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1. INTRODUCTION 

Burnup calculational technology is an important tool for nuclear 

materials safeguards systems. In a previous document(l), the authors 

surveyed the function of the nucl ear reactor in the nucl ear materi al s 

safeguards svstem. This document is an extention of that work and is 

specifically concerned with the degree to which burnuo technology can be 

improved so that it can be more usefully applied to nuclear materials 

safeguards problems. 

In assessing how accurately power reactor core isotopic inventory 

can be predicted, one needs to consider several factors. These include: 

• Operational codes and standards applied to the power plant 

• Reactor instrumentation 

• Calculational limitations 

• Theory-experiment correlations. 

These factors are discussed in detailed in this r.eport. 

The above factors are used to develop, in tabular form, future 

capability and current performance standards for the burnup problem. 

These tables, summarized in the next section, constitute a statement of 

both what the status of inventory calculational capability is at 

the present time and what one can reasonably expect in the future. 

Data from reactor operation relevant to the nuclear materials safe-

guards program are the measures of thermal reactor power versus time, and 

neutron flux levels in the reactor core. In addition one has the outputs 

of applicable computer proqrams which utilize the above data to follow fuel 

exposure and predict depletion and buildup of heavy metals. To use this 
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data correctly, accurate information on the isotopic distribution and 

total isotopic content of each fuel unit must be supplied to the utility 

by the fuel vendor. 
The utilities' increasing responsibility attendant with nuclear fuel 

ownership,and the substantial investment in their nuclear fuel, has 

warranted correspondingly extensive efforts in core analysis bv the 

utilities. This is particularly true of those utilities with several 

nuclear reactors. Consequently, the newer power stations have included in 

their reactor designs increased capability to measure the critical para
meters, namely thermal power and core neutron flux, and have increased 

their staffs for in-house interpretation of data and construction of 

models and software programs that can be tailored to reactor behavior to 

predict depletion and buildup of the heavy metal isotopes. 

The availability of better data from the nuclear power industv, 

along with the increasinq competence of the utility staff personnel in 

interpeting this data, particularly in the area of isotopic inventory 

calculations, is a most hopeful sign. This phenomenon, when coupled with _ 

the current and anticipated state of the technology in burnup calculations, 

indicates that significant contributions can be expected from burnup 

technology as applied to the nuclear materials safeguard program. 
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I I . SUM~1ARY 

Two operational stanrlards are being developed which will result in the 

development of acceptahle operational data for use in studvin9 nuclear fuel 

burnup. By extension, this data will make the nuclear safeguards role 

much easier to perform. 

One such effort is being brought about by an AS~1E committee and will 

be codified as PTC 32.1 for nuclear steam sunplies and PTC 32.2 for 

nuclear reactor fuel. The other effort is the 9uidelines develooed bv 

the lJSAEC as publ ished in Apoendix B to 10 CFR 50 and titled "0ual itv fts

surance for Nuclear P0I1er Plants". 

The ASME code recommendations are summarized in Table I. 

TABLE I 

PTC 32.2 NUCLEAR FUEL INVENTORY REOUIREMENTS 

Item 

Initial Mass of Uranium Fuel 

Initial Mass of Plutnniurr Fupl 

Discharged Mass of Uranium Fuel 

All owab 1 e Error 

± 0.25% (95% confidence) 

± 1.0% (95% confidence) 

± 0.5% (95% confidence) 

These codes, when they become engineering practice, are going to result 

in standardization of limits on fissile inventory which are low enough 

to make reasonable contributions to the nuclear safeguards problem. 

Power reactor instrumentation accuracy is important to the nuclpar 

materials safeguards role. In oeneral, reactor process instrumentation 

has error bounds in the neiohborhood of ± 4%. Nuclear instrumentation 
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errors tend to be somewhat larger (± 5-10%). The errors in measured 

nuclear parameters, made un in part by instrument errors, also tend to 

be in the range of (± 5~lO%). These accuracies have an important bearing 

on the nuclear safeguards role. In particular, any nuclear safeguards 

system which includes power reactor measurements must recognize the 

current limitations associated with this instrumentation. 

There are certain inherent limitations in the currently available 

calculational models which might be applied to the nuclear materials 

safeguards system. In general, isotopic inventory can be pre-calculated 

to ± 5% at the 95% confidence level. In this type of calculation, the 

largest error on any fissile or fertile isotope in the core is of the 

order of ± 8% at the 95% confidence level. 

Theory-experiment correlations are used to pinpoint areas of needed 

development in theoretical calculational methods. The current state of 

the art can be summarized assuming reactor Dower is known to ± 10%. If 

this is the case, then, U235 is known to ± 3%, total Pu to ±6%, U236 to 

± 6%, and U238 to ± 0.1%. These numbers represent a reasonably accurate 

statement of several different detailed observations which have been made 

on several different reactor cores. The'y are summarized in Table II 

along with the other pertinent fissile and fertile isotopes. 
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TABLE II 

CURRENT AND PROBABLE FUTURE UNCERTAINTIES IN PRIDICTED 
ISOTOPIC CONTENT OF POWER REACTOP CORES 

rrobable Future Current 
Parameter r:a~abi 1 it~** Performance* 

U235 1. 5% 3% 

U236 3% 6% 

U238 0.1 % 0.1 % 

Total U 0.1 % 0.1% 

pl39 3% 5% 

pl40 6% 8% 

Pu 241 9% 11% 

Pu 242 11% 15% 

Total Pu 3% 6% 

* Assuming ± 10% error in thermal power 

** Assuming factor of two increase in accuracy of thermal power measure-
ment. 
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II I. 0 I SCLJSS ION 

A. Codes and Standards 

Reactor operators are i~provina and developinq standards for use 

throughout the industry which "Jill improve nuclear fuels accountinq. 

One such effort is represented by an ASME Standards Committee with re-

presentation from utilities, fuel suppliers, and reactor suppliers~ 

This committee was organized in 1965 with the objective to develop two 

testing codes; PTC 32.1 for Nuclear Steam Supply Systems and PTC 32.2 for 

Nuclear Reactor Fuel. (2,3) The former, which has been approved by ASME, 

has as its goal to establish procedures for conductinq tests to determine 

the thermal performance of a nuclear steam supply system. The latter, PTC 

32.2, on which the committee is now workinq, has as its goal to 

specify those measurements that may be required to evaluate the enerqv 

generation performance of nuclear reactor fuel, and the associated trans-
(4) mutation and depletion of heavv elements. This is qenerally the tyne 

of effort required in order for the nuclear power olant to playa role 

in the safeguards nuclear material accounting system. Several other joint 

efforts are underway within the industry, supported by A.IF and EEl for 

example, and are contributing to increased capability in nuclear fuels 

accountability. (5,6) 

In addition, the USAEC has provided guidelines to the utilities, one 

of the more recent of which has been Aopendix B to 10 CFR 50 - Oualitv 

Assurance Criteria for Nuclear Power Plants, which charqes the operator 

with rather extensive quality assurance responsibilities. One of the con-

sequences of these added responsibilities is that the utilities expect to 
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have more information on fuel oerformance, includina isotopic content, 

and to have more involvement with the reactor suppliers on the design of 

nuclear power plants. This involvement should include the development of 

equipment for determining flux and power. Such a program could result in 

increased capability for the utility in their accounting for nuclear fuels. 

The ASME code recommends that the initial total mass of uranium and 

plutonium of a unit of fuel (one or more fuel assemblies) prior to irradia

tion shall be determined individually for each fuel assembly from the 

weight ratio of uranium and plutonium to the total mass of fuel material 

in the assembly, measured and recorded during the process of manufacture, 

and that the methods used to determine the mass of uranium in the fuel 

shall have an uncertainty no qreater than ± 0.25% at the 95% confidence 

level for a batch of fuel consisting of more than 3000 kiloqrams of 

uranium. In addition, for nlutonium fuel, the methods shall produce an 

uncertainty no greater than ± 1.0% at the 95% confidence level for a batch 

of fuel consisting of more than 500 kg of mixed uranium plus plutonium. 

It appears that fuel vendors are willinp to certifv routinely, uranium 

content to less than ± 0.25% and plutonium to less than ± 1%. 

The standard under consideration seeks to have the calculation method 

used to determine uranium losses due to depletion and transmutation 

capable of determining the total mass of uranium at discharge to an 

uncertainty of no greater than ± 0.5% at the 95% confidence level. 

For all reactors there isa significant amount of information on equip

ment and systems that are used to determine actual reactor thermal power. 

The data is normally carefully taken and becomes a part of the ooeratinp 
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history of the reactor. The amount of it is likely to increase with the 

adoption of the quality assurance orograms recently imposed on the reactor 

operators by the Atomic Enerav Commission. This data can be used in the 

nuclear materials safeguards or09ram. 

One util ity concern is t'le nerformance of 1 arge equioment ann the 

method of moni tori ng the nerformance. Reactor operators have reQui red 

calibration tests by independent testing laboratories on some of the 

monitors of key parameters such as flow nozzles in large pipe sections to 

confirm the flow data ~rovided by the manufacturer. Reactor supoliers 

have mocked up pumps to give performance data including output and 

efficiencies. In every installation, part of the data availahle to the 

operator, who is normally workino with the reactor supolier, are the results 

from preoperational and cold-flow tests. These are followed by the low

power tests and then the step-wise escalation to full power. Durinq each 

of these steps, it is standard practice to run a test on determination 

of reactor core therma 1 power. Normally, the thermal power determi nati on 

tests require several hours per test. Backup instrumentation described 

in PTC - 32.1 is used to furt~er check the installed equipment. With 

the recent adoption of PTC - 32.1 all thermal power tests will be conducted 

in a standard manner, and the required data logged on standard format. 

The utility concern for large eauipment performance will result in the 

development of data and testing methods, which should influence the 

accuracy to which certain parameters which are required for measurement of 

core thermal power are known. This, in turn, will have a positive effect 

on the nuclear materials safeauards program. Particularly, this will 

affect the capabilitv to calculate core isotopic inventory as a function 

of time. 
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B. Instrumentati on 

Increasing attention is beina aiven to evaluation of burnup usina 

added in-core instrumentation and on-line computers which can, with Droper 

software, estimate in oreat detail fuel burnup. New reactors are currentlv 

coming on line with such capabilities. For example, a BWR with 164 in-

core fission counters in pach core and a PWR with 180 in-core fission 

counters are being built. In one instance, a large on-line computer is 

available to follow fuel burnuD. Table 111(7) shows the uncertaintv 

which can be attributed to important measured parameters in a typical 

light water reactor. 

TABLE III 

ESTIMATE OF BASIC UNCERTAINTY IN NUCLEAR FUEL 
PERFORMANCE IN A TYPICAL LIGHT -~JATEP. REACTOR 

Parameter 

Reactor feedwater flow 

Reactor recirculation flow 

Reactor feedwater enthalpy 

Fuel assembly power 

Relative axial power factor 

Local peak rod power factor 

Reactor axial water dat~ 

Reactor in-core detectors 

Fuel assembly flow 

Total reactor power 

Reactor power distribution 

Fuel assembly b~rnup 

Uncertainty 

« 

No. of Standard) 
Deviations 

2 

5 

5 

3 

4 

6 

3 

1.5 

6 

6-10 
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Table IV(8) disolays esti~atpd errors associated ~rith certain nuclear 

parameters in an Operatina 0\.,0.. 

T~PLF 1\1 

ESTIM.l\ TED ERRORS H: SOME ~~EASlIPED 

PARAMETERS IN AN OPEPATIN~ DWP 

ParafTIeter 

Critical 8oron 
Concentrations 

Control Rod 
\I!orths 

Moderator Temperature 
Coefficients 

Differential Boron 
Worths 

Power Coefficients 

Relative Fuel Assemblv 
Power 

Nuclear Hot Channel 
Factors 

Es ti~a ted Error 

± 4% (Zero Power) 
± 10% ( ~ull DO\-rer) 

-5 (Zero ± 1 x 10_1:;% F 
± 2 x 10 ~% F ( Full 

± 5% (Zero Power) 

± 10% ( Full Povler) 

± 7% (Zero Power) 
± 5% (Full Power) 

± 10% (Zero Power) 
± 8% (Fu 11 PO\'fer) 

PO~Jer) 
Po~'er ) 

These two tables allow one to make some judgement as to the probable 

accuracy of data from power reactor cores. In particular, one can see 

that fTlajor advances are reouired in DOl,o'er reactor instrumentation in 

order to accumulate data from nower reactors which will be useful to the 

nuclear safeguards role. For example, if the relative fuel assembly power 

could be measured to 3%, the accuracy for U235 content prediction could 

be almost halved. 

Unusual conditions have existed which have affected the measure~ent 

of reactor thermal power and which if not detected would compromise the 

determination of fuel burnuD. For examole, temperature detectors qave 

erroneous data because thev were improperly located and the thermal power 

, 
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calculations based on these values gave obviously poor results until the 

source of the error was isolated and corrected. The long-term solution 

to this problem is better design on subsequent units. (9,10,11) In another 

instance, a part of a control rod was unknowingly left in the reactor for 

several operatina weeks. The exposure on the fuel surrounding the 

inserted control rod required back fitting to oroperly assess the burnuD. 

Instrumentation tyoically used on po~er reactors can be classified as 

operational type instrumentation. That is, it can conform to the following 

criteria: 

• Capable of remote operation for reasonable periods of time w~thout 

maintenance 

• Capable of operatinq in hostile environments, i.e., radiation, 

heat, dust, etc. 

• Reasonable unit costs, in terms of capital investment and main-

tenance. 

The above factors indicate that typical operational instrumentation tends 

to be durable rather than extremely accurate. 

There is also the primarY mission to be considered. The data re~uired 

to crperate a power reactor in a safe and economical manner is such that 

extreme accuracy is not required. Therefore, operational process instru-

mentation tends to fulfill its primary mission of providina data with 

reasonable error bounds(12) i.e., ± 4%, while at the same time beina re-

latively rugged. 

However, certain parameters of interest to the nuclear material safe-

guards program have to be mp.nsured to accuracies beyond the caoabilities 

of standard operational instrumentation. As an example of this situation, 
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consider the problem of doing an accurate thermal heat balance on a power 

reactor for the purposes of calibrating power level nuclear instrumentction. 

Perhaps as part of this balance, one might be reauired to know the te~rera

true drop across a heat exchanger. One can find that the temperature 

gauge, for taking this data, is a large needle gauge graded in steps of 

lOoF. This type of gauge will, of course, provide data of sufficient 

accuracy to insure the safe and efficient operation of the power olant. 

However, at the same time, this type of instrumentation can introduce 

significant errors in the prediction of total plutonium production. 

Therefore, in the absence of special instrumentation desiqned and 

installed in power reactors for nuclear safe9uards purDoses, there are 

inherent errors in the use of operational instrumentation for the aather

ing of data which will he used for the nuclear materials safeguards 

mission. 

The nuclear materials safeguards system, if it is to use operational 

data from power reactors as a means of safeguarding nuclear materials, 

has to be designed to recognize not only that operational instrumentation 

is conceived for a different mission than safeguards, but also that advanced 

techniques used to refine the accuracy of experimental instrumentation are 

not used in operational instrumentation. 

C. Calculational Limitations 

The physics behavior of a po~er reactor presents a complex three-dimen

sional problem. The analysis is C0P.101 icated bv nerturbations such as con

trol rods and water gaDs, as well as by the effects of thermal-hvdraulics. 

The central problem, from a fuel manaaement point-of-view, is that of 

, 
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determining the burnup, i.e., the change in fuel isotopic comrosition as 

a function of irradiation. 

Fuel burnup data ;s dependent upon (a) an accurate determination of 

the integrated thermal power produced by the core, (b) proper assignment 

of burnup to each fuel asseMh1y, and (c) a proper computer code which uses 

this information to calculate the depletion of the uranium and the buildup 

of the plutonium. In addition one needs to know the weight of the 238U 

and 235U in detail, certainly in each fuel assembly if not in each fuel 

rod in an assembly. Contracts have been written in the past in which the 

fuel supplier will certify the uranium content to ± 0.43% to ± 0.7% at 

the 95% confidence level for any fuel assembly and to be Within ± o.n6% 

to ± 0.1% on the total weight of U in all assemblies. Other contracts 

have been arranged in which the uranium content of each rod in an assembly 

was determined to 0.1% or less. (The 235U content that is given to the 

operator is based on an enrichment furnished to the fuel vendor by the 

USAEC and is normally not questioned). As mentioned earlier, proposed 

engineering codes will standarize this data. 

Calculational methods used for predicting fuel burnuD can be classified 

as 1) cell methods (or point hurnup methods) or 2) macroscopic methods. 

Cell methods are used to evaluate burnup within individual fuel elements, 

and macroscopic methods are used to perform over-all reactor calculations 

using the results of cell burnup calculations. The cell methods are useful 

in themselves for predictinq changes in reaction rates and fuel comoosition 

for a cell which is typical of a given portion of a reactor core. However, 

.the ultimate goal of burnup calculations is to be able to predict fuel 

burnup over the whole reactor. 
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A software program typically is supplied by the reactor vendor for 

determining burnup and the buildup of plutonium in each fuel assembly, 

essentially on a continuous basis. The code is usually proprietary and 

the operators in several instances are developing their own to better 

manage their fuel inventory. The measure of success in predicting burn

up is made from the comparison with the analytical data during the dis

solution of the fuel. For example, comparisons with data from one 

campaign with preliminary estimates of burnup show agreement to within 

8% in the worst case and generally within 5% at the 95% confidence level. 

It is in the area of macroscopic reactor calculations that one faces 

the most severe limitations. The complexitv of the physical problem 

involved is such that an exact solution is beyond the capabilities of 

today's large computers. Because of limitations in computer capacitv, 

one is limited in the degree of detail that can be included in calculational 

models. The heterogenei~y of the reactor lattice produces local soatial 

variations in the neutron spectrum that can have important effects on 

local power. Among these important heterogeneities are water gaDS, con

trol rods, non-uniform enrichment, and burnable ooisons. The thermal

hydraulic effects also co~nlicate the pictu~e. One is thus forced to make 

certain simplifying assumptions to arrive at a reasonable model for the 

actual situation. Simplifications come into the model first of all in the 

basic theory, i.e., in description of the physical processes that are 

taking place. Further simplifications are made in describing the complex 

geometrical detail of the reactor core. 

The general method used for evaluating water reactor lattices consists 

in using multigroup transport theo~y codes to generate homoaenized few-
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group constants for typical regions of the lattice, and then usinq these 

few group constants in diffusion-theory calculations of the soatial nOl<ler 

distribution. The diffusion theorY calculations are performed in either 

one, two, or three soace dimensions. Increasing the spatial detail is 

done at the expense of energy detail. 

Detailed two- and three-dimensional burnup calculations are very 

len9t~v and expensive. Recentlv svnthesis methods have been used with 

some success to save computer time. 

Although present-day methods of calculatina power distributions and 

burnups are considered "adenuate" to permit the safe operation of 

reactors, they contain ~any recoqnized limitations and inaccuracies. In 

an assessment of the current status (1968) of reactor calculations made 

by the USAEC and an industrial task force, it was stated(13) that "nuclear 

core design is still evolvin9. Much remains to be learned from reactors 

not yet operating, regardina prediction and control of the distribution 

of power between and along the fuel rods makin9 up a core." It was also 

stated in the same report that "simol ifvina aporoximations need to be 

made to allow lifetime design calculations to be performed, and the 

extent to which these represent reality has not been firmly established." 

In a summary of an IAEA-sponsored panel held in Vienna in 1967 it was 

stated that "there was qeneral aqreement thClt there is a faster-than-

linear increase in the difficulty of over-all reactor analvsis as core 

size is increased. This is a result of the combined requirements for a 

9reater number of chan~els or mesh points, numerical difficulties intro-

duced by large, loosely coupled cores, and the greater sensitivity of the 

power shape to small errors in local reactivity." 
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An additional factor to be considered ir bur~uD cRlculations, and 

especially if one is recycling plutonium, is the fact that the reactor 

physics analysis is comolicated if there is a larae amount of olutonium 

in the lattice. These cO~Dlications come about hecause of the strongly 

non-l/v behavior of the thermal neutron cross sections of the imoortant 

1 t .. t 239 p 240 p 241p p u onlum lSO opes, u, u, u. The thermal flux in the fuel is 

strongly depressed at eneraies near 0.3 eV and 1 eV due to larae Pu 

resonances at these eneraies. Also, the uncertainties in the basic 

nuclear data for the plutonium-isotopes are greater than for uranium. 

To summarize this brief evaluation of methods bein0 used in burnup 

calculations, one can conclude that methods renresentinq the current 

state-of-the-art still contain many approximations and limitations. As 

the capacity and speed of computers increase in future years, one can 

expect to see significRnt irnrovements made in the tools used to oredict 

burnup in thermal reactors. 

D. Theory-Eyperiment Correl i'itions 

In the previous section some of the limitations in methods currently 

used to predict power distributions and burnup in thermal reactors were 

discussed. The ultimate test of any calculational method is, of course, 

how well it can predict reality. This section examines the current state-

of-the-art in this liaht bv considering theorv-exneriment correlations. 

The current state-of-the-art is still fairly well depicted in the Pro

ceedings of a Panel on Fuel Burnup Predictions in Thermal Reactors,(14) 

held in Vienna in 1967. This section draws heavily from the conclusions 

of that panel. In the summary section of this panel reoort, it was pointed 

out that there was considerable disagreement concerning the absolute maani-

tude of errors in current oredictions. It was also pointed out that when com-
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paring results of various burnup studies one must be careful to distinguish 

between a carefully-controlled, base-loaded power reactor exneri~ent, 

and actual operation of a nuclear power olant on a utility arid under 

load-following conditions. T~e latter is, of course, by far the more 

complex situation. Also, one must distinguish between prediction of 

measured isotopic concentrations at a few selected points in a fuel element 

where burnup also has been measured, and prediction of isotopic concen

trations and burnup in an overall sense over the whole reactor. Again, 

the latter case is by far the ~ore complex,and the accuracy of overall 

predictions depends very strongly on the accuracy of pr~icted spatial 

distributions of power. 

While there is sufficient information on the theory-experiment correla

tions of uranium cores, the plutonium recycle data has not been consist

ently evaluated at this time nor is the as much data available as one 

might like. On the basis of the much more complex energy dependence of 

the plutonium cross sections, one would expect the a-priori correlation 

to exhibit more errors than in the uranium case. There will be a Vienna 

panel on plutonium recycle in 1971 which should help to establish the 

consistent evaluation of the available data. From this evaluation, one 

could expect to then derive the state-of-the-art for plutonium recycle 

cores. 

In a discussion of theory-.experiment discrepancies one cannot assign 

the total discrepancy to inaccuracies in theo~y, but must also take into 

account the inherent uncertainties in measured Quantities. For Quantities 

measured in an operating power reactor, experimental uncertainties can be 

significant. 
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The Vienna panel of 19f7 attemoted to put their summary of the state-

of-the-art of burnup phvsics on a Quantitative basis bv commenting on 

experimental uncertainties as well as on accuracv of predictions. 

Regarding flux and power distributions, a general comment was made(15) 

that lithe precision achievable in estimating many burnup quantities is 

severely limited by knowledge Of the absolute thermal power level of a 

reactor. II Process instrumentation was cited to be typically uncertain to 

~ 4% of the total thermal output of the plant. The accuracy of in-core in-

strumentation was cited as about ± 5%. The precision of power distribution 

predictions in light water reactors was cited as 3-5% (r.m.s. deviation) 

which is within instrumentation error. In general, however, deviations 

over the whole core fall in an error range of about 10%, and errors as 

large as 20% have been reported for low flux regions. Furthermore, 

systematic trends have been noted with region and exposure. These rather 

large errors are attributed to "inadequate theoretical modeling of the 

reactor, both as to the spatial resolution and physical description. 1I 

A typical set of values for predicting the isotopic content of fuel 

based on the operating history of a reactor and a comouter model which 

distributes thermal power to the fuel assemblies correctly to within 10% 

yields: 

235U to ± 3.1 % 

Pu to ± 7% 

238U to < 0.1 % 

236U to ± 6% 
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Regarding isotopic buildup and depletion, it was stated by the panel 

that Ilin qeneral, the error in oredicting the ratio of 239 pu content to 

235U destruction is about 5% of its value. 11 As to the orediction of 

isotopic ratios of various plutonium isotopes, it was statec that lithe 

error in the ratio of each higher plutonium isotope to its predecessor 

way be "u 1 0%. 

A paper was presented at t~e Vienna Meeting by Crowther of the General 

Electric Company, in which he discussed the burnup analysis of large 

boiling water reactors. He pointed out the difficulties that are intro

duced into the analysis by the many heterogeneities oresent in a BWR. 

Also, because of significant spatial variations in moderator density 

(both axial and radial) the analysis of a BWR is definitely a three-

dimensional problem. 

The agreement between measured power distributions and those calculated 

using current methods is surprisingly good considering the approximations 

contained in the methods. These calculations have generally predicted 

power distributions to within approximately 10%, with the laraest dis

crepancies usually occurring near the reflector or near inserted control 

rods. Errors in these low-flux regions have only a small effect on the 

abil ity to meet thermal 1 imits. However, they can have important effects 

on the fuel burnup analysis because of the rather large volume of fuel in 

the reflector zones. In support of his ± 10% figures, Crowther presented 

specific comparisons between coarse-mesh, three-dimensional calculations 

and measured power distributions from the Dresden Nuclear Power Station 

and from the Garigliano (SENN) Station . 
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Regarding theorv-experiment correlations Of isntopic concentrations 

and ratios, data were presented on the Dresden and Yankee reactors which 

showed the following: The mass ratio of plutonium to uranium was under-

estimated for both reactors - by 5% for Dresden and by 0.4% for Yankee; 

the fissile plutonium fraction was underestimated for both reactors - bv 

4.5% for Dresden and by 3.1% for Yankee. The amount of 24lpu in Dresden 

was overestimated by 11%. 

Table V(16) shows an evaluation of Dresden isotopic comnosition 

measurements for various isotopes of interest. 

, 
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COMPARI SON \~ ITH DRESDnl 

Isotope 

U235 

U236 

Pu 239 

Pu 240 

Pu 241 

Pu 242 

Np237 

Am 243 

Cm 244 
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TABLE V 

ISOTnpIC COMDOSITION MEASUREMENTS 
Calculated 

Percentage Difference (Versus Measured) 

- 1.4 

0.0 

6.8 

+ 6.7 

+10.8 

+ 3.8 

-11.0 

-33.0 

-38.0 

Discrepancies of the same order have been reported by Lacev and 

Radcliffe(17) of Westinq'ouse. Their work represents the state-of-the-art 

as it stands for pressurized water reactors, and is referenced in current 

Westinghouse PSARs. Reference(18) presents an analysis of Yankee Core I, 

together with a theory-experiment compari son. The hasi c analyti ca 1 tool 

used in th iss tudy wa s the TURBO code, a two-d i mens i ona 1, few group, 

diffusion-theory depletion code. A simple synthesis method was used to 

make final estimates of material inventories, power distributions, and re-

activity. The end of life mass ratio of olutonium to uranium was under-

estimated by 2.1%. The fissile plutonium fraction was underestimated by 

2.3%. The amount of 241pu was underestimated by 11%. Table VI(17) shows 

an evaluation of fuel depletion in the Yankee Power Reactor. 



Isotope 

U-234 

U-235 

U-236 

U-238 

Total U 

Pu-239 

Pu-240 

Pu-241 

Pu-242 

Total Pu 
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TABLE VI 

EVALUATION OF FUEL DEPLETION AND PLUTONIUM 
BUILDUP IN THE YANKEE POWER REACTOR 

BNvJL-1599 

Error (Calculation Versus Measurement) 

± 2.7% 

± 0.9% 

± 2.9 

:t: 0.1% 

:t: 2.1 % 

± 3.4% 

:t: 4.4% 

:t: 6.()% 

I ± 1.8% I 

Table V and VI represent data on isotopic composition measurements 

for two specific reactor cores. Table II in the summary represents 

current and future performance for reactor cores considerinq all of the 

data available. In considering current performance, the values of U235 , 

U236 , U238 and total u, the current uncertainties are taken from the 

Vienna panel assuming a 10% error in thermal power. The Pu 239 error is 

based on the Yankee and Dresden data recoqnizin9, however, that the 

Vienna panel assigns a slightly hiqher number. The higher plutonium 

isotope values are generally consistent with the Vienna panel IS recommenda

tion of the ratio of a given plutonium isotope to the next highest 

" 
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plutonium isotope and the number assiqned to Pu 239 . The total plutonium 

number, then, is consistent with the above performance numbers and the 

probable makeup of the discharae fuel. Probable future performance 

numbers are based on the assumption that the accuracy with which one 

measures thermal power can he halved. The numbers, then, are generally 

consistent with this assumption. A future paper will deal more explicitly 

with that assumption. 

Available ~ood burnup data are rather SDarse. On the basis of the 

limited information av~ilable, and the studies that have heen reoorted, it 

is clear that state-of-the-art calculational methods contain uncertainties 

which, especially from a nuclear materials safeguards point of view, are 

undesirably large. 
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