2
-4 wt% Pu0 2 cores are listed in 

Table XVII. These parameters can be used to estimate critical sizes of 

these and other U0
2
-4 wt% Pu0

2 
lattices. 

Conclusions 

Calculational results describing the physics behavior of six UO -
2 

4 wt% Pu0
2
-H

2
0 cores are presented as a survey study. 

It is shown that these cores are undermoderated, and that the 

characteristic parameters such as nf, f and p in the third and thermal 

energy groups play an important role in the physics behavior of these 

cores. Thus, it is recommended that the following experiments be done in 

a wide range of lattice spacings and 2 4 0pu contents: 

1. Fast fission, effect, 8, 

2. Fission ratios of 235U to 239pu and 241pu, 

3. Resonance capture ratio, p~s, 

4. Epithermal energy spectrum, for example, epithermal index, 

5. Disadvantage factor (thermal and epithermal) 

6. Power peaking and spectral changes around water gaps (or slots), 

7. Temperature coefficient. 
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Table XVII 

Two Group Parameters for U0 2-4 wt% Pu0 2-H20 Cores 

7.65 wt% 240 pu 23.5 wt% 240pu 
Lattice Spacings (in. ) Lattice Spacings (in. ) 

0.75 0.80 0.85 0.75 0.80 0.85 

1'1f Fast 0.8324 0.8208 0.8120 0.7470 0.7305 0.7180 

P Fast 0.5367 0.7036 0.6562 0.5172 0.5837 0.6367 

T 37.289 34.997 33.397 37.247 34.956 33.359 

nf th 1. 7660 1. 7544 1. 7392 1. 6794 1.6669 1. 6508 

L2 0.9257 0.9793 1. 0257 1. 0048 1. 0592 1.1051 

nfF/nf th 0.4713 0.4679 0.4669 0.4448 0.4382 0.4349 

Iif (l-P ) Fast Fast 
1+B2 T + 

where, 

P = [1: /1:] Fast out r Fast, 

L2 [D/1: a ]th 
v1:f. 

1'1f i = ~ (i Fast, th). 
a. 

1 
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A survey study was conducted to determine the approximate magnitude of 

the various reactivity coefficients for plutonium-fueled light water reactors. 

The reactor systems were assumed to be idealized fuel-moderator configurations 

(i.e., uniform lattices) free of structural materials. A previous report(55) 

gave calculated results of the reactivity coefficients for a variety of 

plutonium fueled light water reactor systems. The plutonium composition used 

in the previous study was assumed to be typical of plutonium from a fast 

reactor blanket or low exposure thermal reactor fuel. As an extension to 

this study, calculations have been performed for these reactor systems which 

contain a fuel differing in plutonium composition from that of the previous 

study. The composition of plutonium assumed for this study is typical of first 

cycle plutonium fuel from light water reactors. 

The previous study was based upon a fuel which contained 92, and 8 atom 

percent of 239pu and 240 pu , respectively. The fuel for this study is assumed 

to be 62/22/12/4 atom percent 239pu/240pu/241pu/ and 242pu, respectively. The 

fissile atom content was assumed to be equivalent to the 92/8 fuel of the 

previous study. The effect of fuel rod size on the physics characteristics 

was also studied. Results of these calculations were given in a recent 

paper. (48) A brief summary of the results are included here. 

Theoretical Methods 

The theoretical methods employed for this study are the same as described 

in the previous section and consist of using the codes HRG(49) and THERMOS(50) 

to compute the reaction rates in a representative lattice cell. Cell 

averaged cross sections were obtained from these calculations to compute t~~ 

infini te medium mul tiplication factor, k. Control rna terials and reac UJr 
00 

(55) llik.ala, R. C. al1d Je.l1qUA..l1, U. P., "Phy.6..[C6 Swwe.y Calc.ulatiOI1.6 fiatt a 
PuOz-UO z Fuel. ..[11 Ide.ruze.d HZO POWeA Re.ac.:toM," BNWL-305, July 1966. 
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size (neutron leakage) were not accounted for in this study. Details of 

the theoretical model are given in Reference (55). 

Calculated Results 

The results of the calculations for the 62/22/12/4 fuel are compared 

to the values for the 92/8/0/0 fuel in Figures XXI, XXII, and XXIII. 

Figure XXI is aplot of the moderator temperature coefficient versus 

moderator-to-fuel volume ratio. The data plotted represent the average 

coefficients from 20 to 225°C. It is seen that the coefficient is negative 

but becomes less negative as the moderator-to-fuel ratio increases. There 

is little difference in the coefficient between the two fuels. The reason 

for this is that the changes in the nuclear parameters are small and tend 

to compensate. 

Figure XXII &nws the calculated Doppler (fuel temperature) coefficient 

versus moderator-to-fuel volume ratio for the fuel temperature range, 20 

to 1020°C. The coefficient is slightly more negative for the 62/22/12/4 

fuel. Approximately 80-85% of the Doppler coefficient is due to the 238U. 

Therefore, one would expect Doppler coefficients for plutonium fueled systems 

to be similar to those observed in uranium fueled systems, with the ones 

for plutonium fuel being slightly more negative due to the added effect of 

2 4 0pu. 

An additional reactivity effect for BWR's is due to voiding from coolant 

boiling. Void effects were represented by uniformly decreasing the moderator 

density while keeping the moderator temperature at 255°C and the fuel 

temperature at 472°C. 

The reactivity effects due to voiding are similar to those due to 

increasing moderator temperature, except for the change in the neutron 

temperature. Since the moderator temperature is held constant, the a'Jerage 

neutron temperature changes only slightly; hence n h 1 changes only t erma 
slightly. The major effects are the increasing of the thermal utilization 

factor and the decreasing of the resonance escape probabilities. For 

moderator-to-fuel ratios of interest for BWR designs, the resonance 

escape effect predominates, resulting in a negative void coefficient. The 

average coefficient versus moderator-to-fuel ratio is given in Figure XXIII. 
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for the void range, 0-30%. The coefficient for the 62/22 fuel is slightly more 

negative than for the 92/8 fuel because of the additional resonance 

absorption effect of 240pu. The coefficient also becomes more negative 

with increasing void content. 

The effects of fuel rod size on the reactivity coefficients 

determined for two fuel sizes of interest in current reactor designs. 

The variation of reactivity coefficients with fuel rod size is shown 

in Table XVIII. The coefficients are all smaller for the larger size fuel 

rod. 

Photoneutron Calculations for D
2

0 Systems - u. P. Jenquin and L. J. Page 

It is difficult to accurately determine the production of delayed photo

neutrons in D
2

0 moderated reactor systems. The number of delayed neutrons 

occurring because of the (y-n) reaction in D
2

0 affects the kinetics behavior 

of these systems. 

A study was made to determine the effective delayed photoneutron fraction 

for some D
2

0 moderated reactor systems. Results of calculations are combined 

with experimentally measured data of the fraction of neutrons produced by a 

(y,n) reaction from a point source of gamma rays in an infinite medium of 

D
2

0. (56,57,58) The reactor systems studied were typical of the PRTR(59) 

configuration. 

The number of neutrons produced from the (y,n) reaction in D
2

0 was 

calculated for systems containing 19-rod clusters of Al-l.8 wt% Pu 

(56) BeJtl'l..6tun, S., PJte.oton, W. M., Wol6e, G., and SlatteJtIj, R. E., "Yield 
06 Photo-Neu..:tJtol'l..6 6Jtom u2 3 5 F-U.6ioVl. PJtoduc;U in Heavlj WateJt," Ph.Ij.6. Rev., 
71, pp. 573-581,1947. --

(57) BeAl'l..6tUVl., S., Le.olie, J. K., Mc.Kinnelj, C. R., Jac.fu,on, H. K., "Photo
neu..:tJtol'l..6 6Jtom U233 and Pu239 FiM-ton PJtoduc.u in Heavlj WateA," J. Appz. 
Phlj.6. 27, pp. 23-24, 1956. 

(58) Keepin, G. R., W-tmett, T. F 0, and ZeigleA, R. K., "Delaljed Neu..:tJtol'l..6 6Jtom 
F-u.6ionable I.6otope.o 06 UJtarUum, Plutonium, and ThoJtium," Phlj.6o Rev., 107, 
pp 0 1 044 - 1 049, 1 95 7 . 

(59) W~ttenbJtoc.k, N. Go, Walkup, P. C., and AndeMon, J. K., "PlutorUum Rec.ljcle 
Te.ot Reac.toJt. Final Sa6eguaJtd.6 Anallj.6-u," HW-61236, Sup. 1, Oc.tobeA 1, 
1959. 
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Table XVIII 

Comparison of Reactivity Coeff~cients for Two Rod Sizes at 
the Same Moderator to Fuel Volume Ratio 

Average Moderator Coefficient 

20 to 25S;)C, 11k dk IdT(lO-'~/oC) 
00 "" 

Average Doppler Coefficient 20 to 

1020°C, 11k dk idT(10-5/~C) 
00 x 

Average Void Coefficient 0 to 30% 

Void, 11k dk 1% Void (10- 3 /% Void) 
X> X> 

Fuel Diameter, In. 
3/8 1/2 

-0.74 -0.40 

-2.20 -1. 89 

-1.45 -1. 28 
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and U0 2-2 wt% Pu0 2 in D20, and for an infinite medium of D20 containing a 

point source of gamma rays. The ratio of photoneutrons produced in each 

reactor loading relative to the number produced in the pure D
2

0 system 

containing the point source is defined as the "photoneutron production 

efficiency. II 

To calculate the efficiencies, the space-energy distribution of the 

gamma rays was determined using the transport theory code, S-XIII. (60) 

In these calculations a unit lattice cell for an eight inch hexagonal lattice 

spacing was represented geometrically as concentric cylinders. Isotropic 

and first order anisotropic cross sections were computed using Program 

GAMMAX. (61) Values for the (y,n) cross section of deuterium were obtained 

from Reference (62). The gamma ray energy spectrum was assumed to be the 

same for both types of fuel. 

The calculated efficiencies for producing photoneutrons for the two 

PRTR systems are listed in Table XIX. Table XIX also lists a result show.Lng 

the effect of replacing the process and shroud tubes with D
2
0. Since both 

systems contain 1/2 inch diameter fuel rods, the differences in calculated 

efficiencies are a result of differences in fuel composition only. 

The calculated efficiencies are combined with the measured photoneutron 

f . (56,57,58,63) fOb . h ff . d 1 d h ractl0ns 0 pure D2 to 0 taln tee ectlve e aye p oto-

neutron fraction for each system, (the results are given in Table XX). The 

(60) Duane, B. H., "Neuvl..On and Photon Tfr.alUpoJr.t Plane-CyundefL-SphelLe, 
GE ANPD PfLogJtam S VaJU.aUonal Op-UmW'11 FOJz.mulation," GenelLal Elec..tJU..c., 
C~nc.innaU, XDC 59-9-118 (1959). 

(61) Page, L. J. and Zw~bel, H. S., "PfLogJz.a.m GAMMAX," Pac.iMc. NofLthflJe.:J 

LaboJtatoJty, BNWL-CC-773 i19661. 

(62) Keep~n, G. RobeJr.t, Phy~~C6 06 Nuc.leaJr. K~n~C6, ChaptelL 5, Ad~on-W~le.y 
Publ,wMng Company, Inc., [ 7965). 

(63) Sc.~d, L. C., "Delayed Neu.tJr.on PafLameteM and Reac.;t{.vdy MeMu.Jr.emen.t6 
~n the PRCF," Phy~-<.C6 R~eafLc.h QuaJr.tefLly RepoJr.t, July, AugMt, Septembe't, 

1963, HW-79054, p. 21, Oc.;tobelL 15, 1963. 
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Table XIX 

Calculated Efficiency of Al-Pu and U0 2-Pu0 2 Cluster Fuels 
For Producing Photoneutrons 

Al-Pu (with 
process & 
"hroud tubes) 

Al-Pu (with-
out process & 
shroud tubes) 

lJ02-Pu0
2 

Al-Pu (with 
process & 
shroud tubes) 

Al-Pu (with-
uut process & 
shroud tubes) 

lJ0
2
-Pu0

2 

265°C Coolant 
20"C Coolant and Moderator and 65°C Moderator 
.!!.20 Coolant Q20 Coolant .!!.20 Coolant Q20 Coolant 

0.2417 0.3477 0.2472 0.3300 

0.5625 

0.1821 0.2216 0.1838 0.2150 

Table XX 

Effective Delayed Photoneutron Fraction 
For Al-Pu and U0

2
-Pu0

2 
Cluster Fuels 

265"C Coolant 
20°C Coolant and Moderator and 65"C Moderator 
.!!20 Coolant Q20 Coolant .!!.20 Coolant D20 Coolant 

1.096-04 1.577-04 1.121-04 1. 497-04 

2.552-04 

1. 037-04 1. 261-04 1.046-04 1.223-04 
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U0
2
-Pu0

2 
fueled system contains two fissionable elements, uranium and 

plutonium. A weighting function which accounts for the fraction of the 

total fissions occurring in each element was applied in obtaining the 

effective delayed photoneutron fraction. This fraction was calculated(64) 

0.80 and 0.20 for plutonium and uranium respectively. 

The calculations could be improved by including a higher order of 

anisotropy and more angular detail. Because of the absence of experimental 

cross section values, calculated values were used. The calculated results 

given above are sensitive to the values of these cross section data. 

Cross Section Measurements* 

Slow neutron inelastic scattering cross sections have been reported 

for H
2

0 and D
2
0. The double differential cross section and the 

Egelstaff scattering law have been obtained from measurements for room 

temperature H
2

0 and D
2

0 and for H
2

0 at five degrees below its freezing point 

using the Battelle Rotating Crystal time-of-flight Spectrometer. In 

addition, results of measurements for H20 at 95~C using the Battelle 

Triple-Axis Spectrometer have been reported. 

The results provide significant information in two areas. One is the 

area of nuclear reactor design in which a knowledge of the slow-neutron 

differential scattering cross section is required for accurate calculations 

of neutron-thermalization effects of moderator and coolant. The second 

area is the physics of liquids, for which the same scattering cross section 

provides detailed information on the motions of the hydrogen atoms. The 

results for H
2

0 include the first known observation of well resolved high 

energy vibrations in liquid water, using the neutron scattering techns Ie. 

Doubly Differential Cross Sections and the Scattering Law for H
2

0 and D2Q 
at 299°K and for H

2
0 at 268~K - 0. Ko Harling 

. (65) 
Slow neutron inelastic scattering cross sections have been comp11ed· 

(64) Wottde.n, J. R., PUAC.e.Lt, W, L, and Sc.hm<..d, L. C., "Phtj.o-<-co Expe.JUme.n:C H-i.g h 
Powe.tr. Ve.n.o-<-:ttj Cotte. ob :the. PRTR," BNWL-221, JanuaJttj, 1966. 

(65) HMt-<'ng, O. K., "Comp-<-ta.uon Ob Voubttj V-<-bbe.tr.e.ma.t CttoM Se.ction.o and 
:the. Sc.a:tte.tr.~ng Law bott H2

0 and V2
0 at 299~K and bott H20 a.:t 268~K, BNWL-436 

June i967. 

i~ Par l-.l.ally funded uy other progr&rns .. 
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for room temperature H20 and D20 and for H20 at five degrees below its 

freezing point. The double differential cross section, and from these, 

the Egelstaff scattering law(66) have been obtained from measurements of 

scattered neutron spectra using the Battelle Rotating Crystal time-of

flight spectrometer. (67) Experimental conditions were designed to provide 

cross sections over a wide range of energy and momentum transfer space. 

Maximum energy transfers, by downscattering of 0.6, 0.21 and 0.6 eV with 
o 

wave vector (k = Pin) transfers up to 32, 9.5 and 32 A-I were used, 

respectively, with H
2
0, D20, and light ice. 

The Battelle Rotating Crystal Spectrometer (RXS) was used to provide 

a small time and energy width burst of slow neutrons on the sample. Time

of-flight (TOF) detectors located around the sample at scattering angles 

ranging from 15 to 165 0 were used to record the TOF spectra of scattered 

neutrons. Nine or ten detectors were normally used simultaneously to 

cover the above angular range. Time-of-flight detectors consisted of banks 

of five, 1 x 10 in., 2 atm IOBF
3 

counter tubes for the 1 m analyzing flight 

path and banks of five, 1 x 15 in., 8 atm 3He counter tubes for the 1.5 m 

flight path. 

Thin-samples of D
2

0 and H
2

0 were constructed by stretching two, 

0.025 em-thick high-strength anodized aluminum alloy windows in a 

rectangular frame. A spacer located between and near the edges of the 

windows defined the sample thickness. 

The energy and momentum transfer range of the D20 measurements and 

the H20 ice measurements overlaps and extends to considerably 

values than most previously reported work. The double differential cross sections 

clearly exhibit resolved phonon peaks corresponding to both the bending(68) 

(66) Egwta66, P. A., "The Theolty 06 the TheJlma1.-Neutll.On Sc..atteJU.ng Law," 
PMc..eecU..ng.6 06 SifY/po.6iwn on InUMtic. Sc..atteJU.ng 06 Neutll.OYl.6 in SoUcL6 
and LiquicL6, Vienna, pp. 25-37, lAEA, 1960. and Egwta66, P. A. and 
Sc..h06iud, "On the Evaluation 06 the TheJlma1. i~eut/ton Sc..atteJU.ng Law," 
Nuc..l. Sc.i. and Eng., Vol. 12, pp. 260-270 (1962). 

(67) HMUng, O. K., "PhMed Rotating CltY.6ta1. and ChoppeJz. 60lt Time-06-F..eJ . .ght 
Neut/ton Spec..tJz.o.6c..opy," Rev. 06 Sc.i. lYl.6tJz.. Vol. 37, pp. 697-709, 1966. 

(68) HMUng, O. K., "Slow-Neut/ton Width 06 200 meV Vibltation Levu in Liquid 
H20," Phy.6. LetteM, VoL 22, pp. 15- 16, 1966. 
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(69) and stretching modes of the water molecule in the liquid and solid phases, 

as well as the hindered rotation band in the solid. 

Examples of double differential cross sections are presented in Figure 

XXIV, results are shown for water and ice scattering at 15 and an initial 

energy of 0.304 eV. The structure due to the H20 intramolecular bending 

mode (~205 eV) and the hindered rotational band (-90 eV) is clearly evident 

in the scattering distributions and is indicative of the high resolution 

used to obtain the results published in Reference 65. 

Values of partial differential cross sections 
a2

(J 
and the scattering aSiaE , 

law Sea,S) are presented in Tables in Reference 65 along with standard 

deviations. The data are listed for six incident energies between 0.15 and 

0.62 eV and 9-10 scattering angles. Such an extensive grid will be useful to 

accurately represent the scattering kernel for reactor thermalization calculations 

and to obtain a better understanding of the dynamics and structure of H
2

0 and 

D
2
0. A spectral density function, (70) for example, is being obtained from 

these neutron scattering results. 

Neutron Scattering Law for Light Water at 95~C - R. B. Smith 

Inelastic scattering cross sections for slow neutrons have been 
(71) " presented for H

2
0 at 95~C. The results were obtained from measurements 

using the Hanford Triple-Axis Spectrometer. (72) Double-differential cross 

sections were obtained by normalization to the measured scattering from 

vanadium and were further reduced to the Egelstaff Scattering Law(66) 

presentation. 

(69) Hailing, O. K., "H.<.gh RUo.f.u:ttol1 Ne.u..:Utol1 1I1UMUC. Sc.ati:eJU.l1g Si:.litj on 
Wate..Jt al1d Ic.e.," BNWL-SA-985A, PJtue.n:te.d to the. ArneJU.c.al1 CJty.6taUogJtaph'.c. 
A.6~oc.~at~ol1, Jal1ua!ty 26, J967. 

(70) Eg e...f..6ta6 6, p, A., "The. Sc.atte.Jt~l1g 0 ri ThVtma.f. Ne.utJtol1.6 by Mode.JtatoM," 
Nuc.. Suo al1d El1g., VoL 12, pp, 250-259, '962. 

(71) Smdh, R. B., "Some. Me.MuJte.me.11:t.6 06 the. Ne.utJtol1 Sc.ati:eJU.l1g Law 60Jt Ught 
Wate..Jt at 9 5~C ," BNW L - 345 i 796 7 ) • 

(72) Ko;t;twdz, V. A. al1d Le.o VlaJtd, B. R., JJt., "The. Sc.ati:eJU.l1g Law 60Jt Room 
Te.mpe.JtatuJte. Wate.Jt," IAEA PJtOC.e.e.d.<.l1g~, Cha.f.k. Rive..Jt, VoLl , pp. 359, 
1963. A.f..6o A...6.6ue.d with ;tabZe.~ 03 the. data, M HW-75526, Nove.mbe..Jt, 1962. 
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H2 0 SCATTERING CROSS-SECTION 
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The monochromating spectrometer is heavily shielded, and the scattering 

angle and crystal orientation are set manually at the first axis to provide 

a monoenergetic beam emergent from the shield. The monochromomator crystal 

was a beryllium crystal of exceptional uniformity. The neutrons scattered 

from a sample placed at a second axis were selected in energy by the analyzing 

spectrometer. 

Samples of water were confined in a heated holder assembly between two 

layers of stretched aluminum foil. The sample region was 2 in. diameter 

and nominally 0.033 in. thick. The geometry was such that scattering angles 

up to 70° could be used without the frame of the sample holder interfering 

with the scattered beam. 

The analyzing spectrometer was the subject of greatest change from a 

d 
(72) configuration previously use. Initially, it differed only in the use 

of a 1 inch diam, 8 atm, He 3 proportional counter for the third arm detector. 

The analyzing crystal was the same 1/4 inch thick beryllium slab parallel to 

the (0002) planes. These planes, in reflection geometry, were the only 

ones of sufficient reflectivity for making these measurements. Subsequent 

observations indicated that the use of these planes in this manner could 

result in systematic errors in some of the data and motivated a change to 

a copper analyzer crystal. The copper (200) planes were used in transmission 

geometry. Partly for the same reasons, a change was made in the detector. 

An end window (2 inch diam), 1 atm BF3 proportional counter was used in a 

larger and more effective cylindrical shield. 

The analyzer collimators also had removable cadmium collimating strips 

which permitted a choice of energy resolution. The available values of 68 

in Bragg angle were 0,48, 0.77 and 1.05°. 

Neutron spectra of inelastically scattered neutrons were obtaine~ with 

a beryllium analyzer crystal and with a copper crystal. Results were 

obtained for neutron energy changes of 40 to 175 meV and scattering angles 

between 4 and 70 degrees. The initial energy values ranged from 100 to 377 

meV. 
(71) 

Data are presented as graphs of the scattering law Sea,S) versus a 

for several values of S and in tabular form. Also included in the tables 

are values of the double-differential scattering cross section. 
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Several sources of systematic errors in triple-axis spectrometer 

measurements were investigated. These include the effect of spatial non

uniformities in the neutron beam intensity and in analyzer sensitivity as 

well as mUltiple diffraction in beryllium monochromator crystals (simulated 

(0003) reflections were noted). The magnitudes of these effects and methods 

of minimizing their contributions are discussed in Reference 71. Also 

described is a copper monochromator crystal in which mosaic was increased 

by mechanical deformation. 

Many measurements were made to check on the accuracy and reproducibility of 

'_he results. The scattering law for some values of CI. and S was obtained under 

J:fferent conditions of initial and final neutron energy as well as under 

different resolutions for the same energy values. These measurements 

showed inconsistencies in the magnitude of S(CI.,S) to often be 10 to 15% 

i~~ 0c~asionally 20 to 25%. 

The principal explanation for these discrepancies was found to lie in 

~1,,~ georr.etry of the incident beam, its intensity distribution over the sample, 

and similarly, the sensitivity of the analyzer over the sample area. It was 

~'-~;siblE to minimize much of the discrepancy originally observed, but it is appareL!. 

that there are inherent limitations to the accuracy of intensity measurements 

made Wilh crystal spectrometers. Some of the limitation is due to the use of 

multiple-slit Soller collimators. 

Although it is reasonable to assume the cross section varies slowly 

with energy and scattering angle, the same cannot be said for S(CI.,S). 

Because of an exponential factor, e
S/2 , the value of S(a,6) is very sensitive 

to changes and uncertainties in the energy change, S, especially at large 

values. Thus, on a fractional basis, variations 66, through the exponential 

factor Blone, give rise to variations 6S of 

fur this reason the statistical errors, uncertainties In normalization, and 

other errors evidenced by comparison of different measurements may not 

represent the largest uncertainty in the values stated for S(CI.,6). For 

example, a value of S = 5, known with an accuracy of 5%, results in an 
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uncertainty of 60% in the value of S(a,S), This sensitivity to S is of 

consequency when comparisons are made between theoretical models and 

experimental results. Measured intensity is not very sensitive to errors 

in energy, and the exponential factor does not influence comparisons 

between different experimental results--even those obtained with different 

apparatuso For this reason it is suggested that for many purposes experi

mental results could be presented, compared, and discussed as a function of 

the form [e- S/ 2 . Sea,S)], ioe" the scattering law with the exponential 

factor removed. This form retains many of the advantages of Sea,S), being 

still a function of the two dimensionless variables, a, S, and no other 

external variables. The uncertainty in the value of S could be stated 

separately, and its effect would remain distinct from other sources of 

error until a conversion to S is made for comparison with theoretical 

results, 

Completion of Fast-Neutron Total-Cross-Section Measurements - D. G. Foster, Jr. 
and D. W. Glasgow 

(73' 
The final block of measurements for the total-cross-section program ) 

was taken in October and November, 1966, The run encompassed 48 samples, 

and provided approximately 115 of the entire body of raw data. Data-reduction 

has now been completed, and the results are ready for publication and 

distribution, 

The complete set of final results include neutron total cross sections 

from 2.25 to 15 MeV for the following samples: 

(1) Seventy-eight naturally-occurring elements (the only omissions 

are the noble gases and the highly-radioactive elements he~~~er 

than bismuth); 

(2) Fourteen isotopically-enriched or artifically-produced samples: 

D 1 ,6 T'7 C" 2 C ~4 C "'3 rc 99 Pm 147 W'S2 WIS6 Pb 206 , ',l', _,1., a , a , r -" , , , , , , 

'g- Q~ 20~ -~~ ;~~ 
W- C, W-")", Pb "-, UL " and U--' have been further enriched 

algebraically by combining the results from more than one 

iSotOP1C mixture; 

(73) FO-6teJL, D. G", JJt, and Gfu-6gow, D" W", "Method 60Jt MeMuJz..tng Tota! CJtOM 
Secu..oVL-6 w,r,th Neu..t!toVL-6 l-{a\)~Ylg EneJtg-<-u 6Jtom 2.5 to 15 Mell," Nuc.l. IVL-6tJt. 
and Math, ~. 1 7965\, 
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(3) Algebralc enrichments of 5 ls~topes WhlCh domlnate their natural 

isotopic mixtures: Ca-~, Cr~ , W· S - (to 68 at%J, Pb 2J8 (to 70 at%), 
- "l >l and V / .. ; snd, 

(4) Two conunon abnormal J.SOtOPIC mixtures, radiogenic lead (89 at% Pb206 ) 

and enriched uranium (93 at% V2 <S). 

Thus, there are 99 records in ~he final lIst, comprisIng 24,112 data points. 

Three severe instrumental problems which were present in the apparatus 

at the end of 1965 were elimina:ed before the final run. The first of these, 

electronic loss of stored data in memory or during output, was eliminated by 

replacing the home-made 400-channel analyzer wlth a PDP-8 computer. The 

second, unreliable punching of the paper-tape output, was eliminated by 

replacing the old tspe perforat~r with a Tally P-120 perforator with a 

parity-:hecking attachment (however, the entire 1966 run was punched out 

without a single parity fault'). The third, a counting-rate-dependent 

instability in the zero point of the tlme-oi-flight scale, was not positively 

diagnosed until the end of 1965, when the over-all stability of the apparatus 

became good enough to permit unambiguous diagnosis. It was ~ured (albeit 

rather reluctantly) by replacing the vernier chronotron with a combination 

of a conunerclal time-to-pulse helght converter and a ::ornmercial analog-to

digital converter. The latter had been furnished with the computer. The 

former was purchased from Edgerton, Germeshausen, and Grler along with the 

necessary auxiliary modules to provide logIcal control. The new apparatus 

was interfaced to the computer as a single system, using the modules manufactured 

by Digital Equipment Corp., which also manufactured the PDP-8 computer and buile 

the interface equipment for the analog-to-digital :onverrer. 

A supervisory program (TOFDADI for taking time-vf-flight data on the 

PDP-8 was prepared by modifying S. N. Samsky's Dual One-Dimensional And"' :j 

(74 ) 
and Display program (DODAD)' . The major modIfications lnc:luded: 

(1) Inclusion of the necessary .::ommands for the t:Ime-of-flight 

interface circuits; 

(74) Sam-6i<.Ij, V. N., "Vua.t One.-V..unV1Honat Ana.tIj-6H wld V-<.-6p.talj PJtog 'Lam," 
BNWL-299, Pa{:<.nA..c. NO'r..thwe6:t Laboiz.ato'Llj, R-<.c.h.tand, Wa-6hA..ngton, Se.pternbe.Jt, 
1966. 
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(2) Conversion to 500 channels of d~uble-preclsion storage in 

quadrants 2 and 3 of t.he 4096-'N'ord memory, with memory pro

tec~ion of the fourth quadrant (which contained the overflow 

of the program; DODAD is written entlrely in the first 

quadrant) ; 

(3) ModIfication of the displ~y routines to ac::.ommodate double

precision wards from 63 counts ta 8195 counts full-scale; 

(4) Punchout with pa~ity checking and error correction on the 

P-120 tape perf.::nator, in Friden 8-level c0de, with automatic 

run-number incr2melll:ation and :'nclusion of the special 

characters required for reading by the paper-tape-to-card program 

res, 
(5) Incorporation of a routine to calculate centroids of peaks in 

double precision including subtraction of background; and, 

(6) Zero suppression in the decimal printout routines. 

In addition, two independent utility programs were stored in the fourth quadran~, 

a test program for the tape perforator (written by C. N. Greenwell), and a 

Flexowriter-sim:Jlation program (originally written by R. E. Draper) to convert 

the paper-tape output into typewritten pages. 

The perfonnance of the new equipment amply justified the effort expended 

in making the changes. There was, however, one major instrumental problem whi~h 

seriously threa.tened the run, A minor instability in the performance of the 

detector, which we have suspected for several years but never identified, beca:l1~ 

conspL::.uous when the pulse-shape di.scrI_mination of the detector abruptly 

disappeared, After a lengthy sear~h, the cause was traced to some unstable 

parameter in the 58 AVP photomult:plier, which could not be detected .. , my 

operating characteristic except the manner in which space charge in Cot-:, 

collector region is formed and dissipated following a large pulse. Thus, lr 

affected the pulse-shape discrimination which rejects photon-induced back

ground without changing the pulse-height d16crimination which determines 

the threshold of the detec~or. The problem was cured by replacing the faulty 

photomul tiplier. 

After rebUilding the detector the Jver-all stability of the time-of-
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flight system justified the performance of another experiment, following the 

completion of the scheduled transmission measurements. The additional 

experiment consisted of gathering further (probably conclusive) evidence 

for the nonexistence of a supposed level in the B 0 nucleus at 2.86 MeV. 

If such a level exists, it should prJduce a discrete neutron group in the 

time-of-flight spectrum of the Be:1(d,n)B Cl reaction, which we use for calibrating 

the time scale of our equipment. Accordingly, we spent several hours 

optimizing the tlme resolution and backgrou~d rejection of the apparatus, and 

removing all possible extraneous scattering material from the neighborhood 

of the beryllium target and then ac~umulated the spectrum from a target 89 

keV thick until the height of the ground-sta~e peak reached 10,000 counts/ 

channel. Four successive measurements were so :1early identical in time 

scale that they could be combined into a single m~asurement without degradation 

of the resolution~ The peak/background ratio relative to the ground-state 

group was 650/1 We found n~ eVidence for the 2.86 MeV level, and set an 

upper limit for the intensity of a transitIon to this level of one-third 

percent, relative to the two transitions which flank it in energy. A 
. (75) 

paper describing this work has been published. 

Processing of the transmiss:on data to obtain total cross sections 

followed the sequence devised ear her In the program. The punched paper 

tape was converted to pun;:;hed cards (program reS), and the cards used for 

entry into the primary data-redu:tion program (BIG NED), usually by way of a 

magnetic tape coded in NTRAN re:ords for the UNIVAC 1107 computer. The output 

from BIG NED consists of t'Jtal cross sectIons for a parti.:ular sample, using 

all of the data acquired under purportedly identIcal experimental conditions. 

A second program (LI'L NED' then serves to prepare combined results for 

several measurements taken under dlffe;-ent conditIons. BIG NED contain· ~ 

routine for compen6Bting the coun~lng-rate-dependen[ ShIft in time zero. 

This procedure removes most of ct:he resulting spurIOUS structure in the cross 

sections above 11 MeV, but only at the expense of Introducing some covariance 

(75) G£a.ogow, V, W, and Foote.ft, V. G., )Jr..., "gBe.'d,n i · °B Reac.tion and the 
Ex.elotenc.e. 06 the 2 86 MeV LetJP_t )Jl. B ':," Nu.c.L PhYfl., A99, 770 (1967), 
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into the results. The covarlance ::.s enhanced when runs are combined, so both 

BIG NED and LI'L NED must us~ fully covarlant calculatlons. 

The amount of r;::sidual spurious structure WhiCh rem!.3.ins depends partly 

on the severity ::>£ the on.ginal Ins,abllity, which varied with tlme, and 

partly on the slope and curvature ::>f the cross sectIon in the critIcal energy 

range, which varies wIth mass number. Since the total cross section is given 

by 

= In R, 

where C depends on the thickness ·.Jf the sample snd liR is its transmission, 

the error in the total cross sectIon caused by a small shift in time zero is 

given by 

d -c dR 
R 

and hence IS proporti::mal ':o<:he r21ative slope, d. /', of the source spect:cum. 

Since the relative slope is easily determined I J depends only on deuteron 

energy and effective resolutIon width), CO(CeC~10n5 for the reSIdual error 

can be made by subtracting from the apparpnt :rOS5 sectIon a sUItable multiple 

of the relative slope. 

ThE actual pror:educe used was tJ subtract eSL:.mated corre::ti"Jns from the 

data aboue 11. 5 MeV, using the contaminanr.-subtractlon routine in LT' L NED, 

and generate punched cards with the resultIng adjusted cross sectLons. These 

cards were then entered lnt'J t.he short c:Jvarlant-leaot-squares fitting program 

COVFT, which was originally written fcr the analysis of the deuterlum 2ross 

section near the di-neut.r:-on threshold, In order ~o determine the chi-square 

for fittIng a second-degree polynlmial to the cross section above 11.5 MeV 
(76 ) 

(the deuterlum analysh has been publishEd ), The behavi:Jr of -:::;qU::lre 

near the correr:t value of slope-error:- :ontaminatlon i3 aqadratic, '.at [he 

correct amounr.: of contamination to subtract can be det2rmined from the 

uncorrected data and two estllllated corrections. A co.rre::tion determined "-TJ 

this manner was applIed 0~~r the ent~re energy range to approximately 1/3 of 

the elements; for the others the amplltude of ~he spurIOUS stru=ture was 

already less than 1.5% and no addltlonal correctlon was deemed necessary. 

The shape of the relative-slope error IS so characteristl~ that thlS 

(76) G.tCUlgow, V W. aVId FOotelt, V. G. ,h .. , "l'1-d Tota..t CJtOM Sec.twvt, ThJte.z
Muc..te.ovt PfLOb.tel11, al'1d :the, V.(-'1eu.t'!.Ovt," PhIJ~. Rev., 57, 764 196 71 • 
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correction scheme works even for the light elements, such as nitrogen and 

carbon, in which there is genuine structure in the cross section at these 

energies. 

A few miscellaneous errors were also removed during the final stages 

of data processing. Several samples which had been prepared in powdered form 

were found to exhibit the characteristic structure of the oxygen cross section. 

By comparing these cross sections to those of neighboring elements (or of other 

isotopes of the same element) as templates, it was easy to determine whether 

the actual contamination was due to elemental oxygen (as in our W186 sample) 

or to water vapor (which appeared as a fixed contaminant in Te, but increased 

with time in As and Re), and to determine the magnitude of the contamination 

within a few tenths atom-percent. Comparison between our older measurements 

and those on new - and more carefully prepared - samples of Li, Na, and K 

revealed (as anticipated) errors in the densities ascribed to the older 

samples. Similarly, our first measurements on C, S, and Ca all had errors in 

energy scale, which can be traced to the fact that our earliest work used the 

interval between the upswing and downswing bursts in the beam-pulsing system 

to calibrate the time scale. We then assumed that this interval was equal to 

one-half the period of the deflection oscillator, instead of calibrating 

against the full period of the oscillator as in all of our later work. The 

length of the two half-cycles frequently differs by as much as 1%. In these 

three cases we used our newer measurements to determine the correct average 

channel width in the older measurements by matching the pronounced fine structure 

in the respective cross sections, and repeated the original data reduction 

using the corrected channel width. 

Because of the press of other work, progress on the publication of this 

work has been slow. The results have been compared with the existing literature, 

using LI'L NED, primarily by working from a magnetic-tape excerpt of the 

Livermore library prepared by R. J. Howerton, supplemented by additions and 

corrections of our own. Numerous errors in the Livermore library were 

discovered during the comparison process, and these remain to be corrected. 

Various tabular summaries of the comparisons are partly completed. A program 

for plotting isometric projections of the data on the Benson-Lehner plotter has 

been written, but the plotting has not been carried out. Tabulations of the 
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complete set of dat:a wi l~ be pr2p:a:ed as d BNW f:Jrmal rep:J:(,,:, Slnce they 

are to] bulky f:Jr publ!c:at'on in an archIve journal. In th~ meantime, a 

nume:-:ical copy of the flnal resulxs has been s2nt to the Sigma Center a~ 

Brookhaven, from which lt wlll ~nter thE inter~atiDndl co:perative neutr:JD 

data c~mpil:ati:Jn system, Cop;es ars also b2lng sen~, on request, to the local 

2ompilation groups at the major AEC lab~lat:Jcles. 

The Dineutron dnd n-d Total Cross Sec(i~n - D. W. Glasgow and D. G. Foster, ~r. 

Deta1led knowledge ~f nu~lear 'ntera2tions 1S ob,-ained from studies 

of very simple nuclearsjstems, Such E\ s,'1lple system 15 obcained by bombarding 

deuterium with neutrons, 

The n-d total C~OS5 se~t:on was measure1 at 241 different energies to a 

precision of 5. 7 
- l.O% and an energy res~lutlon of 2.0 - 5.1% for 2.25 E 

::. 15.0 HeV, The results sJppcrt the C::)J:"rectn2SS of pres'2nt three-body 

calculations, and exhib~t no 9vidence f:J! a Wigner ~usp near the pred~cted 

threshold for dineutron pr0du=~lon. [n the absence of su~h :a cusp, an ex~~ 

ment of th:.s type furnlsh"Os 'J2ry little '.nfcnnatlJO :reg:a~ding the "'Xl:::':,?'l''? 
I } , \ 

the dineutron, ~r ~i~lat?n~ ~f cha:ge ludependen-e 

n 

..:T:.:;h:.:e=-., ..:E:::X.::;l=-· "'=--.::t=e=-:n~~..:e:......::o:.:f=--t::;h:.:.Ii:'.::.-,-=.2--=8:.;:6=-...:M.::;r=..: 'Ii.:.,T -=.S -=.t =a..:t..:>2=-...:~c..:n.:..--.:..B=- - D. W. G ~. a s g ow and D G. F -, s : ~.: " , 

The lntpDse gamma ~"l'l flash and the neutron gr;)ups resu].ting from ::118 

nuclear [ea~tion ~Berd,n~ B have been used fOI calibratlng the energy scale 

and d2:tenni ning ~he f 'nm ot ::h'? resoLutIon fuel.: t i In for the experimentally 

measured neutron (~tdl cress 5e~tions. There has been B controversy, for; 

number of y~ars, rEgard~ng an E')(::1 ted S"-B':2 lU B B( an exclt5tlon energy 

of 2.86 MeV. In o~der to (2s~ge th:s rontr~versy, a detailed 5tu~ ~as ~Jl~ 

of the ~Be(d,nj' 'B rea 

rhe sti..d j pr:::,,',jed Q) S'vldeu-::e fJ(" ths EX]!'t€'1,,:e :::f an exclted,_':ar:" ~,l 

liB at 2,86 M02\f t,r b:)alb'l(dlOg e'1:::rgo,es 1.1r 1,7 and 1.8 He-V. rhe r.csul:s -:i c: 

in ag'>';o:'mEnT, (,'},:):1 3.ppL :a',1 )usJi the 1'1duTldu3.1 pj:"c:.::~c model ("nth t':1':e'r: 

CQUpluJ.g) tJ "he rn:::lsc3.' lP-:;tl~U. 

(77) Gfa,5g'w, V W aVid F;)to-.'r, V G, h • "1I.-d Tvta.€. C'1.J~S S~ct{Ol'l, Thu~.(:.' 
N,.t~e.e':l1 P'lJbJ:.e.fYi, WIlrJ. inv V/",'le.Ut·i);JVi", Phyo.(::..a1'. R~)J,?.w> ~, 164 1)96 'i , 

P81 G£.J.6gDW, D, W:::I.vU;{ r::6:tiZ/L, V G, J,:" "~Be. ·i.,Yl'B Re_ac.;t.wVl. aVl.d the 
E~·,,:)tQv!':'~ '-'n .thO' '7,86 M0"V State iV1B", Nr.u:.f.e.:::I.'t DhYHC6, A99, 170 
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Methods Development 

Calculation of Thermal Neutron Scattering Cross Sections - C. W. Lindenmeier 
and A. G. Gibbs 

Knowledge of the Legendre moments of moderator scattering cross sections 

is required to analyze thermal reactors. In the Egelstaff-Schofield formalism 

the Legendre moments of the scattering cross section can be computed in two 

different ways: The scattering law 5(0.,S) can first be computed, and the 

moments of the cross section obtained by integrating S(a,S) over angles, 

(1) 
(E~ /E)~ -13/2,1 

e i Sea,S) Pn (~) d~ 

where 

Sea,S) 
1 to) -a w(t) 

St dt J e cos 
)T 

0 

E"'-E E"'--t- E - 2~-vrr S = a = KT AKT 

or alternatively, the integral representation of Sea,S) can be integrated 
th 

analytically over angles to provide a representation of the n moment of 

the cross section as a cosine transform: 

(2) 
E' ~ -S/2 (--) 2e 

'T k T . E ' 

00 
-B wet) 

cos St e i (C weT)~ dt. 
n 

Here, B '= (ETE~)/Akr, C '= 2-V;;:/AkT, and wet) is the time-dependent ·iJ'!} 

function, determined from experiment or model calculations. 

Both of the above approaches are being developed (Program SCTMOM and 

SMOMFT), since each has advantages In certain applications. 

In either calculation of the moments Eq. (1) or Eq. (2) a special 
(79) 

treatment for the large time contribution has been developed. 

(79) Gibb-6, A, G, and Lil1de.Vlme.{.eJ7.., C. W" "Ana-tyt-t.c.a.t Eva.tu.mon at the. 
LaJr..ge. T-ime. Contubu.t-ion to Ne.u.,tJWVl. Sc.atte.!z..tng C!z.O.6.6 Se.c:ti..OI1-6," TAEA 
SympO.6.tu.m on The.Jrma.t{.za,t)~on and Re.ac.,to!z. Spe.c.:tJta, Unive.Mdy Ot Mic.higan, 
Juiy 7967, to be. pub~~he.di. 
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Since w(t) has a simple asymptotic form at large t (w(t) - Jt2 + K/4 

for the present BNW water model) it is advantageous, when S is small, to 

subtract out the large t contribution and evaluate it analytically. The 

results can be expressed in terms of exponentials and error functions, and 

are generalizations of the ideal gas results. The remaining contribution 

must still be evaluated numerically, but it can be computed more rapidly 

and accurately than the original integral. 

The analytical treatment of the large t contribution is also useful 

for the calculation of the integrated cross sections 

(3) o (E) 
n 

'00 
I 

J 

o 
o 

n 
(E->-E''') dE'" . 

The large t contribution gives rise to the quasi-elastic peak in which 

o (E~E"') is rapidly varying, and if this contribution is evaluated 
n 

analytically the numerical evaluation of the remaining contribution in 

Eq. (3) requires only a few energy points. The integration of the large 

t contribution to 0 (E~E"') over final energies has been successfully carried 
o 

out, and an expression for the integral of the large t part of 0
1 

(E .... E ... ) 

obtained as a power series in J, which is a small parameter for water. 

Since the numerical contribution in Eq. (2) is evaluated by summing 

contributions from successive half-cycles of Cos St, a special treatment 

was required for S = 0, and this point is now handled properly by a 

straightforward numerical technique ln calculating the elastic cross section 

(J (E~E"'). 
n 

Practical calculations of the scattering law S(a,B) and its angular 

moments require developing accurate approximations which will increas~ 

the speed of the calculations. As B increases in size the contribL~'Jn 

to S(a,B) due to low energy resonances in the frequency spectrum can be 

treated by replacing a certain sum over a binomial distribution by an 

integral over a gaussian distribution, which can be evaluated analytically. 

The results is an expression for S(~,B) identical in form to Eq. (1) but 

with a simpler w(t). Thus, this approximation can also be used implicitly 

in SMOMFT by replacing the actual wet) by the new approximate form. 
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An alternat:ive approximaL,:m, which can aLso be'...lsed in both codes, 

tr;o:lts the part of IJJft) due C) l'JW energy res-:m,l.TI.:es by a short t:~me 

expansion 3nd J:.he p~;:-t d'lc; to 1:1 ',gh energy L'c50nan':e,s by :l large time 

expansion The a::ura:y of the 3h~r~ time SXpan3JOn 1S greaLly improved 

by expanding wet) about ~ ~ :;2 rather than about t = 0, since this insures 

that the first few Placzek IDJm~~~s ~f the CYOSS sectlon w~ll be exact. 

The final version SMOMFT iN: 11 offer ,:he 'Jser the opLion of ::llculating 

Sea,S) or ~ (E~E~) with the exa:t ~(t), o! of reduc:ng the computation time , n 

by using on~ of the above appro:)nmations. To redu:e :omputer time to 

~ practical limit, the sho~t t~me Expansion of w(':) is intrinsically 

prog::-amrned in~o SCTMOM, as is ,:he ass'lmpLlon c:hat the Llme-dependent w1.dth 

function ~(t) can be represented as a sum of Gaussians. 

Both methods of calculating Legendre moments of the scattering 

cross section hav'3 been sue -:·essfully programmed, and the resulting programs 

glve agreement with expected a:-:ura::.y tor the same iJJ(t>. 

On the basis of available experlment:ll data, an appropriate ~(t) for 

generating scattering moments for water is currently being evaluated. 

Space-Angle Synthesis - H. S. Zwibel 

Space synthesis haspr)ven to be 9..lseful approxlmation 1:0 the multi

dimensional d l.ffus ton '3qua t 1.::In. Space-angle synthesl3 approxima tions to 

the transport equation may ?~ove to be equally useful. In several studies 
(SOl 

related to space-:lngle syn~hesis, K~plan, et ,11 . have found that a 

signific:lnt improvement ')V€r Pl 1:heo:y 'is p'JsscLble eVen though the spa'.:e

angle synthesis used by them i3 mathemaLiC:llly equ~~alent to Pl theory. 

A f h f 1 h H ~ Z 'b - (Sl) h s a _urt er test 0 spa:e-ange synt .e513, .~. W1 e1 at 

analyzed the critical slab pr~blem 

The startlng point for spacA-angle synthesls Ls a variational expression 

for the ~bara~:erist1c of inte~~st, Wh12h In che case ~f the critical slab 

is "c", th<:: mean number of ;E.:.oTldar~.':!s per ::'JIlISi-O:l n<::::essary to achiev12 

criticality. The variational funct~onal used is: 

(SO) Kapfan, S., Va'vw, J. A., Na:l:e.u :,'1, M., "Angfe-Spac.e. SynthV-l'{'{) - A v/. 

App-1.oa:h. :to Tfl.aV!/~pofl..:t APIJ't(;Y.,;JYla.t~,:,Vl:," ,NS&E, V~iL 28, No.3 (June. 1967;. 

(S1) ZW-i.be):., i-{, S _, "An AVl9 i.A.fa!r. Sljvtthe.() {.c App'1.0 x {ma..:t-to V! AppL<.e.d .:to Th.-Ln 
c.'1~:t{.c_af Stab.6," T1.a.Vl-6 _ Am NucL S:,c. ,~, June.; 96 7: , 



3.97 BNWL-624 

C t = 2f fa dx fl d" ft(X'-W[~ ~x 
l -a -1 

1 
J dll llft(-a,-ll) 

o 

ft(-a,-") - !: d" .ft(a,.) ft(a,-"l} [~: 
where "a' is the slab half-thickness; ft(X,ll) is the trial flux function; and 

c t is the resulting approximate "c". 

The trial function used in this report is 

where k, gl (11), and g2(11) are to be chosen such that c t is stationary with 

respect to small variations to these quantities. 

(2) 

Note that spatial trial functions are chosen. The angular functions are 

then obtained by solving a pair of coupled integral equations. (Kaplan chose 

angular trial functions and solved the resulting "Pl-like" equations for the 

spatial functions.) 

The results for several cases (presented below in Table XXI) are quite 

encouraging. For comparison, Pl theory yields c = 2.4 for "a" = .3108, which 

is in error by 20%; whereas c
t 

is in error by only .4%. A significant 

improvement over Pl theory is achieved by space-angle synthesis for the 

critical slab problem, 

Table XXI 

a c t c (exact) (82) 

5.6655 1.020031 1.02 
2.1134 1. 10047 1.10 
1. 2893 1.2013 1. 20 

,7366 1. 4032 1.40 
.512 1. 6049 1.60 
.3887 1. 8067 1.80 
.3108 2,0088 2.00 

(82) SCULg.-i...6, V. A., "O,uhogonaf Pofynominaf Sofu..:ti.olU to the. Inte.gJz.ai TJz.alUpoJz.t 
Equilion," TJz.alU. Am. Nuc1.. Soc.., ~ 1 (June. 196 7l . 

(1) 
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Effective CrDs5 Sections for Resonances in HRG - J. t, Carter 

One of r.he distinguIshlng features :>f the GAM-I calculational scheme 

for determining the energy spectrum of epIthermal neutrons is the method 

of treating resonance contrIbutions of the principal resonance absorbers. 

The resonance integrals of individual resonances are found and these are 

converted into effective fine group cross sections by dividing by a fine 

energy group flux. GAM and HRG until re~ently, has used a liE flux for 

this conversion. This procedure has not =orrectly allowed for spatial and 

energy self-shielding effects. A recent revision in HRG (~anford ~evised 

Qam) has modified this -::eff cal-:ulat:.on by using, instead of the liE flux, 

an approximation of the flux used in the resonance integral calculation 

itself. It was also assumed that unbroadened cross sections and the Wigner 

rational approximation to the collISIon probability could be used. rhe 

resulting divisor of the resonance Integral, instead of the value 0.25 

previously used, becomes 

n 
dE <:p(E) 

N 
cell b 

0.25 - N (b.d)~';'+c:) [0.25 + 2 c tan-' 0.1243530 c] (1) 
fuel 

with 
a 

b 
0 

NR 
J .. -

~ « p 

J a 
a 0 

1M 
: + J Q m 

and other quantities as deflned :n the GAM-I document, GA-1850. 

Numerical evaluation of Equar:~n {ll 1n representative cases of a 

moderate concentration of Pu 2 . gIves a rev\sed -eff for the strong 1.056 

eV resonance 5% to 10% larger [han the unrevised value in a usual homogenized 

cell calculation, and 20% to ~O% la~ger in a one-region calculatIon for the 

fuel rod Itself. The accura~y of these calculations was 0.5% to 1% and 3% 
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to 4% in the respective eases, when :::Jmpared <co a form of the flux integral 

in which exact collision probabilities and Doppler broadened cross sections 

were used. 

These comparisons show that the HRG modifications to Jeff can be 

appreciable for strong resonances and can be calculated with acceptable 

accuracy. The effect of the revised 0
eff 

on the nuclear parameters of the 

cell depends, of course, on the flux spectrum. Since the corrections are 

largest for the strong, low energy resonances of isotopes such as U238 and 

Pu240 , their influence is strongest for thermal or near thermal reactors. 

For such reactors, calculated changes in reactivity of 10-15 mk are typical. 

The revisions have also improved the correlation between HRG calculations 

and Hellstrand's experimental measurements of resonance integrals. 

Zodiac - D. D. Matsumoto and R. H. Holeman 

ZODIAC2, the burnup chain for the IBM 7090, was modified and enlarged 

to increase its burnup capabilities. The superior epithermal cross-sections 

averaging code HRG was added as an optional alternative to GAM. Both 

independent and related changes were made to the COMBO, TEMPEST, SIGMA-3H, 

and REFIRE portions for the chain, 

Libraries for the codes TEMPEST, HRG (GAM), and SIGMA-3H were reorganized 

and expanded to the extent that existing Composite Library Tapes (CLT's) were 

imcompatible with the current versions of these codes. Both current and 

obsolescent versions of the three codes are included on the program tape, 

giving rise to the name ZODIAC(2+2). 
(83) 

Documentation supplementary to the ZODIAC2 User's Manual was 

published. (84) 

ZODIAC3, an improved version of ZODIAC for the Univac 1108, rem".' ins 

largely incomplete, A significantly larger version of the diffusion code 

(83) MmWl1oto, D. Dc and BUMeiman, G. J., "ZODIAC2 U.6Vl.'.6 Manua.t," 
HW-83S77, Oct. I, 1964. 

(84) Holeman, R. H. and MmWl1oto, D. 'D., "ZODIAC (2+2): Revi.6ion to 
ZODIAC2," BNWL-4S9, May 1967. 
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HFN was prepared for the ZODIAC3 and is also available as an independent code. 

Identical in operation to the standard HFN, the new code utilizes the larger 

core of the Univac machines for additional in-core library space, thus 

relieving the greatest restriction to HFN capabilities. 

The clerical cross-section processing link, CLERK, and the isotope 

transmutation portion, ALCHEMY, are in transition to ZODIAC3. 

HRG Data Tapes - J. L. Carter 

A new series of HRG data tapes has been started which departs in several 

respects from the series previously used. Data on these tapes reflect the 

large amounts of new data added to the BNW Master Library in the past few 

months. Data for 83 nuclides have been revised or added. Multiple versions 

of 233 U, 235U, 239 pu , and 2~lpu are present, to provide data compatible with 

several recommended self-consistent sets of thermal parameters for these 

nuclides. These sets are designated as the Leonard, (85,86) Westcott, (87) 

Sher-62(88) and Sher-65(89) sets. An extensive rearrangement of nuclide 

identification numbers has been made, placing the most frequently used 

nuclides near the front of the tape. Materials--currently H20, D20, and 

304SS--appear as nuclides for the first time; these are simply convenient 

combinations of nuclides which also appear separately elsewhere on the tape. 

Tentative data for Tm 169 and data for two pseudo fission products have been 

added. Also added is a synthetic nuclide, Unit l/v, with a 2200 m/sec 

absorption cross section of 1 barn and no scattering, for possible use in 

simulating data for nuclides not present. Data are presented for a total 

of 240 nuclides. 

(85) Le.onMd, B. R., Jll.., "SWtVe.y ob the. Sta;tu.o ob Low Ene.Jtgy Cll.OM Se.mon6 
o b F ..L6~ile. Nuc.lidM," Ne.utJto n Phy~-<-C6, Pll.o c.e.e.cU..ng~ 0 b Sympo~-<'WYl he1..d a;t 
Re.n6Mu .. ae.Jt Pofyte.c.hMC. I n6Wute., 1961, e.dde.d by M. L. Ya;te.Jt, Ac.adem-<.c. 
Pll.M~, New Yoll.Q, 1962, pp_ 3-33. A~o HW-69342. ApJt-<..e.., 1961. 

(86) Le.onall.d, B. R., Jll.., "PfutovUWYl Phy~-<'C6: ContJt-<-bu..,tion to PfutOMWYl 
HandbooQ," HW-72947, MMC.h, 1962. 

(87) WMtc.ott, C. L., e.t al, "A SMve .. y ob ValUe..6 ob the.... 2200 m/~e.c. COn6tanU 
bOll. FoUlt F..L6~ile. Nuc.lidM," Atom-<.c. Ene.Jtgy Re.v-<'w~, 2, 3-60, July, 1965. 

(88) She.Jt, R. and Fe1..de.Jtbaum, J., "Le.Mt SquMe..6 Analy~..L6 ob the. 2200 m/~e.c. 
PMame.te.M 0 b U23 3, U23 5 and Pu2 39," BNWL- 72 2, June. 196 2. 

(89) She.ll., R. and Fe1..deJtbaWYl, J., "Le.Mt SquMe..6 Analy~..L6 ob the. 2200 m/~e.c. 
PMame.te.M ob U233, U235, and Pu 239 , F-<.nal Re.pou," BNWL-918, MMC.h 1965. 
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Revisions in BARNS-II - J. L. Carter 

BARNS-II is a computer code designed to process neutron cross section 

data from the BNW Master Library into point or group cross sections. In 

general one of four possible energy variations of the flux can be selected 

for each group in calculating the group values: constant, liE, fission, or 

maxwellian. An exception to this general capability has been in the resonance 

region of certain isotopes, for which the cross sections have been calculated 

as superpositions of contributions of Breit-Wigner single level resonances, in 

this combination, only a liE flux has been used and group cross sections have 

been calculated analytically with no doppler broadening. This limitation 

has been removed by recent revisions to the code, which permit cross 

sections in this resonance region to be calculated optionally by Simpson's 

rule integration. In other revisions, flexibility has been introduced by 

providing for a convenience routine DOCTOR, to manipulate the results into 

non-standard form. For example, versions of DOCTOR have been produced which 

permit multiple lower limits of an epithermal group, or mutliple temperatures 

and supper limits of maxwellian groups, to be calculated as a single case. 

RBU Monte Carlo Code - D. H. Thomsen and A. G. Gibbs 

An extensive evaluation of the RBU Monte Carlo Code(90) has been made. 

The purpose of the evaluation was to check the formulation and coding of the 

code and to provide a base of problems to help in the selection of future 

applications of RBU. The test problems were selected to specifically test the 

various routines (fission, resonance, thermalization, geometry, etc.) contained 

in RBU. An improved kernel for use in the thermalization routine has been 

incorporated into the code. A summary of the evaluation studies(91,92,93,94) 

are given here. 

(90) TtrJ..ple.tt, Jft., Me.~, E. T. and BUJUt, J. R., "The RBU Reac..toft-flLj··wp 
Code: FolUrlula;Uo nand OpefLa;Ung PfLOc.edufte.o," HW- 7 0 04 9 , July 196, 

(91) Thom.6 en, D. H. and Gibb.6, A. G., "New Analytic.al Re.ouffi 6Jtom Slowing
Down Theofty and Theitt Appuc.a.U:.on to a Chec./G Out 06 the RBU Slow-i..ng-DowYL 
Rout,(ne, BNWL-307. 

(92)Thom.6en, D. H., "TheJlmaliza;Uon Calc.ula;Uonal Study-Comp~on 06 Re.oul,u 
ObtcU.ned U.6ing the RBU Monte CcuU.o, THERMOS, and Pftogftam S-XI 1 I Code.o," 
QuaJttefLly Tec.hn-i..c.al Ac.t,(v,(Ue.o Repoftt - July, AuglJ..6t, SeptembefL, 1966, BNWL-34n 

(93)Thom.6en, D. H., "Cm Calc.ufutiol1.6 U.6ing the RBU Monte CafLlo Code, "Reac.toft 
PhY.6ico De~Mtmen;t Tec.hn-i..c.al Ac.tiv'(ue.t, QuafLtefLly RepofLt, Oc..tobefL, NovembeJt, 
Dec.embefL, 966, BNWL-400. 

(94)Thom.6en, D" H., "Analy.6i.6 06 a U0z.-19-Rod CllJ..6tefL ExpeJUment Wdh the RBU 
Monte Ca'Llo Code," Tftal1.6. Am. Nucx. Soc.., 22..,238 (June 1967). 
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Checkout of Scattering and Boundary Routines 

An analytical study(9l) was made of the neutron slowing down process 

in a pure scattering medium, of constant cross section, and whose constituent 

atoms scatter neutrons isotropically in the center-of-mass system. The 

analytical results were compared to results obtained using the RBD Monte 

Carlo Code. The comparison of results provides a check of the elastic 

scattering and boundary routines contained in the code. The comparison 

indicates that the RBD slowing-down routine is working properly. 

Checkout of Slowing Down Routine 

The energy distribution of neutrons slowing down from a fission source 

to thermal energies was computed using the RBD and HRG(95) codes. An 

infinite homogeneous aqueous medium containing plutonium, aluminum and 

zirconium was used for the test problem. The purpose of this calculation 

was to examine the RBD Monte Carlo slowing down routines for errors. 

HRG is a neutron slowing down code which calculates the neutron 

flux distribution by solving the time-independent Boltzman equation assuming 

the Pl or Bl approximation. Sixty-eight quarter lethargy groups between 

0.414 and 10 7 eV are used. The flux within each group and the source of 

neutrons into each group are considered to have liE distribution. 

The RBD used the same 68 energy groups as HRG. Cross sections for 

both codes were obtained from the same BNW Master Library(96) and averaged 

over each group assuming a constant flux distribution. The fission source used 

in HRG was obtained by integrating the fission spectrum that RBD samples from 

over each energy group. The HRG calculation was made using the P
l 

approxi

mation with a leakage of 10- 1 °. 
Figure XXV shows the calculated flux shape using RBD along with ~he 

one calculated using HRG. The RBD and HRG fluxes were normalized using .::he 

total flux integrals. The RBD flux values with a lethargy greater than 1.5 

have a statistical spread of-2%. Even though the agreement between the two 

flux spectrums is not complete it appears to exclude the possibility of any 

large errors in the RBD Monte Carlo slowing down routines. 

(95) Catr..t.eft, J. L., Jft., "Compu:teJt Code Ab!.>uarn, Compu:teJt Code-HRG," Reac;toft 
Phy!.>-<-~ VepaJttmeiU: T ec.hV/J...c.al Ac;t,{.vilie!.> QuaJt:teJU.¥ Ref0Ji..t - J u1.y, Aug Mt, 
SeptembeJt, 7966, USAEC RepoJi..t BNW[-340, Oc.tobeft5,966. 

(96) Stewatr..t., K. B" "BNW MMteJt UbftMy," USAEC RepoJi..t BNWL-CC-325, Septembeft 
1965. 



1J.1 

-- RBU Flux 

•••••• HRG Flux 

0.05 

"" 

.... 

0.01 

.... ~ 

0.005 

16 14 12 10 8 6 4 2 o 

Lethargy (u) 

Figure XXV 

Calculated Flux versus Lethargy 



3.104 BNWL-624 

There is a slightly greater slope in the RBU fluxes than in the HRG 

fluxes. This was examined by obtaining the ratio of the flux above a 

lethargy of 6.25 to the flux below 6.25. A value of 1.569 ± 0.024 was 

obtained from the RBU fluxes while a value of 1.529 was calculated from 

the HRG fluxes. The greater slope in the RBU fluxes thus appears to be 

real but it is not statistically distinct from the slope in the HRG fluxes. 

Group average cross sections for 15 broad energy groups were obtained using 

the RBU and HRG flux spectrums. The results for Pu239 capture and fission 

are compared in Table XXII. Similar disagreements were observed in the 

other average cross sections that were compared. 

The effect on k of the variation in the flux spectrums calculated with 
00 

the two codes was examined even though thermal parameters were not obtained. 

k can be defined as 
00 

k 

using two group slowing down theory. vL f is the fission neutron production 

cross section, La is the absorption cross section, and L12 is the transfer 

cross section for neutrons slowing from group 1 to group 2. The values of 

L
al

, L12 , and VL
fl 

were averaged down to 0.683 eV using HRG. First, the HRG 

flux spectrum was used to perform the averaging, and then the RBU flux spectrum 

was read into HRG and the averages made. Using the HRG fluxes koo = 0.05983 + 

0.89502 VL f2 /La2 while koo = 0.06016 + 0.89321 VLf2 /La2 using the RBU fluxes. A 

good number to compare is the value of VLf2 /La2 for which koo = 1.0. RBU 

requires VL f2 /L a2 to be 1.0522 while HRG requires VL f2 /L a2 to equal 1.0504. 

The fluxes calculated by RBU and HRG did not agree exactly; however 

this should be expected when the differences between the two codes are. ':on

sidered. The agreement that was observed indicates that the portions of the 

RBU Monte Carlo code tested by this calculation are free from gross coding or 

formulation errors. 

Checkout of Thermalization Routine 

A calculational study(92) was made of the neutron thermalization process 

in an H
2

0 moderated cell. Thermalization calculations for a simple cell were 



3.105 BNWL-624 

Table XXII 

Comparison of Average Cross Sections From RBU and HRG 

Pu239 Capture Pu239 Fission 
Min. Energy RBU HRG RBU HRG 

(eV) (Barns) (Barns) (Barns) (Barns) 

1.35 x 10 0.01350 0.00007 0.01335 2.0048 0.0009 2.0047 

9.39 x 10 0.05779 0.00014 0.05769 1. 7442 0.0004 1. 7443 

3.88 x 10 0.12134 0.00015 0.12150 1.6799 0.0001 1. 6799 

1.83 x 10 0.18766 0.00016 0.18846 1.6574 0.0001 1. 6570 

1.11 x 10 0.23073 0.00003 0.23069 1. 7279 0.0003 1. 7275 

5.25 x 10 0.25775 0,00018 0.25795 1. 8421 0.0003 1. 8422 

1.17 x 10 0.65205 0.00090 0.65250 1. 8391 0.0005 1.8396 

3.35 x 10 1.1581 0.0011 1.1581 2.2921 0.0015 2.2921 

9.61 x 10 1. 9554 0.0069 1. 9625 3.3222 0.0107 3.3332 

1.30 x 10 10.220 0.034 10.238 15.590 0.048 15.584 

29.0 50.434 0.176 50.118 44.392 0.207 44.146 

8.32 53.047 0.363 53.042 74.636 0.480 74.519 

2.38 18.913 0.265 19.178 26.069 0.256 26.339 

0.683 6.9478 0.0426 6.8209 31. 972 0.103 31. 720 

0.414 94.918 0.458 94.569 199.10 0.87 198.43 
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performed using the RBU Monte Carlo~90) THERMOS, (97) and Program S-XIII(98) 

codes and the results compared. The purpose of the comparison was to check 

the formulation and numerics of the RBU Monte Carlo thermalization routine. 

The problem was to compute the thermalization within a two region 

cylindrical cell consisting of a boron aluminum rod in light water. The 

energy range studied was from 0.0 to 0.683 eV. The cell source and boundary 

conditions were the same for all codes with one exception, a spatially 

dependent source was used in RBU and THERMOS whereas a flat source was used 

in Program S-XIII and THERMOS. Other details of the problem are given in 

Table XXIII for each code. The space points in Program S-XIII were distributed 

at closer intervals near the interface of the two regions while the THERMOS 

calculation used a uniform spatial mesh in each region. To speed up Program 

S-XIII convergence three axial angles were used for the first iterations and 

then five axial angles were used in a restart to obtain the final values. 

The initial analysis was based upon the gas model to account for neutron 

scatter-transfers. Results of these calculations are compared in Table XXV 

The calculated quantities are flux averaged* cross section values and the 

disadvantage factor, ¢H /¢B' A statistical analysis was made for the results 

obtained from the RBU M5nte Carlo Code. 

The effects of anisotropy in the hydrogen scattering and the spatial source 

were evaluated separately. Program S-XIII calculations were made using zeroth 

moment scattering (Po) and zeroth plus first moment (Po + Pl ) scattering. 

Comparison of results obtained from these cases, labelled 2 and 3 in Table XXIV 

show the disadvantage factor changes by about 10%. THERMOS calculations were 

made using a spatially constant source and a space dependent source. Comparing 

the results of these calculations, cases 4 and 5 in Table XXIV, shows t,-,,,

disadvantage factor changes by about 1%. 

(97) Honec.k, H. C., "THERMOS - A The'Zmilization Tll.aY/..6pof!A: Theoll.Y Code bOll. Reac..:toll. 
La.:Ui..c.e Calc.ulcdioY/..6," BNL-5826, Bll.ookha.ven National Laboll.a.toll.Y. 

(98) Vuane, Bo H., "Neu.:tJr..on and Photon Tll.aY/..6pof!A: Pfane-Cyundell.-Sphell.e GE-ANPV 
Pll.ogll.am S Vall.iational Op~um FOll.mulation, XVC 59-9-118, Ja.nual!.y 9, 1959. 

* a = 
faCE) ¢(E) dE 

J ¢(E) dE 
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Table XXIII 

Comparison of Problem Input for RBU, Program S and Thermos 

RBU Program S Thermos 

Total Number of Energies 63 30 30 

Number of Energies Below 0.683 eV 58 30 30 

Number of Space Points in Boron Rod 15 7 

Number of Space Points in Water 14 13 

Number of Polar Angles 2 

Number of Axial Angles 3 or 5 

Table XXIV 

Comparison of Calculated Results Using the Gas Model 

-Hydrogen -Hydrogen -Boron ¢H O/¢Boron Rod 
(J (J (J 

s a a 2 

l. RBU Monte Carlo 27.43 0.2625 ± 0.0009 2613 ± 14 2.684 ± 0.034 

2. Sn, P 27.43 0.2650 2605 2.93 
So. Flat catterlng, 
Source 

3. Sn, P & P
l 

27.49 0.2638 2611 2.609 
So. Flat catterlng, 
Source 

4. THERMOS, Flat 27.57 0.2657 2615 2.964 
Source 

5. THERMOS, Non-flat 27.57 0.2657 2623 2.987 
Source 

• 
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The disadvantage factors obtained using RBU and Program S-XIII, case 3, 

agree to within -3%. Correcting the Program S-XIII value for the spatial 

source effect would bring them into even better agreement. 

The comparison of the results from RBU and Program S-XIII show that the 

RBU Monte Carlo ideal gas routine is both formulated correctly and free from 

detectable numerical error. However, a gas model does not accurately describe 

neutron scatter-transfers from molecular and crystalline bound moderators. A 

method of treating the scattering in water more accurately was devised for 

use in the RBU Code. (93) 

This approximate model was suggested by Dr. C. W. Lindenmeier and uses 

the ideal gas model for the energy transfer and a fictitious heavy mass isotope 

to provide a correct transport cross section. The fictitious transport cross 

section, 0TRf is calculated as 

(1) 

To calculate the transport cross section for light water it is first assumed 

that the scattering from oxygen is treated exactly by the ideal gas model. 

The average cosine of the scattering angle (~) for hydrogen in light water was 

calculated using the Nelkin Model. The angular distribution of the scattering 

for the fictitious heavy isotope is treated as isotropic in the laboratory 

system by the RBU code. The scattering cross section for the fictitious isotope 

can now be calculated as 

f f 
aS (E) = 0TR (E) 0s

HydrOgen in H20 (l-~) ... - 0TRMass 1 gas 

The cell calculation was repeated using this model in RBU and the results 

compared in Table XXV to values obtained using Program S-XIII and THERH',JS 

with the Nelkin model for H20. 

(2) 

The comparison of TBU calculations using the ideal gas and the approxi

mate H
2

0 model shows large differences in average cross sections and fluxes. 

The results obtained using the approximate model agree fairly well with those 

obtained using Program S-XIII and THERMOS. If we assume that the results 

obtained from the Program S-XIII calculation are correct then we can conclude 

that this approximate model represents an improvement in the RBU thermalization 

routine for light water systems. 
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Table XXV 

Comparison of Calculated Results Using Approximate HfO Model in RBU 
and the Nelkin Model in Program S-XIII and hermos 

-H -H -B ¢H O/¢Boron Rod 0- 0- 0-
S a a 2 

1. RBU Monte Carlo 27.52 0.2646 ± 0.0018 2549 ± 25 2.955 ± 0.060 
(Approx. H20 Model) 

2. Program S-XIII 27.47 0.2637 2543 2.952 
(Nelkin)* 

3. THERMOS (Nelkin)** 27.45 0.2645 2551 3.032 

4. RBU Monte Carlo 27.43 0.2625 ± 0.0009 2613 ± 13 2.684 ± 0.034 
(Ideal Gas) 

* Includes Po and Pl kernels. 

** Transport corrected kernel. 
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This approximate model can be extended to other liquid moderators by 

simply computing a new fictitious scatterer from Equation (1). 

Theory-Experiment Correlation Study 

The RBV Monte Carlo Code (RBV) was used to perform a theoretical analysis 

f 19 d VO 1 11 A ( 94 ) h . l' d h o a -ro 2 custer ce. paper on t 1S ana YS1S was presente at t e 

June meeting of the American Nuclear Society in San Diego. This analysis is 

the last in a series of calculations(9l,92,93) designed to test the RBV code. 

Part of the analysis included testing the RBV resonance routine. Several 

problems were uncovered and corrected. Final tests indicate that the RBV 

resonance routine is working correctly. 
. (99 100) Table XXVI compares exper1mental' are calculated values of 

various lattice parameters for the final calculation of this analysis. The 

results are given after 300,000 neutron collisions and after 500,000 neutron 

collisions. The error bars given with the calculated values are for one 

statistical standard deviation. All of the earlier RBV calculations gave 

results consistent with the values at 300,000 collisions. 

Table XXVI 

Calculated and Experimental Lattice Parameter Values 

Calculated 
Parameter Experiment 300 k Collisions 500 k Collisions 

k 1. 052 ± 0.003 1. 026 ± 0.008 1.039 ± 0.006 
00 

f(l/v) 0.896 ± 0.003 0.896 ± 0.001 0.896 ± 0.001 

p 0.868 ~ 0.009 0.859 :t 0.006 0.869 :t 0.005 

E 1.018 -- 0.002 1.025 ;!; 0.003 1.024 ± 0.002 

k(tallies) 1.07 1: 0.23 loll ± 0.18 

(99) U.l.ley, J. R., "COJULua..tion. on Vata on. Heavy-WateJL Modeltated Cfu.6teJL 
La:t.:U.c.e..6 ," HW- 6 0 2 75 

(100) OaR.e..6, T. J., "VeteJlYnln.a;Uon. on La:tt1c.e PaltameteJL.6 nOlt a 19-Rod 
Cfu.6teJt," NuueaJt Re..6 eaJtc.h QuaJtteJl.ly R epoJtt, J an.uaJty, F ebltualty , 
MaJtc.h, 1958, HW-55879. 
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The change between the results for p, k and k(tallies) at 300,000 collisions 
00 

and 500,000 collisions uncovered a mathematical problem in the RBU Monte Carlo 

code mathematics. Because of the way absorption is treated in RBU, one extra 

degree of statistical freedom is introduced. Neutron absorption is tied to the 

random number selections. This is unnecessary and can introduce a small error 

into the calculation. Even with the possibility of this small error the 

calculated values are probably valid within their quoted uncertainties. It 

is seen from Table XXVII that the calculated value of k is too low by about 
00 

2% while the values of f,p, and E each seem to agree with the experimental 

value. It is felt that the resonance absorption is too large but this could 

not be proven. 

The results of this analysis and the previous test calculations indicate 

that the RBU Monte Carlo Code is free of gross programming errors and gives 

reliable results. 

Program Gammax - L. J. Page and H. S. Zwibel 

Program GAMMAX is a cross section calculation program which computes gamma 

cross sections for pair production and Compton scattering. The pair production 

calculations are those of the General Electric program GAMMA-2 and are 

described in document SDC 60-3-67. The Compton scattering equations were 

recoded from the document APEX 487. This code was used extensively in 
. (101) 

computing cross sections for use in a calculat10nal study of photo-

neutron production in D
2

0 systems. 

The code has been written in Fortran-IV for use on the UNIVAC-ll07 

computer. 

Program Beta - A Reactor Kinetics Code - L. J. Page 

The purpose of this code is to permit the extraction of delayed neutron 

parameters from experimental data. Prompt neutron lifetime, delayed neutron 

fractions and the corresponding decay constants are computed from least squares 

(101) Je..YlqLU..Yl, U. P., "PlutovUWYl Ca1.c.u1.a.;t.,LOYlll nOft VZO Syf.Jt~," Re..ac.toft PhYf.Jic.1J 
Ve..paJttme..nt Te..c.hvUc.a1. Ac.tivitie..f.J Re..poJtt - JaYlua!ty, Fe..bftuany, Manc.h, 7967, 
BNWL-47Z, Apill 15, 1967. 
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fitted data of flux vs. time after negative reactivity insertion. 

This code has been written in Fortran-IV for use on the UNIVAC-ll07 

computer. 

Program DANCOF - W. L. Purcell and G. L. Simmons 

The calculation of resonance reaction rate parameters in lattice of 

absorber rods requires the consideration of the net reduction of the flux 

incident on the surface of an absorber rod due to the shadowing effect 

of adjacent rods. Alternatively one might consider the effect of the 

ficticious rediction in the surface area of the absorber rod due to the 

adjacent rods in the lattice. The correction for this effect was first 

proposed by Wigner and was calculated in the geometry of neighboring infinite, 
o (102) parallel cylindrical rods by Dancoff and G1nsburg, hence the name Dancoff 

t o sauer(103) has also dOd 0 f thO to f correc lon. er1ve an express10n or 1S correc lon or 

both hexagonal and square arrays of rods. Although the Dancoff correction for 

the surface resonance absorption term is only an approximation, it has been 

d d b 0 (104) d bOO h M C 1 1 1 0 (105) emonstrate y exper1ment an y compar1son W1t onte ar 0 ca cu at10ns 

that the application of such a correction gives resonably good results. 

These two methods (Dancoff-Ginsburg and Sauer) have been incorporated 

into a computer program, D&~COF, written in Fortran-IV for use on the 

UNIVAC-ll07 and UNIVAC-ll08 computers. 

(102) Val1c.066, S. M. al1d G-<-n.6bWtg, M., "SWt6ac.e. Re.-6ol1al1c.e. Ab-6oJtptiol1 -<-11 a 
C.to-6e.d Pad<.e.d La.:ttic.e.," CP-2157, (1944). 

(103) Saue.Jt, A. I "ApplLouma.:te. E-6c.ape. PJtobab~e.-6," Nuc.L Sc.L & El1g., J~, 
329 (1963]. 

(104) P~, W. G. al1d Valj:to 11, I. E., "Mutual ShA..e..td-tl1g 06 La.:ttic.e. P -<-n.6 -<"11 
:the. Re.-6ol1al1c.e. El1eJtglj Re.g-<-ol1," Nuc.L Sc.L & El1g., i, 522 (1958). 

(105) Che.JtMc.k., J., "S:tud-te.-6 0 6 Ne.u.:tJtol1 Cap:tuJz.e. 00 U23 8 Re.-6 0 l1al1c.e.-6 , " 
PJtoc.e.e.d-tl1g-6 00 :the. B!!.ook.have.11 COl1oe.Jte.I1c.e. 011 Re.-6ol1al1c.e. Ab-6oJtptiol1 
00 Ne.u.:tJtol1-6 -<-11 Nuc..te.aJt Re.ac.:toJt-6 (BNL-433), 1956. 
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Program NOISE - G. D. Seybold and L. C. Schmid 

A computer program entitled NOISE has been developed for use in the 

analysis of data from reactor noise experiments. The analysis is 

accomplished in two steps. First the amplitude data of the frequency 

spectrum of reactor noise is put in a form amenable to comparison to the 

theoretical function. In the second step, parameters are obtained from 

the experimental data by fitting the theoretical functions to the data 

using improved least squares fitting techniques. 

Noise analysis is a method whereby random variables are used to 

describe physical phenomena of a system. To be useful the random variable 

must be describable by probability theory. The analysis is accomplished 

by determining what effect, as a function of frequency, the random variable 

has on the gain or power spectrum at the output of the system. As a result 

of the analysis the frequency response or transfer function of the system is 

obtained. 

Data analysis is accomplished with a Program NOISE written in Fortran-IV 

for the UNIVAC-llOl and 1108 computers. Frequency analyzed data are con

verted to data amenable to least squares fitting methods. Then the parameters 

which best fit the transfer function are obtained utIlizing a new least squares 

f ·· h . P LEARN (106) Ittlng tec nlque, rogram· . 

Cross Section Evaluation Working Group - B. R. Leonard and K. B. Stewart 

The initial organizational meeting of the Cross Section Evaluation 

Working Group (CSEWG) was held at Brookhaven National Laboratory on June 

9-10, 1966. At that meeting, the Battelle-Northwest representative accepted 

the responsibility for furnishing nuclear data for ten isotopes for th~ 

Evaluated Nuclear File/B (ENDF/B). For two of the isotopes, hydroge,~ and 

deuterium, a complete set of data was requested for neutron energies up to 

an undefined maximum of 10 - to - 20 MeV. For the remainder; Xe 135 , Sm i4Q
, 

(106) Duane., B. H., "Mac.hlne. AnallJ.6-<A Ab.6.:tJz.act -- Max.{mWY! Ul<.elihood Nomne.aJt 
VectoJz. F'{'ud.6 -- Bafte.lle.-NolZ.thwu:t PJz.ogJz.CIm Ul<.uy," pp. 1-3, BNWL-284, 
Phy.6.{.c..6 RUe.MC.h Quaue.Jri.y Re.polZ.t, Jan.-Fe.b.-MM. 1966. 
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Eu~51, Eu 153 , Dy 164, Lu 175 , Lu 176 , and Au197 only the nuclear data near 

thermal neutron energies was requested since the primary application of these 

isotopes is in thermal reactors. For four of the isotopes; H, D, Xe 135 , and 

Au 197 , there existed rather up-to-date evaluations which were adapted with 

minor modifications and additions into the ENDF/B format. For the rare-earth 

isotopes, new evaluations were required. In order to perform the evaluation 

it was necessary to acquire a complete program to perform a rigorous Breit

Wigner resonance calculation. The program UNICORN(107) which does the 

requisite calculation including resonance-resonance scattering interference 

was acquired and put into operation. It was found desirable to alter the 

calculated energy mesh of UNICORN to provide a finer mesh. The evaluations 

of the ten isotopes were completed and the ENDF/B data along with preliminary 

documentation were furnished at the November 14-16, 1966 meeting of the CSEWG as 

requested. At this meeting, the BNW representatives were requested to 

complete for fast neutrons the data files of the isotopes for which thermal 

data had been furnished. In order to perform this task it was necessary to 

perform extensive optical model calculations because of the paucity of fast

neutron data for the rare-earth isotopes. Accordingly, the computer program 

ABACUS_2(108) was put into operation. In the performance of these calculations, 

it was discovered that optical-model parameters which had been derived by 

others did not give an adequate description of the existing total cross-

section information. Thus, it was necessary to derive new energy-dependent 

parameters based primarily on the 2.5 - to 15 - MeV total cross section 

data(109) for elemental samarium, europium, dysprosium, and lutetium. In 

order to provide Legendre coefficients to describe elastic scattering, 

transformation matrices, and the quantities ~ and ~, the computer program 

(107) Ott~, J. M., NAA-SR-17980, Vol. VI. June 1966. 

(108) Au~baQh, E. H., BNL - unpub~hed. 

(109) Fo~t~, V. G., In. and G~gow, V. W., Batteffe-Nonthw~t - unpub~hed 
data (1966). 



3.US BNWL-624 

(110) . 
CHAD was acqulred and put into operation. It was discovered that for 

neutron energies above about 10 MeV for these isotopes the angular distri

butions reconstituted from the Legendre coefficients derived by CHAD were 

badly in error. A Lagarangian interpolation scheme was added to CHAD which 

expanded the input angular distribution to a finer mesh (501 points). This 

modified version of CHAD was found to give satisfactory angular distributions 

to energies at least as high as 20 MeV, For Xe" 35 , it was decided to limit 

the nuclear data to energies below 1 keV. For the remainder of the isotopes, 

the evaluated nuclear data was completed up to 20 MeV. The ENDF/B data files 

and summary documentations of the evaluations for the ten isotopes were 

essentially completed by July 1, 1967, and have been transmitted to Brookhaven 

National Laboratory. 

ENDF/B Neutron Cross Section Library System - B. R. Leonard and K. B. Stewart 

Adaption of the national ENDF/B cross section library system for use at 

BNW continued. Two distinct phases are involved-adapting the processing 

programs and developing the data tape. 

The following processing programs have been received and are being 

debugged and converted to the UNIVAC 1108: 

1. ETOE - produces a library tape for MC 2 ; 

2. ETOM - calculates MUFT 4 or 5 libraries for use in HAMMER; 

3. FLANGE II - calculates THERMOS cross sections; 

4. GAND - calculates cross section input for use in GAF and GAR. 

The cross section library has significant defects in some of the major 

isotopes. Many of the defects have been corrected in the BNW version. 

However, there are some isotopes remaining that can be modified effec~ively 

only by the original evaluators. 

BNW Master Cross Section Library - K. B. Stewart 

Numerous isotopes contained in the BNW Master Library (B~~L-CC-32s) were 

updated the past year. The changes that will most affect reactor physics 

(110) B~ta~d, R, F., NAA-SR-J!Z31. VeQembe~ 1965. 
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calculations were the introduction of a new or more recently measured resonance 

parameters and addition of more accurate and complete data in the fast energy 

region for some reactor and foil materials. 

The following isotopes were modified: 

B10 Eu-151, 153 

C12 Ta-181 

N14 Tm-169 

F-19 Lu-175, 176 

Na-23 Hf-174, 176-180 

Mn-55 W-183 

Fe-54, 56, 58 Au-197 

Co-59 Th-228, 230, 232, 234 

Cu-63, 65 Pu-231, 233 

Rh-103 U-232, 233, 234, 235, 236, 237, 238 

Ag-107, 109 Np-237 

In-115 Pu-238, 239, 240, 241, 242, 243, 244 

1-127 Am-241, 243 

Pr-141 Cm-243, 244 

Sm-147, 149, 151 

Methods Evaluation 

Theoretical studies have been directed toward developing a mathematical 

physics model which accurately predicts the observed physics behavior of 

power reactor systems. The model consists of a theory of the neutron slowing 

down and thermalization processes coupled with cross sections. The theoretical 

methods are based upon approximate solutions of the neutron transport 

equation. The cross sections are dilutions of differential cross section 

data to group average quantities. A measure of the validity of the 

mathematical model is obtained by comparing measured and calculated 

integral parameters such as reactor multiplication, keff and effective 
~ 

(burnup) cross sections, o. Frequently, the results of comparisons of this 

type are in such good agreement that the effects of uncertainties in the model 

are never considered in determining the model's figure of merit. Moreover, the 

model may fail to reproduce other measured integral parameters (e.g., neutron 
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age, spectra, disadvantage factors, etc.) which are a part of keff and o. 

Good agreement in calculated and measured values of keff may be due to 

cancellation of errors with the result that an optimistic estimate is 

made concerning the state of the art. 

Almost all of the uncertainties that are present in the mathematical 

models used for analyzing clean lattice experiments are present in the 

model used for the analysis of the power reactor system. The only exception 

is perhaps the manner in which the model accounts for leakage from the 

reactor system, since the clean lattice experiments are generally smaller 

systems physically than are the power reactor systems. However, the power 

reactor systems are much more complicated geometrically (control rod gaps, 

etc.) and this adds significantly to the over-all uncertainty in the calculated 

results. 

Analytical studies have been performed of the physics characteristics 

of numerous plutonium-fueled systems along with some uranium-fueled systems, 

These studies are aimed at evaluating a mathematical model which is used 

extensively at PNL for performing reactor calculations. 

The model is based upon the use of the HRG, (95) THERMOS(97) and 

HFN (lll) d d h b . . . d' h BNW computer co es an t e aS1C cross sectlons contalne 1n t e 

Master Libraryo (96) The neutron distributions in space and energy within a 

representative region of the ~eactor are computed using the multigroup 

transport theory codes, HRG and THERMOS. The behavior of neutrons slowing 

down to thermal energies is computed using the HRG code. The neutron flux 

and current spectra are computed assuming 68 groups of neutrons with a 

constant group width of lethargy: 0.25. Corrections for heterogenelty, 

Doppler broadening, and leakage are included. 

The thermal neutron spect:rum is computed using the THERMOS code. The 

THERMOS code in use at PNL is flexible a.s to the number of energy groups 

(up to 50), space points (up to 30) and mixtures (up to 6) such that the 

code can be tailored to the specific problem to be solved. The data tapes 

for this program have available numerous scattering models to describe the 

(Ill) Lille.y, J, R., "Compu.te.Jt Code. HFN-Mu.ffi.gJtoup, MuLtUte.g-i..oYl. Ne.utJtoYl. 
V-i..ililu.6-i.on The.oJty -i..n One. Spac.e. VWle.n.6,.LOYl.," USAEC Re.poJtt HW-77 545, 
Novembe.Jt, 1965. 
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neutron scatter-transfer from molecular and crystalline bound moderators. 

All cross section data for the HRG and THERMOS codes are obtained from the 

BNW Master Library. 

The evaluation of the mathematical model is based upon theory-experiment 

correlation studies which are described below. We present results of studies 

on clean lattices and burnup. 

Clean Lattice Studies 

Com arison of Calculated and Measured Multi lications k ff' for Some 
Uranium and/or Plutonium Fueled H

2
0 Lattices - R. C. Lii ala and W. L. Purcell 

The type of plutonium fuel receiving the most consideration in commercial 

thermal reactor power programs is a mixture of uranium dioxide and plutonium 

dioxide (U0
2
-Pu0

2
). It is expected that the physics analysis of reactors 

fueled with U0
2
-Pu0 2 would be inherently more difficult than a system fueled 

with either uranium alone or plutonium alone. This is so because the 

uncertainties present in the analysis of systems containing only uranium or 

plutonium are also present in U02-Pu02 systems. Thus, in performing a 

physics analysis of uniform H
2

0-moderated lattice experiments fueled with 

either U0
2

, U0
2
-Pu0

2 
or Al-Pu, it is expected that the uncertainties in the 

model would be largest for the U0 2-Pu0
2 

fueled system. 

Calculational Method 

The neutron distributions in space and energy within a representative 

lattice cell are computed using the multigroup transport theory codes, HRG 

and THERMOS. The multigroup cross sections obtained are collapsed to group 

constants for four energy groups as shown in Table XXVII. These constants 

are used in a diffusion theory calculation (code HFN) of the leakage fy.'D1 

the reactor system to obtain the effective multiplication factor, keff 

Group 

1 
2 
3 
4 

Neutron 

Table XXVII 

Energy-Group Boundaries 

Upper Energy 

10 MeV 
11. 7 keV 

2.38 eV 
0.683 eV 

Lower Energy 

11. 7 keV 
2.38 eV 
0.683 eV 
0 

• 
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The representative lattice cell was assumed to consist of three regions: 

1) fuel, 2) cladding, and 3) moderator. 

Macroscopic cross sections for a homogeneous cell for the three non

thermal groups were computed using the HRG code and for the thermal group 

using the THERMOS code. 

The options utilized in the HRG calculations were: the 239pu fission 

spectra, the B-1 approximation using the measured geometrical buckling as 

the leakage parameter, and Doppler broadening and spatial self shielding 

corrections for 235V , 238V , 239pu , and 24 0pu in the resonance region. The 

spatial corrections (Dancoff factors) were obtained from published tables. (112) 

The problem as described to the THERMOS code was: 20 space points 

describing the three region cell, 30 energy groups spanning the range 0.0 

to 0.683 eV, reflecting cell boundary conditions, the Nelkin kernel (113) 
, (114) 

for H
2

0 with an approximate correction for anlsotropy, and the gas 

kernel for all other materials. 

The lattice description used in the HFN calculation was a one dimensional 

cylindrical reactor consisting of two regions, namely a homogeneous core and 

H
2

0 reflector. A transverse buckling was used to account for axial leakage. 

Comparison with Experiment 

XXXI 

(l12) 

(113) 

(114) 

(115) 

(116 ) 

The adequacy of this model is predicting keff is shown in Tables XXVIII through 

which summarize calculated and experimental results for VO (115,116) 
2 ' 

ANL-5800, Se.e.ond Ed"LUon, pp 283-291. 

Nuru.n, M., "The. Se.a:tte.Jr.i .. ng 06 Slow Ne.u:tJtoV/..6 by Wa:te.lL," Phy!.J. Rel, Vol. 79. 
p. 791 [1960). 

Hone.e.k, H. C., "The. Ca.[e.u.ta:tion 06 ThVtma.[ Utilization and VMadv.:mtag e. 
Fae.:tolL in UlLan-LumIWa:te.fL La;t;t'{e.u," Nue.L Suo Eng., VoL 78, p. 49, 7964. 

GlLob, V. E., eX aL, "RuuU!.J 06 CfLitie.a.[ ExpvU.me.nM in Loo!.Je. La:tUe.u 06 
UO z Rod!.J in H20," USAEC Re.pOlL:t WCAP-1412, WuunghoU!.Je. Ele.e.rue. COlLp" MalL,;:'}, iO 

VavMon, P. W., eX aL, "y'ank.e.e. CfLitie.a.[ ExpvU.me.n:t!.J - Me.a!.JUfLeme.n:t!.J on La:CUe.(0!) 
06 Staii1.fu!.J S:te.e.l Clad SUgh;Uy EnfL-Le.he.d UlLanium V.{oxide. Fue.l Rod!.J in Ugh:t 
Wa:te.fL," USAEC Re.pofL:t YAEC-94, WuunghoU!.Je. Ele.e.rue. COlLp., ApfL-Ll 1959. 
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Table XXVIII 

C 1 1 d M 1 "1" " k f VO HOC" " 1 (115,116) a cu ate u t1P 1cat10ns eff or 2=-2 r1t1ca s 

Lattice Pitch* Volume Moderator 
keff (Experiment 1. 000) = (in. ) Volume Fuel 

0.405 1.048 0.973 

0.435 1.405 0.979 

0.470 1.853 0.983 

0.573 3.357 0.989 

0.615 4.078 0.989 

0.665 4.984 0.988 

*Square pitch 



Table XXIX 

C 1 1 d M 1 '1' , k F A1 P HOC' , 1 (117,118,119) a cu ate u tlP lcatlons, eff or - u- 2 __ ~r=1~t=1~ca==s~ __________ __ 

Lattice Pitch* Volume Moderator 
(in. ) Volume Fuel 

0.75 1.20 

0.80 1. 54 

0.85 1.91 

0.90 2.29 

0.95 2.70 

1.00 3.13 

1.10 4.06 

1. 20 5.07 

1.30 6.17 

*Hexagona1 pitch 

A1-1. 8 wt% Pu 
-6 at% 240pu 

1.033 

1.029 

1.024 

1. 022 

1.019 

keff (Experiment = 1.000) 

Al-2.0 wt% Pu Al-5 wt% Pu 
-17 at% 240 pu 6 at% 240pu 

1.044 1.029 

1.048 

1.043 1.028 

1.052 1. 017 

1.038 

1. 022 

1.021 

1.021 

1.014 

w 
f-' 
N 
f-' 

ttl 

~ 
I 

0--
N 
~ 
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Table XXX 

Calculated Multiplications, keff for U02-1.5 wt% Pu0 2 
(EBWR Fuel)-H

2
0 Criticals(121) 

Lattice Pitch* Volume Moderator 
keff (Experiment (in. ) Volume Fuel 

0.55 1.10 0.993 

0.60 1.56 0.992 

0.71 2.71 0.997 

0.80 3.79 0.997 

0.90 5.14 0.998 

0.93 5.58 1.000 

* Hexagonal pitch 

Table XXXI 

Calculated Multiplication, keff for U0 2-6.6 wt% Pu0 2 
(Saxton Fuel)-H

2
0 Criticals(122) 

Lattice Pitch** 
(in. ) 

0.52 

0.56 

0.735 

0.792 

1.04 

** Square pitch 

Volume Moderator 
Volume Fuel 

1.68 

2.16 

4.70 

5.67 

10.80 

keff (Experiment 

1.011 

1.009 

1.012 

1.013 

1.027 

= 

BNWL-624 

1.000) 

1. 000) 

.. 



• 

Table XXXII 

Calculated Multiplications, keff for U0 2-2.0 wt% Pu0
2

-H20 Critica1s(120) 

Lattice Pitch* Volume Moderator keff (Experiment = 1.000 

(in. ) Volume Fuel ~8 at% 240pu 

0.80 1.49 0.992 0.996 

0.93 2.45 1.002 1.003 1.000 

1. 05 3.47 0.997 1.000 1.004 

1.143 4.35 1.007 1.008 1.008 

1. 32 6.21 1.009 1.008 1.006 w . 
r-' 

1. 386 6.97 1.007 1.004 1.004 N 
w 

1.611 9.85 0.992 

* Hexagonal pitch 
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Al_Pu(117,118,119) and U0
2
-Pu0

2 
(120,121,122) fueled H

2
0 lattices. The 

calculated results given here differ somewhat from values published 
. 1 (120,121,123,124,125) h f h b h 

prev~ous y. A ost 0 c anges in oth t e theory and 

microscopic data utilized have been made in the interim. However, the 

major differences are due to cross section changes in the thermal energy 

region for the fissile nuclides and a change in the resonance integral 

calculation in the HRG code. (126) The 2200 m/sec values recommended by 

the International Atomic Energy Agency (IAEA) survey(127) for the fissile 

nuclides were used for normalizing the thermal cross section data(96) for 

the results shown in Tables XXVIII through XXXII. 

( 11 7) SUno 0 YI., W. P., MaAfv." J. A., aYl.d S c.h.Ynid, L. C., "s ub c.JU;U.c.ai M e.M uJterne.m 
Wilh 2.0 wt% Pu-At Rod.6 ,LYI. U.gIU: Wate.Jt," Phy.6J..C6 Rue.aAc.h QuaJtteJl.ly Re.poJtt, 
Ju1y, AugU.6t, Se.pternbe.Jt, 1963, USAEC Re.poJtt HW-79054, pp. 43-46, Oc.tobe.Jt 1963. 

(118) Ne.e1.e.y, V.I., Lloyd, R. C., aYl.d ClaytoYl., E. V., "Ne.wt!toYl. Multipuc.atioYl. 
Me.a.6uJterne.YI.t wUh Pu-Al Alloy Rod.6 J..YI. LJ..gIU: Wate.Jt," USAEC Re.poJtt HW-70944, 
AugU.6t, 1961. 

(119) SUno 0 YI., W. P. aYl.d Sc.hmJ..d, L. C., "Subc.JU;U.c.ai Me.a.6UJterne.nto Wilh 1.8 wt% 
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The calculated multiplications shown in Table XXIX for the U0
2
-fueled 

H20 critical experiments are all low compared to experimental values. 

Comparing calculated values of keff with experiment for aluminum-plutonium 

alloy fueled experiments shows (Table XXIX) the calculated values of keff 

are all high. The same comparison for U0
2
-Pu0

2 
fueled experiments is shown 

in Tables XXX, XXXI, XXXII, and the calculated values of keff are shown to 

be in reasonable agreement with experiment. Of all the experiments considered 

in the above analysis, the aluminum-plutonium fueled lattices should be the 

least difficult to compute accurately. The resonance escape probability is 

much larger for the AI-Pu fueled systems compared to the systems containing 

uranium, and the fast effect is very much smaller. The agreement between 

calculation and experiment for U0
2
-Pu0

2 
fueled systems is probably due to 

compensating errors in the mathematical model since errors are evident in 

the model when used for analysis of U02 and AI-Pu fueled systems. 

Evaluations of Sources of Discrepancy 

The discrepancies between calculated and measured values of keff are due 

to inadequacies in both theory and cross section data. We next evaluate the 

effect of uncertainties in microscopic cross section data. 

In evaluating what effect uncertainties in the microscopic cross section 

data have on the calculation of k
eff

, only the cross section data for resonan,:e 

and thermal neutron energies are considered. 

A brief summary of cross section information for the more important 

uranium and plutonium isotopes which are pertinent to this study are shown in 

Tables XXXIII and XXXIV. 

While the list is by no means complete, it provides a basis upon which to 

estimate the uncertainty in the data. The resonance data on which ou' 

calculations are based is listed as "our data." 

To estimate the uncertainty in the fission integrals for 235U, 239 pu , and 

24 1pu , we use the results of Feiner's study for 235U and 239pu and Hardy, et al 

for 241pU. The estimates of the uncertainty in the absorption integrals for 

23~U, 238U, and 2 4 0pu are those listed as Feiner, BNl-325 Recommended and 

Tattersall, respectively. The value and the uncertainty in the absorption 

integral for 239pu and 24'PU are simply based upon the mean value between the 
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Table XXXIII 

Summary of Cross Section Data for 235 U and 238 U 

Resonance Integral, I for Infinite Dilution 
00 

I for a 0.5 eV Cutoff (b) 
00 

IsotoEe Reference Fission AbsorEtion 

235 U 

238U 

IsotoEe 
238U 

Cl (128) ayton 269 ± 25 

Hardy, et al. 
(129) 

274 ± 11 

Baumann (l30) 276 ± 9 

Hellstrand 
(l3l) 

278 ± 9 
B" h (l32) 19 am 263 ± 8 & 

270 ± 14 

BNL-325 Recommended (l33) * 274 ± 11 

Feiner (l34) 280 ± 11 

Joanou and Drake (l35)** 274 ** 

Durham, et al. 
(l36) 

Our Data(96) 286 

BNWL-325 Recommended (l33) 

Stoughton & Halperin(137) 

Our D (96) ata 

2200 m/sec Capture Cross Section 

Reference 

Stoughton and Halperin(137) 
(l33) BNL-325 Recommended 

Our Data(96) 

414 

428 

425 

429 

434 

280 

280 

282 

21 (I 
00 

21 (I = 
00 

(I = 
00 

± 12 

± 15 

2.72 ± 0.05 

2.73 ± 0.04 

2.72 

l44±5)*~'<* 

l40±8) **i~ 

";'\*,,;'c,,;" 

l43±7) ***,'0'< 

* The low energy cutoff is not stated for the recommended resonance integrals. 

** An 18 barn contribution was subtracted from the value given in Table II 
of Reference 135 to correspond to a 0.5 eV cutoff. 

*** Added I for capture and fission and assumed that the errors on each were 
not cor~elated. 

***~'< A 20.3 barn contribution was subtracted from the value given in Table II of 
Reference 135 to correspond to a 0.5 eV cutoff. 

***** Th 1 bt " d "- epithermal 0 5 d th measured t e va ue 0 alne assumlng a = . an e cap ure 
integral of 143 barns. 



Isotope 
239 pu 

241pu 

242pU 

Isotope 
240pu 
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Table XXXIV 

Summary of Cross Section Data for Pu Isotopes 

Resonance Integral, 100 for Infinite Dilution 

I for a 0.5 00 
Reference Fission 

Hardy, et a 1 (129) 327 ± 22 

He11strand (131) 301 ± 10 
B' h (132) 19 am 289 ± 9 & 

360 ± 18 

BNL-325 Recommended(133) 333 ± 15 
F' (134) e1ner 310 ± 20 

Drake and Dyos 
(138) 

288 

Our Data (96) 331 

Stoughton and Ha1perin(137) 

Tattersall (139) 

Drake and Dyos 
(138) 

Our Data 
(96) 

Hardy, et a1 
(129) 

557 ± 33 
B' h (132) 19 am 524 ± 16 

Drake and Dyos 
(138) 573 

Our Data (96) 514 

H 1 ' dOl' (140) a per1n an 1ver 

Drake and Dyos 
(138) 

Butler, et al. 
(141) 

Our Data(96) 

2200 m/sec Capture Cross Section 

Reference 
, (137) 

Stoughton and Ha1per1n 

Tattersall 
(139) 

(138) 
Drake and Dyos 

Our Data (96) 

(141) 
Butler, et al. 

H1 ' dOl' (140) a per1n an 1ver 
, (142) 

F1e1ds, et al. 
(138) 

Drake and Dyos 

Our Data 
(96) 

eV Cutoff (b) 

Absorption 

471 

520 

9000 ± 1500 

8370 ± 380 

8279 

8424 

712 

678 

1280 ± 60 

1099 

1275 ± 30 

1144 

0 (b) c 

280 ± 20 

290 ± 9 

279 

282 

18.6 ± 0.8 

24.4 ± 4.0 

30.0 

18.6 

30.0 
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data compilation of Drake and Dyos and the value of the BNW Master Library. 

We estimate a 200 barn uncertainty in a value of 1100 barns for 242pu 

absorption. 

The assumed uncertainty in the 2200 m/sec values for the fissile nuclides 

235U, 239pu , and 241pu are those quoted in the IAEA survey for 238U the 

BNWL-325 Recommended values are used. We estimate a 5% uncertainty in 2200 

m/sec value for 240 pu by assuming a value of 282 ± 15 and an 18% uncertainty 

for 240pu by assuming a value of 1100 ± 200. 

The sensitivity of the multiplication to changes in the resonance and 

th 1 t ' d t ' 1 calculated(143) for the UO Al P erma cross sec lon a a were prevlous y 2' - u, 

and some of the U0
2
-Pu0

2 
lattices. The multiplication sensitivity factors 

are combined with the cross section uncertainties to determine their effect 

on the calculated multiplication constant. The corresponding uncertainties 

in the multiplication constant are listed in Table XXXV for the U0
2

, the 

Al-5 wt% Pu, and the U0
2
-2 wt% Pu0

2 
(8% Pu240 ) fueled systems at two 

moderator-to-fuel volume ratios. 

The results show that for any individual nuclide, the resonance cross 

section uncertainties lead to larger uncertainties in keff than do the 

thermal data. Uncertainties in resonance data have a larger effect on keff 

at tight lattices whereas the effect due to thermal data is independent of 

lattice spacing. The over-all uncertainty in keff arising from uncertainties 

in resonance and thermal data is difficult to assess since we do not know how 

all of the individual uncertainties are correlated. If, for each lattice, 

the sum of individual values of 6keff is taken as the over-all uncertainty, 

then the largest uncertainty in keff would be -2.5%, -2.0%, and -3.0% for 

the U0
2

, Al-5 wt% Pu, and U0
2
-2 wt% Pu0

2 
fueled systems respectively. 

Assuming these individual values of 6k
eff 

are not correlated, then one 

standard deviation in keff is -1% for each system. Probably, the correct 

uncertainty value lies somewhere between these two values. The discrepancies 

in the calculated keff for the tight lattices of the U0 2 and Al-5 wt% Pu 

(143) Liikala, R. C., PUhQeti, W. L. a~d Wo~d~~, J. R., "S~~itivity 06 
R~acto~ Mu£tiptiQatio~ Valu~ to C~o~~ S~ctio~ U~Q~~ai~~ 60~ 
Thenmal Sy~t0m~," P~oQ~~di~g~ 06 th~ Co~6~~~Q~ o~ N~~o~ c~o~~ 
S~Qtio~ T~Qh~ol09Y, M~Qh 22-24, 1966, CONF-660303. 
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Table XXXV 

Mu1 tiElication Uncertainty I 6keff Due to Cross Section Uncertainties 

for Various H20 Moderated Lattices 

2.7 wt% Enriched U0 2 6keff (mk)* 
Cross V V V V 

IsotoEe Section Energy Region Modi Fuel = 1.0 Modi Fuel 4.0 
235U of Resonance 5 2 

" v " 1 <1 

" a " 5 2 
a 

238U " " 8 3 

" " Thermal 2 2 
235 U of or v " 3 4 

" a " 2 2 
a 

Al-5 wt% Pu 
239pu of Resonance 4 2 

" v " <1 <1 

" a " 4 2 
a 

240pu " " 2 <1 

" " Thermal 1 1 
239 pu of or v " 5 5 

" a " 4 3 
a 

UO -2 -2 wt% Pu0 2 
235U of Resonance 1 <1 

" v " <1 <1 

" a " 1 <1 
a 

238U " " 5 1 
239 pu of " <5 <2 

" v " <1 <1 

" a " 4 1 
a 

240pu a " 2 <1 
a 

" " Thermal 1 1 
238U " " 1 1 

235U v or of " <1 1 

" a " <1 <1 
a 

239 pu v or of " 4 4 

" a " 3 3 
a 

* 1 mk 0.1% in keff 
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systems are around 3%. Thus it appears that the cross section uncertainties 

investigated do not account for the observed discrepancies in calculated 

keff's. However, it is concluded that computing keff to better than say 

1.5 or 1% of experiment is a fortituous result because of uncertainties 

in cross section data. 

Evaluations of the theoretical methods have also been made. Calculational 

studies have been performed investigating the areas of lattice reaction rates 

(fast effect, resonance absorption, and thermalization) and neutron leakage. 

The results of the studies concerning lattice reaction rates are somewhat 

nebulous because of the lack of experimental information on the lattice fine 

structure of plutonium fueled-H
2

0 lattices. Perhaps it serves more purpose 

to outline those areas of the theoretical method where we have know errors 

along with the assumptions that may be a source of error. 

We have neglected spatial effects in computing the reaction rates for 

fast neutrons (>0.1 MeV) in the lattice cell. The error incurred in calcu

lating keff is largest for the systems containing the most 238U. We estimate 

this error to be less than 1% (probably around 0.5%) for the systems 

investigated and the effect of the error is to lower k
eff

. This is probably 

a very small error for the Al-Pu fueled systems. 

There are numerous approximations made in the resonance theory of the 

HRG code. The more significant of these are the use of the narrow resonance 

approximations for absorbers and moderators, neglecting p wave resonance 

absorption, and neglecting resonance overlap. More fundamental than these 

are the use of the Breit-Wigner single level formulism and neglecting 

crystalline effects in Doppler broadening for the cross section computations 

and the use of a quarter lethargy group structure. No estimates are made 

here of these effects on k ff calculations. 
e (144) 0 

Another known source of error ln our calculational method is in 

neglecting thermal neutron upscattering to energies above 0.683 eV. The 

effect of neglecting upscattering is to overpredict keff for the plutonium 

fueled system because upscattering increases absorption in the 240pu and 

242pu resonances at 1.056 and 2.5 eV. We estimate that for the lattices 

considered in this study the effect would probably be no larger than 1% in 

(144) Rob~n, M. A" p~vate QommuniQation. 
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Neutron reflecting boundary conditions for a cylindrical cell were 

used in the above analysis. Results of a thermalization study(145) for 

some of these lattices show the effect on keff 0- an approximate correction 

for these boundary condition limitations. Assuming the correction is valid 

then the use of the reflecting cell boundary condition is a small (>0.3%) 

error in calculated k
eff

. 

The calculation of neutron leakage from the finite assemblies are also 

based upon a host of assumptions. Studies have been made of the adequacy 

of three non-thermal neutron energy groups in describing the leakage. Results 

of these studies show that the calculated values of keff are relatively 

independent of the number of groups in excess of four using the same scheme 

described above. Studies are being made to determine the adequacy of: one 

thermal neutron group, one dimensional flux calculation, two region reactor 

description, and diffusion theory itself, in predicting keff for these 

lattices. 

Conclusions 

We have probably overlooked numerous other approximations and/or theory 

limitations. However, even this short review indicates that the need to 

improve the theoretical methods utilized in this study is as acute, if not 

more so, than the need for accurate cross section data. Evaluations of many 

of these effects will be made by comparison with Monte Carlo calculations. 

Forthcoming experimental data on the lattice fine structure will also help 

in narrowing the uncertainty in predicting keff for plutonium fueled lattices. 

Analytical Correlations of U0
2
-2 wt% Pu0 2-H

2
0 Moderated Critical Experiments -

V. 0. Uotinen and S. Kobayashl* 

A summary of the results of critical experiments performed in the P.lur~'nium 

Recycle Critical Facility (PRCF)(146) for H
2

0 moderated U0
2
-2 wt% Pu0

2 
fueled 

* Visiting Physicist from Hitachi Ltd., Tokyo, Japan. 

(145) LL-i..ka1.a, R. Co and PWLC.e..U., W. L., "Ruui.;U on The.Jm1a.t-i..za..:t.i..on Ca.f..c.ula..:t.i..o/U 
nOJt PuO Z-U0 2-H20 La..t.lic.u," Re.ac.toJt Phl/6-<"c..-6 De.pa.Jt;tme.nt Te.c.hrU.c.a1. 
Ac.tiviliu Re.poJtt, July, Augu,ot, Se.ptembe.Jt, 1966, BNWL-340, Oc.tobe.Jt 15, 1966, 

(146) Be.nne.tt, R. A. and Sc.hm-i..d, L. C., "AppJtoac.h to CJt-<..tic.a1. and CaubJtaUon 
Expe.JUme.n-t6 -<..n the. P.f..u;tOrU.Wl1 Re.c.yc..f..e. CJt-<..tic.a1. FaUUty," HW-80206, July 1964. 
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systems are reported in another section* of this report. The results of 

preliminary analytical correlations are reported here. 

The calculational results that are presented constitute a preliminary 

evaluation of the standard calculational results that are presented constitute 

a preliminary evaluation of the standard calculational scheme that is used at 

BNW for reactor physics design calculations. This scheme has been evaluated in 

the preceeding section for its ability to predict critical masses and 

mUltiplications. We are also evaluating its ability to predict other 

properties of Pu-fueled, H
2

0 moderated cores. The work reported here is a step in 

this direction. 

The same calculational methods and basic cross section data used and 

described in the previous section are used in this analysis. The only exception 

is that in the analysis of temperature coefficient" experiments the scattering 

in hydrogen was assumed to be isotropic (i.e., no correction to the kernel to 

account for anisotropy). The comparisons of calculated and measured quantities 

of k
eff

, reflector savings, bucklings; spatial distribution of copper activity 

and power density; worth of fuel, moderator void, and moderator level; kinetics 

parameters; and temperature coefficient are described below. 

leff' Reflector Savings, and Bucklings 

The calculated results of k
eff

, bucklings, and reflector savings are 

shown in Table XXXVI. Calculated bucklings and reflector savings are obtained by 

fitting the appropriate functions (i.e., cosine, and J Bessel) to calculated 
o 

distributions of power density and thermal flux. The measured buckling (radial 

or axial) was used in HFN to account for transverse leakage. To obtain 

values for the axial direction, calculations on slab geometry were performed 

using the HFN code. Discrepancies between calculated-and measured keff'~ and 

reflector savings are noted. 

Spatial Copper Activation Distributions 

Calculations were made of the thermal copper activation distribution in 

the radial direction in a single zone core and a two zone core. These 

distributions are compared to measured distributions of sub-cadmium copper 

activity in Figures XXVI and XXVII. The thermal activation cross sections 

* Page 3.10 of the section on Critical and Subcritical Experiments. 



Table XXXVI 

Measured and Calculated keff* Bucklings and Reflector Savings 

Radial Radial B2 
Reflector Reflector r 

Fuel** Calculated Savings {cm2 Savings (cm) (m- 2) 
Type k --eff-- Exp. Calc. Exp. Calc. Exp. 

1 0.989 8.55 ~t 0.53 6.70 6.96 ± 0.25 6.87 82.2 1. 3.3 

3 0.991 7.75 ± 0.33 6.85 6.32 .t 0.20 7.02 63.3 ± 1.4 

3-1 0.990 6.96 ± 0.28 

2-3 0.990 6.38 ± 0.30 

3-2 0.990 6.79 :I- 0.36 

* keff - Experiment = 1.000 

** Fuel Type (1) 91.62/7.65/0.70/0.03 in weight percent of Pu239/Pu240/Pu241/Pu242. 

(2) 81.11/16.54/2.15/0.20 in weight percent of Pu239/Pu240/Pu241/Pu242. 

(3) 71.76/23/50/4.08/0.66 in weight percent of Pu239/Pu240/Pu241/Pu242. 

Calc. 

90.86 

64.14 

B2 
axial 

(m- 2) 
Exp. Calc. 

8.89 ± 0.09 8.92 

9.11 i 0.07 8.87 

8.89 ·t 0.10 

9,09 ::t 0.11 
w . 

8.95 ± 0.12 f-' 
w 
-I> 



Relative Thermal Copper Activity 

.... 
N J::>. a- 00 c . . . . . 
0 0 0 0 c 

0 

I 0 

::x:: rT'1 

"'T1 X 

Z "1::1 
CD 

("") 
..., 

OJ 3 00 
n CD 

c ::::J -OJ OJ - rT'1 UJ 
:;:0 

0 c.. 
t--' ""'0 ...... lC OJ 

::::J 0 ?OCD UJ c.. ...... 
Ul 

N 
C ::::J 0 0 - w __ 
In In 

/~ 
("") 

n 0 

3 
..., 

...... CD 
a-

D 

N 
0 

b:I 

N ~ 
t-' J::>. I 
(J'\ 

N 
.j::-

Figure XXV] 
240 

Copper Activation Distribution 7.65% Pu 



10.0 

>-

> 8.0 
.--u 
<C 

.... 
Q) 

0. 
0. 
0 

U 

IQ 

E 6.0 .... 
Q) 

.s:; 
I-

Q) 

> -IQ 

Q) 

0:: 

4.0 

2.0 

o 

3.136 

o Experimental Points 

-HFN Calculation 

0 

"'0 

23.5% P u240 

4 8 12 

7.65% Pu 240 

16 

Radius, cm 

Figure XXVII 

BNWL-624 

0 

20 24 

Copper Activation Distribution in Two-Zone Core Inner Zone 23.5% 
PU240! Outer Zone 7.65% Pu240 



3.l37 BNWL-624 

used in the HFN calculations for various zones are cell-averaged values. The 

core radius was the effective cylindrical radius based on the actual number 

of fuel rods present during the experiment. Calculated and measured 

distributions were normalized using normalization factors that were averaged 

for the positions two, three, and four lattice units from the center. 

The agreement between calculation and experiment is considered good 

except near the core reflector boundary and near the center of the core. 

The disagreement at the center is due to a flux depression which was 

measured at the center of each core. The disagreement in the boundary 

region between core and reflector is probably due to neglecting the 

changing spectrum in this region. Attempts are being made to obtain better 

agreement in this region by taking into account the changes in spectrum near 

the boundary. 

Spatial Power Density Distribution 

Calculations were made of the power density in the radial direction using 

the HFN code for a single zone and a two zone core. The results are compared 

to measurement in Figures XXVIII and XXIX. The core· radius was the effective 

cylindrical radius based on the number of fuel rods present during the 

experiment. Each experimental point represents the average power density 

over the thickness of a fuel rod, and is plotted at the effective cylinderized 

radius for the fuel rod. The calculated curves were normalized to an average 

power density of unity; the measured points were normalized to the calculated 

curve using average normalization factors as explained in the preceding section. 

As in the case of activation distributions, the agreement between 

calculation and experiment is reasonably good, except near the core-reflector 

boundary and at the center of the core. Calculated and measured power sharing 

factors in zoned cores (ratio of power density in a fuel rod to power density 

in a fuel rod of the other type at the same radius) agree in all cases to 

within 2%. 

Power Peaking 

Radial distributions of relative power density were measured in the two 

single-zone cores with a water hole in the center; the water hole was formed 

by removing the central fuel rod. Calculated local-to-average power peaking 
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factors in rods adjacent to the water hole are greater than measured values 

by -5-6%. However, calculated ratios of (av. power in rod adjacent to H
2

0 

hole)/(av. power in same rod with no H
2

0 hole present) agree with measured 

values to better than 1%. 

Fuel Rod Worth 

The difference in keff when a fuel rod replaces water in the center and 

at the periphery of the core was calculated with the code HFN. Calculated 

worths of fuel rods in the center and on the periphery of the reactor are 

compared with measured worths in Table XXXVII. 

Calculated fuel rod worths depend on what lattice constants are chosen 

to represent water. In our case, the constants were those for an infinite 

water medium. Better agreement with experimental results would be expected 

if one would take into account the changes in spectrum near core-water 

boundaries. 

Moderator Voiding 

Calculations were performed of the change in keff produced by a 14% void 

in the central cell, and by a 14% voiding of the entire moderator for the 

two single zone cores. The results are compared to values inferred from 

experiment in Table XXVIII. The calculated values of the average void 

coefficient are about 20-30% higher than the measured values. 

Moderator Level Reactivity Coefficient 

Calculations of moderator level worth have been performed using the 

diffusion theory code HFN with slab geometry. The four-group lattice 

constants were the same as for the radial calculations. For water heights 

below the top of the fuel the effect of dry (unmoderated) fuel above the 

homogenized core was neglected. Calculated values of moderator level woc~h 

are 20-25% greater than measured values. 

Kinetics 

The calculated kinetics parameters are compared to measurement in Table 

XXXIX. The calculations were performed using the transport theory code, 

PROGRAM S-III. (147) The calculated and measured values of S/~ differ by about 12%. 

(147) Vuane., B. H., "N e.u.,Vwn and Photon T JtaVL.6 pottt, Plane. -C yunde.Jt -Sphe.Jte., 
GE-ANPV PJtogJtarn S, V~onaf Op.t<Jnwn Fotrmu1..a.tion,H XVC 59-9-118 
Ge.ne.Jtaf Efe.c.tJtiQ A~QJtabt NuQfe.aJt PJtopuf6~on V e.paJt.tme.VL.t, 1959. 



Fuel 

~ 

I 

3 

Fuel 
~ 

1 

3 

3.141 

Table XXVII 

Calculated and Measured Fuel Rod Worth, Cents 
(For a Fuel Rod Replacing Water) 

Central Fuel Rod Peri~heral 

Exp. Calc. ~ 

-23.2 ± 0.2 -34.8 21. 0)'< 

-15.3 ± 0.2 -23.0 10.2* 

* Read off curves of experimental data, at effective 
of core. The estimated uncertainty is ±5%. 

Table XXVIII 

Calculated and Measured Void Worth 

14% Void Worth 
Worth of 14% Void Integrated 

BNWL-624 

Fuel Rod 
Calc. 

22.0 

10.2 

radius 

In Central Ce11~ Cents Over Core 2 $ Coefficient! <;./% Void 
Exp. Calc. Exp. i~ Calc. Exp.)'< Calc. -- ---

-12.8 ± 0.2 -9.9 -12.2 -15.7 -87 -112 

- 7.5 ± 0.2 -5.4 - 9.9 -12.9 -71 - 92 

* These experimental values do not include interaction effects between 
cells; the estimated uncertainty is ±10%. 

Table XXXIX 

Com~arison of Measured and Calculated Kinetics Parameters 

Fuel Calculated Measu ::-,=", •• 

~ S £ S/£! sec- l S/£! -1 sec 

1 3.447 x 10-3 3.064 x 10-5 112.5 127 ± 11 

3 3.732 x 10-3 2.944 x 10-5 126.8 114 ± 15 
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Temperature Coefficient 

The temperature coefficient of reactivity was measured in the two single

zone cores over the temperature range between -20 c C and -50~C. The 

moderator was heated (or cooled) in a storage tank and was pumped in and out 

of the reactor vessel between measurements. 

Calculations of multiplication at several temperatures were performed 

using temperature-dependent lattice constants for both core and reflector, 

taking into account also the change in transverse leakage with temperature. 

One other effect that needs to be included in the calculation is the 

expansion of the lucite lattice plates. New lattice constants were calculated, 

taking into account the increase in lattice pitch with temperature. Multipli

cations were then calculated using these new lattice constants and a temperature

dependent core radius. The calculated temperature coefficients are compared to 

measurement in Figures XXX and XXXI. 

Summary 

The results of this evaluation show that, in many cases the preliminary 

calculational techniques need to be refined. The techniques for analyzing 

each individual experiment are being developed, and more detailed analyses 

will be reported later. 

Correlations of Burnup Data 

Another measure of the validity of the mathematical model is obtained 

by comparison of calculated and experimental isotopic concentrations and 

effective (0) cross sections. Two approaches to evaluating the theory and 

cross sections are being used at PNL. 

In one, a computation of the equilibrium neutron spectrum is made ac 

various time intervals to obtain flux integrated cross sections for us~ in 

burnup calculations. Each burnup calculation is made assuming the neutron 

flux is constant during the time interval. The effects of fission product 

cross sections are eplicitly accounted for in the calculations by including 

the yield per fission of each product and the appropriate decay chains. As 

a result of these calculations, isotopic concentrations and cross section 

ratios are obtained as a function of exposure. Comparison of the calculated 

values with experimental values allow conclusions to be made about the burnup 

calculations. The calculation can be made for either a single cell of the 

reactor or the whole reactor. 
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The second approach uses measured isotopic concentrations in a computation 

of the neutron spectrum and effective cross sections within a representative 

cell of the reactor at various exposure. The neutron spectrum is computed 

using thermal cross section data which have been normalized to the results of 

various evaluations of the 2200 m/sec values. Average cross sections obtained 

from these calculations are used in obtaining effective values ai,j for each 

region j. The effective values are compared to values derived from the least 

squares analysis of the experimental data. The merit of this approach is 

(a) the same assumptions are used in the experimental and the theoretical 

analysis, (b) it determines which normalization of thermal data results 

in the best fit to the experimental data, (c) it provides a measure of 

the sensitivity of calculated results to uncertainties in the thermal data, 

and (d) the effects of various perturbations on the neutron spectrum such as 

fission products, leakage, etc., are easily compared to experimental results 

obtained from irradiations of aluminum-l.8 wt% plutonium fuels included in 

a previous paper(148) along with details of the experimental analysis. 

Correlation of Effective Cross Sections - R. C. Liikala and W. L. Purcell 

Analytical Procedures 

The effective values are defined as 
f '107eV . 
J J 01.(;,E) H;,E) v. 0 

J 

Iv. 
7 flO ~ eV ->- .+ 

Hr,E) dEr 
J o 

dEdr 

where the spatial integration is over the fuel volume V. of interest. 
J 

Separating the energy integrals in numerator and denominator into n-"'.-

(1) 

thermal (0.683 to 10 7 eV) and thermal (0.0 to 0.683 eV) terms and ~~:.!g 

the spatial integral of the flux above 0.683 is constant allows Equation 

(148) Sc.hm-td, L. C., e;t cU.., "ExpeJWne.ntcU. aVld The.ote.mc.cU. Me.thod6 U6 e.d 
note. BWtVlup AVlcU.yl.:."w at Ba:ttme.-Notc.:thwut, It B~h Nuc.le.atc. EVle.tc.gy 
Soue.:ty Inte.tc.VlatioVlcU. COVlnVte.Vlc.e. OVl Phyl.:."tC6 Ptc.obfemo on TheJ1YYlcU. 
Re.ac.:tote. VU"tgVl, LOVldoVl, EVlgfaVld, JUVle. 27-29, 1967. 
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(1) to be written as 

-i t 
,0.0683 i -+ -'>-

cP l + I ° (r,E) ¢(r,E) dEdr °1 iV, j 

;i, j 
J 

= (2) 

Iv. 
0.0683 ~ -'>-

¢l + r Hr,E) dEdr , 
J 

where subscript 1 refers to the nonthermal neutron energy group. The 

second term of the numerator can be written as the product of the average 
-i j j 

thermal cross section, 02' and the total thermal neutron flux cP 2 in the 

fuel region of interest. Subscript 2 refers to the thermal neutron 

energy group. The second term in the denominator is just the total 

thermal neutron flux cP~ in fuel region j. Thus, Equation (2) becomes 

(3) 

The fluxes ¢i and ¢1 are normalized assuming that all neutron scattered 

from group 1 to group 2 are absorbed in group 2. Thus 

¢c fC = ¢c fC (4) 
1 1-+2 2 a2, 

c c where cP
l 

and ¢2 are the total flux in the cell for group 1 and 2. Now 

¢c is related to the total flux in the fuel by 

(5) 

(6) 

where V refers again to volume and ¢ is the average flux. Assuming 

substituting Equations (5) and (6) in Equation (4) and j - -
¢/ ¢l - 1, 

solving for 

in Equation 

the ratio cPi/¢~ and then using this normalizing condition 

(3), the expression for the effective cross section becom 3 

(7) 

-j -c 
The quantities 01 and Zl~2 are obtained from cell calculations using the 

HRG code and all other quantities are obtained from calculations using 

the THERMOS code. 
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Experiment 
(149) The experimental data . on the burnup of Al-l.8 wt% Pu fuel were 

obtained from PRTR irradiations. (150) The fuel element was a 19-rod 

cluster. (151) The isotopic concentrations versus irradiation time were 

used as the basis for analysis(148) to obtain ratios of effective cross 

sections. It is these data that we attempt to correlate. 

Neutron Spectrum Computations 

The neutron spectrum is computed at various exposures utilizing the 

experimental atom concentration of the plutonium isotopes. The average 

physical temperatures of the fuel, coolant, and moderator were assumed to 

be 343, 260, 59°C respectively. These are the average inferred fuel tempera

ture during irradiation, the average of the observed inlet and outlet 

temperatures for the moderator and coolant. 

The slowing down of neutrons is computed using the HRG code. The 

options utilized in the current study are: the P-l approximation for 

zero leakage, the 239pu fission spectra, and Doppler broadening and spatial 

corrections for 239pu, 240pu, and 241pu. The mean chord length (i) for 

the cluster was obtained from the relationship i = 4V/S
eff 

where V is the 

volume enclosed by a rubber band stretched around the cluster and Seff = 

1.23 x rubber band surface area. The admixed moderator scattering cross 

section per absorber atom was computed for a single rod of the 19-rod 

cluster, (i.e., Al as the admixed moderator in the fuel). This procedure 

for obtaining the spatial correction parameters evolved from analytical 

correlations of experiments for similar cells fueled with natural U0 2-

19-rod clusters. 

The thermal neutron spectrum is computed using the THERMOS code. 

Thirty neutron energy groups were used to describe events occurring 

(148) Sc.hYn{.d, L. C., et a.£.., "Expe.JUme.nta.£. an.d The.oJte..:ti.c.a.£. Method6 U.6e.d 
60Jt BUJl.n.up An.a.£.y.6--W at Bat:te.Ue.-NoJtthwut," BJt~h Nuc.fe.M En.e.tlgy 
Society Inte.Jtn.a.;t{.on.a.£. Con.6e.Jte.n.c.e. on. Phy.6--i.c..6 PJtobfem.6 06 The.NYIa.£. 
Re.ac.toJt Du~gn., Lon.don., Engfan.d, Jun.e. 27-29, 1967. 

(149) C~te.n..6e.n., D. E., Re.ppon.d, E. B., an.d Re.aJtdon., W. A., "BUJl.n.up Data 
6Jtom Low Exp0.6uJte. PfutOn.--i.Wrl-Afwmn.Wrl Fue..€.," BNWL-CC- 904 (1966). 

(150) Sm--i.th, R. I. an.d Pete.Jt.6on., R. E., "Expe.Jt-<.e.n.c.e. wah the. Pfuton.--i.urn 
Re.c.yue. Tut Re.ac.toJt," PJtoc.e.e.d.{.n.g.6 Pfuton.--i.urn A.6 a Powe.Jt Re.ac.toJt 
Fue..€., HW-75007, De.c.embe.Jt, 1962. 

(151) FJtuhfe.y, M. D., "Pfutof'U.urn Sp--i.R.e. Fue..€. Efeme.n.t.6 60Jt the. PRTR - PMt I -
The. MMR. I-G," HW-69200 Pt. 1 (1961l. ShMp, R. E., "Pfuton.--i.urn Sp--i.R.e. 
Fue.f Efeme.n.t.6 60Jt the. PRTR PMt II - The. MMR. I-H," HW-69200 Pt. 2 (1961). 
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below 0.683 eV. A concentric cylinder model of the cluster obtained by 

preserving atom concentrations and volumes were used. The cell is 

described in seven regions with 30 square points. The Brown-St. John 
(152) 

kernel for D20 was used. Reflecting cell boundary conditions were 

also utilized. 

Cross Sections 

We have considered here only four of the more recent evaluations of 

the most probable values of the 2200 m/sec constants. Leonard reviewed(153) 

the information concerning the low energy cross sections of the fissile 

nuclides in 1961. The 2200 m/sec values listed for 241pu resulted from 
. (154) a 1962 reVlew. Sher undertook an evaluation to arrive at "best" 

(155) . values for the 2200 m/sec constants and gave early results ln March, 

1962 and revised results in March, 1965. (156) Westcott, et al., have 

made the most recent study of these probable values. Preliminary results 
(157) were presented in a paper at the Third Geneva Conference and the 

(127) 0 final results given in a report· WhlCh followed shortly thereafter. 

This evaluation included 24 ·pu (independent from the other three nuclides). 

The results of all four of these evaluations are given in Table XL. 

The resonance data for the plutonium isotopes on which our calculations 

are based are those listed in the previous section as are the 2200 m/sec 

values for 240pu and 242pu. 

(152) Bltown, H. and S.:t. John, V., "Neu.:tJton EnVLgy Spec.Vtwn ,tn V20," USAEC 
RepoJt.:t VP-33, (1954). 

(153) LeonMd, B. R., JIt., "Su.JLvey oil .:the S.:tatuo oil Low EneILgy CItO,~.'j 
Sec.uon6 oil F"t,o.6-U.e Nuc.Ude6," Neu.:tJton Phy.6,tc..6, Pltoc.eeding.6 (: 1l 
SifrYlP0.6,twn He1.d at Ren6.6 e1.aelt Poty.:tec.hn,[c. I n6u.:tu.:te, 196 1, pp, - 33 
ed,(.:ted by M. L. Yea.:teIL, Ac.adem~c. PIt~.6, New YOItQ, N. Y. 1962, 
a£40 HEW-69342, Aplt-U. 22, 1961. 

(154) Leonaltd, B. R., JIt., "Ptu.:ton-i.wn PhY6<.c..6" Con.tJU.but,(on .:to Ptuto~twn 
HandbooQ," HW-72947, MMC.h. 9, 7962. 

(155) SheIL, R. and Fe1.beJtbawn, J., "LeM.:t Squalt~ Anafy.6~ oil .:the 2200 m/6e.c. 
Paltame.:te1t6 oil U2B, U235, and pu.238," USAEC Repolt.:t, BNL-722, June 1962. 

(156) SheIL, R. and FetbeJtbawn, J., "LeM.:t Squ.alt~ Anafy.6~ oil .:the 2200 mj.6ec. 
Pa'Lame.:teJt6 oil U233, U2"35, and pu.238," USAEC Repotr...:t BNL-918, MMc.h '965. 

(157) We6.:tc.o.:tt, C. H., e.:taf., P. A. Conileltenc.e 28/P/717, PItOc.eed,(VLg.6 oil.:the 
TMltd UM.:ted Nat-ton.6 In.:teltnat.{.onaf Conileltenc.e, "Peac.eiluf U6e-6 oil A.:tom-tc. 
Enol.,gy," Geneva (1964). 



Table XL ---
Evaluation of 2200 m/sec Constants for Pu239 and Pu241 

-------

Evaluator . (155 156) -.--~----.- ----,-------- --
Cross 

L d(153,154) a1 (157) 
Sher and Fe1berbaum ' -_.-

Isoto2e Section eonar Westcott z et June 1962 March 1965 

Pu239 
° 1008 ± 6 1008.1 ± 4.9 1030,1 ± 7.4 1014.5 ± 4.2 a 

of 754 ± 9 742.4 ± 3.5 748.2 ± 4.9 740.6 ± 3.5 

° 254 265.7 ± 3.7 281.9 ± 273.9 ± 
c 

\! 2.89 ± 0.05 2.871 ± 0.014 2.882 ± 0.016 2.898 ± 0.011 

CL 0.337 ± 0.017 0.3580 ± 0.0054 0.377 ± 0.011 0.370 :t 0.006 

n 2.16 ± 0.05 2.114 ± 0.010 0.093 ± 0.014 2.116 ± 0.009 

Pu241 
° 1370 ± 15 139l ± 22 a w 

1030 ± 8 1009 ± 9 
. 

Of f-' 
.p-

° 340 ± 16 382 ± 21 1.0 

c 
\! 3.03 ± 0.05 2.969 ± 0.023 

CL 0.330 0.379 ± 0.021 

n 2.278 2.154 ± 0.036 
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Comparison of Results 

The ratios obtained from results of cell calculations and Equation (7) 

for various 2200 m/sec cross section sets are compared to values obtained 

from the least squarter analysis of experimental data(148) in Table XLI. 

The calculated values of a~9 obtained using the Leonard normalization 

compare favorably with experiment (ranging from 0 to -2-1/2% low). The 

values for the Westcott, et al., normalization are all within one standard 

deviation of the experimental value. The Sher sets give values differing 

from experiment by one to two standard deviations. 

The values of &41 calculated using the Leonard and Westcott, et al., 

normalizations are both larger than the experimental value. The Leonard 

set giving a result differing from experiment by less than one standard 

deviation and the Westcott set result bring slightly greater than one 

standard deviation of the experimental value. 

The calculated values of ~40/a49 are all -20% lower than the experi-
a a 

mental values. Such a discrepancy was not unexpected considering all the 

approximations made in computing the effective cross section of Pu240 , The 

HRG code assumes; quarter lethargy groups (i.e., 5 groups spanning the 

1.056 eV resonance of Pu240 ) with all absorption occurring in oen of these 

groups. Narrow Resonance (NR) approximatIon for all non fuel materials 

(D20) as well as the material admixed with fuel (AI), Narrow Resonance 

Infinite Absorber (NRIA) approximation for Pu2~O, and a homogeneous cell. 

In addition, we have neglected upscattering from thermal energies. An ad 

hoc prescription to resolve this discrepancy would be to force the data to 

agree via the spatial correction (mean shord length, £) term in the HRG 

calculation. Once a value of £ has been determined which provides th2 

fit, possibly a phenomenological recipe could be developed to compute ~he 

value of 2. 

Areas of Uncertainty in the Analysls 

The results of this analytical study are based upon numerous assumptions. 

Since assumptions frequently lead to errors, studies are being conducted to 

evaluate the effects these assumptions have on the calculated results. 

We have neglected leakage and fission products in the neutron spectrum 

calculations, Some preliminary calculations have been made to determine 

the sensitivity of the neutron spectrum and the effective cross sections 

to leakage and fission products. Results of these calculations indicate that 

the ratios of effective cross sections are relatively insensitive to each. 



Table XLI 

Comparison of Calculated Ratios of Ef fee ti ve Cross Sections to Values Obtained from Least Sguares Analysis 
of Experimental Data for Lx Pu-A1 Clusters 

Calclated Ratios Using Various 2200 m/sec Cross Section Sets 
Outer 12 Rods of Cluster Inner 6 Rods of Cluster Least Squares Analysis 

2200 m/ sec Set 200 m/sec Set (Program LIKELY) 
Fractional BurnuE: Ratio _L_ W et a1 S&F-62 S&F-65 L W et a1 S&F-62 S&F-65 Outer 12 Rods Inner 7 Rods 

0.003 0. 49 0.437 0.458 0.478 0.470 0.437 0.458 0.478 0.470 0.439 0.019 0.436 ± 0.019 

~41 3.363 0.384 0.363 0.384 0.351 0.030 0.355 0.030 

641 /0 49 1.144 1.189 1.153 1.199 1.143 (Fixed) 1.143 (Fixed) a a 

04 % 49 0.467 0.468 0.458 0.465 0.502 0.503 0.493 0.500 0.581 ± 0.016 0.531 ± 0.016 a a 

0 42 /0 49 0.094 0.094 0.092 0.094 0.104 0.104 0.102 0.104 0.07 (Fixed) 0.07 (Fixed) a a 

0.1238 ,,49 0.435 0.456 0.476 0.468 0.436 0.457 0.477 0.469 

(;41 0.363 0.384 0.363 0.384 

041 /049 1.147 1.192 1.152 1.199 a a 

04 % 49 0.388 0.389 0.381 0.387 0.408 0.409 0.400 0.406 0.466 0.015 0.420 ± 0.015 
~ a a 

042 /0 49 
f-" 

0.085 0.085 0.083 0.084 0.092 0.092 0.090 0.092 '" a a f-" 

0.2351 ~49 0.433 0.454 0.474 0.467 0.435 0.456 0.475 0.468 

0 41 0.363 0.384 0.362 0.384 

041 /049 
a a 1.150 1.196 1.153 1.199 

04%49 0.349 0.350 0.342 0.347 0.361 0.362 0.354 0.359 0.427 0.015 0.382 0.015 
a a 

0~2/0~9 0.077 0.077 0.075 0.076 0.082 0.084 0.080 0.081 

0.3639 0. 49 0.431 0.452 0.471 0.464 0.433 0.454 0.474 0.466 

0. 41 0.362 0.384 0.362 0.384 

0 41 /049 
a a 

1.155 1. 201 1.154 1. 201 

04 % 49 0.319 0.320 0.313 0.318 0.325 0.326 0.319 0.324 0.405 0.014 0.360 0.014 
a a 

042 /0 49 
a a 

0.067 0.067 0.066 0.067 0.070 0.070 0.069 0.070 

'" 0.4852 0. 49 0.428 0.449 0.469 0.461 0.431 0.452 0.472 0.464 ~ 
I 

(;41 0.361 0.384 0.362 0.384 '"' N 

"" 
0 41 /0 49 

a a 
0.160 1.206 1.157 1. 204 

04 % 49 0.300 0.300 0.294 0.298 0.302 0.302 0.296 0.301 0.398 0.014 0.352 0.014 
a a 

o~2 /~~9 0.059 0.059 0.057 0.058 0.060 0.061 0.059 0.060 
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Likewise, the thermalization calculations were performed using the Brown 

and St.John (BSJ) model for the D
2

0 scattering kernel. Models are available(158,159) 

which better describe the neutron scattering from deuterium in D
2
0. Calcu-

lations were made using the Honeck-Nelkin model(159) for D
2

0 in the THERMOS 

code. Results of these calculations are given in Table XLII along with 

those obtained using the BSJ model. The ratios of effective cross sections 

are essentially the same irrespective of the scattering kernel. 

Results of more detailed analysis concerning these effects will help 

to firm up these areas of uncertainty in the analysis. 

Conclusions 

We have evaluated the adequacy of a calculational method as applied to 

burnup determinations by comparing calculated ratios of effective cross 

sections to values deduced from experiment. rhe comparison is "best" when 

the thermal cross sections for Pu2~9 and Pu'~ are normalized to the 2200 m/sec 

values of Leonard's evaluation. However, the calculated values using the 

Westcott, et al., normalization are within one standard devlation of the 

experimental value for ~"9 very nearly within the experimental uncertainty 
~ 4 1 

for a '. The constants of the Westcott, et a1., evaluation have been 

temporarily accepted for the normalization of data in the ENDF/B data file. 

Thus, if we assume these 2200 m/sec values as the most probable, we would 

conclude that the "best" comparison is a result of errors in the theoretical 

methods that were used and/or inaccurate cross sectlon data (e.g., resonance 

data, shape of the thermal cross sections, etc.). 

Correlations of Effective Cross Section RatlOS and Isotopic Concentrations -
L. J. Page and L. C. Schmid 

A theoretical ana1ysis(160) of the burnup has been performed for th~ 

(158) Koppu, J. U., TJt{.pte:tt, J. R., al1d Nat-tbonn, Y. D., "GaJ.>ke;t: A Uvub-te.d 
Code. n OJt The.JtYnat Ne.u;tJto 11 Sc.atte.Jt-tl1g," GA- 741 7, Se.pt. 22, 1966. 

(159) HOI1e.c.k, H. C., HAI1 111c.ohe.·'1.e.l1t The.trmat Sc.atte.Jt-tl1g Modu nOJt He.avy Wate.Jt," 
TJtal1¢. Am. Nuc.t. Soc.., Vat. 5, No.1, 1962. 

(160) Page., L. J., "The.oJr.lj Ex.pe.Jt-tme.n:t CO/t'Le.tat-tol1 on BUJtI1Up Data nJr.om At 1.8 wt% 
Pu Fuu :I~aUlj 6 at% Pu. 2 <o!," USAEC Re.poJr.t BNWL-393, Jutlj 1967. 
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Table XLII 

Effect of D20 Scattering Kernel on Ratios of Effective Cross Sections 

Ratio 

D20 Temp. Coolant Moderator ~49 041 041 /6 49 04 % 49 
a a a a 

Operating BSJ BSJ 0.458 0.384 1.189 0.468 

H-N* BSJ 0.456 0.384 1.198 0.465 

H-N* H-N* 0.455 0.384 1.191 0.464 

Room BSJ BSJ 0.435 0.383 1.225 0.465 

H-N* H-N* 0.430 0.385 1.244 0.469 

H-N** H-N** 0.430 0.385 1.245 0.468 

* No correction for anisotropy in the kernel. 

** Includes a correction for anisotropy. The diagonal elements of the kernel 
(matrix) are corrected such that the kernel sums to the transport cross 
section. 



3.154 BNHL-624 

same AI-Pu fuel cluster in the PRTR using the first approach. The calcu

lations were made using the codes HRG, THERMOS, and PROGRAM S_XIII(147) 

for four energy groups of neutrons. Cross sections for the two higher energy 

groups were obtained from cell calculations using the HRG* code. The 

cross sections for the two lower energy groups were obtained from cell 

calculations using the THERMOS code. These four group cross sections were 

then used in the PROGRAM S-XIII code to compute isotopic concentrations, 

cross section ratios and eigenvalues as a function of burnup. A one dimensional 

model of the cluster was used in the burnup calculation (PROGRAM S-XIII) and 

the average cross sections for the regions were computed at approximate 

intervals of exposure. The basic cross sections for 239pu and 240pu used in 

this study are the same (Leonard normalization) used in the analysis described 

in the previous section. The ratios of effective cross sections obtained 

using this approach (Method A) and those of the other Section (Method B) 

are compared in Table XLIII. The results of Method A do not show the trend 

in &49 with burnup that Method B does. A significant difference is noted 

in the ratio ~40/~49 between the two methods. This difference is a result 
a a 

of using THERMOS to compute resonance absorption in the energy interval 

containing the large 240 pu resonance (i.e., 0.683 to 2.38 eV). 

Since the vast majority of experimental data is in form of isotopic 

concentrations are determined by mass spectrometer analysis, primary importance 

is put on correlation of those data. Concentrations of the plutonium 

isotopes are shown in Figure XXXII, XXXIII, and XXXIV as a fUTIction of percent 

depletion of the initial plutonium for each of the three fuel regions of 

the 19-rod cluster. Burnup is defined as the amount of plutonium (all 

isotopes) fissioned or decayed divided by the initial amount of plutonium. 

All experimental numbers and errors carne from data in reference (149), '.":-le 

experimental uncertainty quoted on burnup values ranges from 4.2% at low 

depletion to 2.1% at 50% depletion. The uncertainties on the experimental 

concentrations are 1% for 239pu, 1-1/2% for 240pu , 2% for 241pu, and 2-1/2% 

for 242pu. When these uncertainties are taken into account, the calculated 

* Since this study was made changes have been made to the HRG code. (95) 
The changes reflect improvement in theory(126) and cross section data.(161) 

(161) CcudeJL, J. L., "HRG Data Tape," Reac.:tofL Phlj.6,{.CA De)?aJL;{}'nevt:t Tec.hMc.ai. 
Activ~e..6 Re)?ofLt, Oc.:tobeJL, NovembefL, Dec.embeJL, 1966. BNWL-400, 
Apfl1l 75, 7967. 
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Table XLIII 

Comparison of Calculated Ratios of Effective Cross Sections 

&49 040 (0 49 
a a 

Fractional (Outer 12 Rods) {Outer 12 Rodsl {Inner 6 Rodsl 
Burnup Method A Method B Method A Method B Method A Method B 

0.003 0.439 0.437 0.516 0.467 0.496 0.502 

0.2351 0.439 0.433 0.415 0.349 0.364 0.361 

0.4852 0.436 0.428 0.386 0.300 0.285 0.302 
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values agree with the experimental values for 239pu and 240pu over the entire 

burnup range studied. The experimental and calculated values for the other 

isotopes agree up to approximately 33% burnup. 

Conclusions 

As a result of this correlation study we conclude that the combination 

of cross sections and theoretical methods used in this analysis does 

adequately predict experimental isotopic concentrations and effective cross 

section ratios for aluminum-l.S wt% plutonium fuel containing initially 

6 at% 240pu. Analytical results agree with experimental results up to 

approximately 33% burnupj and it is felt that the discrepancies for larger 

values of burnup may be attributed to the fact that program THERMOS as 

used in this calculation is not adequate for cross section calculations 

involving the 240pu resonance. 





4.1 BNWL-624 

PLUTONIUM UTILIZATION STUDIES 

Optimized Lattices for Plutonium Utilization - J. H. Nail 

S 1 'b'l" h b . d(l) f d'f' h f 1 evera POSSl l ltles ave een examine or mo l ylng t e ue 

lattice design of a uranium oxide fueled reactor so that plutonium is 

burned more efficiently, that is, the plutonium value is increased over 

that resulting from direct substitution in a lattice designed for slightly 

enriched uranium. These modifications can be done in several ways and the 

ones considered here are varying fuel density, lattice spacing, and fuel 

rod diameter. If an existing reactor is to be converted to plutonium 

fueling, any of these changes must be made with a minimum perturbation of the 

original core design. The studies reported are for an optimized reactor 

for plutonium recycle with plutonia in natural or only slightly enriched 

urania. The reference uranium cell that was used has a pitch of 0.50 

inches and a clad rod diameter of 0.40 inches, and is a PWR similar to 

YANKEE reactor design. 

Table I shows the advantages and disadvantages of the three optimi

zation methods considered. First, if the fuel density is reduced, heat 

transfer area is maintained, and therefore reactor power can be maintained. 

No modification of the fuel assembly is necessary and the ·reactor invenr:oly 

might be decreased to even smaller quantities than the density change 

requires because of possible higher specific powers resulting from the 

use of a high conductivity matrix material. The two disadvantages are (1) 

the fabrication cost, being a function of the loading in each tube, may 

increase with decreasing density, and (2) the spectral effect is less 

pronounced than for the other two methods since the water content 01 "he 

cell does not change. 

If optimization is accomplished by reducing rod sizes while maintaining 

the kilowatts per foot, higher specific powers are possible. No modiflcation 

of the fuel assembly over-all dimensions is necessary and a rather large 

range of spectrum changes is available. The reduction in heat transfer area 

(1) Nul, J. H. and Veonig-<-, V. E., IrEc.onolnLc.a.il.y OpLimwn Plutoniwn La.:tt.tc.e.6 
6otr.. Wa:tetr.. Reac;toM," Papetr.. 60ft Ametr..,ic.an Nuc..teM Soue:ty Merung, 
P~butr..gh, Penn6ylvania, Oc.tobetr.. 31-Novembetr.. 3, 7966" BNWL-SA-738. 



Basic Variation 

Reducing Fuel Density 

Reducing Rod Size 

Increasing Pitch 

Table I 

________ .:::A::.::d::..;vc-=a::;n:.:..t=-a=g-=ec::s'--_____ _ 

1. Maintains heat transfer area. 

2. No modification of pitch or 
assembly. 

3. Higher speclfic power (for high 
thermal conductivity of matrix 
material when used). 

4. Lower inventory. 

1. Higher speciflc power. (Avoiding 
melting by using thinner rods.) 

2. No modification of pitch or 
assembly. 

3. Large range of change in 
spectrum. 

1. No change in fabrication cost. 

2. Large range of spectrum change 
(but at discrete M/F values). 

1. Fabricatlon cost my increase, 

2. Less rapid spectral change. 

1. Reduced heat transier area. 

2. Fabrication cost increases. 

1. Assembly requires modification. 

2. Reduced heat transfer area in 
a fixed vessel size. 

N 
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is somewhat offset by the decrease in rod 6T. The fabrication charges per 

kilogram will increase with decreasing tube size. 

If the lattice is optimized by increasing the lattice pitch, there 

is no fabrication cost penalty. Also, there is a rather large range of 

spectrum changes available at discrete moderator-to-fuel values. Two 

disadvantages are (1) the lattice optimization requires that the assembly 

be internally modified, and (2) the heat transfer area for a fixed assembly 

volume is reduced so that the total reactor power must be degraded or a 

slight increase in power rating for the fuel must somehow be obtained or the 

reactor core volume increased. The results presented here do not reflect 

any penalty for modification of the lattice pitch. 

Reoptimizing of the reactor lattice for plutonium fuels will usually 

result in softening the neutron spectrum. The optimum lattices therefore 

require a lower fuel inventory but in doing this the conversion ratio is 

decreased. As a result, in the optimization process it is necessary to 

balance these two effects. 

Table II is the first of several showing the results of the optimizatiol' 

study. For the cases where fuel density and rod diameter are varied, the 

optimization is carried out at several lattice pitches, representing 

variations in lattice design. The data in the tables show a comparison 

between fuel cycle cost with plutonium recycle with and without optimization 

for each of the lattices. Table II shows the results for fuel density 

optimization. Two plutonium compositions are considered. The results, in 

the first four rows are for variations in lattice pitch and show improvement 

in fuel cycle cost of up to 0.1 mills/kWh when the density is optimized. 

The fifth row shows that a small increase in uranium enrichment has 1 -,-Ie 

influence on fuel cycle cost and optimum fuel density. The first ro" :;an 

be directly compared with the reference lattice which has a fuel cycle cost 

of 1.84 mills/kWh when fueled with slightly enriched uranium. 

The calculations were performed using the fuel cycle analysis chain 

currently in use at Pacific Northwest Laboratory. For this study the 

following cost data were assumed: $lOO/kg fabrication; $32/kg reprocessing; 

10% interest on both fuel inventory and fuel cycle, and $lO/g fissile 



Table II 

Fuel Cycle Cost for Optimum Fuel Density 

Plutonium Composition 
62-l7-l6-5~a) 50-l6-l9-l5{a) 

Optimum Optimum 
Lattice Cost For Optimum Density Cost For Optimum Density 
Pitch, 95% Density Cost % of 95% Density Cost % of 
Inches Mills/kWh Mills/kWh Theoretical Mills/kWh :t1il~~/kWh Theoretical 

0.50 2.06 l. 96 71 2.38 2.19 49 

0.54 l. 95 l. 91 76 2.12 2.05 74 

0.59 l. 97 l.93 80 2.07 2.03 76 

0.65 2.02 2.01 80 2.14 2.09 76 .p-. 
.p-

0.50(b) 2.06 l. 96 71 2.19 49 

(a) Percent Pu239 , Pu240 , Pu241 , and Pu242 , respectively 

(b) One percent enriched uranium assumed for this case, others contained natural uranium. 



4.5 BNWL-624 

plutonium credit. For these conditions the reference uranium lattice has a 

fuel cycle cost of 1.84 mills/kWh. The required cost increases for 

variations in density or rod size are described in some detail in 

BNWL-SA-738. 

Table III shows the optimum cost for optimum rod size at each lattice 

spacing. It is seen that the rod size decreases for the plutonium 

composition having the higher Pu240 content. This is a result of the 

higher inventories required to achieve the desired fuel lifetimes, so 

that these fuels are more sensitive to any method which will reduce the 

fissile inventory or enrichment, in this case softening the neutron spectrum. 

All cases are for a constant specific power except the last one in the 

table. There the kilowatts per foot of fuel rod was assumed constant, thus 

requiring an increase in surface heat flux. In this case the saving was due to 

the decrease in fuel inventory as the specific power increased, and the 

optimum rod size shifted to an even softer spectrum. The 0.35 inch rod 

diameter corresponds to a moderator-to-fuel ratio of about 2.4 with 0.50 

inch pitch. 

Table IV shows the cost at optimum pitch for three plutonium compositions 

and for two rod sizes. The costs reflect a constant ratio of megawatts per 

tonne, which is to say a constant inventory of fuel. As the lattice pitch 

changes, this means a change in core size. Again, no penalty was applied 

to lattice pitch increases. Such a penalty, however, would tend to drive 

the optimums to smaller pitches. For the first case the cost for the 

94-5-1-0 plutonium is the same as for plutonium in a uranium lattice 

because it optimizes at the reference lattice. For the 62-17-16-5 composition 

there is a significant improvement of 0.1 mills/kWh in the optimum COS; Jver 

that for plutonium in the reference lattice. The 50-16-19-15 composil ~'.Jn 

shows an even better improvement of 0.3 mills/kWh. When the rod diameter 

is increased to 0.42 inches, the optimum lattice pitch yields still greater 

improvement in the fuel cycle cost. For all cases, except the first, it is 

necessary to increase the lattice pitch in arriving at an optimum cost. Again 

the largest pitch, meaning the sotest neutron spectrum, is required for the 

plutonium composition having the highest Pu242 content. 



Lattice 
Pitch, 
Inches 

0.50 

0.54 

0.59 

0.65 

0.50(b) 

Cost For 
Ref. Rod 
Mills/kWh 

2.06 

1. 95 

1. 97 

2.02 

2.06 

Table III 

Fuel Cycle Cost for Optimum Fuel Rod Diameter 

Plutonium Composition 
62-l7-l6-5(a) 50-l6-l9-l5(a) 

Optimum 
Optimum Rod Cost For Optimum 

Cost Diameter, Ref. Rod Cost 
Mills/kWh Inches Mills/kWh ~ills/kWh 

2.02 0.37 2.38 2.19 

1. 95 0.40 2.12 2.11 

1.88 0.45 2.07 2.04 

1.82 0.47 2.14 1.92 

1. 92 0.35 

(a) Percent Pu239 , Pu240 , Pu241 , and Pu242 , respectively. 

(b) Assumed kW/ft a constant, other cases assumed constant specific power. 

Optimum 
Rod 

Diameter 
Inches 

0.35 

0.39 
~ 

0.43 . 
(j\ 

0.46 
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Table IV 

Fuel Cycle Cost for Optimum Lattice Pitch 

Cost for Cost For 
Rod Ref. Lattice Optimum Optimum 

Composition (a) 
Diameter, Pitch Pitch Pitch, 

Inches Mills/kWh Mills/kWh Inches 

94-5-l-0(b) 0.40 1. 83 1.83 0.50 

0.42 1. 83 1.77 0.54 

62-l7-l6-5(b) 0.40 2.06 1.95 0.55 

0.42 2.11 1.90 0.60 

50-l7-l9-l5(b) 0.40 2.38 2.07 0.57 

0.42 2.52 2.01 0.63 

(a) In natural uranium. 

(b) Percent Pu239 Pu24D , , PU24L , and Pu242 , respectively. 
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Additional improvements in the fuel cycle cost can be obtained by using 

a combination of the three variables. Studies have shown that with the cost 

functions assumed, the rod size-pitch combination is better than the density

pitch combination. However, new data regarding the cost of fabricating 

reduced density fuel could change this conclusion. 

It should be noted that the magnitude of the fuel cycle cost reduction 

are sensitive to the chosen reference case and that more recent PWR designs 

call for pitches of 0.55 inches which Table IV indicates is also optimum for 

a typical plutonium bearing fuel. 

To summarize, there is an economic incentive for reoptimizing the 

lattices of reactors originally designed for uranium fuel to utilize 

plutonium fuel. The magnitude of the saving is dependent on both the method 

of changing the lattice and the plutonium composition. The three methods 

examined were reduced fuel density, reduced rod size, and increase lattice 

pitch. Of these and under the economic conditions assumed the reduced rod 

size and increased pitch showed more savings (up to 0.2 mills/kWh) with 

the rod size reduction possibly being technologically the more desireable. 

Power Peaking With Plutonium Recycle - R. T. Thompson 

In the previous section, the reactor was assumed to be refueled and 

enriched above natural completely with plutonium that was assumed to be 

available to the reactor owner. This section discusses the power distri

bution problems that arise when a reactor is partially reloaded with 

fresh fuel assemblies containing recycle plutonium. The quantities of 

plutonium assumed were equivalent to that available from the uranium 

elements at the end of the first cycle. 

Two loading schemes were considered. The first was to recycle the 

plutonium in all rods of a 16 x 16 rod assembly which was surrounded by 

the original uranium fueled assemblies exposed to 14,000 MWd/t. The 

total fissile enrichment was held constant at 2.8 wt% except when the 

fuel density was varied. Then the enrichment was selected to give 

equal fissile content per tube. The plutonium concentration was about 0.5 

wt% for both the first cycle and for the steady state recycle condition. 
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For the steady state recycle, the 16 x 16 rod assembly was surrounded by 

results of a 16 x 16 rod first recycle assembly burned to 14,000 MWd/t. 

The second loading scheme considered was to load the same total quantity 

of plutonium in only a fraction of the rods. The incentive here is to 

reduce the fabrication cost penalty associated with adding plutonium to 

a fuel rod as well as improve power flattening by lowering the effective 

Pu cross section through increased self shielding. The remainder of the 

16 x 16 rod assembly, the center section, was loaded with enriched uranium. 

Again the total assembly was surrounded by the burned original uranium 

assemblies. The reference lattice had a rod diameter of 0.43 inches, a 

lattice pitch of 0.59 inches, and a fuel density of 90% of theoretical. 

Table V depicts the power characteristics obtained with various 

lattice parameters with the plutonium loaded uniformly throughout the 

assembly. The power ratio is the power generated with the plutonium 

assembly divided by the power that would be obtained from a purely 235U 

enriched assembly. The first column is the ratio when the assembly is first 

inserted in the reactor and shows an average power of about 1.20 times 

the uranium assembly for the reference lattice. This has dropped to 1.01 

after an exposure of 10,000 MWd/t, indicating that the plutonium burns 

out more quickly than the uranium because of its considerably higher 

cross section. It can be seen from the last two columns in the table 

that steady state plutonium recycle, that is when the surrounding 

assemblies initially contained recycle plutonium instead of only uranium, 

the power peaking is less severe. This is because the fission cross 

sections of the two zones are more nearly matched. Variations in lattice 

parameters are shown which correspond to the range of parameters fO-.lf;" 

optimum in the previous section of the report. It can be seen that 16.cc.ice 

optimization (for minimum power cost) by rod diameter reduces the power 

peaking problem whereas lattice optimization by pitch increases the power 

peaking problem. 

Table VI shows how the power density in the plutonium fueled rods 

increases as the plutonium is refueled in various fractions of the total 

rods in the assembly. The U/Pu rod ratio indicates that fraction, e.g., 



Lattice Parameter 
Variations 

Fuel 90%* 
Density 70 
% Theo. 50 

Rod 0.50 
Pitch, 0.55 
Inches 0.59* 

Rod 0.418* 
Diameter, 0.386 

Inches 0.354 

Table V 

Power Characteristics for Various PWR Lattice Parameters 

First Recycle 
(Zero Exposure) 

1. 20 
1.33 
1.49 

0.96 
1.14 
1.20 

1. 20 
1.15 
1.05 

Plutonium 
Power Ratio 

Assembly/Uranium Assembly 

First Recycle 
(10,000 MWd/t) 

1.01 
1.08 
1.17 

0.91 
1.02 
1.01 

1.01 
0.95 
0.84 

Steady State 
Recycle, 

~ero Exposure) 

1.13 
1. 24 
1.39 

0.90 
1.07 
1.13 

1.13 
1.08 
0.98 

* Lattice parameters for reference lattice. 

Steady State 
Recycle, 

(10,000 MWd/t) 

1.00 
1.04 
1.13 

0.91 
1.00 
1.00 

1.00 
0.93 
0.82 



Table VI 

Effect of Test Assembly Zoning on Power Peaking* 

U/Pu Rod Ratio: 0/1 1/1 2/1 3/1 4/1 5/1 

Ratio of the Averaged SEecific Powers 
Pu Zone/Total Assembly 1.00 1.10 1. 20 1.30 1.38 1.46 

23~U Zone/Total Assembly 0.90 0.90 0.90 0.90 0.91 

Total Assembly/235U Refuel Assembly 1. 20 1.15 1.13 1.12 1.11 loll 

*Enrichment in each rod of assembly is 2.8 wt%. 
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0/1 indicates 100% of rods containing plutonium, 1/1 indicates 50%, etc. It 

is seen that the power peaking within the assembly is considerably increased 

as the number of plutonium bearing rods is reduced. This is because the 

plutonium is more concentrated in the fewer rods. However, because of the 

greater concentration, the average neutron flux in the plutonium zone is 

reduced. This causes a smaller increase in the average specific power in 

the subassembly over that would be obtained with a 235U enriched 

assembly. This effect is seen in the bottom row of Table VI. 

In Table VII it can be seen that the peaking is apparently not 

affected by varying the plutonium composition while holding the fissile 

plutonium fraction constant. However, Table VII does show an improved 

power flattening within the assembly by decreasing the amount of 235U 

in the Pu bearing rods. The displaced 235U then is placed in the reamining 

rods of the refuel assembly. Although the peaking within the assembly has 

decreased, the total peaking of the assembly has increased slightly. 

Also shown in Table VII is the effect of bundle size on power peaking. 

From this variation, it can be seen that as the recycle amount of plutonium 

is introduced into the core, the power peaking is much less severe for small 

bundles (1.06 for 8x8 as opposed to 1.12 for 16x16 rod bundles). This 

improvement is countered partially by a slight increase in power peaking 

within the assembly. From this analysis it appears that special attention 

will have to be given to placement of plutonium fueled assemblies in a 

reactor primarily fueled with uranium. These results do indicate that 

the power peaking between assemblies can be improved by decreasing the 

rod pitch, decreasing the rod diameter, isolating the plutonium into a 

fraction of the rods, using smaller sized bundles, or possibly some 

combination of the above. Another possible solution to the problem is 

indicated by the large decrease in flux in the plutonium as it is concentrated 

into certain rods. 

An extension of this concept would be to place small spheres or grains 

of full density plutonium oxide in a matrix of uranium oxide to take 

maximum advantage of the self shielding of resonances and the thermal 

flux depression. Monte Carlo studies of this configuration were commenced 



94% 239, 

70% 239, 

61% 239, 

2.8 wt% 

2.5 wt% 

2.2 wt% 

16 x 16 

12 x 12 

Table VII 

Effect of Enrichment Distribution, Pu Composition and Bundle Size on 
Power Peaking and k for A 3/1 Zoned Assembly at 2.8% Fissile Enrichment 

eo 

Pu-Enr U235 _Enr Assy/U235 

Rods/Assy Rods/Assy Enr Refuel Assy 

5% 240, 1% 241 1.30 .90 1.12 

20% 240, 8% 241 1.30 .90 1.12 

24% 240, 12% 241 1.30 .90 1.12 

Fissile in All Rods* 1.30 .90 1.12 

Fissile in Pu Rods 1. 22 .93 1.14 

Fissile in Pu Rods 1.14 .95 1.15 

Rod Bundle 1.30 .90 1.12 

Rod Bundle 1.34 .89 1.09 

8 x 8 Rod Bundle 1.37 .88 1.06 

* For these three cases the average assembly enrichment is held to 2.8 wt%. 

k of 
00 

Model 

1.236 

1. 224 

1. 226 

1. 224 
~ 

t-' 

1.229 
w 

1.229 

1.224 

1. 238 

1. 230 
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near the end of this year, but due to limited available computer time, 

statistically valid results were not obtained. 

Another simple solution to the recycle problem would be to place 

plutonium bearing assemblies in low flux areas of the reactor. 

Plutonium Core Comparison Studies and Calculation Integration 

Introduction 

From fuel cycle studies (performed at PNL under PUP) over a wide 

range of design and operating parameters, general conclusions have been 

reached about optimum utilization of plutonium in thermal, water moderated 

power reactors. Because of the wide range of parameters, and consequent 

proliferation of cases, these studies were of a survey nature. It is 

necessary to translate these general conclusions into specific core designs 

for optimum utilization of plutonium in Boiling Water Reactors (BWR's) and 

Pressurized Water Reactors (PWR's) typical of those that will be operating 

during the decade 1970-1980. These studies will assist in determining 

potential problem areas associated with plutonium recycle and hence provide 

information for program direction. 

As a first step in these optimization studies, a digital computer code, 

REPP, has been written which enables the user to design a core for 

Boiling Water and Pressurized Water Reactors based on heat removal require

ments. From input specified by the user, such as hot channel factors, 

fuel melting temperature, safety margin from DNB, and reactor power, 

calculations are made of fuel rod size, lattice spacing, core size, 

pressure drops and heat fluxes within the core. This code has been 

integrated with a fuel cycle code to provide a design survey code (called 

FULCYC) for water moderated reactors. 

A detailed description of REPP is contained in a formal report to be 

published. The present report contains a general description of input 

requirements for the code and the results of a sample design problem 

(Connecticut Yankee Reactor) used to test the code. 
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Input Reguirements 

There are several options in specifying input to REPP. For example, the 

total reactor power and fuel rod size can be specified and the code will 

calculate core size and lattice spacing. Conversely, core size can be 

specified and total reactor power will be calculated. No attempt will be 

made in the present discussion to cover all of these options but in general 

input requirements include some combination of the following items: 

1) Model and hardware assumptions which may be specified fnom manufactur

ing capabilities and techniques. 

a) lattice geometry (square or hexagonal) 

b) size of fuel boxes 

c) spacing between fuel boxes (water gaps and control rods) 

d) fuel rod diameter and clad thickness 

e) core void fraction defined as (1 minus fuel fraction) 

f) fuel density 

g) core volume 

h) type and number of fuel element support grids and their 

axial location. 

2) Entrant coolant conditions 

a) coolant temperature and pressure at core inlet 

b) inlet pressure drop 

c) coolant mass flow rate (total core) 

d) entrance length (unheated) 

3) Exit coolant conditions 

a) exit pressure drop 

Sample Case 

Ordinarily, the output from REPP would consist of rod size and lattice 

spacing for a heat transfer limited core. By varying rod size, a different 

lattice spacing would be found and in this way, a curve of rod size versus 

lattice spacing could be drawn, each point on the curve representing a 

potential candidate for final design of the reactor. The choice will 

generally be made on the basis of comparative economics. 
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As a check on the methods used in REPP, input data corresponding to 

the Connecticut Yankee Reactor was supplied the code. In this case, the 

radius of the rod was provided as input so that the key check is to 

determine if the proper lattice spacing is calculated. The input data 

was as follows: 

Total thermal power (MW
t

) 

Coolant inlet temperature (OF) 

Coolant inlet pressure (psi) 

Clad thickness including .00225 in gap (in) 

Coolant mass flow rate (lb/hr - ft 2 ) 

Fuel diameter (in) 

Active core length (ft) 

Hot channel peaking factor (Fq) 

DNB ratio 

1540 

546 

2050 

0.01825 

1. 96 x 10 6 

0.375 

10 

3.25 

2 

The results from REPP compared to the original design values are as 

follows: 

Connecticut 
Yankee REPP 

Lattice spacing (in) 0.553 0.558 

Average specific heat (BTU/hr-ft 3 ) 0.203 x 108 0.210 x 108 

Number of fuel pins in core 33805 34700 

Exit coolant temperature (OF) 592 593 

Maximum heat flux (BTU/hr-ft ) 4.37 x 10 5 4.53 x 10 5 

The agreement between the values calculated using REPP and the actual 

design data is seen to be quite good. Some uncertainty exists in the input 

data. For example, the total thermal power used in the REPP calculati 0 n is 

1540 MW
t 

which was determined from a power profile over the core. Ihs. _,,,,sign 

value is 1473 MW
t 

or about 5% lower. If this lower value were used as input, 

the agreement shown in the above table would be even better. 
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PLUTONIUM RECYCLE TEST REACTOR (PRTR) 

PRTR Operation - J. R. Fishbaugher 

Recovery from the CY 1965 FERTF Incident 

The major part of the recovery work was accomplished in FY 1966 so that 

by July 16, 1966, fuel elements could again be introduced into the PRTR for 

critical testing at essentially zero power. After completing critical testing 

for the new fuel loading, the PRTR shut down to await safeguards approval 

for operation at power. The delay extended through December. Cleanup and 

restoration of the FERTF, other modification work, and additional critical 

tests were completed during the delay period. 

The Fuel Element Rupture Test Facility (FERTF) was returned to service in 

March, 1967, concurrent with the start of batch core power tests. 

Incident recovery was effective as measured by equipment performance and 

lack of radiological contamination and activation following resumption 

of operation. 

Nuclear Critical Tests 

Critical tests for the batch core experiment were begun in July 1966. The 

tests were essentially complete in September but continued intermittently 

through December. Critical tests included the critical core size for 

boron concentrations ranging from zero to about 21 parts per million by 

weight (wppm) of ~OB in D
2

0 moderator level coefficients of reactivity 

over a 25-inch range of critical moderator heights at several boron concen

trations, moderator void worths, reflector worth, and thermal neutron flux 

distributions axially and within a lattice cell. The effect of loss of 

coolant from the core was measured, with both D20 and H20 coolants. K- 'etics 

parameters were measured using a reactivity oscillator. 

Initial critical tests of the proposed fuel elements for FERTF experiments 

were started in December 1966 and completed in March 1967. The critical 

tests were performed to measure the relative power generation between 

various six- and eight-rod fuel elements and adjacent high power density 

19-rod clusters. The relative power generation was measured by gamma 

scanning new fuel rods irradiated for short times at very low powers in the 
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reactor core. In addition to the power generation measurements, fuel 

element and coolant reactivity worth measurements were made for several of the 

FERTF fuel element variables. 

Batch Core Power Tests 

Batch core power tests and a series of tests to evaluate the maximum 

fuel rod power permitted by the operating safety limits were conducted. 

Reactor fuel loading began in January 1967. Power testing began 

in April and was largely completed during that month. The power tests 

established the validity of calculated values of operational parameters. 

Additional physics data were taken during the loading of previously 

irradiated fuel elements into the fringe tubes on the perimeter of the 

batch core. Neutron flux and thermal power instruments were calibrated 

and their performance verified. Tests of the temperature and power 

coefficients of reactivity, and tests of the operational behavior of 
I 

new systems ('chemical shim, traveling flux monitor) at increased reactor 

fuel loadings and power levels were conducted. Neutron flux peaking aspects 

of reactor operation at reduced moderator levels were measured. The 

reactor kinetics measurement using the oscillator was repeated at a low 

power level. Eight of the nine power tests were completed. The measure

ment of the transient fission product poisoning (Xe buildup and decay) 

from full reactor power was postponed until maximum reactor power was 

attained. 

The maximum fuel rod power tests were begun in April and continued 

through year end. The PRTR was operated at several ascending power 

levels to produce brief fuel irradiations. Following each power level in

crement, fuel sample(s) were removed and subjected to destructive metal

lurgical examination to determine fuel centerline temperature from obsPJ'ved 

metallurgical structures. Irradiations were completed at powers of 

16.8, 17.0, 17.9, 18.6, and 20.0 kw/ft. Preliminary results indicate that 

centerline melting can be expected at 19.4 to 20.3 kw/ft. 

Fuels Testing 

At the end of the fiscal year, the PRTR loading consists of 80 fuel 

elements. The FERTF test section is located in the central channel. 

Around the FERTF, the central 55 U0
2 

2 wt% Pu0
2
-l9-rod cluster HPDC fuel 
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elements constitute the batch core. An additional 16 of these elements 

constitute a buffer zone for a total of 71 batch core elements. Included 

in the 71 were two instrumented fission gas pressure measuring fuel 

elements. The maximum exposure for the HPDC fuel elements is about 840 

MWd/Tu. 

The remaining fuel elements in the PRTR are: 

One D02 FE with an exposure of 9,180 MWd/Tu 

Three D02 0.5 wt% Pu02 FE's with an exposure of 10,790, 9,990, 

and 7,450 MWd/Tu, respectively 

Three D02 1.0 wt% Pu0 2 FE's with an exposure of 7,900, 6,295, 

and 6,120 MWd/Tu, respectively 

One D02 1.5 wt% Pu0 2 FE (EBWR) with an exposure of 3,490 MWd/Tu 

One D02 2.0 wt% Pu0
2 FE (pelle ted) with an exposure of 927 

MWd/Tu is being irradiated in the FERTF (PC 1550) 

The general loading pattern is shown in Figure 2. 

Reactor Operation 

Significant events and daily MWd operation are shown in Figure 1. 

Approximately 1,410 MWd were produced from the 80 fuel elements during 

FY 1967 at a maximum reactor power of 66 MW. 

Dse of a boron solution in the moderator as a chemical shim has been 

successful. Changes of boron concentrations to compensate for xenon 

transients are accomplished routinely with negligible perturbations of 

reactor control. 

Operation of the primary system coolant at a neutral pH has produced 

no significant problems. Some "crud" formation has been evident from fuel 

element and process tube inspections and from examination of the prim~ry 

system crud filters; but normal water quality control practices have 

provided adequate crud control for the system. 

A leak rate check of the containment vessel was made in November. 

The leak rate of 10 psig was 0.43 !. 0.026 per cent of free volume for 

24 hours which is about one-half of the limit 
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Equipment Problems 

The main primary system shutoff valve (P-4) is located in the 14" 

D20 line between the reactor and the primary heat exchanger (HX-l). The 

rupture disc is installed in the gate of the valve to prevent flow 

stoppage in the case of inadvertent closure of the P-4 valve. The 

rupture disc was found to be ruptured on December 16, 1966 and again 

on February 6, 1967. In each instance, the disc material was lodged in 

the inlet of the heat exchanger. From this point, it broke up slowly and 

was distributed throughout the primary system. The PRTR was defueled and 

extensive flushing and filtering was done to the primary system to remove 

the recoverable rupture disc particles. Corrective actions were taken to 

minimize the chances for P-4 rupture disc failure in the future. 

On June 2, 1967, a crack developed in an elbow of one of the three 

wide vent lines on the secondary side of the primary heat exchanger. The 

heat exchanger and associated secondary coolant piping were inspected and 

no other problem areas were found. Three new vent lines were installed and 

the system returned to service. 

PRTR Modifications - J. R. Fishbaugher 

Project CBB-OOl - Increased Power Level 

Project CBB-OOl planned to increase the capacity of the various reactor 

systems as necessary to permit operation at 100 MW thermal. Included in 

the changes were the chemical shim, increased size of the steam control 

valve S-BO, deaerator modification, primary system flow redistribution, 

and power calculator changes. These items were completed. Other items 

including moderator heat exchanger changes, an additional boiler feed 

pump, and an additional boiler safety valve were dropped from the project 

when it became evident that foreseeable programs would not require 100 MW 

capability. Present maximum power level capability is approximately 85 MW. 

Project BCP-007 - Waste Handling 

Project BCP-007 provided for improved handling of wastes generated 

during a reactor incident and for improved control of reactor systems during 

such an incident. Significant items included larger sump pumps, electrical 
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readout of primary conditions, waste tank bypass piping, remote operation 

of critical primary system valves, remote D
2

0 addition, and the rupture 

loop bypass. This work was completed during the fourth quarter FY 1967. 

Reflector Change to Light Water 

Physical changes and additions were made to isolate the reflector 

from other heavy water systems and permit its change to light water 

thereby reducing the heavy water inventory and potential losses from the 

reflector. 

Primary System Filters 

Filters have been installed in two empty process tubes to control 

crud levels in the primary system. Initial filters were five-micron pore 

size. 

New Instrument Power Supply 

The capacity of the DC power system has been increased by installation 

of batteries and control equipment procured from excess. 

Safety Circuit Modifications 

The safety circuit has been rearranged to minimize the vulnerability 

to "live shorts" and several components have been added to increase 

reliability. Components included an additional primary system over

pressure switch and an additional scram circuit. Complete duplication of 

the safety circuit is currently underway. 

Boiling Burnout Limits for 8-Rod Element in FERTF - J. K. Anderson 

Experimental and analytical studies were performed to determine 

operating limits for an 8-rod fuel element to be irradiated in th.o: rn~R 

Fuel Element Rupture Test Facility (FERTF). The purpose of these 6:udies 

was to determine limits of tube power, coolant flow rates, and coolant 

temperatures which will prevent either film boiling (boiling burnout) or 

bulk coolant boiling in the reactor. 

The FERTF fuel assembly consists of eight 0.565 in. diameter fuel 

rods arranged in a circle around a central 0.983 in. diameter non-heat 

spacing between adjacent fuel rods and between fuel rods and the central 
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rod is 0.100 in. The basket tube is provided with a removable inner 

sleeve, or liner. The purpose of this liner is to reduce the quantity of 

water in the pressure tube. In-reactor experiments may be performed 

either with or without the liner in place. With the liner installed, 

the minimum spacing between fuel rods and liner will be 0.100 in. With 

it removed, the minimum spacing between fuel rods and basket tube will 

be 0.214 in. 

No boiling burnout data are presently available for this particular 

fuel geometry. However, its configuration is similar in certain respects 

to both rod bundle fuel elements and to tubular fuel elements contained 

in unheated flow tubes. Therefore, boiling burnout information on the 

FERTF element can be obtained by examining available boiling burnout 

conditions for these similar configurations. Literature on boiling 

burnout was searched to obtain experimental data applicable to the FERTF 

element. Applicable data at about 1000 psia pressure and mass velocities 
2 (1 2 3) 

ranging from 1 to 2 million lb/hr-ft were found for rod bundles ' , 

with spacings from 0.074 to 0.112 inches and annuli(4,5,6) with spacings 

from 0.090 to 0.125 inches. Plots of the boiling burnout heat flux 

versus coolant enthalpy from the data of these two geometries agreed 

quite well. 

(1) McUZI1e.Jt, BJtuc.e., "CJU.;t.tc.a1. He.cU Flux 60Jt LMge. Viame.te.Jt Inte.Jtl1a.te.y 
He.cUe.d Al1l1uli il1 FoJtc.e.d COl1ve.mol1 Boilil1g cU 1000 p.6ia," Topic.al 
Re.poJtt No.6, Ta.ok XVI 06 Col1tJtac.t AT[30-3)-187. Columbia UniVe.Jt.6ity 
Ve.paJttme.nt 06 Ch0mic.al El1gil1e.e.Jtil1g, Ne.w YoJtk, Se.pt0mbe.Jt, 1965. 

(2) BaJtl1e.tt, P. G., "A COJtJtel.atiOI1 06 BMI10ut Vata 60Jt Uni60Jm1ly He.cUe.d 
Al1l1uli al1d It.o U.6e. 60Jt PJte.dic.til1g BMI10ut il1 Uni60Jm1ly He.ate.d Rod 
Bul1dte..o," AEEW-R463. Unite.d Kil1gdom Atomic. EI1e.Jtgy AuthotU;ty, Atomic. 
EI1e.Jtgy E.6tabwhme.l1t, WiI16tU;th, VOJtc.he..ote.Jt, VOMet, El1glal1d, Se.pt., 1966. 

(3) Ne.<.li, J. S., "He.cU T Jtal1.6 6e.Jt Studie..o 60Jt the. V 20 Powe.Jt Re.ac.toJt P Jtog JtaC11
, " 

VP-I024. duPont, Saval1l1ah Rive.Jt Lab., Aike.l1, South CaJtolil1a, Aug., 1966. 

(4) Le.e., V. H., "BMI10ut il1 a Chal1l1el. With N0I1-Uni60Jm1 CiJtc.um6e.Jte.l1ua1. He.at 
Ffux," AEEW-R477. Unite.d Kil1gdom Atomic. EI1e.Jtgy AuthotU;ty, Atomic. EI1e.Jtgy 
E.6tabwhme.nt, WiI16tU;th, VOJtc.he..ote.Jt, VOM et, El1glal1d, MaJtc.h, 1966. 

(5) Jal1.6.6e.I1, E. al1d Ke.Jtvil1e.l1, J. A., "BUftn.out COI1MUOI1.6 60Jt Sil1gle. Rod il1 
AI1I1u..taJt Ge.ome.tJty, WCUe.Jt cU 600 to 1400 p.6ia," GEAP-3899. Ge.I1e.Jtal Ele.c.tJtic. 
Co., Atomic. Powe.Jt Equipme.nt Ve.paJttme.nt, Sal1 JO.6e., Ca.t.-t60Jtnia, Fe.b. 1963. 

(6) Le.vy, S., Polomik, E. E., Swal1, C. L., al1d Mc.Kil1l1e.y, A. W., "Ec.c.e.l1tJtic. 
Rod BUftn.out cU 1000 p.6ia With Net Ste.am G e.11e.MUO 11, " GEAP-3148. Ge.I1e.Jtal 
Ele.c.tJtic. Compal1y, Atomic. Powe.Jt Equipme.l1t V e.paJttme.l1t, Sal1 JO.6e., Cali 6 oJtnia, 
ApJtil 6, 1959. 
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Since most of the experimental data were obtained under bulk boiling 

conditions, it was necessary to extrapolate the data into the subcooled 

region which is of principal interest for the FERTF. A linear extra

polation was made by drawing a line through the data but shifted down 

to the lower extreme of the data points. Since this extrapolation is 

subject to some error, it was desirable to apply a large burnout safety 

margin. Consequently, a second set of curves was drawn at heat fluxes 

1/3 lower than the boiling burnout heat flux curves (safety margin of 

1.5). These lower curves were used as bOlling burnout limits. Calcu

lations were then performed to determine outlet subcoolings which would 

allow fuel at some axial position to just reach, but not exceed the 

established boiling burnout limits, These calculations produced linear 

plots of limiting tube power versus outlet subcooling for different 

mass velocities. 

Since there is no reactor instrumentation installed for measuring 

for coolant flowing inside the basket tube, boiling burnout limits must 

be expressed in terms of quantities that can be measured. Therefore, 

further calculations were performed to express limlting tube powers as 

functions of the measured mass velocity and inlet subcooling. In some 

instances the burnout limits would allow undesired bulk boiling of 

coolant inside the basket tube. Therefore, another set of calculations 

was performed to derermine limiting conditions to prevent bulk coolant 

boiling. The combined results of the two calculations gave the required 

limits for FERTF operating conditions. 

When determining the operating limits of the FERTF, the mass veloclty 

inside the basket tube was the coolant f low parameter. However, ,I ,:ne 

reactor, only the total flow rate ro the FERTF pressure tube is me~~ured. 

This total flow includes both the coolant flowing inside the basket tube 

and that flowing in the annulus between the basket tube and the pressure 

tube. In order to apply the operating limits properly, it is necessary 

to know the fraction of the total measured flow passlng inside the basket 

tube, Because of the complex geometry of the supports and other hardware 

in the assembly, thlS fraction cannot be calculated accurately. Therefore, 
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measurements were made at the Pacific Northwest Laboratories' Thermal-

Hydraulics Laboratory to determine this fraction experimentally. 

Four series of tests were performed to determine the effects of 

two different types of spacers on the flow split and the influence of 

a basket tube liner: 

I - original spacers - basket tube liner installed 

II - original spacers - no basket tube liner 

III - modified spacers - basket tube liner installed 

IV - modified spacers - no basket tube liner 

In each series of tests, measurements were made of flow splits over 

a range of total flowrates at water temperatures of 50°F and 200°F. The 

results showed that the flow splits were independent of flow and only 

slightly dependent on coolant temperature. The results are summarized in 

the following table: 

Flow Ratio* Flow Ratio 
Series at 50°F at 200°F 

I 0.688 0.674 

II 0.785 0.772 

III 0.685 0.675 

IV 0.785 0.772 

*Ratio of flow inside basket tube to total flow 
through pressure tube. By comparing results 
for cases I and III and results for cases II 
and IV, it was observed that the change in 
spacer design made no significant change in 
the flow rates. 

Results of these flow experiments were incorporated in the burnouL 

limit calculations to specify the limits in terms of measurable parameters. 

Thermal-Hydraulic Limits for PRTR Thorium Loading - J. K. Anderson 

Calculations were performed to evaluate various fuel element designs 

proposed for a thorium loading for the PRTR. One of the proposed designs 

consists of an 18-rod cluster of Th02 rods enriched with U235 • This rod 

l 

• 

• 

• 

• 
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bundle is comparable to the present 19-rod cluster with the center rod 

removed. 

The design called for 3/8 in. fuel diameter and an average power 

density of 64 watts per gram of fuel. Calculations indicated that some 

melting would occur at the centers of fuel rods. Maximum surface heat 

fluxes would be on the order of 900,000 Btu/hr-ft 2 • Although a thorough 

study of boiling burnout conditions has not been made, the possibility 

of operating at such heat fluxes was Judged to be questionable. 

Two possible methods were suggested for maintaining maximum core 

temperatures below the melting point of Th02 and for reducing the maximum 

surface heat flux to a value nearer to present operating values. These 

were: 

1. Use the proposed geometry and dimensions, but reduce the 

average power density to about 45 watts per gram. 

2. Substitute a bundle of 36 rods (by adding an l8-rod outer 

ring) with a fuel rod diameter of about 1/4 in. for the 

proposed l8-rod element, and malntain the 64 watt per 

gram power density. 

Another proposed design consisted of two concentric fuel tubes made 

of Zircaloy-clad U235 enriched metallic thorium. Design dimensions and 

operating conditions for such a loading are stlll being investigated. 

Equations were developed for determining temperature distributions within 

the fuel tubes and heat fluxes at each surface (inner and outer surface 

of each tube). 

These equations will be used to examine the sUitability of the designs 

from the thermal-hydraulic standpoint when dimensions and desired G~Jc cil:lg 

conditions become better defined. 

Physics Analysis for PRTR Thorlum Loading - U. P. Jenquin 

Physi~s <calculations were performed to determine the feasibiE ty or 

a thorium loadlng in the PRTR. The physlcs characteristics of two 

different types of fuel elements were investigated along with the variation 

in enrichment and rod size. 
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The fuel elements considered in the study were a metallic fuel 

comprised of nested cylinders of Th-4 wt% U235 , and ceramic (Th02-U23502) 

fuels in clusters of rods. 

The calculations were performed using the computer codes THERMOS, HRG, 

and HFN. The physical model of the clusters and the techniques utilized 

for the analysis are similar to those used in analyzing the Pu0 2-U0
2 

Batch Core Experiment. 

Some of the more important physics characteristics of the various 

fuel elements considered in the study are shown in Table I. Comparing 

results for 18 and 19 rod clusters, we note that the effect of the central 

rod of the cluster is small for all parameters listed. The effect of 

rod size is more pronounced. Decreasing the rod size results in an in

crease in k and a decrease in the conversion ratio. The comparison of 
00 

thermal power ratios show the power density in the 3/8 in. rod cluster 

is flatter than in the 1/2 in. rod cluster. The metallic fuel element 

has a flatter power density than any of the ceramic fuel elements, and 

also a higher conversion ratio. However, all conversion ratios are 

small. 

The PRTR loadings assumed were 55 elements, five feet long, surrounded 

fully by D20. Survey calculations for these loadings were made with the 

ALTHAEA code. (7) Results indicate that the 4 wt% metallic elements and 

the 5 wt% ceramic elements, 3/8 in. rods, could attain an average 

exposure of 20,000 Megawatt days. Since this is about the exposure of 

interest, further reactivity calculations for these two systems were 

made. The U235 in U content was assumed as 100% in the calculation. In 

reality the most enriched uranium that can be produced is about 93% 

U235 . The fuel compositions were changed to reflect this for the 

additional reactivity calculations. The physics parameters change 

slightly so the remainder of the calculations are not entirely consistent 

with the previous calculations. The leakage for a loading of 55 fuel 

elements in the PRTR is worth about -15% 6k/k in reactivity. Values of 

the multiplication, k
eff

, are summarized in Table II. 

(7) M~lf, E. T., et ai., (unpub~hed data) 



Table I 

Physics Characteristics of Various Fuel Elements 

U235 Resonance 
Enrichment, 

k 
Conversion Escape 

wt% 00 Ratio* Probabili ty 

Metallic Nested Cylinders*** 4.0 1. 424 0.346 0.801 

Oxide Clusters of Rods**** 
19 rods, 1/2 in. O.D. 5.0 1.460 0.310 0.725 

18 rods, 1/2 in. O.D. 5.0 1.466 0.306 0.737 

19 rods, 3/8 in. O.D. 5.0 1.499 0.278 0.833 

18 rods, 3/8 in. O.D. 5.0 1.510 0.274 0.836 

18 rods, 3/8 in. O.D. 7.0 1.597 0.204 0.808 

* Absorptions in Th232 /absorptions in U235 . 

** For the 19 rod clusters: 

*** Density of 11.7 g/cc. 

**** Density of 8.5 g/c. 

Thermal Power in the 6 Rods Adjacent to the Center Rod 
Thermal Power in the Outer 12 Rods 

Thermal Power 
Density Ratio** 

Inner Ring 
Outer Ring 

0.71 

0.49 

0.54 

0.66 \Jl 

f-' 
w 

0.69 

0.63 
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Table II 

Multiplication Calculations for a Loading of 
55 Fuel Elements in the PRTR 

BNWL-624 

Multiplication, keff 

Reactor Conditions 
-,-------
Th-4 wt% D Tubes Th0

2
-5 wt% D0 2 Cluster 

Room Temperature 1.207 1.271 

Room Temperature, 100 ppm Boron* 1.046 

Room Temperature, 120 ppm Boron* 1.049 

Operating Temperatures 1.178 1. 239 

Operating Temperatures with H20 Coolant 1.153 1.181 

Operating Temperatures with no coolant 1.217 

* Atoms of natural boron per million molecules of D20 in the moderator. 
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The boron necessary to control the excess reactivity is in the range 

which has been previously used in the PRTR. (8) The over-all temperature 

coefficient of reactivity (Doppler, moderator and coolant) is large and 

negative. The loss of coolant results in a loss in reactivity if D
2

0 

is the coolant, but a gain in reactivity if H
2

0 is the coolant. 

A refined burnup calculation on the metallic loading was performed 

using Program ZODIAC. (9) The lifetime of a 55 element core was calcu

lated to be 220 days, assuming 70 MW operation, at which point the 

average exposure would be 14,000 MWd/Tonne; peak exposure would be 27,000 

MWd/Tonne; and 5.0 kg of U233 would exist in the core. At this exposure 

the U235 will have been depleted to 55% of its original density. 

Interest has been expressed in obtaining additional exposure on some 

of the U0 2-2 wt% Pu02 Batch Core elements. Calculations were made for 

various PRTR loadings consisting of thorium-uranium and uranium-plutonium 

fuels. The U0
2
-Pu0

2 
elements were assumed to have an exposure of 13,000 

MWd/Tonne of oxide. Static calculations of reactivity and power distri

bution are summarized in Table III at room temperature conditions, 100 

ppm boron, and no exposure on the Th-U fuel elements. 

A burnup calculation with ZODIAC was performed for the arrangement 

of 19 U0 2-Pu0 2 fuel elements (13,000 MWd/Tonne) surrounded by 66 Th-U 

fuel elements. The lifetime of this core is calculated to be about 300 

days at a 70 MW power level. The Th-U metal would attain an average 

exposure of 12,000 MWd/Tonne while the U0
2
-Pu0

2 
would attain an additional 

exposure of 6,500 MWd/Tonne. 

(8) Smith, R. 1., Kutc.heJL, J. W., aVl.d Lauby, J. H., "CJU.tic.at Expe./t-tJ11'2JtU 

with the UO z-2 w:t% Pu0 2 Ba.:tc.h COJte iVl. the PRTR," TJtaV/..6. Am. Nu.u. 
Soc.., VoL 10, No.1, p. 185 (1967). 

(9) Ho.temaVl., R. H, aVl.d Mat.6umoto, D. D., "ZODIAC (2+2): A RevL6ioVl. 06 
ZODIAC 2" BNWL-459, May 1967. 



Arrangement* 

55 Th-U, 30 void shroud 

55 Th-U, 30 U0 2-Pu0
2 

30 U0
2
-Pu0

2
, 55 Th-U 

19 U0 2-Pu0 2 , 66 Th-U 

85 Th-U 

* Cold, 100 ppm boron. 

Table III 

Multiplication and Power Distributions for Various 
Arrangements of Th-U Metal and U0

2
-Pu0

2 
Elements 

keff 

tubes 1.046 

1.068 

1.001 

1.024 

1.079 

Power Density Relative to 
1.0 for 85 Elements 

Ave. in 
Th-U 

1.55 

1.29 

0.93 

0.96 

1.00 

Ave. in 
U0

2
-Pu0

2
_ 

0.48 

1.12 

1.12 

Exposure Ratios,** 
MWd/Tonn~on U0

2
-Pu0

2
_ 

MWd/Tonne on Th-U 

0.20 

0.66 

0.64 

** The volume and mass of fuel is not the same for both fuel elements; the factor to calculate this 
no. is .55. 
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MATERIALS 

Although the materials development efforts are primarily to insure 

safe and continued operation of the PRTR, many of the results are of value 

to general reactor technology. The results of the studies are given in 

this section. 

Effects of Flux on the Alloys in the PRTR 

Corrosion and Hydriding of Tubular Zircaloy-2 and Zircaloy-4 Specimens
A. B. Johnson, Jr., B. Griggs, and H. C. Bowen 

Sixty Zircaloy-2 and Zircaloy-4 tubular corrosion specimens were 

arranged on a rod and exposed in the Plutonium Recycle Test Reactor (PRTR) 

at a position normally occupied by a fuel rod. A description of the 

assembly was published previously. (1) Conditions of exposure are 

summarized in Table I. 

Table I 

Conditions of Exposure for PRTR Corrosion Specimens 

PRTR Fuel Element 
Rod Position 
Exposure Temperature 
Time at Temperature 
Exposure 
Charging Date 
Discharge Date 
Coolant: 

Dissolved Oxygen 
Fluoride, ppm 
Chloride, ppm 

Estimated Flux 
Out-of-Reactor Controls: 

Autoclave Temperature 
Environment 
Time at Temperature 

No. 5253 (PRTR Test 72) 
Outer 
270-279°C Outlet; 246°C Inlet 
209 Days 
231.6 Megawatt Days 
9-1-64 
8-28-65 
pH-IO Lithium Hydroxide in D20 

(>96% Deuterium) 
Specified at <0.14 ppm 
<1 
<0.1 
5.7 x 1020 n/cm2 , >12 KeV 

275°C 
pH-10 LiOH, Deoxygenated 
5018 hr (209 days) 

Thermal cycling of autoclave approximately 
duplicated PRTR thermal cycles. 

(1) CaciJJJeiJ:.., J. J., "Qu.a.tt:teJ1.£!! PJtogJte.6.6 RepoJtt, Me:ta..U.u.Jtg!! Re.6e.aJtc.h OpVtatiol1, 
Jut!!, Au.gu..ot, Se.ptembVt, 1964," HW-84281, p. 5.29, Oc.tobVt, 1964. 
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The tubular Zircaloy-2 and Zircaloy-4 specimens were 0.505-0.510 in. 

ID, 0.559-0.576 in. OD and 1.000 ± 0.005 in. long. The specimens were 

exposed in three surface conditions: as-etched, autoclaved pretransition,* 

and autoclaved posttransition,** Each type of sample appeared on the rod 

at ten positions, providing comparisons of oxidation and hydriding as 

a function of flux level. Identical tubular specimens were exposed 

out-of-reactor in an autoclave (See Table I). The specimens were decon

taminated in an oxalic acid-ammonium citrate solution before oxide weight 

gains were determined. 

In-Flux and Out-of-Reactor Corrosion 

In-reactor and out-of-reactor weight gains for specimens exposed 

209 days are summarized in Table II. The in-flux data are arranged in 

sets of six specimens exposed in close proximity along the rod. Each 

set of data represents the two alloys in each of three surface conditions. 

The bottom of the rod was at the coolant inlet temperature, while the top 

of the rod was at the outlet temperature. The maximum flux occurred near 

the center of the rod, with low fluxes at each end. Summarizing the data: 

• For each alloy and surface treatment, the in-flux weight gains 

follow the flux profile, indicating that flux accelerated the 

oxidation. 

• On etched specimens, the effect of flux was slight; weight gains 

at the highest flux were only a factor of 1.2 greater than 

corresponding out-of-reactor weight gains. At the low tempera

ture (246°C), low-flux position, weight gains were consistently 

less than the corresponding out-of-reactor weight gains obtained 

at 275°C. 

• On specimens with pretransition autoclave films, weight gains were 

markedly affected by flux. Weight gain ratios (in-flux/out-of-flux) 

were 4.0 to 6.2 for Zircaloy-2 and 2.0 to 4.8 for Zircaloy-4. 

* 72 hr in stearn of 400°C and 1500 psi (17.4-19.6 mg/dm2 ) 

** 644 hr in stearn at 425°C and 1500 psi (57.0-72.0 mg/dm2 ) 
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Table II 

In-Flux and Out-of-Reactor Weight Gains on PRTR Zirca10y Corrosion Specimens 

Sct 
Number 

1 

2 

3 

4 

5 

6 

7 

S 

9 

10 

Position 
on Rod 

Top 

Bottom 

Out-of-Reactor 

Temperature 

270-279°C 
(SlS-S32°F) 

Flux 

Low 

High 

Alloy 

Zirca1oy-2 
Zirca1oy-4 

Zirca1oy-2 
Zirca1oy-4 

Zirca1oy-2 
Zirca1oy-4 

Zirca1oy-2 
Zirca1oy-4 

Zirca1oy-2 
Zirca1oy-4 

Zirca1oy-2 
Zirca1oy-4 

Zirca1oy-2 
Zirca1oy-4 

Zirca1oy-2 
Zirca1oy-4 

Zirca1oy-2 
Zirca1oy-4 

246°C(47S0F) Low Zirca1oy-2 
Zirca1oy-4 

Zirca1oy-2 
Zirca1oy-4 

* As-etched specimen highly scratched. 

As
Etched 
mg/dm2 

10. Sic 
12.7 

16.5 

** 
15.6 
17.6 

15.9 
17.1 

16.4 
16.4 

12.9 
14.0 

12.7 
12.4 

10.7 
10.3 

10.S 
10.9 

10.2 
11.1 

14.0 
14.3 

Pre
Transition 
Prefilm 
mg/dm2 

17.3 
14.4 

21. 9 
20.4 

22.7 
22.S 

24.9 
25.1 

26.0 
23.6 

23.3 
21.4 

21.6 
20.2 

lS.S 

lS.4 
15.2 

17.1 
10.1 

4.2 
5.2 

** As-etched specimen scuffed in machining when removed from rod. 

Post
Transition 
Prefi1m 
mg/dm2 

16.9 
14.2 

lS.2 
17.5 

20.4 
16.8 

20.3 
21.3 

24.2 
lS.4 

20.S 
lS.0 

lS.S 
12.7 

19.1 
20.0 

17.9 
14.3 

15.2 
15.1 

16.1 
13.S 
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• In-flux weight gains on specimens with posttransition films were 

slightly lower than weight gains on specimens with pretransition 

films. However, in-flux/out-of-flux ratios were much smaller for 

posttransition samples (up to 1.5 for Zircaloy-2 and Zircaloy-4), 

due to relatively large weight gains on out-of-flux specimens. 

The large out-of-flux weight gains are likely the result of a 

memory phenomenon from the 425°C posttransition autoclave treatment. 

In-Flux and Out-of-Reactor Hydriding 

Hydrogen analyses were performed on four of the ten sets of in-flux 

specimens and on specimens from the out-of-reactor autoclave. Two hydrogen 

samples were cut from each specimen. Analyses were performed by a hot 

vacuum extraction method. Results of the hydrogen analyses appear in 

Table III. 

Summarizing the results: 

• Hydrogen (deuterium) absorption was low on all specimens of both 

alloys exposed as-etched. 

• Zircaloy-2 specimens exposed with a pretransition oxide film 

showed a surprising tendency for in-flux hydrogen absorption. 

Values up to 438 ppm occurred on in-flux specimens, equivalent to 

absorption of up to 120% of the corrosion product hydrogen. Hydrogen 

absorption was lower on corresponding Zircaloy-4 specimens and out-of

reactor Zircaloy-2 specimens. 

• In-flux hydrogen absorption on specimens with posttransition films 

was generally lower than the hydrogen absorption on corresponding 

samples with pretransition films. However, some uncertainty must 

be attached to the hydrogen pickup values for posttransition samples, 

since their hydrogen blank values were not known with precision. 

• The percentage of the corrosion deuterium absorbed was less than 

40% for as-etched specimens of both alloys. The percentage was 

higher for posttransition films but with one exception CZircaloy-2, 

set No.1) was less than 25%. Highest percentage pickups in-flux 

occurred for Zircaloy-2 specimens with pretransition oxides. Values 

up to 120% were observed. Percentage pickups in the out-of-reactor 

autoclave were less than 40% for all specimens. 



Set 
Number 

1 

4 

6 

10 

Position 
on Rod 

Top 

Bottom 

Temperature 

270-279°C 
(5l8-532°F) 

Out-of-Reactor (autoclave) 

Hydrogen Blank Values: 

Flux 

Low 

High 

Low 

Table III 

Surface 
Condition 

As-etched 
Pretransition 
Posttransition 

As-etched 
Pre transition 
Posttransition 

As-etched 
Pretransition 
Posttransition 

As-etched 
Pretransition 
Posttransition 

As-etched 
Pretransition 
Posttransition 

As-etched 
Pretransition 
Posttransition 

__ =-Z=-ircalo~-2 
.E.E!!!.. ~ dm % *,'r 

24 
144 
226 

40 
276 
118 

18 
326 

92 

4 
16 

15 
35 

l75**''r 

0.4 
2.2 
3.6 

0.6 
4.0 
l.8 

0.2 
5.2 
l.4 

0.06 
0.2 

16 
52 
86 

16 
64 
36 

8 
120 

36 

2 
40 

16 
70 

122 

28 
76 
76 

14 
68 
26 

6 
10 

Not Available 

12 
27 

l20"o'r"~ 

0.2 
l.0 
l.8 

0.4 
l.2 
l.2 

0.2 
l.0 
0.4 

0.1 
0.2 

6 
26 
48 

10 
20 
22 

8 
38 
10 

3 
30 

* In-flux hydrogen absorption refers to the deuterium isotope. Out-of-reactor absorption refers to 
ordinary hydrogen. All values in the table refer to net hydrogen absorbed in the reactor or in the 
out-of-reactor test. 

** Percent refers to the percentage of the corrosion D2 or H2 absorbed. 

,'r * oJ, Estimated from out-of-reactor autoclave data. 
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• As a function of alloy, there was little difference between 

Zircaloy-2 and Zircaloy-4 in the as-etched condition. However, 

hydrogen pickups were markedly higher for prefilmed Zircaloy-2 

than for prefilmed Zircaloy-4 specimens . 

• Hydrogen pickups increased with increasing flux for specimens 

with as-etched and pretransition surface conditions. No consistent 

flux-hydrogen pickup trend occurred for posttransition specimens 

of either alloy. However, for both alloys, actual hydrogen pickups 

were higher in-flux than in the autoclave. 

Discussion 

Two aspects of the test results have particular significance. First, 

the oxidation rate was clearly accelerated by the flux, but the effect was 

more pronounced on prefilmed than on etched specimens. The second principal 

observation was that prefilming contributed to relatively high total hydrogen 

contents, particularly for Zircaloy-2: the pretransition film samples absorbed 

up to 438 ppm in the reactor exposure, the posttransition film samples 

pickup -175 ppm (Zircaloy-2) and -120 ppm (Zircaloy-4) hydrogen in the 

prefilming operation. 

The presence of accelerated flux-induced corrosion and the adverse 

affect of prefilming are not surprising. The corrosion behavior of 

Zircaloy-2 and Zircaloy-4 in the G-7 loop of the Engineering Test Reactor 
. (2) 1 1 yielded similar results From the ETR tests, oxygen eve in the coolant 

appears to be a significant factor in the in-flux corrosion mechanism. The 

most recent G-7 loop environment was pH-10 NH40H <0.05 ppm 02' The PRTR 

coolant is not routinely monitored for dissolved oxygen. However, oxygen 

in the cover gas is routinely monitored by gas chromatography. Experi

mental correlations of cover gas and coolant oxygen concentrations indicate 

that the PRTR coolant oxygen level is normally an order of magnitude below 

the specified maximum of 0.14 ppm. The corrosion behavior of the PRTR 

(2) JohYL.Oon, A. B. Jfl., "In-Reactofl Ox.-<'dCLUon 06 Z-<.Jz.C.OMW'I1 AUolj-6 -<.n pH-
10 UOH and pH-I0 NH40H," BNWL-SA-B22, pfle-6ented at the 23fld Annual 
Mee:t-<-ng, Na:t-<.onal A-6.6ouCLUon 06 COflfl0-6-<'on Eng-<'neeM, LO-6 Ange.le-6, 
MMc.h, 196 7. 
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Zircaloy corrosion specimens is consistent with expected results in a low

oxygen system. (2) 

The possibility that fissionable contamination contributed to the 

accelerated corrosion cannot be ruled out, since the release of fissionable 

contamination to the PRTR coolant is known to have occurred from time to 

time. The role of fissionable species in in-reactor corrosion mechanisms 

is a subject of considerable controversy. A "clean loop" experiment 

is planned to be conducted in the Battelle-Northwest water loop of the 

Advanced Test Reactor (ATR) to resolve the question of whether or not 

fissionable species are a significant factor in the corrosion mechanism. 

Effect of Alloy 

The comparable corrosion properties of Zircaloy-2 and Zircaloy-4 

specimens in the test are consistent with the general behavior of the 

two alloys. The superior resistance of Zircaloy-4 to hydrogen absorption 

also is typical of the comparative behavior of the two alloys. 

Effect of Prefilming 

The fact that etched specimens performed much better than prefilmed 

specimens in-flux has practical implications, since prefilming reactor 

components is a standard practice. Evidence is mounting that prefilming 

is deleterious to the in-flux corrosion resistance. (2) Hydrogen absorption 

also was increase by prefilming of the PRTR specimens. 

There is evidence from work at Harwell(3) that flux accelerates the 

onset of transition. Thus, the specimens with pretransition oxides were 

accelerated through transition by the flux, while the etched specimens did 

not reach the oxide thickness for transition. The etched specimens did 

undergo a slight flux-induced acceleration which may be the result of easy 

path generation in the oxide from fast neutron damage. 

The situation is more complicated on specimens with posttransition 

oxides. It is evident from the out-of-reactor data that the posttransition 

(3) A.6heJt, R. C., Vav-<-e.6, V., Ha£1., A., K-i.M tUI1 , T.B.A., MaJtJt-<..ot, J. W., al1d 
Whlte, P. J., "E66ec:t.6 on Rad-tatiol1 011 the Oudatiol1 al1d HydJtogm 
Ab.6oJtptiOI1 on Z-<..!tC.OMUYn M.i_oy.6 -<-11 Steam,: J. E.tec.:t/toc.hem. Tec.h., i, 
No. 5-6, pp, 231-26 (1966) May-Jul1e. 
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samples corroded rapidly due to a "memory effect,,(4) as a result of the 

425°C autoclave treatment. An additional acceleration can be attributed 

to the flux, but it was smaller than the effect occurring on pretransition 

samples. 

Hydrogen absorption as a function of surface condition has certain 

interesting aspects. The etched specimens were least susceptible to 

hydriding, indicating that the relatively thin oxide which formed in-reactor 

was an effective barrier against radiolytic hydrogen. Also, the low per

centage pickup indicates that flux did not accelerate the hydrogen 

absorption mechanism on the specimens with thin oxides. 

Regarding effects of prefilming, in-flux hydrogen absorption was more 

pronounced on pretransition than on posttransition samples, which at 

first seems anamolous, since percentage hydrogen pickups are generally 

higher after transition than before transition. However, at some point 

in the PRTR exposure the pretransition oxides apparently became posttransition 

oxides. Thus, the most rapid portion of posttransition oxidation occurred 

in-reactor, while on prefilmed posttransition samples part of the rapid 

oxidation occurred in the autoclave before the specimens were placed in-

reactor. 

Hydrogen pickups in the PRTR pretransition Zircaloy-2 samples were 

considerably higher than were hydrogen pickups in prefilmed Zircaloy-·2 

exposed in the ETR G-7 loop. (5) Experience has shown that hydrogen 

pickup varies considerably as a function of Zircaloy-2 lot. Lot 

differences may account for differences in hydriding behavior for pre

filmed PRTR and G-7 loop specimens. 

The growing evidence that prefilming adversely affects in-flux 

corrosion resistance should prompt a re-evaluation of proof testing 

practices on Zircaloy components. While the magnitude of the accelerated 

oxidation and hydriding has not yet reached critical proportions, the 

reasons for going to the trouble and expense of prefilming seem of doubtful 

validity in view of the deleterious effects. Alternative prefilm 

(4) Thomcu, V. E. and Kcu.6, S., "E66e.c.t 06 PJUOfL COMo.6ion Hi.6tofLy on the. 
COMo.6ion 06 ZifLc.a1..oy-2 in High Te.mpe.fLatwz.e. Wate.fL," J. Ele.c.tlLoc.hem. 
Soc.., 103, p. 478, [1956). 

(5) JohlUJon, A. B., JfL. a.nd IfLvin, J. E., "Radiation-Enha.nc.e.d Oxidation 
06 Z~c.a1..oy-2 in pH-I0 LiOH and pH-I0 NH4-OH, BNWL-463, July, 1967. 
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procedures may be more satisfactory than the standard 400°C steam 

treatment used at many sites. A two-stage prefilm treatment has proved 

beneficial from the standpoint of hydrogen pickup in out-of-reactor 

tests. (6) This pretreatment will be tested in a PRTR in-flux test now 

being prepared. 

Corrosion Behavior as a Function of Flux 

The array of sixty coupons presents a substantial opportunity to 

evaluate in-flux corrosion as a function of flux level. Weight gains 

followed the flux profile for both alloys in all three surface conditions. 

The weight gain maxima occurred slightly above the core center line 

(Table II). Low weight gains, below those of the autoclave controls, 

occurred at the low-flux, low-temperature position. However, the 

relatively low weight gain spread and the presence of some experimental 

scatter compromised the evaluation of flux-temperature interactions. 

Nevertheless, a computer analysis of the data is being attempted using 

the program LEARN. 

Conclusions 

1. The corrosion rate of Zircaloy-2 and Zircaloy-4 was accelerated by 

flux in the pH-10 LiOH PRTR environment. 

2. The magnitude of the acceleration varied with initial surface condition 

as follows: 

Ratio, 
L',win-flux 

Surface Condition L',wout-of-flux 

As-etched 1 to 1. 2 

Prefilmed, pretransition 4.0 to 6.2 (Z ircaloy- 2) 
2.0 to 4.8 (Zircaloy-4) 

Prefilmed, posttransition 1.0 to 1.5 

Prefilming adversely affected the in-flux corrosion resistance. 

3. Corrosion rates were similar for Zircaloy-2 and Zircaloy-4, but pre

filmed Zircaloy-4 was superior to prefilmed Zircaloy-2 from the 

standpoint of hydrogen absorption. 

4. Hydrogen absorption was much lower on specimens exposed as-etched 

than on prefilmed specimens. 

(6) Ve.bftay, W., Stie.d.tng, L., and RO.6.te.ft, U., 1i1no.tue.nc.e. 00 lrU,t.i.a.t Oude.
Laye.Jt. FO.l!maUon on the. Hydftoge.n Pic.lwp 00 Ziftc.a.toy," J. E.te.c..tJt.oc.hem. 
Te.c.h., i, No. 3-4 pp. 113-117 (1966) MaJt.c.h-Ap~. 
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Corrosion and Hydriding of PRTR Zircaloy-2 Process Tubes - A. B. Johnson, Jr. 
and B. Griggs 

During FY 1967, two Zircaloy-2 PRTR process tubes were examined to 

determine oxide thickness and hydrogen content. Oxide thicknesses 

were determined metallographically from Filar eyepiece measurements at 

several points around the inner and outer tube surfaces. Sample rings 

cut at various points along the length of the tube provided corrosion 

information as a function of reactor flux. 

Hydrogen absorption was evaluated by hot vacuum extraction of metal 

samples machined from each ring. 

Exposure history and conditions for the two tubes are summarized in 

Table IV. Corrosion and hydriding data appear in Table V. 

Table IV 

Zircaloy Process Tube Exposure History 

Tube 5690 Tube 5696 

Charge Date 5/1/61 5/1/61 

Discharge Date 10/31/65 4/3/66 

Exposure, MWd 511 742 

Maximum Flux n/cm2 , .>12 keV 1.7 x 102l 2.6 x 1021 

Maximum Flux n/cm2 , >1 MeV 3.4 x 1020 5.0 x 1020 

The tubes were prefilmed at 400°C for 36 hours in 100 psi steam. 

The preautoclave weight gain is taken as 16 mg/dm2 • To convert from 

oxide thickness to weight gain, a factor of l~ = 14.9 mg/dm2 is used. 

In-Flux Corrosion 

Clearly, accelerated flux-induced corrosion occurred on the inner 

tube surfaces, in contact with the reactor coolant. On Tube 5696, 

corrosion increased by a factor of 16 between an out-of-flux control 

position and the maximum in-flux position. No out-of-flux control data 

are available for Tube 5690, but the maximum corrosion is similar to 

that for Tube 5696. The general pattern of weight gain varying with 
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Table V 

In-Flux Corrosion and Hydriding of PRTR Zirca1oy-2 Process Tubes 

Tube 5690 

Tube Position 1 2 3 4 5 6 

Distance from Outlet End (ft) 3.6 5 6.8 8.8 10.6 12.3 

Flux Low High Low 

Temperature, of 530 475 

Oxide,a ID, mg/dm2 25 80 75 180 130 60 

Oxide,a OD, mg/dm2 15 20 30 100 20 

Hydrogen Pickup:b ppm 0 0 10 20 28 30 

mg/dm2 0 0 2.0 4.0 5.6 6.0 

percent 0 0 8 8 10 30 

Tube 5696 
Out-of-F1ux 

Tube Position Control 10 11 12 l3 14 

Distance from Outlet, ft. 0.5 4.3 6.6 9.9 10.2 12.1 

Temperature, of 530 475 

Oxide,a ID, mg/dm2 10 15 150 165 110 50 

Oxide,a OD, mg/dm2 7 14 12 13 12 9 

Hydrogen Pickup:b ppm 0 6 34 28 34 40 

mg/dm2 0 1.2 6.8 5.6 6.8 8.0 

percent 0 18 16 32 22 54 

a. Corrected for a preautoc1ave weight gain of 16 mg/dm2 . 

b. Assumed to be deuterium. Corrected for 20 ppm hydrogen base value. 
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the flux profile is consistent with experience from the examination of 
(7) 

previous PRTR process tubes. However, the maximum weight gains on the 

tubes reported here are higher than on previous tubes, due to higher 

exposures. 

On the outer surfaces, in contact with moist helium, weight gains 

were generally much lower than on inner surfaces. However, on both tubes, 

flux effects were evident. The corrosion behavior on Tube 5696 is typical 

f · , b (7) h . h' f o experlence on prevl0us tu es, were welg t galns on outer sur aces 

increased by factors of two to four between low-flux and high-flux 

positions. On Tube 5690, corrosion on the outer surface is unusually 

high, particularly at position 5. At this position, the corrosion was 

nonuniform, as opposed to relatively uniform oxide thicknesses on the 

remainder of the tube. The untypical behavior perhaps resulted from 

some irregularity in surface preparation at that point on the tube. 

In-Flux Hydriding 

In both tubes, in-flux hydrogen absorption was 40 ppm or less. 

However, in both tubes, the hydrogen level increased going toward the 

cooler end of the tube, probably due to thermal diffusion. 

The percentage of the corrosion hydrogen absorbed was generally low, 

but rose as high as 54% in the cool end of Tube 5696. 

Conclusions 

1. Accelerated corrosion, generally following the flux profile, occurred 

on both PRTR Zircaloy-2 process tubes. The accelerated corrosion 

was higher on the coolant side than on the moist helium side of the 

tubes. 

2. Hydrogen absorption was relatively low, being 40 ppm or less in both 

tubes. However, hydrooen tended to distribute toward the cooler ends 

of the tubes, llkely CJe to thermal diffuslon. 

----------------------------------
(7) QuCVLte/t.ilj PJtog,'l.e.-6,6 Repo'Lt, Me;ta.U.u'Lg 0' Re.o eCUtc.h Section, Oc.tobeJt, NovembeJt, 

Vec.embeJt, 1965, edited by J. J. CadWitt, BNWL-Z07, Battelte-NoJtthWe.ot, 
R,{c.hland, Wa-6lU.ngto YL J anuaJt0' 1 7, 1 966, p. 5. 16. 
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Chemistry Studies 

Ceramic Fuel Dissolution Studies - Lyle D. Perrigo 

Ceramic fuel dissolution processes are being developed to provide 

techniques for chemically decontaminating reactors that use ceramic fuel 

materials. Work during the past year has been centered on determining, 

(a) the dissolution characteristics of candidate procedures, (b) the 

mechanism and kinetics of the OPG (oxalic-peroxide-gluconic) dissolution 

process, (c) the dissolution effectiveness of anhydrous liquid ammonia -

sodium metal procedures, and (d) corrosion effects in concentrated acid 

solvents. 

OPG Dissolution 

Dissolution experiments on molten V0 2-water reaction products were 

begun to determine effective procedures for removing ceramic fuel element 

rupture debris from reactor systems. The urania residue whose physical 

and chemical properties have been described earlier by R. L. Gibby in 

BNWL-198, was treated with the OPG decontamination process at 80°C. The 

friable urania broke into a fine aggregate with moderate agitation. The 

reaction was essentially complete in twenty minutes; over 99% of the 

ceramic material was dissolved. 

Application of the OPG solution to the 9-29-65 PRTR rupture debris 

produced highly satisfactory results. Laboratory experiments showed that 

97.8% of the V0
2 

and 95.4% of the Pu02 were in solution within four hours 

at BO°C. These data indicated that there were no serious problems with 

preferential dissolution of V0
2 

in the PRTR rupture debris. The OPG 

decontamination was recommended for PRTR rupture loop decontamination 

and subsequently effectively applied to the cleanup of this facility. 

Process details are given elsewhere. 

The satisfactory dissolution of the molten urania-water reaction 

products and PRTR rupture debris prompted a more definitive study of 

OPG solution kinetics and dissolution mechanisms. Data obtained from 

the reaction of this solution with sintered D0 2 pellets were used for an 

Arrhenius plot. Over the normal OPG operating range of 35 to 95°C, 



6.14 BNWL-624 

instantaneous reaction rates varied by a factor of 24. The Arrhenius 

coefficient was found to be about 12.3 kcal/mole of U0 2 . This coefficient 

is similar to the value in HN03 solutions, 14.8 kcal/mole of U0 2 ' reported 

by R. F. Taylor and his coworkers in "Dissolution Rates of Uranium Dioxide 

Sintered Pellets in Nitric Acid Systems," Journal of Applied Chemistry, 

Vol. 13, January 1963. The instantaneous reaction rates of the standard 

OPG solution and 4~ HN03 
were the same at 9SoC. 

Flow experiments at SO°C were run on sintered U0
2 to study reaction 

mechanisms. Dissolution rate drops of a factor 10 were found in 4~ HN03 
as the flow was increased from 1 ft/sec to 3 ft/sec. Taylor and his co

workers noted a similar drop in rate in HN0
3

. Flow increases in the standard 

OPG solution resulted in increased dissolution rates. Apparently reaction 

products catalyze HN0
3 

dissolution of U0
2

. Increases in flow result in 

low reaction product concentrations at the surface which lowers the reactor 

rate. The OPG reaction mechanism is the simple dissolution of U0 2 where 

reducing the reaction product concentration at the surface accelerates 

the reaction. 

Dissolution in Concentrated Mineral Acids 

Following the experimental results which showed that the dissolution 

rates for Pu0
2 

sintered at l6S0°C were much lower than those obtained with 

Pu02 fired at 900°C, efforts were made to find more effective procedures. 

Emphasis has been placed on using more concentrated H
3

P04 at higher 

temperatures. Phosphoric acid of about 99% concentration produced by 

heating 8S% H
3
P0

4 
at 210°C for one hour, gave higher dissolution rates. 

Use of this acid at 200°C resulted in a dissolution rate for sintered Pu0 2 
of 0.16S gm/cm2 /hr. Inhibition with 6 gm/liter Fe(N03)3'9H20 reduced 

stainless steel corrosion by a factor of ten to 0.12 mil/hr but also 

lowered the dissolution rate to 0.024 gm/cm2 /hr. The latter was still 

more than four times as effective as the uninhibited 8S% H
3

P0
4 

at lSSoC. 

Corrosion studies began in FY 1966 to determine general and nonuniform 

corrosion effects in concentrated acid solvents were continued in FY 1967. 

Average corrosion losses under quiescent conditions for Inconel-600 and 
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AISI 446 stainless steel in 155°C concentrated sulfuric acid were 0.033 

and 0.039 mil, respectively, in seven days. Exposure of these alloys to a 

90 vol% concentrated H
2

S0
4
-5 vol% concentrated HN0

3
-5 vol% concentrated 

H3P04 solution at 140°C for seven days resulted in corrosion losses of 

0.03 mil and 0.007 mil. A seven day test of an Inconel-600/carbon steel 

galvanic couple in 155°C concentrated sulfuric acid resulted in an 

accelerated attack on the carbon steel; about 70% of the carbon steel 

specimens was dissolved. Only minor corrosion losses were found on 

Inconel-600/AISI stainless couples after seven days in l55~C concentrated 

sulfuric acid and 140°C 90 vol% concentrated H
2

S0
4
-5 vol% concentrated HN0

3
-5 

vol% concentrated H
3

P0
4 

solutions. Couples of stainless steel and carbon 

steel in the triacid mixture of 140°C showed a nonuniform attack on the 

carbon steel. Pits having a depth of greater than 10 mils were observed 

after seven days exposure. No cracking failures were observed on sheared 

specimens of AISI 316 or 347 stainless steel after exposure to concentrated 

sulfuric acid at 250°C for one week. 

Dissolution in Liquid Ammonia 

The feasibility of reducing ceramic fuel materials in sodium metal

liquid ammonia solutions were explored during FY 1967. Familiarization 

runs were made with rusted steel specimens and magnetite to obtain 

qualitative information on their behavior in a highly basic reducing 

environment. Atmospheric corrosion products on steel were reduced. 

Treatment of magnetite under pressure at 100°C resulted in limited Fe
3

0
4 

reduction. The primary reaction product appeared to be the formation of 

sodium amide. Although no Pu0 2 reduction studies were tried, this 

dissolution scheme was abandoned. Failure to achieve significant Fe
3

0 4 
reduction and the Fe

3
04 catalyzed decomposition to sodium amide did not 

show sufficient promise for a successful reduction reaction to proceed 

further. 

Corrosion and Boron Deposition in H3B03 Solutions - G. R. Bloom and 
T. F. Demmitt 

The Plutonium Recycle Test Reactor (PRTR) has been modified to permit 

operation with a higher power density core. This change will expedite 
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development of the technology associated with utilizing plutonium fuels in 

thermal power reactors. One of the critical requirements for this type of 

operation was to increase the shim capability for transient and long-term 

fuel burnup reactivity compensation. A chemical shim control system employ

ing boric acid (H
3

B0
3

) as a neutron poison in the D
2

0 moderator, offered 

substantial advantages over a mechanical control system for this application; 

and this method of control will be used exclusively. 

An extensive experimental program was conducted to assess the existence 

and significance of potential corrosion and boron deposition problems 

associated with using H3B03 in the PRTR moderator system. The results of 

a series of in-reactor, pilot plant and laboratory tests designed to 

evaluate these potential problems are summarized in the following: 

1. Materials representative of the PRTR moderator system have been 

exposed to boric acid solutions in pilot plant facilities and in 

the PRTR moderator system during the in-reactor chemical shim 

demonstration tests. Pilot plant tests of a PRTR dump valve, shim 

rod assembly, and process shroud tube bellows assembly were 

performed. The pilot plant tests have demonstrated the potential 

for localized aluminum corrosion in the process shroud-tube 

bellows assembly. No other significant corrosion problems should 

result from using boric acid in the moderator system if (1) shim 

well refreshment flow is guaranteed or the mechanical shim rods 

remain out of the reactor, (2) the boron concentration does not 

exceed 50 wppm* and (3) the moderator water purity is maintained 

within established control limits. 

2. Laboratory studies were performed to determine the amount of 

boron deposition that would occur on the moderator system surfaces. 

Boron deposition did not exceed three micrograms of boron per square 

centimeter of surface area during these laboratory tests at 

proposed PRTR operating conditions. The reactivity worth of these 

deposits (if 92% enriched H
3

Bl00
3 

were used) would be about 

1.5 to 2.1 milli-K at full power with 18 to 20 wppm boron in the 

PRTR moderator. This is well within the PRTR reactivity control 

capabilities. 

* Weight part per million. 
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3. In-reactor studies were performed to determine actual boron deposition 

and the effects on core reactivity during the in-reactor boron shim 

demonstration tests. Boron deposition measurements on specimens 

exposed in the PRTR calandria were less than one tenth of a microgram 

of boron per square centimeter. Reactor critical tests before and 

after in-reactor boron shim demonstration tests showed no measurable 

change in core reactivity. Complete data are contained in BNWL-520, 

June 1967, to be published. 

PRTR Pressure Tube Technology and Surveillance 

Specification for Flaw Detection Limits - P. J. Pankaskie and T. R. Ostrom 

A tentative specification for defect detection limits for inspection 

of PRTR process tubes was prepared and distributed June 14, 1967. 

Based on an over-all safety factor of four, electronic inspection of 

PRTR process tubes must be able to detect: 

a) with regard to potential catastrophic failure, a crack defect 

or flaw one inch long by one-eighth inch deep; 

b) with regard to potential leakage of coolant from the process 

tube, a crack defect or flaw one-quarter inch long by one-eighth 

inch deep, 

Until adequate experience is gained with interpretation of signals 

from non-destructive electronic inspections, it is suggested that visual 

inspections of indicated flaws or defects also be made. 

When inspections signal the presence of flaws or defects with 

dimensions half of those specified above, increased surveillance should 

be initiated to ascertain rates of approach to service limits. Reactor 

operatlon, just prior to detection of flaws 1/16 inch deep or more, 

should be critically reviewed in an effort to ascertain cause so tha~ 

if and when appropriate, operating conditions may be altered to halt or 

slow down the approach to service limits. 

Process Tube Examlnation - M. C. Fraser and T. R. Ostrom 

Process Tube No. 5696 

Process tube number 5696 was removed from PRTR because of an un

identified mark in its tapered section, and the fact that it had the 
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highest exposure (3xl021 nvt) of any of the tubes in PRTR. 

The following was done in evaluating tube number 5696. The tube was 

first Pi taped (the circumference was measured) every 6 inches along its 

length, and then examined ultransonically to find the axial location of 

the transition from cold worked to annealed structure. The tube was then 

sectioned into five 20-inch specimens with 2-inch rings being taken from 

between each specimen. The 2-inch rings were analyzed for hydrogen and oxide 

thickness by Corrosion and Coolant Chemistry. 

A replica was made of the tapered section, and the tube was then cut 

open for visual examination. It was determined that the mark was caused 

by a falling alignment mandrel. The depth of the flaw was not enough to 

cause concern over the strength of the tube. Hydrogen analyses were 

taken at three positions around the flaw; the results were 19, 27, and 29 

ppm hydrogen, which is the same as the nominal "as-received" hydrogen 

concentration of 25 ppm. 

Burst tests were run on two of the five 20 inch specimens. A room 

temperature test was performed with a hoop stress at failure at 147,000 

psi. A 300~C test failed at a hoop stress of 81,000 psi. Both of these 

values are higher than any previously reported and show that burst 

strength is still increasing with increasing nvt up to and exposure of 

3xl02 : • 

The three other 20 inch specimens had 1-1/2 inch slots milled 1/16 

inch wide and 80% through their maximum wall thickness and were broken 

at room temperature, 100'C, and 200"C. These tests (see Figure 1) 

showed no decrease in crack propagation strength when compared to 

"as-received" tubing tests. 

Crack Propagation Tests - T. R. Ostrom 

Hoop Strength Vs. Temperature 

Curves of hoop strength at failure vs. temperature have been prepared 

on "as-received" tubing with constant crack lengths of 3/4 in., 1-1/2 in., 

and 3 inches (see Figure 1). The room temperature stress to propagate 
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a 3/4 inch flaw is 60,000 psi. As the temperature increases, the stress to 

cause propagation decreases 104 psi/~C. The slope of the curve for the 

1-1/2 inch flaw in -10 psilYC, and the slope for the 3 inch flaw in -36 

psi/~C. The slope for the 1-1/2 inch flaw appeared low; however, additional 

tests confirmed the previous results. This apparent strength anomaly for 

the tubes containing 1-1/2 inch flaws may be caused by a geometry effect 

related to the diameter of the tube and the bulging associated with 

elevated temperature tests. When the webs were broken, the cracks 

arrested for all of the 150 and 300'C tests of the "as-received" tubing. 

Effect of Hydrogen on Crack Propagation 

Tests were run at room temperature on crack propagation specimens 

with 1-1/2 inch flaws and varying amounts of hydrogen to see the effect 

the hydrogen would have on the failure stress and the mode of failure. 

The test specimens contained 30, 150, and 275 ppm hydrogen. All three 

of the specimens failed at approximately the same hoop stress. 

Replicas for fractography were prepared from these three specimens 

from three different areas: the web, 1/4 inch from the web, and 3 inches 

from the web. Electron fractographs of the replicas revealed the 

mechanisms of failure (ductile dimpling, transgranular and intergranular 

cleavage) to be the same for all hydrogen concentrations. More careful 

study may reveal that the amount of failure by anyone mechanism may 

vary, but the general appearance was the same for all specimens. 

Effect of Hydrogen on Elevated Temperature Crack Propagation Tests 

Curves were prepared for hoop stress at failure vs. temperature for 

tubes with 275 ppm hydrogen and flaw lengths of 3/4 and 1-1/2 inch 

(see Figure 1). The data showed no decrease in strength compared 

to the as "received" tubing, with increasing temperature. Although 

there was no decrease in strength due to the hydrogen, the crack arrest 

temperature for the 3/4 inch slot increased to over 300~C and that for 

the 1-1/2 inch slot increased to between 150 and 300~C. 
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