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ABSTRACT

The report presents in detail the methods used and the results obtained in an integral
safeguards experiment carried out in the EUROCHEMIC reprocessing plant as a joint
undertaking in the framework of the association for safeguards: CEN, EURATOM, GfK,
and with collaboration of other organisations (ACDA, AECB, IAEA, USAEC). The objectives
of this safeguards exercise cover mainly problems associated with accountability of nuclear
material in a reprocessing plant such as: identification techniques on spent fuel elements in the
fuel storage pond with help of a special television camera device and of equipment for meas-
uring divers gamma activity ratios of suitable fission products, verification of operators
input data by means of isotope correlation techniques and extended interlaboratory tests
on present analytical methods for U and Pu concentrations and determinations of isotopic
compositions in realistic feed, product and waste flows. Special objective of this joint experi-
ment was an experimental demonstration of a new physical inventory technique which
correlates isotopic compositions of subsequent input and product batches. Detailed theoretical
investigations using digital simulation-models on U and Pu flow through the EUROCHEMIC
plant were carried out in order to obtain quantitative statements on limiting conditions and
accuracy of this new inventory technique.

The different subjects of this report are devided in 8 selfconsistant chapters containing
individually summaries and conclusions. '
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1. INTRODUCTION

During the year 1969 an increasing interest on integral experiments could
be observed among the international scientific community engaged on safe-
guards activities in the peaceful sector of nuclear energy. The results of
a number of integral experiments became available Zjﬁ-1 - 1-h_7 and the
importance of such experiments was well recognized, The necessity of inte-
gral experiments was also emphasized in a number of IAEA panel meetings
173-5, 1-6;7 during this period.

At approximately the same time a number of safeguards relevant methods which
were been worked upon in different countries, required further experimental
verification, On the whole, it appeared to be opportuneyand(fruitful to carry
out an integral experiment in a reprocessing plant with international partici-

pation during the year 1970,

The possibility of the execution of such an experiment was discussed at a
meeting of the Steering Committee of the Association on Safeguards +) (at
that time consisting of EURATOM and GfK) on 6,11,1969, It was established
that the EUROCHEMIC reprocessing plant at Mol, Belgium, would be well suited
for an integral experiment provided some appropriately sized campaigns were

scheduled for reprocessing during 1970.

Further investigations on this point and preliminary inquiries amongst the
probable participants indicated that both the time schedule at the EUROCHEMIC
plant and the response for participation would be favourable. A meetinquf
the probable participants (see preface) was accordingly held at Karlsruhe
Qn~the-1hth, 15th-and 16th January 1970 to discuss the time schedule of the

(3

ntegral

EUROCHEMIC plant, the available experience for the execution of an
experiment on an international level, the area and extent of cooperation and
coordination amongst the participants and the choice of possible objectives

for an integral experimente.  — . - - o .-

+)The Association, at present consisting of the partners EURATOM=-CEN-CNEN-
GfK~RCN,  coordinates the R+D-activities of the partners in the field of
safeguards.,



" means a safeguards exercise

It is to be noted that "integral experimen
in an existing nuclear facility for a production campaign over a signifi-
cant period of time, The principal objectives for an integral experiment
are to close the material balance for these actual campaigns, to evaluate
the measurement errors, the operating losses, to test different measurement
instruments and other methods and techniques and to evaluate safeguards

efforts,

In retrospect, the conclusions drawn at the above mentioned meeting and fhg/
preliminary objectives established, throw some interesting light on the

different subjects finally taken over in the present report., The preliminary
objectives chosen were: a) Physical Inventory Determination (PID), b) Appli-
cability of Minor Isotope Correlation Techniques (MIST), and c¢) Interlaboratorium

Tests for relevant analytical measurement methods. The only suitable
operation campaign at the EUROCHEMIC plant which was scheduled to be reprocessed
+)

in 1970 consisted of sbout 10-12 tons of natural uranium CANDU  ’‘type fuel
elements with a fairly long cooling time, The fuel elements had different

burn-ups,

_a) Identification of fuel elements

For the application of the PID method, different concentrations of a particular
isotope in two consecutive batches are required / 1-7_/. On the basis of the
shipper's data it was concluded that such a difference in concentration might
be expected in different fuel elements because of their different burn-ups.
However, they had to be arranged in a particular sequence to maximise the
isotope concentration difference between the two batches (step signal), For
that purpose the fuel elements had to be identified, Besides a photographic
method of checking the serial numbers of the fuel elements, -spectrometric

ama ) Lo

& Y
method (suggested by the IAEA) was also comsidered as an alternative, as

{=de

t

wvas feared that the identification numbers might have been corroded away be-
cause of the long coocling time, In the course of the experiment it was found
that the y~spectrometric method would produce a large volumie of additional in-
formation which could be of interest fromthe safeguards point of view, Although
later on, no identification of CANDthyﬁe'fuel was necessary because of a

changed operation schedule (see below), y-spectrometric measurements were made

),

Different reactor types, explained in chapter 2,




on VAK +) and BR~2 type fuels to gather and test this information. The
results of the analysis of this information are discussed in chapter 3.
Some comments have also been made on the identification of the VAK + fuel.
elements by photographic method,

b) Simulation

Another subject which turned out to be of importance because of the initial
objectives set, was the simulation of process flow, During the planning stage
of the experiment it was not possible to envisage whether PID could be made
successfully, It was therefore, proposed to simulate the process flows rele-
vent to the integral experiment and investigate the influence of various
process paremeters on this method. The results of this simulation were to

be made available to the planning committee before the commencement of the
integral experiment so that the PID could be dropped from the objectives in
case it could not be applied, However, because of the changed operation schedule
and on the basis of the preliminary results of the simulation it was found that
the PID could be expected to be carpied out with reasomable accuracy. Therefore,
this was retained as one of the main objectives of the integral experiment,

The simulation was however, found to be a powerful tool in analysing a wide
spectrum of influences relevant to the PID method and therefore, was elsborated
during the course of the experiment, A detailed description of the subject and
an analysis of the results of simulation are to be found in chapter k4,

c) Physical Inventoiy Deteyrmination (PID

PID based on the use of an isotopic step function 1?\-7;7'was expected to

be the most important objeciive of the integral experiment. As mentioned
earlier only one campaign (i.e, with CANDU fuel) was foreseen for this ex-
periment during the planning stagé. A change in the operation schedula of the
EUROCHEMIC plant however, required successive reprocessing of fuels from four
different reactors namely cANDU *), vak *), cov *?, Trivo *). Although tnis
changed the original planning of the exXperiment, it provided a unique possi-
bility for the épplication of PID (without any intermediate washout) a number
of times during the eéxperiment, as each of these fuel types had different

+)Diff'erent reactor types, explained in chapter 2,




1=k

concentration of isotopes, A short description of the method and a detailed
analysis of the results, which indicate the successful application of this
method in a reprocessing plant under a variety of operating conditions, are

presented in chapter 5,

d) Minor Isotope Correlation Techniques (MIST)

This technique is gaining rapidly in importance as a safeguaxrds tool, It

wag recognized that the present integral experiment would provide realistic
conditions to test and establish correlations between different isotopes in
fuels cbming from different types of reactors. As shown in chapter 6, fairly
simple linear relations could be shown to exist between the depletion of
uranium and the build-up of plutonium for the CANDU type fuel, Similar rela-
tions which were known to exist for similar type of reactors were corroborated

broadly for the rest of the reactor types also.

e) Interlaboratorium Test

Initially -proposed to be carried out as an interlsberatorium test for measure-
ment of isotopic ratios only, the test was extended later to the methods for
uranium and plutonium concentrations by chemical and X-ray fluorescence methods f
as well as by isotopic dilution methods., An analysis of efforts indicated 1ater,;
that the largest part of analytical and manpower efforts spent in the framework
of the integral experiment was required for this test, Detailed descriptions of
this test and an elaborate analysis and comparison of the results from this

test are to be found in chapter T of this report,

All the input data required for the planning, execution, and evaluation of the

integral experiment are collected and presented in chapter 2 of this report.

It is to be noted from the foregone description that the conditions and the
expected operation data changed in course of the planning phase of the experi-
‘ment, As-a result the objectives of the experiment changed also, In view of
the subject matter discussed in this report the objectives of the present

integral experiment may be redefined as follows:




1=5

1. Identification of irradiated fuel elements,

2, Simulation of fissile material flow to ascertain the influence of rele-
vant process parameters on the physical inventory determination using

an isotopic step function,

3. Experimental demonstration of the physical inventory determination

using an isotopic step function.

b, Application or isotopic correlation techniques to the different fuels

processed during the integral experiment,

5« Interlsboratorium comparison of measurement methods for the concentra-

tion and isotopic ratios of uranium and plutonium,

The execution of the different phases of the present integral experiment
extended over the period January-June 1970, Fig, 1-1 gives an idea on the
time spent by the different participants at the EUROCHEMIC plant in connec-

tion with this exveriment,

It should be noted here that the present integral experiment has been reported
to in the literature quite often as the Mol III experiment (since it was the
third integral experiment at EUROCHEMIC, Mol) or the JEX-T0 experiment (Joint

integral experiment, 1970), Both these terms are equivalent,

Theé present integral expe¥iment has proved to be a dynamic and a challenging
venture, It required skillful and bold actions at almost every phase of the
experiment from all the participants, It is to be expected that this experi-
ment will be counted to those events which may contribute to the successful

application of international safeguards,
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Abstract

This chapter headed "Layout and Data Acquisition of JEX-T0" is to be under-
stood as a collection of all information and data relevant for the follow~

ing chapters.

The first part covers a general description of EUROCHEMIC plant layout follow-
ed by details about the defined material balance area system and relevant
nuclear material flows inclusive their accountancy system as used for the

establishment of a nuclear material balance both of Plutonium and Uranium,

The second and main part summarizes the data acquisition on
i) shipper and receiver data of spent fuel from four different reactors

to be processed during JEX-TO and

ii) actual campaign data on input, product and waste flows which were
partly subject of independent verification procedures.
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2.1 Plant Layout and Desc¢xiption of the Process

The EUROCHEMIC site is situated on the territory of the communities of
Dessel and Mol in the northern part of Belgium, about 50 km east of Antwerp,
The reprocessing plant (see Fig. 2.?-1)*)'which is located in the

"active" section of the site comprises among others the Main Process
Building (1), the Fuel Reception and Storage Building (2), the Analytical
Laboratory (3), two Product Storage Buildings (6a and 6b) and five structures
for waste treatment and storage (5,22,21,8,23).

The sequence of operations for Low Enriched Uranium (LEU) process is as
follows (see Fig. 2.1=2;for the U-cycle schematic flowsheet and Fig. 2.1-3
for the Pu-cycle schematic flovsheet)”

Irradiated fuel elements which have been stored in the water—filled ponds

of the Reception and Storage Building are, after an eventual mechanical treat-
ment, loaded into a heavily shielded charging machine and transferred to a
platform on top of the dissolver cells.

The cladding dissolution takes place in tank 221 for fuel with enrichments up
to 1.6 % only and in tank 226 for fuel with enrichments up to 5 %. After the
decladding of the fuel is complete the dissolver (unit 221) is cooled and the
decladding solution is transferred to vessel 221-5 by steam jet. Here the solu-
tion is sampled and finally transferred to the clarification unit (223)., The

dissolver is then rinsed with water,

After the decladding operation is completed, the fuel dissolution takes place
in the dissolver (226-1/2) using fresh or recovered nitric acid. After the
dissolution is completed the dissolver is cooled and the unadjusted active fuel
(AFU) is transferred to input accountability tanks 221-4 and 221=6, The dis=-
tric scid and water vhich ie added to the AFU. After

‘na A g-:i-'h i

. ﬂ

sampling and volume determination the AFU is sent to unit 223. (tanks 223-6a/6b)

Here, the active feed is adjusted to the eorrect concentration in acid and
uranium and thereafter the solution is siphoned to tank 231-1, the feed tank
to the extraction unit. The insoluble residues obtained during the adjustment
operation are resuspended in water via sample tank 223-13, tanks 223-4 and
223-5 to the Medium Lovel Waste (MLW) Storage.

zggaken from 2-1“;2
taken from / 2.1-2_/




2-=5

In the first extraction cycle and concentration unit (unit 231), uranium and
plutonium are first separated from the bulk of the fission products by means
of solvent extraction, using as the solvent a 30% solution of TBP (tributyl-
phosphate) in a kerosene type diluent. A gross fission product decontaminstion
factor (DF) of about 2 tloh is obtained, while the U and Pu losses are estimat-
ed to be 0.3 ¥ and 0.1 % respectively.

As the contamination of the U leaving the first cycle is too high to meet the
specification for the end product, a second cycle is necessary for further
decontamination. A gross fission product DF of at least 50 is expected in the
second exﬁraction cycle and concentration unit (unit 232).

The concentrated uranium solution obtained as an output from the second cycle

is finally purified by being passed through a column packed with silica=-gel.

This column absorbs fission products, particularly Zr/Nb, and retains insoluble

matter. The purified stream coming from the top of the columms is collected

in vessels 2ki-ka or b. As the wranium solutions of enrichment between 1.6 and
5 % have to be controlled by concentration or mass, the final uranium concen-

tration is checked in 2hi-4a/b prior to transfer to the product blend tamk 241=6
in building 6a and to the product storage tanks {unit 242),

After the sclution in each tank has been mixed (recirculation by centrifugal
pump), accountability control is done by sampling and level measurement,

The uranium solutions are then pumped into the transport containers (unit 2L3)
for shipment.

The plutonium solution leaving the extraction column goes to product receiver
tank 231-58. Final purification is obtained with a battery of mixer settlers
(unit 237). The evaporator 236-2a/b concentrates the plutonium coming from the
extraction unit, the concentrate being placed in tank 2436-1, A dry cycle is
then performed in unit 238 which yields, after calcination, a final product

under the form of Pu oxide powder.
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2,2 Definition of the Material Balance Areas (MBA) and of Controlled

Fissionable Material Flows

In accordance with the objectives defined in chaptef 1 and with plant

layout section 2.1 the MBA-system shown in Fig. 2.2-1 for uranium flow and

in Fig. 2.2-2 for Pu-flow respectively was defined at the beginning of the
experiment. One of the main objectives of this joint exercise which influenced
to a high extent the choice of the MBA was the experimental demonstration of
the physical inventory determination by use of isotope analysis. This method
requires a MBA which covers only the process part because one wants to follow
certain isotopic signals of the main material flow through the process and

to avoid the time delay and the great homogenisation which is associated with

material management in storage facilities,

The application of isotope correlation technique (MIST) required an additional
MBA only covering the dissolver(MBA 12 in Fig. 2.2=1 and 2.2~2), With help of
this MBA one is able to account the quantities of nuclear material in the dis-—
solved fuel elements and to correlate them with the initial figures as mentioned

in the fabrication plant.

The different nuclear material flows crossing the boundaries of the MBA-system
such as feed, product, waste and recycled material are specified in Table 2.2~1
and correspond with operators' codes as indicated in Fig. 2.2-1 and 2.2-2.

Table 2.2-1 shows also the independent verification procedures on gerators'’
accountability data received from the accountability section of EUROCHEMIC,

With respect to transfer measurements JEX-TO observers were to establish a
synchron volume—time plot of each interesting flow indicated in Table 2.2-1
(column 4) as transfer recording. This procedure is of great help for safe-
guards in reprocessing plants for the calculation of a running book inventory

and the plot replaces completely special observer log-boocks because all interest-

ing indications and remarks can be clearly entered in this diesgram,

Independent analysis of U and Pu and their isotopes was covered either by
composite sample technique or by single batch analysis in case the system
response to an isotope step input signal was interesting with respect to the
inventory experiment. These samples were partly subject of the interlaboratory
test (chapter 7).
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The definition of MBA 21 involved the accountability of an additional U-input
stream (BXR) in the order of 5-10 % of AFU, which is required in. the separa-

tion unit as reducing agent. This flow was partly recycled from an other MBA

and partly internally recycled within MBA 21, Thus in the latter case no
material transfer had to be accounted vwhereas the external recycle must be
accounted., This external recycle represents in fact an additional input stream
which is mixed with the main stream. Thus the product signal becomes a mixture of
two dispersed input signals. As shown in chapter 4 these two input signals have
to be corrected to one input signal otherwise the evaluation of the U-inven-

tory by means of isotope analysis is not possible.

"™e Pu~product signal was followed in the 2BP-flow which passes the last
accountability station before conversion into Pu-oxide. This MBA-system in-
volved the accountability of the recycled mother liquor (3AW) from the Pu-
precipitation unit. The analysis of the 3 AW-flow was covered by composite
sample analyses. The analysis of 2 BP-flow compared with the PFP (Pu-oxide
in containers) had the advantage that there was a considerable reduction of

samples toc be analysed for its isotopic composition.

On the other hand PFP data were completely made available from the operator,
thus a very useful comparison of the two Pu-product flows could be established.

When using PFP-data for the inventory experiment both MBA 21 and 22 had
to be considered whereas the use of 2 BP data reduces the balance area to

MBA 21, Both alternatives are shown in Fig. 2.2-2,



Table 2,2-1:

Nuclear Material Flows relevant for JEX=T0

Operator's

Accountability Tank

Independent verification procedures

code - Definition no. on operator's accountability data
o1 2 3 L
AFU Active feed unadjusted 221=4 /6 Transfer - recording, preparation
and analysis of diverses composite
samples (U and Pu totals and their
; isotopes
RAR Recovered acid recycle 221=T Transfer recording
UD Undissolved discards - -
JD Jacket (decanning) dissolution 2062 /221=5 -
BXR Uranium (IV) recycle building 10 Transfer recording
3 up Uranium product (3rd cycle) 2h1=ka /b Transfer recording, analysis of
‘ single batch samples (U-total and
isotopes)
2 BP Pu battery product 2436~1 Transfer recording, analysis of single
batch samples (Pu~total and isotopes)
PFP Pu final product product cans (PC) Transfer recording
3 AW Recycled mother liquor from
precipitation 238-5 Preparation and analysis of 2 composite
samples (Pu total and isotopes)
HAW High active waste 251=1 a/b/c -
SRW Solvent recovery waste 234=22b/239~5 -
RIN Rinse solutions 252=11/241~5 -
LLW Low level waste CEN -

L = ¢
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2.3 Accountability of Nuclear Material

The quantity of nuclear material in one accountebility batch is determined

by measuring two components:

i) Mass or temperature corrected volume of transferred solution and

ii) Representative concentration of heavy nuclei (e.g. U, Pu and their
isotopes) as mass fraction or per liter solution. In the latter case
one has to pay attention that i) and ii) correspond in their reference

temperature.

In the following a short description is given sbout the transfer measurement
system, sampling technique, and analytical equipment installed at EUROCHEMIC

(see also ref. /[ 2.1-1_/).

2.3.1 Transfer Measurements

A detailed description of the transfer measurement system and its calibration
procedures in case of input accountability tanks installed at EUROCHEMIC is
given in jfé=3-1_7} The same principle is applied there at all important

accountability tanks for waste. Final product batches are normally weighed on

The quantity of solution in a tank is determined on the basis of a purely
geometrical relationship, volume as a function of height. The "height" of
the filled part of thetank, i.e. the liquid level, is measured by means of

a calibrated system of dip~tubes installed in the tank. A stream of air with
constant flowrate is pushed through these tubes and the pressure needed to
keep this flow (the hydrostatic pressure at the reference level in the tank)
is measured. At the same time, the density of the liquid is determined from

the hydrostatic pressure differential on a calibrated height difference.

1)

Fig. 2.3-1 shows the characteristics of two input tanks (221=h and 221-6).

The level and density measurement instrumentation consists of a dip=tube system
for determination of pressure differences. The reference point for pressure |
measurement is just on top of the tank in order to minimize the influence of
the air flow-rate on the pressure measurement. The instrumentation of the

1)

tanks is shown in Fig. 2.3-2 ‘.,

1)Taken from reference / 2.3-1_/
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Level and density pressure differences are measured by U-tube manometers,
2 metres long, filled with TBE = tetrabromoethane (specific gravity approx. 2.95)
and water, respectively and/or by transmitted electrical signals on recorders

at the panel.

Regarding the more accurate U-tube manometer readings density of the tank

solution is determined by equn. (2-1)
(2-1) P =p_ -hD/ﬁ [ ke/1 ]

where p_ is the temperature corrected density of the manometer liguid (H2O)’

o . . .
hD the manometer reading, and h the constant difference in height of the two

density diptubes.
The liquid level is obtained by equn. (2-2)

(2=2) h = hy pm/p / mm /

pbe

vhere p_is the temperature corrected density of the manometer liquid (TBE), p

m
from equn. (2-1) and hy the level manometer reading.

Correlation between volume and level is given by the tank calibration curves
which represent a least square fit to the different calibration points.
Following formulas have been used as a consequence of the geometrical shape
of the tank:

(2-3) v, = a +ah+ah2;héh

1 o) 1 2 1
(2-4) v ay +.a)h ; h, <h €n

2 3 1 2

where h, and h, limit the parabolic and linear range respectively,

The quality of the calibration (e.g. number of calibration runs, instrumentation
used etc.) is according to the accuracy required. Input accountability tanks for
example have highest specifications on the calibration. In this case equn. (2-3)
and (2-4) are replaced by calibration tables as given in 172.3-1_7'Which fit more

closely to the different calibration points.

The information concerning a transfer from one tank to another are reported

on a nuclear Material Transfer Report (NMTR). A NMTR is identified by a reference
nunmber and refers to a RSTA (see below); it indicates the batch identification
number, between which tanks the transfer takes place and in which tank the

measurements are made.
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The density, the level and the temperature are measured before and after
transfer; the readings made on each branch of the manometer are indicated,

as well as the value of an eventual correction when the two branches of the
manometer are not at the same temperature. These data allow the evaluation of

the transferred mass or volume of solution (see speecimen NMTR).

Attention has to be paid on the mode of transfer whether it is interesting

to account the receiving or the leaving batch in a special accountability

tank. The first mode is important for input accountability in order to keep the
identity of nuclear material in dissolved fuel elements as required for the
establishment of shipper receiver differences and isotope correlation technique
(chapter 6). The leaving batch accountability is more simple because no atten-

tion has to be paid on different heel concentrations.

The information about sampling and analysis is reported on a "Report of Sample
Transfer and Analysis"” (RSTA) identified by a reference number and with re-

ference to the corresponding NMTR number.

In case analyses for accountability purposes are requeésted U= and/or Pu concen-
trations and if requested weight percents of corresponding isotopes are entered
in this form. The same form is also used for information required for process

control and specification anslyses of fission product concentrations.
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2.3.2 Sampling Techniques (see also chapter T; fig. 7.2-1 and 172.1-1_7)

The main sampling system is essentially an "air-1lift" system,

The liquid to be sampled is lifted from a tank by a vacuum up a lifting
pipe into which the air of the air-lift is introduced. The air circulates
the liquid when the vacuum has created sufficient submergence. The air-
liquid mixture is lifted up the pipe, passes through the sampling bottle
and arrives at the drain line of a separator pot. The liquid returns to

the vessel by gravity and the air passes to the vacuum system.

The samples are taken in 13 special shielded cells (blisters) each containing
8 sampling points. The samples are contained in small sealed glass bottles
vhich are placed in plastic containers., A pneumatic dispatch system transports
samples of radiocactive material from the blisters to & distribution box in the
Analytical Laboratory and from there either to the aliquot boxes in the box

chain for high activity samples, or to the laboratory for low activity samples.

A system is provided to inform the receiving station in the Anslytical Lebora-~
tory that a sample has been dispatched from the plant. The arrival of each sample
is also indicated. Thus it is possible to discover at once if a cartridge is

stuck in the line.

Direct sampling is also applied to solutions of low activity in the LLW

(Low Level Waste) intermediate storage:

An evacuated sample bottle is connected to a long needle, dipping directly into

a sampling pot containing the solution to be sampled. The liquid is thus sucked

into the bottle. The sampling pot is filled by pumping liquor from the tank to
be sampled. Other sampling systems, for occasional sampling, exist too; the
samples obtained are transported to the Analytical Laboratory in shielded

containers.

2.3.3 Analytical Laboratory

The Analytical Laboratory contains equipment for receiving samples and distribut:
ing them to shielded boxes, a-boxes and fume cupboards for analytical determi-

nations.
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In the high activity laboratories there is a chain of 13 shielded air tight
boxes and of 10 unshielded boxes, Solutions are pipetted and umnalytical
~determinations are carried out in these boxes. Various analytical techniques
are used, such as potentiometric titration, spectrophotometry, weighing,
dilution and extraction. The shielded chain of boxes is used for analysing

samples containing y-emitters in quantities requiring shielding.

Preparation for counting is done in two fume cupboards in each high activity

laboratory.

In the a~laboratory, located in the low activity area, a—active samples are
analysed. Among others, the analysis of the final uranium and plutonium
product streams is carried out here. The laboratory has seven conventional
glove bo§es, two benches and one fume cupboard. One glove box is used for

sample storage.

The low activity laboratory is used for radiochemical analyses and preparative
work involving small quantities of radioactive material. It is equipped with
twelve benches, two reception boxes and six fume cupboards. If required, up

to four conventional glove boxes can be installed.

The th;;;al emission mass spectrometer, loacted in the inactive area, is an
important instrument in the spectro-analysis laboratory, as it is used to
measure the isotopic composition of uranium and plutonium samples from the
input and output tanks of the plant. Concentrations may also be determined

accurately using isotope dilution mass spectrometry.

An emission spectrograph with auxiliary equipment is used to determine the

traces of impurities in the uranium and plutonium final products.

Sample preparation for the instruments is done in the a-laboratory or in the
target preparation laboratory; which has a bench and two fume cupboards. The
fume cupboards are used for solidifying small amounts of plutonium and uranium
solutions onto the filaments of the ion source bead for mass spectrometry, for
evéporating solutions in the porous cup electrodes for emission spectrography

and for other target preparation work.
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2.3.4 Epror Analysis on Nuclesr Material Flow Measurements

A major effort from the view point of safeguards has to-be paid on the
error analysis associated with nuclear material flow measurements. These

efforts result in a statement on any significance of MUF / 2.3-2_/.

Supporting data on estimated relative standard deviations (RSD) sssociated
with ‘transfer measurements and analysis are compiled in table 2.3-1, These
data result from operator's quality control and are supplemented by inter-
labtest results (chapter T). Subdivision in calibration (Sc) and random
error (GR) respectively is due to their different treatment with respect to
the accumulated RSD of the total flow which follows equn. (2-3) provided each
batch shows equal volume and concentration. For reasons of simplicity this can
be roughly assumed.
2 2

2 ér 7 o2 r . b7

(2=3) & = (65 + =) + (65 + —=—) /% RSD /
n ¢ nem .+ -
volume /mass analysis

where ¢ and r denote calibration and measurement respectively,

n = pumber of batches and m = number of analyses per batch.

The variance of MUF results in accounting the absolute variances of flows

and physical inventories.

The statistical technique used for the evaluation of any significance of MUF
is described in detail in / 2.3-2_/ and in chapter 5.6.



Tablq 2.3~1: Estimated Relative Standard Devistions Associated with Transfer Measurement

€ -2

and Analysis
TRNVSFER)MEASUREMENT PU-ANALYSIS U=-ANALYSIS
1) 8 94, 6 : 8 § 8 §
Stream Temk  Instr. = ¢ ? 'R®  Method 2) o R Method 2) & °r®
AFU  221-h  DI/UM 0.1 0.25 s 3 0.3 0.7 13 0.1 0.5
221-6 " 0.15 0.25 IDA 0.3 0.7 " 0.5
RAR 221=7 DT/UM 1 2 a=count . 5. 5. colorimetry 0.5 O.
/ IDA (0.3) (0.7) ‘
JD 221-5  DT/UM 1 2 a~court . 5 20 colorimetry - 10 10
226=2 DT/R 5 5 " 20 ’
Liqu.W. - DI/R 10 10 a=count . 5-10 20 colorimetry 10 10
Sol.W. - - - - -~ Neutron-count. 10 20. - =
2 BP 2436,1 DT/UM 1 2 a=count., 5 5 - -
3AW %38—6 DT/R 5 5 a~count . 5 10 - -
PFP Pu=-cont. balance 0,05 0,1 potentiometry 0.1 051 - -
3 UP 241-hka/b DT/UM 0.2 0.5 - - gravimetry 0.2 0.1
UFP SAFRAP balance 0.02 0,05 - gravimetry 0.2 0,1
PI - DT/R 5 5 a=count . 5 10 colorimetry 10 10
yiv_
Recycl. balance 0,2 0.05 - - gravimetry Q.S 0.5
1) 2)0per'ator's system
DT = Dip-tube-system 3) .
UM = U-tube-manometer for level and density IDA = Isotope Dilution Analysis
R = Recorder for level and density
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2.4 Overall Nuclear Material Balance of JEX-T0

2.4.1 Shipper-Receiver Difference

The reprocessing program provided by EUROCHEMIC covered spent fuel elements
from 4 different reactors to be processed in close sequence without any inter-
mediate flushout. The isotopic changes between consecutive reactor batches
were to be used for the inventory experiment, There were additional 11.8 kg
Pu from a former campaign to be processed after the normal run which were al-
ready present in the rework unit as starting inventory. This material could be

regarded as a fifth reactor batch containing only Pu.

Table 2.4,1 summarizes the main characteristics of the spent fuel as reported
from the different fuel element shippers. More detailed data can be extracted
from chapter 2.5.1. Table 2.h§1 includes also integrated shipper-receiver

differences.

A coﬁparison of the predicted énd measured values of the U and Pu amounts
indicates that for all the cases with U there is a close sgreement between
these two values. For Pu such close agreement can be observed only in the

case of the CANDU type fuel. For the TRINO reactor this agreement is less
which may be partly caused by the very small number of fuel elements (4) avail-
able for the establishment of a'éhipper-receiver difference. For both the test
reactors VAK and CdN the difference between the predicted and measured values
is the highest. This may be due to fluctuating mode of operation of these

reactors compared to the relative stable modes of operation of power reactors.

It should be mentioned in this connection that no detailed analysis of this

particular problem was made in the framework of this experiment.

The balance period lasted from Janusry 11, 1970 (beginning physical inventory)
up to July 1, 1970 (endingrphysical inventory). This period is shown in

Fig. 2.4~1 as cumulative Pu-flow plof wﬁich represents the felation:of cumulat-
ing Pu quantities at the input and product accountability stations vs time.

The difference of both curves is roughly equal to the running book inventory
of MBA 21 and 22 as only the total waste is considered in this figure, The




numbers associated with the input curve represent the dissolution batch
identifications. Due to technical difficulties the time sequences between

twvo consecutive inpnt or product batches are considerably variable.

The Material Balance Report of the Joint Experiment is presented in Table
2.4~2: The Uranium data were taken in MBA 21 and the Plutonium data in both
MBA 21 and MBA 22, Information on the values presented in this table are
given in paragraph 2.5.

It is to be mentioned here that MBA 21 defined for the Uranium balance does
not correspond with operator's MBA for accountability purposes which covers
additionally the U final product storage. But for reasons pointed out in 2.2
opepator’s U final product accountsbility could not be used in the context

of the new inventory technique which was to be demonstrated during JEX-~T0.

The relative great (negativel) MUF for Uranium observed in MBA 21 may have

its origin by a undetected bias in the U product accountability tank (2h1-ka/v)
vhich was used in JEX-TO.



Table 2.4=1: JEX-TO Spent fuel data and shipper—-receiver difference

1) o) 3) L) Starting

Fuel CANDU VAK TRINO CDN Tnventory Total
No.of fuel elements 719 38 ’ h 1507 - -
Burnup / MWd/xg_ / 4-8 1322 8-1k ~10 - -
Initial enrichment / Wfo / 0,71 2,33-2,60 2.72-3.9 ho~k.5 - -
kg U calculated 950k 1961 1214 69k - -
kg U measured 9k16 1928 1179 873 873 14083
AU/U measured [ %_/ + 0,93 + 1.71 + 3.0 + 1,02 - -
kg Bu calculated 30.35 11.37 T.11 1.37 - -
kg Pu measured 29.91 9.95 6.70 1,22 12,62 60.40
0Pu/Pu measured / %_/ o+ 1.9 + 14,30 + 6,18 + 12,2 - -

N

)Versuchaanlage Kahl/Main, Germany (LWR)

3)'I'RIKO, Vercellese Nuclear Power Plant, Italy (LWR)

h)Ei.B-Reactor, France

Douglas Point Nuclear Power Station, Canada (D O-Moderator)




Table 2.4=2: Material balance report of JEX=-TO for MBA 21 and MBA 22

Balance period:

URANIUM (kg) Reference | PLUTONIUM (g) Reference
January 11 = July 1st mean + SD chapter mean + 8D chapter
MBA 21 2.2 21422 2.2
Physical inventory on January 11 873 + 43 2.5.2 12619 # 130 2.5.2
Corrected input = CANDU' okaT 2.5.3 29940 2.5.3
- VAK 1928 + 27 2.5.3 9949 + 17k 2.5.3
- TRINO 1179 2.5.3 6698 2.5.3
- EL-3 687 2.5.3 1219 2.5.3
=~ Others 33 + 2 - -
Make up 672 + 6 2.5.h -
Total Input 14799  + 51 60425  + 217
Output 14753+ 5b 2.5.5 55001 + 63 2.5.6
Wastes - Liquid 180  + 18 2,5.9 1500 + 200 2.5.9
- Solid - bso  + 22 2,5.7T
Physical Inventory on June 28/ 105 + 5 2.5.2 3225 4+ ki 2.5.2
July 1st
Total Output 15038  + 57 - 60176 + 215 -
Material Unaccounted For (MUF) -239  + 77 - + 2k9  + 305 -
MUF/Total Input L] - 1.6 - + 0.41 -

le -2
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2.5 Data Acgqigjtion

This paragraph summarizes all relevant data which were used for the nuclear
material balance report (2.4). In addition a description of the dissolved
fuel elements and their ghipper'sfigures oncalculated nuclear quantities is

given,

2,5.1 Shipper's Data on Irradisted Fuels Elements. Description of the

Fuel Elements

Fuel elements from the CANDU reactor, the VAK reactor, the TRINO reactor

and the EL3 reactor were processed in JEX=T0. These elements were
shipped to the reprocessing plant togekher with shipper data providing informa-
tion on the background and history of each fuel element. The shipper data were
in turn used to determine how the fuel elements should be distributed to homo=

genize the dissolution batches with respect to the inventory experiment.

2.5.,1.1 CANDU reactor (NPD)

A description of the CANDU reactor may be found in ref. / 2.5=1_/. The fuel
rods are filled with pellets (one end dished for differential thermal expansion)
conteined in Zircaloy-2 tube 0.6 in {1.52 cm) od. The length of a finished

rod is 19.5 in (49.5 cm), The fuel consists of natural uranium in form of sin-
‘tered UO,; clad with 0.015 in (0.38 mm) Zircaloy=-2., Subassemblies are made of

7 and 19 rods forming a 3.225 in (8.17 em) od. and 19,5 in (45 cm) long bundle.

The shipper‘'s data provide the following information

a) Reference number of the bundle.

b) Type of elements: this number refers to a code which gpecifies the
fuel design. Types 1, 5 and 6 are 19 elements design; type 7 and 8
are T elements design.

¢) Total weight in grams of the uranium contained in the bundle. The
values vary from 13275 to 1367k for type 1; from 13195 to 13631 for
type 2; from 12155 to 12915 for type 6; from 13395 to 13635 for type 7
and from 13635 to 15954 for type 8.

d) Calculated weight of uranium 235 (from 88 gm to 100 gm).
e) Weight of the bundle (sbout 16 to 1T kg).

£) Irradiation time in MWD/TU (megawatt dsys per ton of initial uranium):
from 2700 to 8000, the average value being about 6000.




g} Removal date from the reactor (from 1964 to 1969).

h) Estimated weight of Pu, Pu-239, Pu=2L40, Pu-241, and Pu-242 in the
bundle (in grams): the weight of Pu varies from 20 to 55 with an
average of about k4O,

i) Irradiation time at full power days: from 262 to 1617 with two
exceptions & 53, the average being about T0O.

j) Cooling time in days; the exact cooling time can be obtained
as the difference between the date of removal from the reactor and
the date of reprocessing in the plant (from February to April 197C).

k) Average power in kw of the bundle: from 25 to 200 with the two
exceptions mentioned above at 630 and 760; the average being about 90.

1) Decay factor corresponding to the cogl1ng time: from 0.8 to 5.6 <10 b k
with the two exceptions at 6.75 » 107 ; the average being about 1.8 . 10

m) Decay heat in watts: from 5 to 45 with an average of about 20.

Fuel element bundles were shipped for reprocessing in baskets, each basket
containing about 60 bundles. Table 2.571=1 gives a summary of some of the
shipper data for all the baskefs together with some values calculated from
these data. The first shipment was made of baskets 1,2,3,6,7 and 8 and the
second shipment of baskets 1,2,3,4,5 and 6. The number of bundles in each
basket, the total amount of Pu (in grams), the % weight of Pu-239, Pu-2ko,
Pu-2k1 and Pu-242, the average irraditation time in MWD/TU and the total
amount of uranium (in kgs) before irradistion: These data have been used

to compute the total amount of uranium (Uf in kgs) left in the bundle after
irradiation, the % weight of U~235 left in the bundle after irradiastion and
the % amount of U-235 left in the bundle after irradiation with respect to the |
amount of U-236., In addition there are given the average Pu/U ratio and
average exposure.

As indicated in chapter 3 the identification of most of the CANDU fuel elements
did not prove to be feasible. Out of the § batches made with the elements com-5
plete identification was obtained for batches s, z, 5 »7‘ all the fueli elemen ‘
except 9 were identified \for the fourth batch and no identification was

possible for the last five batches.

2.5.1.2 VAK reactor

A @escription of the German VAK reactor may be found in ref. 1?2.5*1;7.
The fuel elements are mdde of pellets, 1.27 cm od; 1.59 cm long; 48 pellets
form a segment; and two segments form a rod; the rod diameter is 1.45 cem,

The fuel consits of 2.4 to 2.6 % enriched uranium in form of sintered UO,,
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clad with 0.85 mm Zircaloy=2. Subassemblies are made of 6x6 fuel rods con-

tained in a square channel.

The shipper's data provide the following information:

a) Reference number of the fuel element. Three types of fuel elements were
used: the 23 elements of type A had an enrichment of 2,33 %; the 8 elements
of type B had an enrichment of 2.60 %; one element of type N had an enrich-
ment of 2.48 %.

b) Various information:as: manufacturer of the fuel (IGEOSA for types A and B;
NUKEM for type N); drawing used for the fabrication; chemical form of the
fuel (UO,); physical form of the fuel (sintered); other material present
in the fuel (none); eventual presence of other fuel elements in the reac-
tor before loading (none) and eventual damage shown by the fuel when dis=-
charged (none).

¢) Weight in kgs of the uranium contained in a fuel element: 63,2837 for
type A; 63,2204 for type B; 63,498 for type N.

) Weight of uranium=235 in kgs: 1.4746 for type A; 1.6466 for type B;
1.572 for type N.

e) Irradiation time in MWD/TU; the values appear in Table 2.5%1-2,

f) Remuval date from the reactor: 12/12/67 for elements B~k and B-25;
19/10/69 for eleménts A-14/15/21/22/30/33/34/36/40/41/47 and B-30;
and 10/9/68 for all the others.

g) Number of days when a ruel element was in the reactor {of the order
of 2700) together with the number of days where the reactor had no
power (of the order of 1700). The difference of these two values
gives the irra@iation time in days for each fuel element: 820 for
elements B-4 and B-25; 1040 for elements A-22/33/36/41/47; 1084 for
elements A-14/15/21/30/34/40 and B=30; 330 for elements N-20; 1025 for
element B~9/21/24/40/43 and 1017 for all the others.

h) Maximum specific power of the fuel element when discharged(17 watis/g U):

i) Estimated weight of Pu, Pu~239, Pu-240 and Pu~24kl in grams
(see Table 5.1.1-2).

j) Weight of uranium left in a fuel element of the discharge UL
{see Table 2.5.1=2).

k) Weight of uranium=235 left in a f

TV N - gy AS W - ~

(see Table 2.5.1=2),
1) Weight of U-236 (see Table 2.5:1-2),

For reason of space no more than about 12 to 14 elements could be introduced
at the same time in the dissolver | even after a mechanical treatment

in which the top and bottom part of the unfueled part was removed.
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It had been foreseen to make a batch consisting of the 11 elements
A=12/16/18/19/21/22/35/38/41/43/54 and two batches made with the other
efements, these last two batches bei;g mixed after dissolution. The expected
U;and Pu concentration (in %) would then have been:

First batch: U=235/U = 1,07; U=-236/U = 0.23
: Pu-239/Pu = 66.75; Pu-240/Pu = 18.30; Pu-241/Pu = 12,70.

2nd and 3rd batch: U-235/U = 1,08; U-236/U = 0.25
Pu-239/Pu = 65,36; Pu-240/Pu = 18.25; Pu-2k1/Pu = 13,56,

Unfortunately technical difficulties caused time delays dﬁiing the dissolutions
of the reactor batches which made the blending operation of the last two batché
impossible, |

The second batch consisted of the 8 elements A-5/15/17/30/31/36/47/55,
the expected values of the concentration for this batch being (in %):

Second batch: U=-235/U = 1,03 ; U=-236/U = 0.23 ,
Pu-239/Pu = 66.08; Pu~240/Pu = 18,43; Pu-241/Pu = 13,17,

The third batch consisted of the last 13 elements, with the following expectedf

values:

Third batch: U~235/U = 1,10; U=-236/U = 0,26
Pu-239/Pu = 64,98; Pu-2h0/Pu = 18.16; Pu-2U1/Pu = 13,81,

2.5.1.3 TRINO reactor

A description of the Italian Reactor ENRICO FERMI (Sélﬁi) reactor may be founaf
in 1_2 G=2 / The fuel elements are made with UO, pellets placed in cyllndrlca.
rods which form either square or cruclfoﬁksubassembl1es. In the square sub-
assemblies the péllets diameter is 0.890 em, the rod length 2Th.37 com (overall
and the enrichment is 2.73 % in the inner region, 3.12 % in the intermediate
region and 3.90 % in the outer region; in the cruciform subassemblies the pell
diameter is 0.935 cm, the rod length 295.2 cm (overall) and the enrichment is
2.73 Z. The cladding is type 304 stainless steel and is 0,0384 cm thick in the
équare subassemblies and 0,0732 cm thick in the cruciform subassemblies., The |
square subassemblies {19.99 x 19.99 each and 320.88 cm long overasll) are made
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with 209 rods; the cruciform subassemblies (spare 37.191 and 32.hh35qm,
295 cm long overall) are made with 28 rods. !

The shipper's data provide the followiné information

a) Reference number of the fuel elements; the four elements which were
treated were elements 509-01T; 509-032; 509-Ch9 and 509-10L,
(The data given in the following will correspond to these elements,
in that order.)

b) Location in the reactor.
¢) Loading date in the reactor: 1/10/64 for all the elements.
d) Removal date from the reactor: 28/4/6T for all the elements.

e) Weight of uranium at loading (in kg ): 313.734; 313.559; 314.951 and
314,270.

'P) Weight of U-235 (in g): 85.30; 85.26; 98.58 and 122.47.
g) Irradiation time in MWD/TU: 12945; 12465; 13980 and 8969.

h) Weight of uranium left after discharge (Uf, in kgj: 307.648; 307.66k;
308,337 and 310,058,

i) Weight of U~235 left after discharge (Uf-235, in g):4925; 5017; 5921
and 9365,

j) Estimated weight of Pu=239(in g): 1421,76; 1L431.13; 1509.42; 1127.87

Pu-2h0(in g): 312.96; 305.07; 314.87; 148.32

Pu=241(in g): 175.72; 167.90; 182.76; 88.82

Pu-2h2(in g): 9.61; 8.61; 2h.38; 2.06

Pu (in g): 1920,05; 1912,71; 2031.43; 1367,07

Pu fissile S .

(in g): 1597.48; 1599.03; 1692.18; 1216469
k) Estimated weight of Np (in g): 3.27; 3.09; 3.69 and 1.86.

The four Trinc fuel elements were dissolved in two batches: The first batch
was made of the elements 509~032 and 509-049 and the second of elements
509-017 and 509-10k, the expected values of the concentration being (in %):

Fixsﬁ batch: U-235/U = 1,78
Pu-239/Pu = Th,59; Pu-240/Pu = 15,73; Pu-241/Pu & 8.80

Second batch: U=-235/U = 2,31
Pu-239/Pu = 77.56; Pu-240/Pu = 14,03; Pu=-241/Pu = 8,05
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2;5.1.4 EL-3 reactor

A description of the French EL-3 reactor may be found in 17@.5’3_/.

The fuel elements are made of pellets (5 or 8.9 mm in diameter; 12 or 8.9 mm
long) contained in fuel pins (internal dismeter 5 or 8.9 mm, thickness 1.2 mm,
length 289.7 or 312.5 or 327.5 mm); the canning material is aluminium; a fuel
element is made of 8 pins surrounding an axial tube. The fuel consists of

uranium (natural, 1.5 %, 4 % and 4.5 % enriched) in form of UO,.

The shipment contained 1507 spent fuel elements with a calculated amount of
heavy nuclei of 694 kg U and 1.368 kg Pu. As there was no idendification of
the single fuel elements possible only integral data are given here.




" Table 2.5.1=1:

CANADIAN FUEL SUMMARY SHEET

719

Pu, Average G/Tonne = 3193 end of life
= 5916 based on Uo
6003 based on Uf

Average MWD/Tonne

| Shipment  No. of  Tot Pu | Veight % wip/r et U, Tot Uy  piope % U
[No.  BSK _ Bdls, _cMs  2¥py 2805, 2, 282, g KGM_ KGM 235, 236,
11 1 59 2190.5  74.43  21.42 3,47 0.689 4958  775.69  769.79 0.3225  0,0596
|1 2 60 2434,4  71.63 23,45 4,00  0.915 5630 794,09  787.18 0.2889  0.0646
11 3 60 2492,1 70,90 23,95 4,15 1,00 5757  801.65  794.44 0.2830  0,0656
|1 6 60 2499.6¢  70.61 24,18 4,19 1,02 5892 792,20 784,99 0.2766  0.0666
11 7 60 2426,1 71,55 23,49 4,02  0.94 5580  795.25  785.44  0,2940  0.0643
{1 8 60 2601.5  69.53  24.97  4.39  1.10 6316  789.67  782.01 0.2578  0.0694
2 4 60 2538.7  70.85  24.01 4,17 0.97 5887 805.08 797,75 0.2769  0.0665
2 5 60 2571.9  70.04  24.55  4.34  1.07 5943  810.61 803,15 0.2743  0,0669
| 2 1 60 2623.5 69.84 24,73 4.3  1.06 6162  B808.57  800.89 0.2646  0.0684
2 6 60 2653,9  69.28 25,08  4.49  1.15 6229  812.52  804.72 0.2616  0.0688
2 2 60 2696.3 68,58  25.63  4.60  1.18 6515  801.58  793.56 0.2492  0,0769
2 3 60 2625.1  69.61  24.87 4,41 1,10 6173 808,17 800,49  0.2641 _ 0.0685
2 30351.6 grams 9595.1  9504.4 kilograms

g€ -2
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Table 2.5,1-2: Calculated quantities of heavy isotopes in spent VAK fuel

elements

Element Exposure Tot Pu Pu-239 Pu-240

Pu-241 Tot Uf Uf-235 Ufr236

No.  wamru  (g) (&) (&) (&) (k&) (e) (g)
1 2 3 L 5 6 7 8 9

A-5 15 8Lk 357 235 66 W7 61.847 639 143
A-12 15 108 348 232 6h Ly 61.923 666 139
A=1h 18 280 380 241 1 56 61.748 555 155
A-15 18 031 377 2ko T1 55 61.756 563 15k
A-16 15 096 347 232 63 L 61.925 667 139
A-17 15 909 357 235 66 L7 61,842 636 14}
A-18 15 835 357 235 66 b7 61,840 639 143
A-19 15 668 353 234 65 46 61.866 6us 142
A=21 18 259 380 2k 71 56 61.749 556 155
A=22 13 835 330 227 60 38 62.044 15 132
A-30 18 216 380 2k1 71 56 61.750 557 154
A=31 15 992 357 235 66 k7 61.833 633 1hh
A=33 13 k00 325 225 58 37 62,069 725 129
A=-3k 18 652 383 2k T2 58 61.732 5hb 156
A-35 15 072 3uT 232 63 Ly 61,928 668 139
A-36 13 215 322 224 5T 36 62.089 739 127
A-38 14 192 336 229 61 Lo 62,017 701 134
A-kO 17 802 375 240 70 54 61,764 570 153
A-k1 13928 333 228 60 39 62,036 T11 132
A-U43 15 154 348 232 6L Ll 61.918 66k 139
A-bT 13 965 333 228 60 39 62,034 T10 13
A-5h 15 123 347 232 63 L 61.921 666 139
A=55 15 735 354 23k 65 L6 61,859 643 143
B-4 15 853 353 239 63 Ly 61.790 787 153
B~9 18 150 379 246 69 53 61.612 701 167
B-21 18 538 383 247 70 55 61.582 686 170
B=2h 21 832 b1k 253 7 67 61,336 578 186
B-25 15 903 353 239 63 Ly 61.786 785 154
B-30 18 686 383 247 70 55 61,570 680 171
B~ko 18 433 - 390 - - 2k6 70 54 61.588 690 - 169
B=k3 21 847 hi2 252 7 66 61.333 577 186
N-20 g 450 256 19k 30 18 62.584 989 103
I:32 11kkg 7536 2091 1520  1978.680 21285 4726
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2.5.2 Physical Inventory before and after Gampaign

2.5.2.1 Physicel inventory before campaign

The beginning physical inventory was determined at January 11, 1970 and

relevant data can be extracted from table 2,5.2-1,

As the layout of JEX~TO covered only MBA 21 and MBA 22 no attention has
been paid on other MBA's,

There are a couple of units which cannot be inventorized adequately because

of the lack of measurement and sampling eguipment. In this case the opérator
was estimating the hold-up. Fortunately the main part of physical inventory

both for U and Pu could be collected in adequate accountability tanks.,

There were 16 units and 10 units to be inventorized with respect to U inventory

and Pu inventory respectively.
2.5.2.2 Physical inventory after campaign

The ending physical inventory was taken at July 1st, 1970 for U and June 26,
1970 for Pu. The relevant data are compiled in table 2,5.2-2, The ending Pu
inventory of MBA 22 includes two final product batches PC 163 and PC 164 as
indicated in table 2.5.6-1 which contain 1899 g Pu. The ending U inventory
was mainly collected in the dissolver tank (226-2).
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'Iléble 2.5.2=1: Physical Inventory a) before and

b) after the campaign

MBA 21 22

Date kg U g Pu g Pu

a) January, 11 872.8 12061, '558.

b) June 29, and 10L4,7 1163, 2061,
July 1




2.5.3 Corrected Input Data

2.5.3.1 Operator's data

As pointed out in 2.2 and 2,3.1 operator's MBA system keeps identity of

of nuclear material in spent fuel elements forming one dissolution batch
for reasons of establishment of adequate shipper-receiver differences and
the application of the isotope correlation technique. "Corrected Input Data"
.representing the actual dissolved nuclesr material in each dissolution batch
are accounted for by using MBA 12 (see Fig. 2.2~1/2) according to equation
(2=L).

(2-4) Total = JD-RAR+AFU (00) + AFU(10) + UD /[ kg U, Pu_/

= JD corresponds to the input jacket dissolution; the isotopic composition
of Uranium and Plutonium in JD was considered to be the same as in the

corresponding AFU,

- RAR corresponds to the recovered acid recycle; the amount ', of heavy
isotopes in recycled acid was directly determined.

- AFU(00)and AFU(10) correspond to the active feed unadjusted; the input
fuel solution is accounted in two parallel input tanks: the transfer
from tank 226~2 to tamk 221-k4, for batches 100, 200 ..., is indicated by
the symbol (00); the transfer from tank 226-2 to tank 221-6, for batches
110, 220, ..., is indieated by the symbol (10).

AFU(00)=batch normslly contains the main part ef:fuel-soluticn from
dissolver 226-2 whereas AFU(10) contains the suppiément and dissolver

rinse solutions,

- UD corresponds to the undissolved discards.

Tables 2,5.3~1 to 2.5.3~4 show the actual data of the campaign; denoted
LEU-1-T0 (CANDU fuel), LEU-2-T0 (VAK fuel) and LEU-3-T0 (TRINO and EL~3 fuel)
for the 9 CANDU batches (table 2,5.3-1), thé ﬁ VAK batches (table 2.5.3-2),
the 2 TRINO batches (table 2.5.3~3) and the 5 EL-3 batches (table 2,5.3-k),
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Operator's input accountability data are shown for each batch in table 2.5.3-1;
the values indicated under the mention "Total" are calculated according to
formula (2-b4)., The values indicated under the mention "shipper's" are the
Uranium preifradiation data as calculated from the shipper's data; as indi-
cated in paragraph 2,5,1.1 some of these values are only estimations due to
the lack of identification of the fuel elements, The values JRC (jacket re-
cycle concentrate) correspond to the total amount of solid particles which were
not dissolved during the jacket dissolutions. These solids were collected and

dissolved in a special dissolution,

"Shipper's Initial" and "Shipper's Finsl" in table 2.5.3-2 represent shipper's
pre and post irradiation data; those data do not appear for the fourth batch
representing undiss®lved fuel from first three batches.

"Shipper's Initial" and "Shipper's Final" data in table 2.5.3-3 are slightly
different from the values given in paragraph 2.5.1.3, this is due to the fact
that some rods were teken out of the fuel elements for reasons of small sample

analvais.

Since the complete fuel elements were dissglvgd during & single @peration,
there are no data for JD and RAR for the EL-3 batches in table 2.5.3-k,

2.5.3.2 Verification efforts on operator’s inmput data

Considerable efforts were spent on verification of operator's input accounta-
bility by independant analyses using composite sample technique. Composite
sample technique was also applied at a preceding integral safeguards exercise
at EUROCHEMIC [T 2,5*&;;? on original samples of active feed. As the efforts
‘for transportation and handling of undiluted active sample solutions were ex-
perienced to be unreasonsable high a dilution with nitric acid of 1:250 by
volume on all samples was carried out by the operator before composing which
has the advantage that the stability of sampieskis guaranteed during storage
tinme.

Ten composite samples ‘on diluted active feed solutions were composed by Dr.Thie
and Mr, Kammerichsz)
bination with an automatzc control unit: MbtrhomrDos;flx (type E-4k42). Equip-
ment and procednres are described in detail in ref. [. 2.5*3 /

using a Methrom-Mikro-Dosimat (type E 412-i=G-P) in com-

1)BAM =Bundesanstalt fiir Materialforschung, Berlin

2)European Transuranium Institute, EURATOM, Karlsruhe
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Each composite sample was closely homogenized before distributing required
sample material to single laboratories with request for analysis of U and
Pu concentrations using isotope dilution technique. Each laboratory was to

spike the received samples independently,

Table 2.5.3~5 summarizes all relevant data inclusive reference concentrations
calculated on the basis of operator's single batch analysis whereas table
2.5.3=6 and 2.5.3~T show single realisations of verification analyses on U
and Pu from different laboratories relative to their corresponding reference

values defined in table 2.5.3~5,

Significant deviations indicate those realisations which exceed roughly

a + 2 % limit. Realisations on composite sample C and D are compiled in
table 2.5.3-6 and 2.5.3-T7 for reasons of completeness, As indicated in
table 2.5.3-5 the primarily used plastic bottles did not hit specifications
on required tightness. Composite samples indicated as E-I represent dried
samples according to a new technique developed in the European Transuranium

Institute, EURATOM, Karlsruhe, which is described in detail in chapter 8.

The reported realisations of composite samples have a significant trend to
overestimate U and Pu concentrations compared with the corresponding single
batch analyses. This was alsc experienced in a previous experiment on composite

samples 1?72.55h _7; The reasons thereof are not clearly identified.

‘Possible error components are the following:

) Composite errors
ii) Sample preparation, spiking and dilution
) Aging effects due to autoradiolysis,

evaporation, polymerisation and plating out:

Hy

random nature in this consideration whereas aging

e

) and
'

1

i) should be o
effects may have caused this trend though considereble efforts were spent

for stabilizing sample solutions immediately after sampling (see chapter 1.5)3"



Table 2.5.3+1: Operatoris Input Accountability Date of CANDU-Fuel (LEU-1-T0) i'é'gdsépgp.vyv-nucle_i_7

| fldent' U (bot} U 23h | u235 U236 U 238 Pu (tot) |Pu238 |Pu 239 | Pu 240 |Pu 241 [Pu 242 |Remarks
4D 100 1277 0.1 8.5 0.9 1272.5 2.7| 0.0 2.0 0.6. 0.1] 0.0 |
RAR 100 - 2958 |-0.2| =-25.9 |- 1.b = 2930.5 - 9.1 0.0 -T.2| =1.3} =0.5] = 0.1
 AFU 100 671357 33.5 1826.1 | 490, 1 669007, 3 222h,9| 3.1 1596.0 | 518,8 83.2| 23.8
{AFU 110 406101 20,3 [ 1100.5 | 288.3 hol691.9 132k.21 1.9 9k9.8 | 308.8 k9,5 1k,2
Total 10T5TTT 5 53.7 | 290k.2 ,) T77.9 | 10720k1.2 3sh2,7| 5.0 | 25u0.6 | 26,9 | 132.3| 37.9
Bhipper's | 1090600 TS5, © 3542.9 | 2u71.1| 877.8 | 195.4| 38.5
§D-200 1309 0.1 4.0 0.9 13040 2.5/ 0.6 | 1.8 0.6 0.1| 0.0
RAR 200 | =19540 |- 1.2 | =71k |- 9.2 | - 19358.2 = 59.9| = 0.2} =W7,1] =88] =~3.3] -0.5
. APU 200 | 703890 | 35.2 | 2034.7 | 485.7 70133k, 4 2299.8| 3,2 | 16b5.7| 535.6| 90.2] 25.1
| AFU 210 384947 19,2 112k,5 | 281.0 383522.3 1257.7( 1.8 900.0 | 292.9 49.31 13.7
'Total 1070606 53}3 2991.8 758.4 1066802.5 3500, 1 L.8 | 2500.h4 820.3 136.3 38.3
Shipper's | 1088100 2/ 7736, 2 3513.9| - | aWT.9| 8r2.1| 1s5.2] 38.7
3D 300 552 | 0.0 1.4 0.4 550.2 1.k 0.0 | 1.0 013 011 0.0 16 AR
-‘Afp 300 676146 33.8 | 17T17.3 | L493.6 67390333 2302.4| 3.2 | 1624.6 | 55k.h 93.0| 27.2
CAFU 310 | 353959 1.7 | 8.1 |269.0 | 352778.2 1206.7| 1.7 | 8514 | 290.6 | k8.8 k.2
‘Teéa; 1030657 51.5 2612.8 763.0 1027229.7 3510,5 k.9 2477.0 | 8ks5.3 41,9 SR
Shipper's | 1052200 e 7&81..2) 3542, 1 - 2k28,6 | 908.5 162,8 h2,1
- JD'400 731 0.0 2.5 0.h 128, 1 1.5 0.0 1,2 0.3 0.0{ 0.0
RAR k0O - 275 |- 0k | - 38,7 |- k.1 - 231.8 = T =0.1] =135} =25| =09 =0.1
 AFU k00 64TTh3 32.h | 2196.1 395. 1 645119, .4 1807, 1 2.0 1373.3 368.3 51.0 12.5
AFU k10 397822 19.9 1356, T | 23k.7 396210.7 1097, 1 1.2 833.8 | 223.6 30.9 7.6
Total 1046021 ) 51.9 3516.62) 626.1 L 1041826,k . '2888,6{ 3.1 |- 2194.8 589.7 81,01 20,0
- Shipper's § 1056300 4 15100 e i o o2omh2) - | le21g6.7 ] eut.h $ 107.9| ze.aL

e = 2



‘Table 2,5.3-1: Operator's Input Accountability Data of CANDU-Fuel (LEU-1-70) /[ GMS heavy nuclei /

Ident, U tot, | U 23k U 235 U 236 U 238 Pu tot{ Pu 238/ Pu 239 Pu 2ho | Pu 241 | Pu 2k2

JD 500 899 0.0 2.8 0.6 895.6 2.9| 0.0 2,2 0.6 0.1 0.0 ﬁ
" RAR 500 - 6875 | - 1.9 | -235.9 | = 47,8 | - 61789.h - 35.2|= 0.1 | =264 | =6.6 | = 1.7 | = 0.k |
AFU. 500 695261 34.8 | 2148,3 | U51,9 | 692626.0 1989.4| 2.4 1477.3 | 1430.3 62.7 | 16.7 ‘
' AFU 510 hoh215 17.0 | 1302.3 | 271.5 h22624,2 12204 1.5 | 906.2 | 2640 38,4 | 10.3 |
Total 1058300 49.9 3217.5 676.2 | 1054356,k 3177.5| 3.8 | 2359.3 | 688.3 | 99,5 | 26.6
Shipper's 1102600 7839 329%.0 - 2377.7 758.1 | 129.7 28.6

- JD 600 131k 0.1 3.7 1.0 1309.2 6.2 0,0 b4 1.5 0.2 0.1

RAR 600 - 9329 -10.5 - 28,0 - 6,1 ~ 9204 L - 23.3{= 0,1 - 16.6 - 5,2 - 1,1 | -0.3

' AFU 600 599991 30.0 1685.6 | 468,0 5978074 1960,9| 2,5 140k, 5 459.6 72.9 21k

"AFU 610 43347h 31.7 1187.6 320,8 431943.9 430,01 1.9 | 102k, 335.2 53.2 15.6

Total 1025450 51,3 2848.9 783.7 | 1021766.1 3373.8| 4.3 24164 791.1 125,2 36.8

‘Shipper's ') |10391002)| 486 2) 3374.0| - "

'JD 700 382 0.0 1.0 0.3 380.7 1.2| 0,0 0.9 0.3 0.0 0.0 v

'AFU 700 611220 2h, b | 1656.3 | L458.4 | 609080.9 2060.5 | 2.7 | 1467.9 | L488.5 78.5 | 22.9

AFU T10 391786 15.7 1061.7 286.0 390k22.6 1316.5| 1.7, 937.9 312,1 50,2 | 14,6

Total 998534 39.9 27045 Th1.5 995048, 1t 3336.9| 4.3 2376 .4 792.1 | 127.0 37.1

o]

‘|Shipper's " 1063h00“) 7661 2) , 3537. |

¥JD 800 1465 0.1 4.0 1.1 1459.8. 2.8| 0,0 2.0 0.7 0.1 0.0

RAR 800 - 1831 |- 0.1 - 5.5 | = 1.2 | = 18242 -~ bh.5p 0,1 | =318 [-10.0 | =2.1 }|~0,5

AFU 800 635868 31,8 1748.6 | L6kh.2 | 633623.4 2051.6 | 2.7 71l | 480.7 75.3 | 21.5

AFU 810 360759 18,0 977.6 | 252,5 359510.9 1167.3| 1.5 837.2 273.5 42,8 1 12,3 w
Total 996261 | 49.8 | 272h.7| 716.6 | 992769.9 3177.2 | 4.1 | 2278.8 | 74k.9 [ 116.1 [ 33.3

hipper's 1013200 2) 730027 | - 3270, |




?Qableﬂgigfsﬁlz Operator's Input Accountability Data of CABDU-Fuel (EEU—IfYO)ZgﬁB heawy“nuclei?’

§I¢1ent. U tot. 234 | U235 U236 | U238 Pu tot, |Pu238 | Pu 239 | Pu 240 | Pu 241 | Pu 242
JD 900 1252 | 0.1 3.8 0.8 | 1247.3 2.7 | 0.0 2.0 0.6 0.1 | 0.0
RAR 900 - 2596 - 0.1 - 11,2 - 1,3 - 2583.4 - 40,3 |= 0.1 | = 29.7 - 8.6 - 1.5 |= 0.4
'AFU 900 700443 | 35.0 | 2115k | k62.3 | 697830.3 2159:6 | 2.6 | 1577.6 | hu8h.h | 73,6 | 21.k
‘AJFU 910 414636 20,7 |. 1268.9 261.2 | 413085.2 1275.0 1.5 931.4 286.0 43.5 | 12,6
‘Total ] 1113735 2) 355.7 :33765.92 723.0 | 1109579.4 3397.0 | kL.0 | 2481.3 762.% | 115.7 | 33.6
‘Shipper's '’ | 1089700 | | 7841, | 3303 |
JRC tot. 52 | - 2.1 | - 749.9 2.l | - 1.7 T - | -
jTo'rAL ] 9416093 2) 457.0 26906).02) 6566.4 19382169.6 29906.7 | 38.3 |21626,7 | 6861.T | 1075.0 | 305.0
 Shipper's | 9595100 - 68608.0 - - 30351.6 - [21396.9 | 7359.6 | 1284.4 |310.7
1)

Estimated data‘pecause;fuel elements could not be identified.

5
1 2) Preirradiation data.

-z




IDENT. pror B3| 235 236 238 pt0T | p23B | p,239 Pl Pl | p 242
JD 100 1152 0.1 12,2 2.6 1137, 1 8.4 0.1 5.6 1.9 0.6 0.2
RAR 100 -8L89 | -0.k -29.3 ~5.2 845k, 1 -129,9 | -0.2 -94,2 ~29.2 5,01 =1.3
AFU 100 619028 | 7k4.3 65L1.5 14114 611000,8 3102.3 | 18.5 2102.6 686.5 233.6 | 61.1
TOTAL 100 611691 | Th.0 6524, 4 1408.8 603683,8 2980,8 18.4 2014,0 659.2 229.2 | 60.0

_ INITIAL| 696121 - 16220.6 - 679900, 4 - - - - - -
SHIPPER'S :FINAL 681175 | = 7298.0 1653.0 672224.0 3826.0 - 2554,0 700.0 L86.01 -
JD 200 k550 | 0.5 46,4 10.6 Lko2.5 59.5 0.4 39.2 13.7 4.8 | 1.4
RAR 200 ~5497 | ~0.3 =19,0 -3.h4 -54Th, 3 ~84.1 -0.1 -61.0 -18.9 -3.3} =0.8
AFU 200 415914 | k9,9 4238.1 973.2 410652.8 2109.5 13.3 1393.0 484, 3 170.4 | 48.5
RAR 210 -760 | =0.0 -2.6 -0.5 =756.9 -11.6 | -0.0 -8.5 -2.6 -0.b | -0.1
w00 1235 | 0.1 12.6 2.9 1219,k 6.3 | 0.0 4.3 1.4 0.5| 0.1
AFU 210 11219 1.3 114,3 26.3 11077.1 62.7 0.k ki.k 14,4 5.1 1.b4
TOTAL 200 426661 | 51.5 1389 .8 1009,1 421210.6 2142,3 14,0 1408 .4 h92,3 T7T.1 | 50.5
SHIPPER'S: NITIAL| 506270 | = 11797.0 - Lokl73,0 - - - - - -

) *FINAL hgs010 | - 5120.0 1141,0 488749,0 2837.0 - 1872,0 522.0 373.0 -
JD 300 1887 | 0.2 19,5 k.9 1862, 4 23,6 0.2 15.h4 5.5 1.9 0.6
RAR 300 -29949 | =1,8 =9L,0 -21.3 -29831.9 -202.T -0.3 -1h47.2 -45,6 -T.5 | =2.1
AFU 300 501986 | 60.2 5187.2 1300, 495438,5 2770.2 20.6 1810.3 645.7 226.6 | 67.0
AFU 310 267745 | 32,1 2766.1 696.1 284250, 7 1475.4 10.9 964 .2 343.9 120.7 | 35.7
UD_ 300 731 | 0.1 7.7 1,7 21,5 8.5 - 5.9 1,8 0.6 0,1
TOTAL 300 T42L400 | 90.6 76886.5 1981.5 T32441,2 4075.0 31,4 2648,6 951.3 342,3 [ 101.3
SHIPPER's . NITIAL | 80k812 | - 20198.2 - 784613.8 - - - - - -

T ‘FINAL 785250 | = 8638.0 2014,0 774598.0 4706.0 - 3050.0 853.0 650.0 -
Jb 1400 5698 | 0.7 62.0 13.3 5622,0 46.6 0.2 31.9 10.1 3.6 0.8
RAR 40O -3984 | =0.4 -3T.2 =T.2 =»3939.2 -T7.3 | =~0.0 -5.2 ~1,6 -0, 4 | «0.1
AFU koo 144220 | 17.3 1569.3 337.5 142295.9 TO1.h4 3.7 479.1 151.8 54,31 12.5
UD 400 868 | 0.1 9.2 2,0 856.7 10. 1 0,1 6.9 2,2 0.8 0.2
TOTAL 400 146802 | 17.7 1603..3 3456 144835, 4 750.8 4,0 512.7 162,5 58.3 ] 13.4
TOTAL 1927554 i23k4,0 20404.0 L7450 1902171.0 9948.9 67.8 6583.7 2265.3 806.9 | 225.2
SHIPPER'S  INITIAL | 2007203 - 48215.,8 - 1958987.2 - - - - - -

- ‘FINAL 1961435 - 21056.0 4708,0 1935571.0 11369.0 - T476.0 2075.0 1509.0 -

St -2



Table 2.5.3-3: Operator's Input Accountability Data of TRINO Fuel

(LEU-3~T0)

IDENT. yroT 23] 2B 236 238 puTOT e | p23 | p2Y0 P2t | py2t2
JD 100 1814 | 0.3 32.6 4.5 1776.6 19.6 | 0.1 4.8 3.1 ial o2
BAR 100 ~6431'| -0.9 -78.8 -15:3 -8336.0 -15.5 | =0.1 -10.9 <34 -0.9| -0.2
AFU 100 338147 | 47.3 6073. 1 835.2 331191, 4 209k, 1 9.2 1580,0 329.6 150.4F 2k.9
AFU 110 237270 | 33.2 h211.5 595.5 ~232k29.8 1460.8 6.4 1102,2 229.9 1049} 17.4
- TOTAL 100 568800 | 79.9 | 10238.h | 1419.9 | 557061.8 3559.0 | 15.6 | 2686.1 55942 255.8| k2.3

SHIPPER'S; INITIAL| 611869 | = 17882,0 - 593987.0 z : M 7 4 2
| FINAL | 599699 | - 10638.0 - - 38384 | - | 2861.8 603.k 340.6| 31.9
RAR 200 2on | 32 e s 469.7 48 | 0.0 3.8 0.7 0.3} 0.0
RAR 200 =130k | 0.2 ~13.4 2.3 ~1288, 1 -8.1 | =0.0 6.0 -1.6 o] 0.1
AFU 200 30172k | k2,2 6956. 4 684.9 294046, 5 1589.6 5.6 1220, 1 218.0 92.0| 13,9
AFU 210 309056 | 3.3 7128.7 692.3 | 301191.7 1592.5 | 5.7 | 1253.8 22h.,1 ob.6| 1h.3
- TOTAL 200 609958 | 85.4 14082.8 1376.0 | 59Lk413.8 3138.8 | 11.3 2471.7 bh1,2 186.5| 28.1

SuppER's . INITIAL|  62h98t | - 20659.0 - 604322,0 - - - _ N >
 PINAL | 6wTa9) - 14200.0 - - 2Th0 | - 2538.8 b59.8 | 263.1] 11.6
TpmmL 1178758 | 165.3 2hk321,2 | 2795.9 | 1351475.6 6697.8 | 26.9 5157.8 1000. 4 k2,31 70.4
| INITIAL] 1236850 | = 38541.,0 - 1198309.0 - - - - - _

¢ 3 - f. E : ‘ : v

SHIFFER'S!pmvan | 1210b28| - 24838.0 - - Ti12,4°| - 5400.6 1063.2 603.7| 13,5

9 - ¢




‘Table 2.5.3-%: Operator's Input Aecountsbility Data of EL-3 Fuel

iy -2

(LEU=3-70)
IDENT. ptoT | 23k y23> 236 230 PutOr pue 3 PP | p?® | pPt | Pt
| AFU 100 178886 35.8 5378.2 500.9 172971, 1 315.2 0.2 274.0 36.1 k.3 0.6
AFU 200 131376 21,0 '3859.7 3681.0 127114, 3 238.4 0.2 203.4 30.7 3.6 0.5
AFU 300 198472 35.7 5868.8 559.7 192007.8 358.0 0.2 310.2 | h2.3 4.8 0.5
AFU 400 167987 28.6 5253.1 428 .4 162276.9 288.8 0.2 252.2 | 32.6 3.4 0.k
~ AFU 500 10710 1.9 316.7 30,2 10361.2 18.8 0.0 16.3 2.2 0.3 0.0
. TOTAL 687431 123.0 20676.5 1900.2 664731.3 1219,2 0.8 1056.1 | 143.9 16.4 2.0
- SHIPPER'S
i . |
INITIAL - T05694 : 31611.0
FINAL . 693802 | 21208.0 1368.0




Taeble 2.5.3=5: Survey on Composite Samples of Active Feed in JEX-TO

Composite Sample A B c D E~-1 G H
1 2 3 L 5 T 9 10

Fuel ‘CANDU CANDU VAK TRINO TRINO + CDN
AFU~-Bat éh T00-910 100~-610 100-400 100-210 100=210+100-~500
Total mass of sol.
(tons) 17,138 37. 147 13.023 8.284 22.815
Pipetter capacity
(m1) L L L L 2

1o6 Aliquot factor L7 3.1 1.3496 1.471 2.2 0.7
Volume dilution’

factor 248,2 >
Ref.Sol.Density1) -

(g/ml) o 1.k218 1.3992 1.3806 1.3233 1.3138
Ref.Dil.Density”)

(g/m1) 1.17415 >

Ref. U-conc. "

(mg U/g dil) 0.8870 0.8199 0.7134 0,6498 0.3702
Ref .Pu-conc. 1)

(ug Pu/g ail.) 2,828 2,600 3.720 3,601 1,540

B - 2



Table 2.5.3-5: Survey on Composite Sumpies of Acvive Feed in JEX~TO (continuation)

Ref .Pu/U’

(0/00)

Refererice 23&1)

)

U-isotope 235

abundances 236

as (W/%)

Ref.Pu-238

isotope
abund.

| (w/%)

Remarks:

238

1)

239
2ho
241
2h2

3.188

0.00LT

0.283

0.070
99.643

0.127
72.010
23.182
3.628
1.047

Samples stored in
glass vials and used|.

for interlabtest.
A-aliquots taken
from the same dilu-
tion as used for
single batch ana-
1lysis of the ope-
rator. B-aliquots
taken from dilution
of independant ref.
samples.

3.171

0.005
0.291
0.070

99.635

0.131
T2.495
22,773

3.594

1.006

Samples primearily
stored in plastic
bottles which
showed wall difu-
sion losses and
weyre thererore
rejected for the
interiasbrest.

C and D sampies
correspond to A
and B samples res-
pectively.

5.214

0,012,

1.041

0.2h2
98.705

0.660
66,5432
22,765

T.933

2,214

E and E-I sumpies taken
from the same dilution.
but independcentiy com-
posed,

E and F samples corres-
pond to A and B samples
respectively.,

Only glass bottlies used.

E=I-sampies were dried
in Al,=-capsules,

5,542

0,01k
2.05h
0.237
97.696

0.k00
77.027
14,939
6.586
1.050

Correspond to

A=-gamplies,

Only glass
bottles used.

L, 160

0.016
2.h05
0.251
97.328

0,348
78.53h
1l 46
5. 76k
0.911

Correspond to
A-samplies.

Great differences
in concentrations
of single batches
(Factor 200).

Only glass bottles
used.

64 = 2

1)

2)Based on single batch analysis of the operator

S)Determine& at EUROCHEMIC analytical laboratory
Not measured. Ref. density was estimated as the mean of other composite samples due to the
great solution factor.




Table 2.5.3-6:

U-concentrations by Isotope Dilution Analysis normalized to
. Operator's Single Batch Analysis

100 % (Reference Value in Table 2.5.3-5)

'Numbers in brackets represent realisations rejected by the corresponding laboratory.

Composite
sample

Laboretory I

103.0
100.8

101. 4
103.2

Laboratory II

98.9

98.3

99.4

1044

Laboratory III

101.3

101,2

103.L4
104.0

105.7
106.9

Laboratory IV ")

104,1
10%,0
104,k
104,5

Laboratory V

Mean
RSD %

100,6
1.7

1.1

102.3
2.4

105.7
1.2

1) Using X-ray fluorescence spectroscopy

0§ - ¢




Table 2 . 5 0'3-7:

Pu~concentrations by Isotope Dilution Analysis normalized to Operator's Single Batch

Analysis = 100 4 (Reference Value in Table 2.5.3~5)
Numbers in brackets represent reslisations rejected by the corresponding lsboratory.
Composite A B c E E -1 F G H
sample
Laboratox’y I 99-7 9706 99.6 - e - - -
- (82.0) 93.0 98.5
Laboratory II | 100.8 101, 1 - - - - 101.9 100.3
102,1 100.1
Laboratory III | (99.6) 101.9 - (105.6) 103.6 10L4,5 105.0 105.4
(99.8) 102,2 (10k.2) 102.0 104,8 106,0 106.,0
103.1 101.9 100.3 103.5
103.6 102.6 99.9
103.3
105.8
Laboratory V | 102.5 - - - - - - -
Mean 102.0 99.3 99.1 102.3 102.5 103.7 10L4.3 103.9
RSD % 1.4 3.5 0.8 0.5 2.2 1.2 2.0 3.0

1§ =2




2 = 52

" 2.5.4 Recycled Uranium (BXR)

The partition column (231-4) was fed by a reducing agent in form of U(IV)
solution from meke up (tank 262-26) as pointed out in chapter 2.2 and Fig.
2.1-3. These batches were transferfedfrom another building in plastic bott-

les and filled in tank 242-L and 242-3, The single increments are compiled in
‘table 2,5.U=1. This material does not represent the total amount of re-
cycled BXR but only the external recycle which has to be accounted for. A
considerable part of BXR was internally recycled within MBA 21 thus no material
accountancy was required. The special problems associated with this recycle

in the context of inventory experiment are described in chapter 5.3.2.

Table 2.5.4=1: U(IV) Uranium used for make-up

No. DATE ORIGIN.TANK U(§2§NTITY ?;33?
7 2 3 % 5

SATR 10k1 12/2/70 2h2=4 ko.3 0.701
" 1097 17/2/70 2ho-k 61.6

" 1098 18/2 /70 242=} 54,5

" 1102 2k/2/70 2h2=h 63.0

" 1105 L/3/70 221 k9.3

" 1107 8/3/70 2h2=4 6L, 1

" 1108 11/3/70 2ho=h 54,2

" 1109 11/3/70 2ho-h 17.5 ¥
" 1110 13/3/70 242=-3 25.2 0.31
L 1111 | 18/3/70 2h2-3 7.8 "

" 1113 20/3/70 2h2-3 90.6 "
RSTA 1115 26/3/710 Bldg. 6B :} 102.0 1N
" 1118 8/4/76

" 1508 | 28/5/70 [ ’ 1.3 | 0.3
" 1512 12/6/T0 " 1.2 "

" 1514 12/6/T70 " ‘ 11.2 "
TOTAL Th2.8

U removed to building 6B - T0.3

Total Uranium fed into MBA 21 672.5




2 =53

2.5.5 Uranium Product from 3rd Cycle {3UP)

The Uranium product flow at the output of MBA 21 was measured in relatively
small product receiver tanks (2L41-ha/b) with a normal hold up of 1100 1 and
450 kg U respectively. 3 UP is sampled by the operator for specification
analysis and there is no request for an accurate accountability analysis as the
operator performs this analysis at Uranium Final Product {UFP)., The layout of
the U inventory experiment however required to follow the U isotopic system
response in 3 UP in order to avoid the great homogenisation in the following
final product storage tanks. The 3 UP batches represent the increments there-
of, To realize adequate accountability of this 3 UP batches duplicate samples
from each batch were requested to be analysed for total Uranium concentration
and isotopic abundances in the laboratories of the Joint Reserach Center
EURATOM, Ispra. All together 167 Uranium determinations and 70 density deter-

minations have been carried out there.

An error analysis of the U-concentration determinations resulted in a value
of the precision per single analysis which includes also possible sampling
errors because the results of the duplicate samplés have been combined for
the evaluastion of their variance. However sampling errors in this flow were
experienced to be not significant {see chapter 7.1). Relevant data of this

analysis are compiled in table 2.5.5-2.
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Table 2.5.5-1: Uranium product from 3rd extraction cycle (3UP) accountability tank 24i-ha/lb

{

HS -z

Reac- | Batch Iden{ MIR | RSTA | Date/hour of |Weight of | Sample ol 2am U‘j_ézjg%c comp.| |
tor tification No., No. tragsfer end transferred density gg_g ‘.‘kg 3] kg U : , , i
\ solution _ g sol 234 | 235|236 (|238 g
[xe] | [em] | | &
1 2 3 L 5 6 X | 8 | 9 10 1| 12 {13 |1 | 15
L - - - 19.2/ - - - “ 338.4 | 338.h - |0.910] = | ~ 5)
> - - - BN 19.2/ - - - B 310.3 648.7 - |0.910] = | = 5)
3| NPD | 3 UP-100 | 5611 39961 1.3/16.30] 1689 1.5177 254,45 | k29,8 | 1078.5 - - -] -
4| nPD 3 UP-200 5614 Loo87 3.3/10.45] 1610 1.5895 273,35 4340.1 | 1518.6 - - -] -
5 3 UP-300 | 5616 40095 k,3/20.30; 1719 - 1.5697 273.62'| UTO.k | 1988.9 - - =1 -
6 3 uP-400 5620 . | L0106 6.3/13.k0| 1625 1,5698 | 271.35 [ 440.9 242,99 - - - -
T 3 UP-500 | 562k | 40026 8.3/0.25 | 1746 1.5776 | 275.k5| 1480.9 | 2910.8 | - | ~-| =-| =
8 3 up-7003) | 5707 | Lo6Sk 16.3/10.00 1453 1,5825 277,79 | 403.6 | 334 | - | -] - -
9 3 UP-800 | 5708 | kOTT3 17.3/b.40 | 1647 1.6067 | 283.05| u66.2 |3780.6 | ~| =-| ~| -
10 3 UP~900 5850 | L0856 18.3/14.15 " 1653 1.5953 281,52 hss;h 4246.0 - - - -
Y | |
1) . 3) ‘ \ . ‘ 5) 0. . . .
2)measured in CCR—Ispra‘ h)ba,tch NPD-3UP 600 was recycled within MBA 21 ““from begioning physical inventory

duplicate samples

EUROCHEMIC process analysis




\

Ta.blei}r 2.5.5-1: Uranium product ffbxp 3rd extraction cycle (3UP) accounta‘bili;i;y tank 241-ka/bb (continued)

Reac~ B;t;h Iden-| HNMIR | RSTA | Date/hour of | Weight of | Sample ) 2)1) U~isotopic comp.!) @
tor | tification o, No. | transfer end | transferred density ‘5 mg U e U |gke U | Lwlo ] §
solution - - | & s0l ‘ o
| Lxe/ | Lem/ | 23k |235 | 236 | 238 |@
1 2 3 4 5 6 | T 8 9 10 112 {13 | 1w jis
1] ¥pp | 3uP-1000 | 5855 | 140866 | 20.3/5.10 1649 1,5883 | 275.22 | 1453.8 | 14699.8 | 0.005)0.334|0.059{99.602
2 3UP-1100 5857 ‘410555 21,3/1k,15 171k 1.5755 276.83 L7h.5 517hk,3 | 0.005]0.344|0,059{99.592
3 3UP-1200 5859 | Li1o6k | 22.3/17.15 1640 1.5999 281,22 b61.2 | 5635.5 | 0.005|0,313]0.061]99.621}
L §UP¥1300 5862 L1226 24,3/19.00 1713 1.5716 27k.28 469.8 6105.3 | 0,006/0.297|0.068|99.629
5 3Up- 1400 5866 | W1239 | 26,3/8.45 1703 1.5958 277.58 y72.7 | 6578.0 | 0.005|0.273|0.066{99.656
6 3UP—1500 5868 | L1252 | 27.3/10.00 1704 1.6076 283,44 483,0 | T7061.0 | 0.005|0.279|0.064(99.652|
7 3UP-1600 5671 | b1255 | 28.3/17.15 1696 1.6199 285,04 483.4 | 7544.5 | 0.006]0.310|0.066|99.618
8 3UP—17oo 5806 L1264 31.3/2,30 1686 1.5548 é69.69 L5k, 7 7999.1 | 0.006[0.295{0,067(99.632 ":
9 3UP~1800 5809 | b1279 | 3t1.3/21.45 1709 1.6151 | 284,80 486.7 8485,9 | 0.005/0.289[0,066|99.640 | v
10 ] ;BUP-1900 5878 41296 L4, /4,00 1706 1.6215 286.87 489.4 8975.3'] 0.005|0.291{0,066{99.638:




Table 20510 5-1 H

Uranium product from 3rd extraction cycle (3UP) accountability tamk 2h1-ha/bb

{continued)

Reac- | Batch Iden- NMTR | RSTA | Date/hour of | Weight of | Semple '’ 2)1) U-igotopie comp.')
itor tification No. 0. ‘transfer end | transferred density gy kg U.| ZkgU Lvlo] 4
‘ solution _ N L sol g
Lxe/ | Le/m] 234 235 236 238 |@
i 2 3 b 5 6 T 8 9 10 1 12 13 W 15
1| D | 3UP~2000 5881 | bisk8 | 6.4/9.00 1674 1.6086 283,78 . 475.0 | 9%50.3 | 0,050,284 0,065 99616
2 3UP~2100 5886 41903 | 8.4/18.10 1750 1.5949 281.,5 | 92,6 { 9942,9 | ~ - - - |
3| ¥ 3U1>-220jo 5869 %1909 9.,4/22,15 1900 14746 2ho, b7 456,9 | 10399,8 | 0,005/0,29310,067 99.635|
L|vak |3uP-100 | 5898 | Wig16 | 15.4/17.20 1706 15317 260,066 b3, 7 | 10843.5 | 0,011(0.883]0.172]98.93L|
5 3UP-200 5675 43130 | 16.,4/9.30 1729 1.5969 280.15 b8k 4 | 11327.9 [ 0,011(0.997|0,200(98.792] .,
6 3UP~-300 5684 43031 | 21.4/19.20 1693 1,600L 280.17 uTh,3 | 11802,2 | 0,011/0.966{C, 185|98,838} !
T 3uP~400 5692 43220 | 26,4/22,50 1520 1.5768 272,90 414,8 | 12217,0 | 0,011/0.984]0,222(98,783 3
8 3UP-500 5696 43408/ 28,4/12,k45 169k 1,527 256,47 43k,5 | 12651,5| 0,01310,996]/0,217]|98. 77N
9| ¥ 3UP-6oQ 5697 k3h17 | 28,4/20,15 617 1.2656 154,43 | 95.3 | 12746.8 | 0.012}0.993}0,213/98,782
10 TRINO| 3UP~100 5601 43691 | 1.5/14.30 1167 1.2728 159.99 186.7 | 12933.5| 0.012] 1,582|0.225{98, 181




Table 2.5.5-1: Uranium product from 3rd extraction cycle (3UP) accountability tank 2hi-ha/kb (continued)

o S| | e | et | ninen, St V] ] Jotete com D T

‘ s()l_gtion - g sol kg U Ekeg U] L Wiea ; § : |

Lxa] | [em] 23k l235 | 236 |23 |8
1|TRINO || 3UP~200 5603 | L3615 2.5/6.10 1l 1,2523 19,34 211.2 | 13144.6}0,013| 1.649 | 0.222[98.116|
2 3UP-300 5607 | 43807 3.5/5.15 1552 1.2h54 14k, 52 224,3 | 13368.9]0,014| 1,848 | 0.227(97.910]
3 3UP-400 5609 43756 L.5/4.40 1410 1.2k43 1kk, 56 203.8 | 13572.8[0.015/2.049 | 0.22k|97.712]
4 3up-500 5612 | 43877 | 6.5/6.30 1366 1.2901 165,57 226.2 | 13798.9[0.0172.195 | 0.223[97.565
> 3UP-600 5731 | bhm19 | 22.5/2.30 1222 1.2071 125,76 153,7 | 13952.6(0.016] 2,227 | 0.224]97.533|
6| Y 3UP-T00 5733 | 4123 | 22,5/17.00 715 1,131 83.79 59,9 | 14012,5[0.016|2.255 | 0.224{97.56k
TICON | 3UP-100 5621 | 4ho13 | 10.5/14.45 1509 1.3142 167491 253, 4 | 14265.9/0.018 2.752 | 0.259|96.971
8 3UP=-200 5632 | 43397 | 13.5/11.30 963 1.3302 170,17 163.9 | 14429.8]0.019] 2.862 | 0.262(96.857
9 3UP=-300 5643 | L4628 17.5/18.30 1357 1,3016 163.85 222,3 | 14652.1[0.019| 2,860 | 0.263|96.858|
10 3uP-hoo | 5648 | L4701 | 19.5/3.00 540 1,2188 - | 127.87 69.0 | 14721.2/0.019/ 2,843 | 0.263/96.875]
oy 3UP=500 5728 | LLTOT 19.5/5.30 kot - 1.1332 79.54 31,9 | 14753.1/0.019{ 2.8k | 0.263]96.874|

s -2
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Table 2.5.5=2: Survey on U~determinations of 3UP samples
performed by the laboratory of the Joint Research Center
EURATOM, Ispra

Fuel CANDY VAK TRINO CIN
No. of batches _Y 21 6 ’ T 5
No. of samples
per batch 2 2 2 2.

No. of analyses
per sample 2=3 3 3 2

Mean concentration
[me u/e ] 275.5 250.7 139.1 141,9

Precision
/[ % RsD / 0.20 0.19 0.32 0.34
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2.5.6 Pu~Final Product (PFP)

Contrary to Uranium final product PFP was used to follow the isotopic
system response of MBA 21 and 22 because there is no preceding large
product sampling tank installed at EUROCHEMIC which causes intolerable
homogenisation. The Pu-containers (PC) which were directly filled from
a continuous operating calcinator represent ideal batch sizes for the use
of the new inventory technique as described in chapter 5. Relevant batch

data are compiled in table 2.5.6~1,
Date and time when each Pu container was filled and replaced by an empty

one at the outlet calcinator, which was considered to be the boundary of the
MBA 22, are given in column (1) to (3). The values given in column (L) corres-

pond to the weight of the PuO2 in s Pu—-container before any sampling; the Pn
weight percent, the weight of Pu end the cumulative weight of Pu are shown

in columns (5) to (7); the Pu-isotope-weight-fraction and the Pu-isotope weight
appear in columns {8) to (1¥). The first product batch, PC 118, was apparently
material from a former campaign because its isotope vector does not fit at all

with the CANDU pluteonium isotope vector.



' Table 2,5.,6=1: Pu~Final-Product (PFP) Batches Inclusive Semple Material
\‘[ T — g s R —— ™

PC |Date | Hour g P, (Pu% | gPu I gpu Pu~isotope-weight~fraction /% 7 Pu~isotopes / g /

: : 238 | 239 | 2ko ‘ 241 l 2k2 238 | 239 | 240 21 | 2h2
118 11.3 06,00 1932.65 86.47 1671.16 1671.16 0.k27 69.32 22,57 6,05 1.63 7.1k 1158.45 377,18 101,11 27,24
143 12.3 15,30 11601,03 87.16 1395.46 3066.62 0,135 T2.13 23.02 3,69 1,02 1,88 1006.54 321,23 51,49 1L4,23
121 13.3 06,00 1346.96 86.43 1164,18 L4230.80 0,144 72,35 22,87 3,63 1.01 1,68 842,28 266.25 k2,26 11.76
122 18,3 15,00 2213.52 86.88 1923.,11 6153.90 0.137 72,68 22,56 3.63 0.995 2.63 1397.Tt 433.85 69.80 19,13
12k 21,3 02,00 1870.68 86.81 1623.94% TT77.8% 0,134 72,92 22,41 3,57 0.967 2.18 1184,18 363.92 57.9T 15.70
123 23,3 12,00 1849.98 86,60 1602.08 9379.92 0,138 T3.10 22,22 3,59 0.953 2,21 1171.12 355.98 5T.51 15,27
126 2h,3 12.50 1910.2% 87,09 1663,63 11043,55 0,129 T3,03 22,33 3.55 0,962 2,15 1214,95 371,49 59.06 16.00
125 28,3 10,00 1827.71 87.11 1592,12 12635,6T 0,118 7T2.92 22,45 3.55 0.967 1.88 1160.97 357.43 56,52 15.40
131 29.3 21,00 1705.60 87.13 1486.09 14121,76 0,128 7T2.55 22,73 3.59 1,01 1.90 1078,16 337.78 53.35 15.01
132 30,3 21,00 1911.34 87.27 1668.03 15789.79 0,130 72.66 22,68 3,55 0,990 2.1 1211.99 378.317 59.21 16,51
134 2.4 02,00 2072.66 87.32 1809.85 17599.63 0.134 72,53 22.75 3.59 0.996 2.43 1312.68 411,74 64,97 18,03
135 4.b 22,45 1843.33 87.49 1612.73 19212,36 0.130 72.48 22.80 3.59 0.999 2,10 1168.91 367.70 57.90 16,11
136 5.4 16.30 1767.13 87.72 1550.13 20762.49 0,126 T2.12 23,03 3.67 1.05 1,95 1117.95 356.99 56.89 16,28
127 6.4 10,45 1783.32 87.60 1562,19 22324,68 0.129 T2.47 22.81 3,55 1.0h 2,02 1132.12 356.34 55,46 16.25
128 10,4 19,45 1814.75 87.43 1586.64 23911.31 0,124 72,57 22:77 3.5% 0.996 1,97 1151.%2 361.28 56.1T 15,80




Table 2.5.6-1 (continued)

PC{Date | Hour | g Pu0, | Pu% | g Pu g Pu Pu-isotope-weight-fraction / %_/| Pu~isotopes j_—g_7
‘ < 238 | 239 | 240 | 241 | 242|238 | 239 2ho | ek | .2k

129 11.b 17.30 1777.69 87.15 15k9.26 25460.5T7 0.123 7T2.73 22,67 3.48 0,987 1.91 1126,77 351.22 53.91 15.29
130 16.4 00.00 103k.43 86.47 89L.WT 26355.0k 0,127 T2.66 22.73 3.50 0.989 1,14 649,92 203.31 31.31  8.85
133 18,4 03.00 1968.93 86.56 170k.31 28059.35 0,345 To.bk 22,54 5.26 1,420 5.88 1200.51 384,15 89,65 2k,20
138 26.4 06.00 1664.22 86.52 1h39,88 29499.23 0,432 69.32 22.54 6.07 1.640 6,22 998,13 32h.55 87.h0 23.61
139 26.4 22.00 1508.88 8T.52 1320.5T7 30819.80 0.5% €7.75 22.76 6.9% 2.01 7,13 894.69 300,56 91.65 26,5k
1ho 27.4 18,15 1772.91 8T7.69 155k.66 3237h,h7 0.62 66.78 23.05 7T.35 2.20 9.6k 1038,21 358.35 114,27 34,20
141 28,4 11,00 1884,23 87.T1 1652.66 34027.12 0.62 66.38 23,08 7T.62 2.31 10.25 1097.03 381.43 125,93 138,18
142 30.4 12,00 1944, TT 87.55 1702.65 35T729.T7 0.70 66.28 23.06 T.65 2,31 11,91 1128.13 392,50 130.21 39,32
W5 11.5 12,30 195L.86 88.13 1722.82 37h52.59 O.47 Th.k9 7.1 6.56 1.3k 8,10 1283.33 295.29 113,02 23.09
146 12,5 10.00 1848.96 87.83 1623.94 39076.53 0.k2 75.T72 16.hk2 6.2k 1.20 6.82 1229.65 266.65 101.33 19.k9
16T 13.5 04,30 1kkb,16 87.86 1268.84 L0345.37 04T Th.61 16.98 6.65 1.29 5.96 96,68 215,45 84,38 16,37
148 14,5 05.00 1567.57 87.96 1378.83 L1T2k.21 0.42 75.50 16.38 6.47 1.23 5.79 1041.02 225.85 89.21 16.96
149 16.5 06.00 2058.27 87.95 1810.25 L43534.45 0.39 76.97 15.63 5.94% 1,08 7.06 1393.35 282,94 107.53 19.55
155 T.6 03.00 1566.45 8T.4T 1370,17 4hkoOk.63 0.33 78.11 15,16 5.50 0.908 h,52 1070.2% 20T7.72 75.35 12,44

l9 -2




164 29,6

i
i

bC | Date| Hour| g PO, | Pu % g Pu g Pu Pu-isotope-Weight Fraction / %/ Purisotopesgé:§;7
238‘ 239 [raho l 2k | 2k2 238 ( 239 | 240 | 2h1 2k2
156 7.6, 21.00 1693.01 8T,k9 1481.21 46385.84 0,30 78.60 14.82 5,40 0,886 ULk 1164,23 219,52 79.99 13,12
157 8.6. 11,00 1582.85 87.48 1384,68 L7770.52 0,32 78.54 14,86 5.39 0.885 k.43 108T7.53  205.76° Th.63  12.25
150 8.6, 19.00 1787.90 87.76 1569.06 149339.58 0.27 TT.1k 16.81 k.89 0.889 k.23 1210.37 263.76 7T6.73 13.95
158 10.6. 15.30 1704,95 87.53 1492.34 50831.92 0,31 78.62 14,78 5.39 0,891 L.62 1173.28 220.57 80.44 13,30
159 13.6. 01,00 j2h7.56 87.40 1090.3T 51922.29 0.32 78.55 14.86 5.41 0.867 3.49 856.48 162.03 58.99  9.u5
160 14.6. 01.00 1290,00 87.25 1125.53 53047.82 0.33 78.59 14.78 5,41 0.885 3.71 88k.55 166.35 60.89  9.96
162 21.6.  03.00 j1059.18 86.99 921.38 53969.20 0.29 78.89 15,04 k4,93 0.859 2,67 726.88 138.58 L5.k2  T.91
161 23.6. 09.00 1188.04 86.83 1031.58 55000.77 0.30 78.62 15,35 4.84 0.88h 3.09 811,02 158,35 49.93 9,12
1163 29.6 641,37 87,72 562.61 55563.38 0.29 78,59 15,42 L.83 0.875 1.63 Lh2,16 86.75 27.1T k.92
" 161358 82.81 1336.21 56899.59 0.33 T75.31 18.11 5.37 0.886 h.M1 1006.30 2b1.99 T1.75 11,84

1)Includ«&d in

final physical inventory

29 - 2



2 - 63

2.5.7 Pu-Battery Product ( 2BP)

Pu battery product {2 BP) which hits specifications on impurities is collect-
ed in a product receiver (2436-1) in batches of 40-100 1 for -accountability
measurements before being transferred into MBA 22 for precipitation and cal-
cination. These batches are listed in table 2.5.7-1 showing all relevght batch
data and isotopic determinations which were used for inventory determinations
in MBA 21 (chapter 5). Batches which were out of specifications need reextrac-
tion for additional purification. They were entirely recycled via 2436-1 to
buffer tanks preceding the mixer-settlers. On the other hand the operator was
using a technique to feed additionally the mixer settlers with recycled product
because the head end could not provide every time enough feed for steady state

running mixer settlers.

As pointed out in table 2,2~1 2 BP-flow was subject of independant verification

procedures such as:

i) Transfer recording in order to estimate the amount of recycled Pu

as supporting data for simulation models.,

ii) Sampling and analysis of Pu total concentration and isotopic

determinations on relevant batch data.

In total 3L samples (in general 2 per batch) excluding those to be used for inter
labtest (chapter T7) were taken and stabilized for transport andstorage by dilu- |
tion (appr. 1:1 by weight) with 10 M HNO .
As indicated in table 2.5.7-1,samples which were taken immediately before
transport have not been diluted.

All samples were analysed in GfK {IRCh) for Pu-total concentration using

following methods

a) X-ray fluorescence spectrometry
b) Coulometry
¢) Oxidimetry (Ago)

As there was the chance to evaluate analyses on diluted as well as original
samples it was of interest to investigate whether the sampling error of the
diluted samples is significantly different from that of original ones. The

RSD of sampling error calculated by use of analysis of variances (chapter 7,

appendix II) are compiled in Table 2.5.7-2..
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In case of X-ray fluorescence spectrometry and coulometry the sampling
errors of the diluted samples were found to be gfeater than of the origi~
nal ones whereas the opposite trend was observed for the measurements per-
formed by oxidimetry. Therefore no clear conclusion can be drawn from this
special error analysis, However the order of magnitude of the evaluated
sampling error is about half of the corresponding value evaluated in chap-
ter T.2 1). The latter value is based on only one batch whereas the corres-
ponding sampling errors compiled in Table 2.5.7-2 represent the average of

& batches,

1)Please note that the sampling error defined in this paragraph
includes both components 'sampling' and 'sample' error as
defined in chapter T.2.




Table: 2.5,7~1

Pu-Battery~Product Batches

(2 BP)

“ . 1
?g:ﬁ: . NMIR | RSTA ‘Z;t:z/}al.;:;er- 3:;? srer (Sllexrii;z;n E‘L"""‘sii) g Pu | &g Pu Py~isotopie comp. w/o Remarks
end W) kg/l 238 | 239 2ho 2h1 | 2k2
1 2 3 4 5 6 7 8 9 10 11 12 13 1l 15
2BP-300 |5493 | 39275 | @ 8.3./21. 43,3 1.139% | bh,506 }2195,7 | 2195.7 | 0.136 | 71.982| 23.103| 3.742] 1.037] 3)
2BP-400 {5501 | 36522 11.3./12, k6.9 1.1475 40.800 J2175,6 | 4371.3 }0.132 | 72.501 | 22.747| 3.629 | 0.991] 3)
2BP-900 |5531 | 39508 | 17.3./17. 80.1 1. 1475 38.509 13539.5 | 7910.8 |0.129 | 73.038 ] 22.375] 3.510| 0.948] 3)
2BP-1100 {5536 | 39569 | 21.3./6. 704 1,139 | 28,456 [2282,6 |10193.% |0.125 | 73.233| 22.263] 3.458 | 0.921] 3)
2BP-1200|5776 | 39611 | 23.3./2h, k2. b 1.1635 | 52.0%) 22048 |12398.2 | -~ - - - - 2)
2BP-1300]5790 | 39658 | 27.3./12. 58.5 1,1654 | 41,30k [2815,9 |1521k,1 | 0.126 | 72,491 :22.781 3.599 | 1,003] 3) 0
2BP-1400{5795 | 39757 | 28.3./1k, Lk, 7 1.1155 | 39.388 |1964,0 |17178.1 |0.12h | 72.372| 22,835 3.6L8 | 1.021] 3) '
2BP~1500 |5758 | 39683 | 30.3./1k, 39.5 10778 | 48,932 |2275,7 |19453,8 | 0.126 | 72.523 | 22,743 3.597 | 1.011] 3) A
2BP-16005902 | 39796 | 5.4./4. 140.6 1.1555 | 26.694 | 4336,8 |23790.6 |0.121 | 72,485 | 22,887 3.509 | 0.999| 3)
2BP-1700[5920 | 4ok18 | 9.k, /2k, 82.0 1,1555 | 36.572 | 3u65.2 |e7255.8 |0.121 | 72,477 22.920 | 3.493 | 0.989 [3)+samole (1)
; i ' h)r-vsampleA(?)
2BP-1800 {5443 | hokg1 | 15.4./17. 61.0 1.1555 | 40.875 |2881.1 [30136.9 | 0.379 | 69.969 | 22.522] 5.596 | 1.532] 3)
2BP-1900{5450 | 40515 | 16.4./16. 47.2 11756 | 42,371 §o3s0.7 |32487.6 | 0.497 | 68.699 | 22,488 6.519 | 1.797] 3)
2BP-2000 |5475 | k1652 | 22.k4./2L, Th.2 1.127h 31.762 | 2657.0 |35144,6 | 0.653 | 66.681] 22,987 7.472| 2,207} 3)
2BP-2100 5490 {41717 |2T.4, /11, 87.7 1.1515 | 31.490 | 3786.0 |138930.6 | 0.TO1 | 66.146 | 23,146 | 7.667 | 2.340| 4) -
2BP~3100|577T | k2blk | 10.5./12, 104, 1 1.1595 4,868 |s5415,7 |kh3k6,3 |0.460 | 75.098 | 16.6171 6.575 | 1.250 ] 4)




k)

. Table: 2.5.7=1

(continued)

2)

3)

Duplicate samples for the exercise were not diluted

Mean value of Gf‘K-amalyses by AGO, coulohetry and X-Ray spéctroscopy

Process analyses of EuROCHEMIC ['gqu/l_j. No isotope mehsurément available,
No duplicate sample taken for the exercise. .

Duplicate samples taken for the exercise were diluted approximately 1:1 by weight with 10 M HNO

3

1 2 3 L B 6 7 8 9 10 11 12 13 1l 15
| 2BP-3200 {5793 | 42493 | 13.5./19. 106.5 1,123k | 25,305 |3027.5 | §7373.9 | 0.372 | 77.863| 15,167 5.622{ 0,976{ 4)
 2BP-3900 |5668 | L4308 | 6.6./7. 59.0 | 1.1555 |43.338 |205h,5 | 50328,k | 0.329 | 78.4T3| 14.892| 5.429 | 0.877| k)
 2BP-4000 |5675 | 4330 | 7.6./8. 64.3 | 1.1475 | 46.M62 |3u28.2 | 53r56.6 | 0.328 | 78.468| 14.936| 5.380| 0.888 k)
2BP-4100 |5886 | 4373 | 9.6./16. 87.5 1.139% | 37.29T7 |3718.4 | 57875,0 | 0.329 | 78.45k| 14,931] 5.405 | 0.881] 4)
2BP-khoo 6038 | b4520 | 20.6./7. 38.9 1.1954 | 27.724 | 1289.2 | 5876%.2 | 0.296 | 78.88k| 15.295| 4,676 | 0.849] k)
2BP-4§00 {6048 | -~ 22,6./12, 57.9 - 12,62} 129.6 | 59493,8 - - - - - {2)
2BP-h600 6050 | 45276 | 22.6./20, 2k, 3 1.0115 | 1,658 | 40,6 [59534,b | 0.298 | 78.636| 15.443| L. 75T| 0.866| k)
2BP~LT00 [6056 - 23.6./ 320,.1 - Cb071?) 227.3 | $9761.7 - - - - - 2)
2BP-4800 [605T | -~ 420.9 - c»‘,2692,) 113.2 | 59874,9 - - - - - 2)
2BP-U900 |6059 | = 336.7 - 0.03 12,5 | sose7.M| - | - - - |- |2
2BP-5000 16061 | - : 336.7 - 0.058°) 19,5 | s9906.0 | - - - - |- {2
2BP-5100 [6072 | = 2h,6./ 690. 4 - 0.0032{ 2.1 | 59909.0 - - - - - 2)
1)

9 =-c




Table 2.5.7-2:18urvey on Pu~determinations of 2BP~samples performed by

' the Institut fir Radiochemie, GfK

X-ray fluorescence Coulometxy Oxidimetry (AgQ)
Method
‘ spectrometry
Samples 1? diluted original diluted original | diluted original
No., of duplicate analyses 9 13 9 13 16 13
No. of batches with
duplicate samples 8 5 8 5 8 5
Precision / % RSD_/ 0.56 0.38 0.20 0.16 0.3k 0.1k
Sampling error 2) /% BRsD_/ 0.25 not 0.3k 0.19 0.1b 0.19
- significant

1)

" original "

2)

Range of diluted samples' 13=24 mg Pu/g
: 25=46 mg Pu/g

Includes dilution error for corresponding samples

L9 -2
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2.5.8 Recycled Plutonium (3AW)

The mother liquor (3AW) from the precipitation unit recycled into MBA 21 is
measured in a relatively small accountability tank (238~5) with an average
batch size of 60-70 1 corresponding to about 10 = 15 g Pu, A total number
of 142 batches had to be accounted. Table 2.5.8~1 summarizes only integrated
ramounts relevant for book inventory determinations at the two step times and

the total amount up to ending physical inventory.

Table 2,5.8=1: Integrated Pu-quantities in 3 AW-flow recycled into MBA 21
at different step times

Step Time ‘g Pu
CANDU/VAK April htn, 12.00 837.
VAK/TRINO April 2Uth, 14,00 952,
Total up to June 29th 1834,

As indicated in table 2.2-1 3 AW flow was subject of independent Verification
analysis by 15 of composite sample technique. Relevant data on this test
are compiled in table 2.5.8-2, This test was performed in order to prove the
potential of the composite sample techhique with respect to waste analysis
where verification procedures can be decreased considerably due to the high
number of waste batches. In addition, great differences in Pu concentrations
of single batches were expected (factor TO) so that -more sensitive results
of the composite sample aﬁalysis compared with the calculated concentration

using operator's single batch analysis could be waited for.

)

o ] 1
Composing of all together 103 single samples were performed by Dr. Thiele

using the same device as described in 2,5.3.2.

Two independant laboratories were analysing composite samplesK and L using
isotope dilution technique and the results are compiled in table 2.5.8-2 rela-
tive to calculated concentrations using operator's single batch analysis

s . 2 .
(a=counting). Remarkable sgreement at sample K was achieved by lab.I ) which

1)

2)

BAM = Bundesanstalt fiir Materialforschung, Berlin

The laboratories are coded according to agreement of involved analysts.




P
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hit exactly the theoretical value whereas verification of composite
sample L was poor. Possible reasons may be either a bias of operator's
single batch analysis or & composing error as both verification’ analyses
indicate the same tendency and correspond within 3 %,thus no considerable
bias occured at the independent analysis. The isotopic determinations of

both laboratories agree within tolerable limits.
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Table 2,5.8~2: Survey on 3 AW-composite samples no. K and L

. 3) L)
Composite Sample K L
i) No. of samples composed 32 T
ii) Total volume of correspond-
ing batches /1 / 2056.3 L4764
iii) Aliquotation factor R 2.7 x 1077 2.7 x 1072
iv) Calculated Pu-concentration 181.1 130.0
according to single batch
analysis of the operator
(t-counting)
/[ mg Pu/l_/
v) Measured ref.demsity (Lab,II) 1.0618 1.0684
/ ke/1_/
vi) Verification analysis 2) 100.0+0.62 % 92,6 + 0.31 %
relative to iv) from Lab., I
vii) Verification analysis 2) i )
relative to iv) from Lab, II outlier 88.9 %
viii) Pu isotopes / W/o / Lab. I: 0.125/72.71/22.62/ 0.335/73.60/19.45/
(238/239/240/241/2k2) 3.56/0.99 5.37/1.25
Lab,II: 0.127/72,50/22.69/ 0.364/73.42/19.53/
3.67/1.02 5.%1/1,28

1)

Defined as ratio: pipetted sample volume vs standard volume of
corpresponding batch.

(pipetter capacity: 2ml and l4ml)

2)
3)

Using isotope dilution analysis,

Using batches transferred into MBA 21 from March 12 up to April 4
exclusive NMTR 5735, 5535, 553k.

h)Using batches transferred into MBA 21 from April 4 up to NMTR 6058.
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2.5.9 Liguid and Solid Waste

Table 2.5.9-1 summarizes rélevant data on waste accountability as reported

by the operator. No verification efforts were spent on these data due to the
small amounts of heavy material in a relative great number of batches and

due to difficulties in handling and transportation of high active sample materi-
al., Information on used codes in column 1 is already given in table 2.2-1,
Subdivision indicated as A and B refers to waste flows leaving process A and

B which correspond to MBA 21 and MBA 22 respectively. RIN means Rinse-solu-

tions.

Quantitative Pu determinations in solid waste drums were carried out on the basis
of measuring the complex O,38 MeV-Gamma emission from Pu-239 with help of a

two channel analyser using a Nal(Te)-detector.

Main interference of this method was experienced to be the attenuation of
the emitted radiation by drum contents and the contribution to the selected
energy range by long lived fission products and U~23T which is in equilibrium
conditions by’agdecay of Pu=2h1., The instrument settings and calibration pro-
cedures used allowed appropriate corrections. Estimated accuracy on the given
results is + 30 % RSD.per drum.




Table 2.5.9-1 H

Survey on Measured Losses (1iquid and solid waste)

Waste Total No, of Total volume Average Concentration Total héavy material
flow batches transferred \ transferred into MBA 50 -
L[] Leuny [ mg Pu/1_/ L ke 11]7/ L %Pu'*/
a/c a/b/c
i 2 3 L 5 6/7 8/9/10
JW 2k 62.9 0.72 4.8 13/45, 48/250/304
HAW 142 314,0 0.29 2,65 1/91, 130/175/831
A SRW 161 148, 1 0.15 0,63 12/22, 12/14/93
B SRW 282 64,9 0.07 2.9 1/h4 67/93/187
A RIN 14 - 0.83 6.7 13/16. 6/14/93
B RIN 2 0. b 0.09 8.5 -/= L/4/4
LLW cont, flow 3054, 5.1x10n3 3.x10*3 1/1.6 3/3/5
Solid Waste 88 drums - - - -/- 166/252/4LT
Total 7/3 - - - 41/180 436/805/196k4

1)

Referring to periods from January 11 to: a) April 12, b) April 25, c) July st

with respect to book inventory determination at different step times.

el -2




2=13

List of References

[2.1-17

Safety Analysis, Eurochemic, Mol, Belgium (1965)

R.A., Ewing, R.A. Schneider
Supporting Studies for the Mol III Integral Experiment.
Contract ACDA/St-179, ACTIAC Report No. 2k

F. Franssen, W. Frenzel
Input Tank Calibrations at the Eurochemic Plant.
February 1969

W. Gmelin, R. Kraemer
Analysis of Components of Material Unaccounted for.
IAEA SM-133/85 (1970)

Directory of Nuclear Reactors. Vol.IV
IAEA, May 1961

Directory of Nuclear Reactors. Vol. VII
IAEA, June 1966

Directory of Nuclear Reactors. Vol. II
IAEA, July 1959

R. Avenhaus, et al.

Verification of Input Analysis of a Reprocessing Plant by

Means of Composite Sample Technique.
KFK 1104 (EUR L45TOe), November 1970







1)
2)

JEX=TO

~ Chapter 3

Identification of Irradiated Fuel Elements

by

International Atomic Energy Agency, Vienna, Austria

Centre Energie Nucléaire, Mol, Belgium




SUMMARY

Part I of the report deals with the material identification
of irradiated fuel assemblies by making gamma spectrometry
ﬁkaénrements. Using a very simple mechanical device for fuel
scanning and Ge(Li) spectrometer, gamma measurements of two
BR-2 fuel elements and 25 VAK fuel assemﬁlies were carried out

at the pond of -Eurochemic Reprocessing Plant; Mol, Belgium,

Several fission products® activities and their ratios were
used as burn-up and cooling time monitors, two of them were

used for estimation of\plutonium/uranium fission ratioe,

" Results showed that gamma measurements could be developed
in a practical and satisfactory technique for safeguards
authorities verification on operators statements about burn-up,

cooling time and Pu/U fission ratio,

£

Part II of the report deals with the use of television
cameras to identify the code number of the irradiated fuel
assembly under water, The method has proved to be satisfactory

in this particular case,
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PART I

GAMMA IDENTIFICATION OF THE IRﬁADIATED FUEL

3.1 Introduction

It is desirable to have possibilities of identifying the fuel elements

~ as well as knowing the burn-up for each of these fuel elements independently
for an easy application of the PID technique., Normally the application of
this method is possible with the help of data suppliéd,by the shipper of
the fuel elements, However, occasionally because of operating conditions
independent identification and determination of burn-ups might be necessary.
As mentioned in the introduction to this report the application of the PID
fechnique was supposed to be carried out with the CANDU type of fuel only.
Since it was feared that the numbers of these elements could not be identi-
fied adequately the possibility of identification of these fuel elements by
using y-spectrometry was considered, Since the operation schedule was changed
and a sequence of four fuel element types was processed during the integral
experiment, the application of the PID technique became possible in a highly
satisfactory manner without having to identify the CANDU fuel elements or
to estimate their burn-ups. It should also be noted in this connection that
an averaging effect could be obtained in the case of the CANDU fuel because
of the very large number of fuel elements to be processed, In spite of this
fact two different identification methods were investigated in the course of
this integral experiment namely one based on a television method and the second
based on y-spectroscopy method, The fuel elements chosen for this investiga~
tion were those from the VAK type reactors, In part one of this report the
method of the application of y=spectrometry has been described and the results
have been discussed, Part two deals with the description of the television

cameras used to identify the VAK fuel elements,

There are several reported possibilities for non-destructive measurements of

irradiated fuel:

a) Gamma spectrometry measurements of the radioactive fission products./ 1_/

b) Burn-up determination by 145 KeV gamma ray sbsorption. 4»2_/
¢) Burn-up determiantion through measurement of the 2.55 MeV
gamma ray of 140 La using D (y,n)p reaction as threshold

detector of the gamma rays. L3/

d) Aective neturon interrogation measurement of irradiated fuel. Lh/




In any consideration of potential non—deétructive techniques
which might be applied to the assay of irradiated fuel, the
measurement of the concentration of fission product nuelei by
means of techniques of gamma spectrometry represents a promising

" approach for TAEA safeguards,

This report seeks to answer the following questions:

1, Is it possible, using non-destructive gamma spectrometry
measurements of the irradiated fuel assemblies to verify the
operators' statements which include the type of fuel (pre-
irradiation enrichment), histéry of its irradiation and operational
history of the reactor during the period when the measured fuel

was in the core of the reactor,

2. Are these measurements of value for safeguards regarding

reprocessing plant input?

What are the practical possibilities of carrying out such

- &

measﬁrements from the IAEA safeguards\point of view?

In order to avoid a risk of misunderstanding it is necessary
to explain the term 'identification' of irradiated fuel assembly, /5 7/
Gamma identification of irradiated fuel is a gamma spectrometry
measurement of the fuel which enables one (an inspector) to
identify the kind of measured fuel and to verify operators'

statements about the irradiation history of the fuel,

Such measurements follow the modern trends in safeguards
because they allow verification of a large part of the whole fuel
eycle starting with the fuel fabrication plant through the reaétor
and finishing with the input of the reprocessing plant, The
majority of ecountries do not have and are not likely to have fuel
fabrication and fuel reprocessing plants, Thus, with such measure-
ments it will be possible to monitor the total nuclear activities

of these countries,




Gamma spectrometry measurements of fuel elements to obtain
flssion-products concentrations as indicators of fuel burn-up
wete among the first attempts at non-destructive fuel assay.
Several methods and techniques for such measurements have been

suggested and rdeveloped [1], [6], [;(], [8:[, [9], ‘[10:], gl],

rlZ] [13] But published results from practical applica'biohs

axe rimres, [10], [14], [i5], [i€].

There are also several reviews of this problem which compare
and evaluate studies of non-destructive burn-up assay [1'7:], [183,
[19], [20], El], EQ]. & very interesting study of different

semiconductor spectrometers is made in [2_3] .




3,2, EXPERIMENTAL

‘The measurements were carried out in the pond of the Eurochemic
reprocessing plant at Mol., The necessary instruments, a Ge(Li)
detector, a pre-amplifier, a high voltage source, an amplifier, a
multichannel analyzer and a printing device were taken to the site

from CEN, Belgium,

A simplified sketch of the equipment set-up is shown in Fig, 3 - 1.
4 closed tube, six meters in length, inner diameter 5 cm was used as
an air channel in the water, It was suspended on cords with lead
weights at the lower end, 15 cm from the pond wall, The immersion
angle was 450. There was a collimator-filter only at the upper
end of the tube in fromt of the Ge(lLi) detector., The collimator
diameter was 20 em, Two filters, one 20 mm thick brass and one
5 mm thich lead, were used to reduce the intensities of low energy
gamma rays, Nevertheless, gamma intensity of 0,42 years cooled
fuel assemblies was higher than optimum for such measurement, The
measured fuel assembly was suspended on the crane hook, No device

for radial fixation of the measured fuel assembly was used.

rhe active volume of the Ge(Li) detector was approximately 4 cec.
The resolving power of the whole system, detector, pre-amplifier,
amplifier, analyzer was about 7 KeV for 662 KeV peak, so it was not
possible to resolve the 757 KeV gamma ray peak of Zr-9%5 and the T7¢
KeV gamma ray peak of Nb-95., The detector efficiency was a little
small for gamma rays with energy higher than 1 MeV, The open electrodes
of the detector, which was located near the pond, caused some incon-
venience because of the increase after 24 hours in electrical
conductivity between the electrodes due to moisture pickup,. Resglving
power of the detector was maintained by periddically drying and

cleaning the electrodes,

For the experiment a 4000 multichannel analyzer "Intertechnique"
was used, However, use of 1000 channels is adequate for similar
measurements, The ability of the analyzer to integrate the number of
counts under any peak facilitated the data processing later apd was a

useful feature,




The on-site preparation and set-up of equipment, calibration
of the instruments and preliminary measurements required about

one day,

Routine measurements were carried out by one technician
from CEN and one mechanic-operator from the Burochemic plant (in
one shift), The time necessary for one routine measurement, i.e,
one point on a single fuel assembly, was twenty minutes - ten
minutes measurement and ten minutes for printing of the data and
crane changing of the fuel assembly, Control measurements which

were made for higher accuracy ranged from 30 to 300 minutes,




3. DATA PROCESSING

The two spectra, taken from the BR-2 fuel elements, are
shown in Fig,3-2, On the spectrum from the fuel element S-184
(cooling time 5,44 years) one can see only two peaks of Cs-134,
605 and 796 KeV and the only peak of Cs-137, 662 KeV, On the
spectrum from the fuel element M-519 (cooling time 3.184 years)
the peak of Pr-144, 696 KeV and peak of Rh-106, 622 KeV also can

be measured,

The spectrum from the VAK fuel assembly A-35 (cooling time
1.58 years) is shown in Fig. 3 - 3,

It is obvious from this spectmam that one can measure the
intensity of many gamma peaks., The energy of most of these

pesks are given in Table 3--1,

The energy calibration of the instruments was made using
Co~60 and Ba-133 standard sources, using the method of least

squares,

The energies of fuel element gamma peaks measured through

this calibration and their energies from literature azxe given in

Table 3 - 1. Comparison of Scanning vs Energy from Literature Data

A Rh-106 | Cs~134} Rh-106 |Cs-137|Pr-144|2r-95| Nb-95|Cs-134} Cs-134|Pr-144|Pr-144
- - -~ N :;

E:(I\J;i;) 511.9) 604.6} 622,0 661,61 696.31724;2¢765:817795,;911365,2 1489.5 2185, 6

?Mg:vg 511.8| 604.4} 621.8] 661,71 696,41724.1f 765.9{ 795.8}1365.21489.7{2186.2

I+t is elear from the table that the determination of the

gamma energies is reasonably accurate,
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Repeated measurement of the background showed it to be
negligible, Only two peaks of Co-60 appeared after a long
measurement of the background, Shielding of the detector was

not necessary,

Originally in planning the experiment, the intent was to
measure only the ratios of two gamma peaks: 605 KeV peak of the
Cs~134 and 662 XeV of the Cs-137. However, in order to obtain
as much information as possible about all fuel assemblies and
different approaches to gamma measurements, the whole spectra

from 500 to 2500 KeV were taken,

The most important of the additional measurable gamma peaks

are:

1. Two peaks of the Cs=134 with energy 796 KeV and 802 XeV which
are measured together, These peaks are better isolated from other

peaks and can be measured with higher accuracy than 605 KeV peak,

2. Several gamma peaks of the Rh-106 (512 KeV, 622 KeV, 873 KeV,
1128 KeV) and one well isolated peak of the Eu-154 (1274 XeV)

which are mainly the results of Pu-239 fission,

3, Two gamma peaks 724 KeV of the Zr-95 and 766 KeV of the Nb-95

which show the cooling time of the fuel,-

4. Three gamma peaks of Pr-144 with energy of 696.3 KeV, 1489 KeV
and 2186 KeV, These peaks can be used for determination of fuel
burn-up and cooling time, The measurements showed that thesé gamma
peaks can be used successfully for some burn-up determination for é
cooling period from three months to mofe than two years. The 2186 KeV

peak is also very important d

- N F- N N P ¥ e e - 2
ue to its high énergy and the high

he hi
penetrability of its gamma rays., Moreover, this peak is well
separated from other peaks and can be easily measured with high
éccuracy even with scintillation detectors and single channel
analyzers, Because these instruments are easily portable, this

is very important for safeguards purposes.
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The areas of different full-energy peaks in the spectrum
are related to the amount of corresponding gamma radioactive
fission products in the measured fuel assembly, The Compton
scattering mainly and some .other effects create rather high
continuum over which the full energy peaks appear. It is very
difficult to take into account all these effects, particularly
for the complex spectrum of irradiated fuel, Usually the full-
energy peak is determined as a difference between the count under
the peak and the estimated background, In order to receive high
statistical precision relatively long time measurements are
required, PFor such cases however, when only relative measurements
of ocne or two groups of fuel elements with similar conditions
of irradiation and cooling time are required it is possible ‘to use
another approach, This consists of taking the total amount of the
counts between the boundaries of the full-energy peak as related
1o the amount of corresponding fission product, This approach was
used for relative measurement of burn-up because of the short counting
times, Results show that it is a better approach., For axial
distribution of the burn-up, however, the full-energy peaks as such

were used as representatives of fission product activities,
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3.4. MEASUREMENTS OF AXTAL DISTRIBUTTONS OF BURN-UP

The relative axial distributions of the burn-up along the
BBs2 Puel elements and VAK fuel assemblies were first measured

because:

a) They provide. the basic qualitative check of the capability
of the method and measurements as roughly the axial distribution

of integrated flux and burn-up was known in advance,

b) These measurements are necessary for the determination of

the integrated burn-tp of the fuel assembly,

The axial distributions of the burn-up along one BR-2 fuel
element M-519 and three VAK fuel assemblies A—35;f£:34f@nd A-11
with different degrees of burn-up were measured, Thé gamma
spectra were taken at nine points of the fuel element or fuel
assemblies - at 0/8, 1/8, 2/8, 3/8, 4/8, 5/8, 6/8, 7/8 and 8/8

parts of the active length of the fuel,

The following burn-up monitors were used for these measure-

ments:
a) The intensity of Cs-137 gamma peaks with energy 662 XeV,

b) The intensities of Pr-144 gamma peaks with energies 696,
1489 and 2186 KeV,

c) The ratio between intensities of Cs-134 gamma peaks 605,
796 and 1365 KeV and Cs-137 gamma peak 662 KeV,

A,qqazatita:ﬁiv_é value of the quality of measurements was made
by using the variation coefficient of the ratios between intensities
of different peaks from the same isotopes along the fuel elements
and the fuel assemblies, In particular, the three peaks of Cs-134
and the three peaks of Pr-144 were used, The values of these ratios
should be constant because the two peaks being compared ére from
one iscotope ¥hd gamma ray absorption must be the same along the

fuel element,
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The déta from BR-2 fuel element, M-519 are shown in Fig, 3 -~ 4..
The variatibn coefficients of the intensity ratios of Cs=134 two
béaks - 796 to 605 KeV and intensity ratios of Pr-144 peaks -
696 KeV and Cs-137 peaks - 662 KeV were found to be 4.5% and 3.7%.
These two results demonstrate that the precision.of these measure-
ments is reasonable. The,3.7%'coefficient showsg also that ghere
is no diffusion of Cs to the ends of the fuel element, The relative
values of Cs-134 activities pronounced through the relative values
of two peaks as well as the relativé values of Cs-=137 and Pr-144

activities for the same points are in agreement.

The data from VAK fuel assembly A-35 aresghown in Fig. 3 - 5.
“Additional peaks and activity ratios were used for measurements

of this fuel assembly as compared to the previous measurement,

In Table Nop3-2the variation coefficients for corresponding
intensity ratios are given, VE1 ;s‘ﬁof variation coefficients
when all measured points are taken into account; VC2 - when the

end points are excluded and VC3 is forrvariation coefficients

>l
wnen

measured points are taken into account and corresponding

activity values are fér}het,iulleene?gy peaks,  As it was:

expected, the variation coeffieients for the last case are higher,

Table No: 3-2, Axial Distributions of Activify Ratios Along Fuel Assembly

A-35 (VAK)

R 196 1365 1365 1489 2186 2186
vC 605 | 605 196 696 696 1489
Ve 1 L% | 5.6% 6.5% | 6.7% | 9.4% | 5.1%
ve2 | 0.8% | .58 | 3.8%| 222 | 1.9% | 2.0%
ve 3 | 7.9% | 15.4% | 10%
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The comparison between the VC1l and VC2 in Table No: 3 - 2,
shows that variation coefficients increase by a factor of
2 40 3 when end points are included., This means that without
a special device for fixation of the fuel assembly the measurements
at the ends are not satisfactory, 3But they do not, however,
strongly influence the integral value of burn-up for the whole

fuel assembly,

It can be seen from Fig,355that the intensities of gamma
peaks at the midpoint of the fuel assemblies are significantly
lower, This is because VAK fuel asSemblies comprise two separate
fuel sections and there is a distance of approximately 4 cm

between the two separated fuel sections where fissionable material

is not present.

Attention should be paid to the fact that when the ratio of
activities of Cs-134 to Cs-137 are used as a burn-up monitor they
give the correct burn-up-values despite the lack of fuel in the
centre, This shows that“geometricél factors of measurement are
not so important for the activity ratio monitors and that the
ratio of activities does not depend strongly on the quantity of

the fissionable material at the measured point,

The relative values of the three measured activities as well
as the relative values of two measured activity ratios are in
agreement for different points, For the end points the differences

are greater,

It must be pointed out also that variation coefficient is
greater for intensity ratios in cases where the difference in
énergy of the related peaks is higher. The most probable reason
for this is connected again with the geometrical instability of
these measurements, due to the lack of any fixing device, As

the effective absorption eoefficient for gamma rays decreases
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constantly with increasing of their energy, it strongly affects
the ratios when the difference between the energies of the two

related gamma peaks is higher,

The axial distribution measurements of activities and

activity ratios of Cs-134 to Cs~-137 can be summarized as follows:

1. The axial distributions of activities and activity ratios
as burn-up monitors follow qualitatively the distribution of the

integrated\neutron flux at different points of the reactor=core,

2, The axial distribution of Cs~134 activities deeremeszses sideply ito
the ends of the fuel assemblies which reflect the fact that

Cs-134 accumulation is nearly proportional to the second degree

of integrated neutron flux,

3. The precision of the measurements themselves, even in this
preliminary case, is reasonable as can be seen from variation

coefficients, -
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#
~3.5 RELATIVE BUEN-UP MERSUREMENTS.OF VAKX FUEL ASSEMBLIES

Since only two days were available for measurement of the
25 VAKX fuel assemblies, measurement of 21 of the assemblies was
limited to one specific location of these assemblies, (The
remaining four assemblies were extensively measured to obtain the
" maximum amount of data,) Additionally, in those cases where burn-up
measurements are being made on identical type fuel assemblies, a
single place measurement is suffieienf for relative burn-up
determinations, .This conclusion was ome of ‘the aims of the experiment,
In these cases, however, it is important to select the optimal

place along the fuel assembly for precise measurements.

The gamma spectroscopic data from fuel assemblies were
divided in two groups according to their cooling times; data of
fuel assemblies with a cooling time of 0,42 years, whose activity
;és essentially higher, and data from fuel assemblies with a
cooling time of 1,58 years., The significantly higher activities
of the shortly cooled assemblies made it difficult to make a
mistake in assigning the individual fuel assemblies to their

proper groups,

Table No:333summarizes the data for fuel assemblies having
a cooling time of 1,58 years, The column code for this tabie
is as follows:

Column No: 1 is for the identification codes of measured
fuel assemblies,

Ro: 2 gives the calculated burn-up in MWd/ton.

Hos: Boss 3 to 11 give activity ratios for the peaks named,

activities in percentages for the measured fuel assembly to the
same activities of the fuel assembly A-31,
A-31 was chosen as a relative standard because it had the
highest calculated burn-up in this group. '
Nos: 15 and 16 give the relative values of activity
ratios Rl and RZ in percentages for measured fuel assembly to

the corresponding activity ratios for the fuel assembly A-31.




Teble No: 3-3

Data from VAK Fuel Assemblies with 1.58 years cooling time

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
cote 5 2ms Masg e Piaes  Aros Mzes  Aes o Aeos . Aqosteodt) Apodt) Agedl) Ri(1) B(1) B(1)
Seos Beg6 sy Feos  heos Mo sz ! Aesz 2 Resa Beoddl) Agd D) Eggf3D) R G 2,00 5.007)
N-20 ~9450 04106 0,170 0,626 ©0,0732 0.872 0.0885 . 0.375 0.790 0.654 99 102 105 95" 98 59
2-38 14192 0.0790 0.136 0.581 0.0612 0.835 0.0733 0.361 0.811 0.677 87 9 9 97 101 89
A-35 15072  0.0843 0.144 0.587 0.0721 0.853 0.0845 0.417 0.820 0.698 42 44 43 98 104 94
A-35 15072  0.,0844 0,144 0.586 0.0717 0.857 0.0837 0,400 0,808 0,693 42 45 42 97 103 % .,
A-16 15072 . 0.0889 - - 0.0745 0.859 0,0868 0.434 0.837 0,719 40 42 39 100 107 94
A-12 15108  0.0697 0.124 - 0.558 0.0584 0.796 0.0733 0.369 0.838 0.667 18 78 78 100 100 94 =
A-54 15123  0.0716 0.124 0.576 0.0566 0.858 0.0659 0,328 0.820 0,704 94 100 95 98 105 95
A-43 15154 0.0697 0.124 0.562 0.0584 0.803 0.0728 0.352 0,800 0.636 76 76 18 96 95 95
A-19 15668 0.0758 0.134 0.564 0.0632 0.852 0,0742 0.368 0.795 0.677 63 67 66 95 101 98
A-55 15735  0.0712 0.133  0.537 0.0619 0.864 0,0716 0.358 0,803 0,694 70 75 12 96 104 98
A-18 15835  0.0799 0.143 0.559 0.0778 0.853 0.0912 0.519 0.986 0,841 24 25 20 118 126 99
A-5 15884 0.0755  ~ - 0.0675 0,818 0,0825 0.419 0.858 0,702 44 45 43 103 105 99
A-17 15909  0.0673 0.119 0,56 0.0557 0.801 0.0695 0.362 0.849  0.680 95 95 93 102 102 100
A-31 15992  0.0670 0.121 0.555 0.0547 0.803 0,0682 0,340 0.834 0,670 100 100 100 100. 100 100
Xeoosoeosssnaes0s0757 04131 0,566 0,0641 0.835 0,0767 0.376
ig.............o.0068 0,009 0,014 0.0074 0.025 0,0077 0.0337
TeoeosesocseesePed b 6.9% 2.5% 1.6% 3.0% 10% 8.5 %
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No: 17 gives the ratios of calculatéd burn-up of measured
fuel assemblies to the calculated burn-up of A-31 fuel assembly

in percentages,.

It is essential to consider the following in connection with
thig table:

a) The fuel assembly N-20 was partly decladded so the conditions
for its measurement were dif{grent and it is difficult to compare

N-20 measurements with other fuel assembly measurements,

b) 4-35 fuel assembly was measured twice, the first time 50
minutes and the second time, after several other measurements, 300
minutes, The comparison of these two measurements showed that the-
precision and réproducibility of the measurements was quite

satisfactory,

c) ¢ In addition to the previous quantitative walues of activity

ratio from the same isctopes for thevquality of measurements a new

one was used: Column No: 9 -~ the activity ratios of Nb-95 (766 KeV)

to Cs-137 (662 KeV) activities, It is possible to use this acfivity

ratio as quality monitor by assuming that all fuel assemblies have the same
cooling time and nearly;the same history of irradiation. The last

months of irradiation, of course, are more important,

The last three lines of the table give:
1, the average value of corresponding ratios,
2, the absolute values of standard deviations,

3. the variagtion coefficients of the corresponding ratios,

It can be seen from the vable that again the standard deviations and
.the variation coefficients are greater for the intéﬁsityuratios when
the difference in emergy of related peaks is higher.

The reason should be the same - thé absence of a device to fix

the radial movement of the assembly under measurement.
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There is an agreement between two Cs-134 measurements, as
well as between Cs-134 and Cs-137 measurements, There is also
an agreement between two measurements of Pr-144 using 1489 and
2186 XeV peaks, but there is no agreement between Cs-137 and
Pr-144., This can be explained by the higher penetrability of
the Pr-gamma rays and the geometry of measurements, The relative

values of two ratios are in sufficient agreement but the ratios
796/662 are usually several percent higher, Probably, the reason
is the lower than average valﬁe of this ratio for A-31 fuel
assembly, which gives higher relative values for other fuel

assembly ratios,

There is a considerable difference between the data from
A-18 and the data from other fuel assemblies. although the calculated
burn-up is nearly the same,' It must be noted also that A-18
activity ratios for 2Zr, Nb, Pr and Cs-134 peaks to the 662 KeV
peaks of Cs-137 are more than three sigma higher than the average
for all fuel assemblies, This anomaly may be due to a shorter
cooling time of this fuel assembly, or relatively more intensive

irradiation during the final period of irradiation,

Table No: 3 - 4 summarizes the data for fuel assemblies having

a cooling time of 0,42 years, The data are listed again according

10 increasing calculated burn-up.,

There is close agreement between Zr-95 and Nb-95 activities,
as well as between Us-137 and Pr-144 activities, the last being
higher again because of the higher penetrability of these gamma rays,
There is also an agreement between ihe relative values of the
activity ratios burn-up monitor and the relativesvalues of calculatéd
burn-up, The calculated correlation factor for léﬁear dependanc%
between relative values of calculated burn-up and relative values
of activity ratios Cs-134 %o Cs-137 is 0,993 which confirms this
agreement, The agreement between relative values of calculated
burn-up and relative values of all the activities is not satisfactory,
as can be seen from the table, Probably, the most essential Teason
for this is the unsuitable place of measurement along the fuel
assemblies, This assumption is/strongly confirmed by the fact
that the relative values of all the activities are in satisfactory

_agreement between themselves,
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The'fuel assembly A-41 was measured twice. The first time
-measurement was made ﬁsing’a 5 mm thick Pb-filter and the second
time without this filter. This gives the possibility to caiculate
#he attenuation of different energy gamma ravs in the filter
material, The calculated data are shown in Table No: 3-5.

Tabie No: 3-5. The Energy Dependance of the Counting Rates Ratio

Without and With Absorber

el

E(KeV) 605 | 662) T24 ] 1766 796‘f 1365 1489 2186

att | 2014 12.0811,9911,96 1,76 | 1.55 | 1.50 | 1.41

As expected in this energy range, the atteruation coefficient

Kaﬁt constantly decreases when gamma energy increases,




Table No: 3-4 Data from VAK Fuel Assemblies with30.42‘years cooling time ‘

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

‘ . B .
boigs Bi3es  Bros Mzes  Rrag Bres  Patss  feos o 196 6 2e6d) Arpfi) Arcdi) Aygfi) Ry(1) B(d)

Code ? Aiuse Beos  Beos Aros Resa  Pesz  Aese M1 Eeen 2 A662A66534)A7a$34)A76434)A218é34) A, o(34) B (34)
TZr TNb TPr
A=36 13215 0+432  0.0489 0.426 0.115 0.916  2.530 0.0237 1.285 0.548 32 36 38 42 87 71
2A-33 13400 0431 0.0431 0.388 0.111 0.881 2.357 0.0195 1.271 0493 64 70 70 70 78 72
LA-22 13835 0.448 0.0458 0.414 0.111  0.883 2.434 0.0215 1.283 0531 57 63 65 69 85 14
A-41 13928. 0.442 0.0537 0.443 0.121 0.893 2.315 0.0250 1.238 0548 27 30 30 38 87 75
A-4T 13965 0435 - 0.401 . - 0.889 2.330 0.0219 1.261 0506 56 63 61 69 81 75
A-40 17802 0.422 0.0458 0.465 0.098 0.810 2.120 0.0189 1.300 0604 57 58 56 60 96 95
A-15 18031 0.432  0.0444 0.441 --0.101  0.833 2.316 0.0192 1.314 0580 56 58 61 60 92 97
A-30 18216 0.416  0.0459 0.475 0.097 0.804 2.076 0.0181 1.294 0615 80 7 68 72 98 98
A-21. 18259 0.419 0.0458 0.459 0.100 0.830 2.194 0.0182 1.310 0501 73 16 75 75 96 98
A-14 18280 0.415 0.0452 0.460 0.098 0.828 2.128 0.0180 1.285 0§91 78 83 79 80 94 98

A-34 18652 0.412 0.0448 0.585 0.092 0,800 2.144 0.0178 1.293 0628 100 100 100 100 100 100

Keosovosooeoesea0s428  0.0463 0.442 0.104 0.852 2.268 0,0202
%f"""""""0'011 0.0028 0.030 0.0095 0.039 0.138 0.0024
Eeveosseoeseseeas26 B 6.1 % 6,7% 8.7% 46% 6.1% 11, 8%

e - ¢




3,6 COOLING TIME MEASUREMENTS

The measured VAK fuel assemblies had two ‘different cooling
times: 0,42 years and 1,58 years, Two BR-2 fuel elements (90%
enrichment) having much longer cooling times, respectively 3.18
years and 5,44 years were also measured, Thas, two different
%ypes of fuel elements (VAK assemblies, 2,6% enrichment and
highly enriched BR-2 fuel elements) having four different cooling
times and a spread in the.degrees of burn-up: 23% and 25% for
BR-2 fuel elements and 10,000 to 19,000 MWa/ton (1 - 2% of all

atoms) for VAK fuel assemblies were measured,

It was easy to distinguish the cooling times of the fuel
elements qualitatively and quantitatively because:
a) ‘Pheir radioaetivities depend strongly on the cooling time
and even the ratemeter of the multichannel analyzer was a reason-
ably good monitor of the cooling time, '
b) The general character of the spectrum is also a good
qualitative cooling time monitor, Experiehcé in gamma spectrometric
measurements of irradiated fuel enables one to determine‘roughly
the cooling time of measured fuel from the general charac
the spectrum,
c) Suitable quantitative monitors of cooling time, however, are
the activity ratios.of the following isotopes:
i) La-140 (T1+40.27 hours) to Cs-137 for very short cooling
time, dZys and weeks; -
ii) Nb&e95 and Zr-95 to Cs-137 for normal cooling times, months;
iii) Pr-144 to Cs~137 for long cooling time, many months and

even years,

All these ratios depend also on some other factors but by
using several of these ratios a reliable and acourate cooling

monitor can be achieved,

A mofe independant monitor of cooling time hay be obtained
by using actiwity ratios of genetically related isotopes. These

ratios give definite information if it is knowr that they were
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in saturation immediately before the shut-down of the reactor,

For practical application the most suitable such ratios are:”

1. For short cooling times the activity ratios of La-140 to

Ba-140. The 537 KeV gamma rays of Ba-140 should be used for

measurement of Ba activities, There are several suitable gamma
peaks (487 KeV, 816 KeV, 925 KeV, 1597 KeV, 2522 KeV) of La-140
gamma. rays which can bé used for determining its activity. The
cooling time dependance of La~140 to Ba-140 activity ratio is

shown in Fig, 3.- 6.

2, The actiwity ratio of Nb-95 to Zr-95, The use of this
ratio was first proposea in [éé]. This ratio is very suitable
because it covers practical range of cooling times, However, it
is not easy to resolve the 577 KeV Zr-95 gamma peak and 766 KeV
"NDb-95 gémma peak, In such cases it is recommended that the ratio
of these two intensities together to the intensity of 724 KeV

gamma rays of Zr-95 be used.

The dependence of the last ratio from the cooling time is
shown in Fig.3-7. On both Figs, 6 and 7 the full lines are for
the ratios after shutdown from constant power (equilibrium) and
dotted lines for the ratios after shutdown from power burst.

These ratios can be used as well:

a) To determine if the reactor was shut down from constant power

or not in case the éooling time of the fuel is know?jand

b) To state definitely that the cooling time is longer than the
periqd,fbr which)the ratios reach constant value in time, if it

is so for the measured case,

The data from reported measurements are given in Table 3.- 6
As caﬁ be S¢en from the table, all ratios steeply increase when
the cooling time decreases, The ratio of 757 and 766 KeV gamma
intensities.o: 724 KeV gamma intensity in the case of 1,58 years
is 5,99 instead 9f the »
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calculated 6,10 and in the case of 0,42 years 5,97 instead of

5.75. This is quite reasonable for such measurements,

Table No: 3 - 6, Cooling Times Estimation

Activity |
ratios] 724 1757 + 7661 696 | 757 + 766 | 605 | 796
Cooling 662 662 662 724 662 662
times
5. 44 10.005 0.045| 0,032
3,18 0,028 0,090| 0. 068
1.58 0.0241 o0.14 1{0.033 5.99 0.42 | 0.65
0.42 1.40 |  8.34 | 0.097 5.97 0.55 {0.84

Another illustration of the cooling time estimations is

given in Table 3-T7.It is divided into two parts,

The top half of the table shows the correlation between
the different activity ratios which indicate the variations of

the fuel element cooling time in the 1,58 year range,

The lower half shows the same for fuel elements in the

0:42 year range.

It is clear from both halves of the table that there is
a strong correlation between Nb-95 and Zr-9% ratios and
satisfactory correlation hetween them and Pr-144 ratios., The
cooling time factor, however, is not dominant in the case of
05—134 (R2) ratios and the cooling time correlation with the

other three ratios is not evident,




Table No: 3 - 7. Correllations Between Different "Cooling_'l‘im‘e Monitors

99

| A-54

A-31

Aseo

p43 | a-55 | a-38 | a17 | a9 | a1z | 35 | a-35. | A5 | A-16 | a-18
v, A . ‘.
TNb ""Iléé Oo 33 Oo 34 Oo 35 O- 36 Oo -56 Oo 36 ‘ Oo 37 06 37 00 40 00 42 0. 42 Oo 43 oo 52
: 662 ‘ : ,
A | -
%%@ --124 | 0,20 | 0,22 | 0,21 | 0,22 | 0,215| 0,22 | 0,22 | 0.22 | 0.25 | 0.25 | 0.25 |o0.26 |o0.32
T Ao . |
A . b
Tor = 2231 0,017 0.017{ 0.018| 0.018 | 0.020| 0.018| 0.020 | 0.019 | 0.024| 0.025 | 0.023|0.028 | 0.030
662 - |
A .
R 6 | 0.70 | 0.67 | o.64 | 0.69 | o0.68 | 0.68 | 0.68 | 0.67 | 0.70 | 0.69 | 0.70 | 0.721| 0.84
o A R ' \ |
4-30 | A-40 | a-14 | a-34 | a-21 | a15 | a-a1 | a-47 | a-33 | a-22 | a-36 _
A \
T = Ilgi 1 0.80 | 0.81 0.83 0,80 0.83 | 0,83 0.89 0.89 0.88 0.88 0.92
662 - |
A |
Ty = Iléi 2,08 | 2,12 | 2,13 | 2,14 [ 2,19 | 2,31 | 2,32 | 2,33 | 2.36 | 2.43 | 2,53
662 |
A | ~
Tor = 21231 0,018 | 0.019| owon8* 0.0183f 0,018 | 0.019] 0.025 | 0.022 | 0.020| 0.022 | 0.024
662
By = 196 | 5,62 | 0.60 | 0.59 | 0.63 | o0.60 | 0.58 | 0.55 | 0.50 | 0.49 | 0.53 | 0.55

G -¢
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3.7. ESTEMATION -OF Pu/U FFSSION RATIO

Ce—Pr—144 to Ru Rh—106 act1v1ty ratios were used for
estlmatlon of the ratlo of total Pu to total U fissions [?4}
This ratio is a sensitive measure because of the big difference
in Ru fission yields from Pu and U fission and it does not vary

2
strongly in time because of the close decay times of Ru and Ce,

The obtained values for measured fuel after the intro-
duction of the decay time corrections was 11,6 for BR-2 fuel ana
3.6 for VAK fuel. The small 3.6 ratio for the VAK fuel indicates
that significant Pu production and burn-up has taken place during

irradiation in the reactor,

Another very useful signature of Pu%U ratio may be the
@activity ratio of Bu~154 to Cs-137, The decay time of Bu-154
is very long (16 years)., The energies and intensities of some
of its gamma rays are also veryvsuitable'for non-destructive

measurements (966 KeV, 1004 KeV and 1274 KeV),

However, this point has still not been sufficiently

investigaked,




3-27

Conclusions

1. A scanning device is necessary for a better accuraecy
of measurement, Such a device was later used in the cooling
pond of the BR-2 reactor for the measurement of its fiel

elements, It is shown in Fig.3 - 8,

2. For many control safeguard purposes single-place
measurement along the fuel assemblies is enough, The choice

of the proper measurement place in such cases is important,

3. The activity ratios are more reliable andvaccurate
burn-up and cooling time monitors, The variation coefficients
of some of the used ratios in the BR-2 experiment on one
typical fuel element were:

Ago k796 + 802 4757 + 4765
Igé%= G 44% A6é2 = 0.48% = 0, 0670
but for 662 KeV activity. only it was 0,63%,

4. The most sultable burn-up momitor for relative

measurements with scintiliaﬁiea detectors is 144Pr&1286 KeV
| P |

activity. i}é}

5 The acecuracy of measurement, even in this preliminary

case, was reasonable, It depends upon the precision of the
scanning device and vhe measurement time, Using a semicondué&or
- gamma spectrometer with up-to-date resolution and a suitable
scanning deviaa -an accuracy of measurement of about 1-22%
‘-ecnsidering the ratio 7517;4‘766

ured and ocalculated (knowing the

”?heecalculated ratio was

eould be aehiezg@“

0.7% for the typical BE&?‘ &1 element,
This means that such mé'ﬂﬁrements can be used for an

identification of the fuel limited by 1 - 2% accuracy.

"6, The quantity 6f information which can be obtained from
the gamma measurement depends on the cooling time at the

nomenf of measurement, The shorter cooling time permits more
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information to be extracted., Up to cooling times of 2 - 3
years, however, there is no difficulty in the determination
of the irradiation history and isotope contents of interest

from a safeguards point of view,

7. ~The most promising way to achieverthe highest possible
precision and accuracy is to use a semiconductor spectroqeter
with compton suppression and computer processing of the data,
Using gamma spectrometry with suppressédﬂeompton continuum
and digital computers only, it is possible to determine the
relative and absolute values of different fission product
activities, the effective attenuation of gamma rays in the
fuel material and the radioactive isotope contents with an
accuracy of 1 — 2%, Farther improvements can be made by
introduéing an effective gaﬁma detection coefficient as a
correction factor,

It is really important for gamma identification of the
irradiated fuel to use not only activities of one or two
isotopes but the total gamma spectrum - practically from 0.3
to 3.0 MeV and to use the correlation between different
7aetivities and ratios for the introduction of correction in
independant interpretations and assumptions E?{], ‘

In conelusion, we can answer the questions put at the
beginning of‘ﬁhis'reportz
1, Gamma spectrometric measurements are a reliable and
practical method for irradiated fuel identification,

2, These measurements even now are of value for safeguards
regarding reprocessing plant input but this aspect needs
further development and, maybe, calibration of gamma measure-
ments against results from destructive analysis,

3. JAEA safeguards can carry out such measurements with
instruments on site or with portable instruments which are

now under develcpment,
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PART II

3.10 INTRODUCTION

In connection with the operation of the BR2 reactor, non-
destructive tests have been developed for examining highly
radioactive materials, {gg] such as irradiated fuel elements,

4 number of problems arise in common to all these tests: &

high dose rate, remote control and operation under water.

The industrial television camera is a widely used tool in
this field and, because the BR2 reactor and EUROCHEMIC are
located near to one another, 1t was decided to make use of the
BR2 equipment to read the identification numbers of the VAK
fuel elements in the storage pool of EUROCHEMIC,
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DESCRIPTION OF THE BQUIPMERT

The equipment basically comprises:

A waterproof case enclosing the television camera and
focusing contrel, In order to minimize radiation damages,
the contents of the case are restricted to those compenents

which are essential at that level, namely:

a vidicon tube, 1" in diameter,
deflection coils, ‘
a subminjature-tube preamplifier,

Characteristies of the ocase:

outer diameter : 76 mm
length : 500 mm:
weight : 5 kg

An optical head fitting the case and equipped with variable
focal length (zoom), The latter yields magnification ratios
from 1 t0 6 on 20 cm or 36 cm screens with definitions of

6.4 mm and 0.1 mm, respectively.

A 48 - conductor connection cable, 25 m long, with double

neoprene mantle, flaxen bearing mantle and innem:PVC mantle.
A central control unit,
Two light projectors (500 W iodine bulbs) enclosed in water-

proof casings. The resolving power of the equipment is
illustrated in figure 3 - 9, the figures have respectiively .

]
[ 0]
o
1]
ok
w
3
[
o

0.4 em and 0,7 em and are viewed at
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3,12 EXPERIMENTAL COKDITIONS

The fuel rods were viewed at a depth of roughly 5 m under
the water surface and from a distgnee of 2 m, The figures, which
had a height of 1,5 cm, were all read without difficulty, after
proper positioning of the projéctors, 28 VAK elements were

identified in this way, and were subsequently investigated by

gamma spectromeiry.
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3.13  CONGLUSTON

The method has proved satisfactory in this particular
case, as a means of identification of fuel rods, It can be
introduced with little inconvenience into a sequence or
manipluations, e,g., while the rods are being picked out of
the pool to be fed into the dissolver, Coupled with the
method described in the first part of this paper, it provides

a good tool for the verification of the fuel rod identification,

Nevertheless, the problem of the design and implementation
of tamper resistant safing systems is a very important one, ®

because these safing systemé are both effective and relatively

inexpensive [26L[27].
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Fig. 3 -9

RESOLVING POWER OF THE USED TV CAMERA
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Abstract

The preseht chapter is composed of two largely independent contributions
naned parts A and B.

Part A includes paragraphs 4.1 = 4,7 and annexes 4.I and L4.II
Part B includes paragraphs 4.8 and following.

Part A deals mainly with supporting studies for the inventory experiment.

The most important results concern statements on the conditions required for

a fruitful application of the self-tracering method for the determination of
physical inventory in the process area of a reprocessing plant. This new tech-
nique correlates the isotopic compositions of subsequent input and product bat-
ches in a suitable way., Particular aspects related to the present experiment

and remarks of general validity are given.

Part B mainly treavs the aspect of the model identification and a specisal
effort is paid in order to reproduce numerically the real reprocessing
campaign. The set up of such type of identified model is hoped to be a

useful tool for a direct quantitative safeguard utilization.

Some overlap is present in the two parts, because the same technique, numeri-
cal simulation, is used in the research. However,the two contributions clear—
ly differ from the point of view of the content.

Due to the different philosophies followed, it appears to be more useful

to leave them clearly separated, instead of attempting an integration.
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Part A. Critical Analysis of the Self Tracering Technique
for Physical Inventory Determination

Summary

During the execution of the integral Mol III experiment different simulation

models of the reprocessing process have been established.

In the present chapter some results of this simulation work are given. In

the first stage of the simulation work in the framework of the joint experi-
ment it seemed most important to have models which could describe the main
features of the actual process and to check the mathematical formulae des-
cribing the mixing of different kinds of material during the passage through
the plant. This problem could be solved rather soon by two different models. The
Mol II campaign was simuleted for the Pu and U part and the results looked
consistent in a comparison with the real results of the experiment. Also for
the Mol III experiment the models could be identified.

After that it has been tried to give some help for an optimal running of the
reprocessing campaign. In the end the most important objective of the studies
was to test the applicability of the independent method of process inventory
detezmination vwhich profits of the evaluation of the deformation of an isotopic
step signal. Under certain limiting conditions which are indicated in the

following the method seems to be very useful.

In course of the work two models - for the U= and Pu-cycles of the plant =
have been developed. Monte-Carlo~procedures have been used to generate

several series of campaigns for statistical studies.

It is one of the great advantages of simulation models that one can do
parameter studies by running large numbers of campaigns with special, well
known conditions. In the course of these parameter studies the following

main topics were investigated:
a) %he response function of a "normal operating” system;
b) the influence of the superbatch sizes on the results of the method,

¢) +the significance of the order of the single batches inside the super-

batches
d) ‘the correlations between input characteristics(as step size and batch-to-

batch variation) and the precision of the process inventory aetermination.

From the results belonging to (b), (c) and (d) conclusions on favorable

conditions for inventory experiments can be drawn.




L,1 Introduction

4,1.1 General Remarks

One of the objectives of the Mol IIT ;xperiment has been the determination of
the physical inventory of Pu and U in the process area during the running of
the plant. The method chosen for this determination is the self-tracering
method which is based on the different isotopic composition of the fuels to be
processed. Such different isotopic composition depends essentially on few
parsmeters as: the original isotopic composition of the fresh fuel elements,
the type of the reactor in which they have been used and their burn-up.

The outlines of the method and its mathematical formulation may be found in
ref. [FEI7; some critical studies on it have been reported by the authors in
ref. /h=27,

At the beginning of the experiment the "simulation group"-was entrusted

with the task to support the planning of the experiment itself for the physical
inventory (PI) determination by formulating recommendations to the operator of

the plant in order to minimize the deformation of the isotopic step during its

passage through the plant.

During the development of the work however it became clear that the mathematical
tools constructed for the original purpose may be profitably utilized for a more
important job. The self-tracering technique for the PI determination is quite |
clear in its theoretical formulation, but the limitations for its application
to real cases were not sufficiently known. Some help for the determination of
such constraints comes from the results of practical experiments, but in the

following it will be shown that the simulation is the tool which can give more

rapid, general and cheap answers if it is suitably applied.

4,1.2 The Use of Simulation

With the experience acquired with the development of the present study it
is possible, a posteriori, to indicate the correct procedure which should

be followed for a profitable use of the simulation techniques.

By doing so one can say for which aims the simulation technique can be
applied and what results can be got by it and for which questions simulated

results are a better answer than the results of real campaigns and why.




The first step in working on simulation should be to state as clearly as

possible the problem or problems  which are to be solvéd.

The second step is the set-up of a model of the considered physical system.

The model must be:

a) on the one hand capable to describe the main phenomena of a real
experiment, which are interesting with respect to the stated problem,

and to give clear results.

b) and on the other hand it must be only detailed enough so far that
important features, related to the considered problem {e.g. PI de-

termination) are not neglected.

So, in the application of the technique and in the model studies one has

to make a suitable compromise between the items stated in a) and b).

The third step‘is the "identification" of the model with the real system. This
"identification", which means the definition of the model parameters so that
model and actual system have the same response function, sometimes may be not
completely satisfactory. The researcher must realize what are the possibili-
ties and the limitations of the model in order to estimate correetly the re-

sult of the whole procedure.

The last step is the utilization of the constructed tool (the model) to give

the answers to the problem gquestions.

For the reasons of clearness the subject will be ordered according to the

steps defined above.

4,2 The Problems

L3 » - -
The questieons which wait for en answer from simulation have been indicated

1. Study of the deformation of an isotope concentration step function

during the passage through a plant working in steady state conditioms.

2. Study of the constraints for the application of the self-tracering
technique for tHe determination of the physical inventory. These
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constraints can be e.g. the total quantity of fissile material processed
in one campaign, the composition of material in "superbatches" with re-
gard to isotopic concentrations, the batch-to-batch variations of isoto-

pic concentration inside one superbatch.

3, The estimation of the precision for the calculated inventory which may
be obtained as ;unction of the previously mentioned parameters.

4,3 The Models

Figure .1 gives the schematic flowsheet of the EUROCHEMIC plant for U and

Pu recovery. It corresponds to fig. 2.1-2 and 2.1~3 of chapter 2. For the
construction of the model the different types of elements which compose the
plant have been individuated. The approximate behaviour of the fissile ma-
terial may be easily described by simple mathematical relationships. (equatlons)
for most of the plant units. The result of the first examination of_the flow=
sheet led to the conclusion that only few types of equations are necessary for
this purpose. Fig. 4.2 gives the types of units together with the analytical
relationships. The description becomes quite complicated when pulsed columns

or mixer-settler batteries are considered / 4-3 /. The models used for the
simulation of the whole plant have neglected the mixing mechanisms which take
piéce in these continuously operating units. This simplification eppears justi-
fied, at least in a first approximation, becéuse the mean hold-up and the re- |
sidence time of the fissile material in these units are small compared with

those of the adjacent ﬁnits,

However, the implications of this simplification are described more precisely.
in annex I: the possible mixing mechanisms in the mixer-settler ba tteries
have been investigated by a suitable simulation model implemented on an analog

computer.

The different units taken into account for cbmposiﬁg the EUROCHEMIC plent may
be grouped in 4 classes, according to their input - output characteristics

(C = continuous, B = batch, i = input, o = output):

B. - B
i

Q
|
v+ ]
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Two types of models, named "space" and "time" model respectively, have been
constructed for the plant simulation. They are described in some detail in
1F2g71 The "space" model mskes use of the transfer function of each single
unit to construct a series of output data as function of the series of in-
put data for the considered unit. For input and output these series are order-
ed historically.

The inter-connection 6f the subsequent units results in the final response

of the model to a given input function.

The "time" model uses a time discretization technique, by which the continuous-
ly operating units may be assimilated to the batchwise operating ones. At
every time iteration interval the characteristic status of each unit is des-

cribed as function of the historical series of the input data.

All the results given in this report, except those on the deformation of the
step signal illustrated in fig. 4.6 and 4.7, have been obtained by this "time"

model,

b4 Identification of the Models

The proper use of a simulation would require the idehtification of the model
with the real system, Strictly spesking identification means that the model
parameters have been adjusted in such a way that both model and real system
have the same response function. In the case of a reprocessing plant (at
least at present time) such identification is impossible because the normal
operation procedures do not allow the definition of a response function: too
large are the possibilities of choice left to the pperator. At most, a sort
of identification can be obtained "a posteriori", when all the operator deci-
sions are known. This kind of compariseon is important because it allows to
say that the model is able to produce realistic results, that is a series of
outputs, related to prescribed imputs, which could be the actual output data
of a real plant, From‘this point of view it is clear that the identification
may be considered as reached when the model can produce realistic results.

s

L,4,1 Pu-Purification-Cycle’

Fig. 4.3 illustrates the result of an "a posteriori" identification concerning
the model of the Pu-purification cycle of the EUROCHEMIC plant. The careful
study of this figure may be illuminating for the performances of a mathematical

model in this very special context. The comparison of the "input" and the
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"real output" curves seems to indicate that:

1.

3'

up to a mass of 26.3 kg the Pu units have been mixed wery strongly
inside the plant, because the concentration of the tracer isotope
in the output looks nearly constant compared to the oscillating

input,

however:

in the output the concentration step after 26.3 Kg is very sharp
which is an indication of low mixing, and this step arrives too
early with respect to the input (some material seems to be kept
back inside the process line),

the shape of the output curve aftér 35.T7 kg may be explained by the
fact that a lot of internal recycling took place around the second
extraction cycle. Such recyclings, not foreseen by the normal opera-
tion conditions, proved necessary for operation reasons. (The re-

tained material mentioned under 2. may have been added in this period.)

The "simulated output" is obtained by the model which is made to run accord-

ing to "normal conditions" up to 35.7 kg. In addition, an attempt to

nclude

o

the abnormal recyclings in the model has been made, but the information avail-

able asbout them was not very precise. It should be noted that the "simulated

output" mey be more easily explained than the "real" one. In fact:

1.

3.

in the zone up to 26.3 kg the output shows some reasonsble oscillations

in agreement with those of the input,

the following zone (up to 35.7 kg) is in a very good agreement with the
input because the input step is deformed in a symmetric way = between
26 and 3% kg - without the incomprehensible unmixing which appear
the "real output",

an analysis of the real and simulated output curves in comparison with
the input signal for the last zone (after 35.T7 kg Pu) allows only the
explanation o6f the difference between the actual and simulated output

in the region of 25-35 kg and 35~50 kg of Pu by some unforeseen recycling.
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According to these conditions s "transfer" function in the sense of
an unique definition of the parameters which govern the model utiliza-

tion could not be found. However, it appears that the availsble model
can describe sufficiently well all possible outputs and may be used for
the solution of the stated problems.

L, 4,2 U-Purification Cycle

The same comparisons described in the previous section have been carried out -
also for the U-purification cycle and the related curves are reported in

fig. b.ka, b and c. In the first one the "input" and "real output" tracer
concentrations are compared., The mass scale has been adjusted in such a way
to teke into account, together with the main input, also the contribution of

the UIV auxiliary input. The agreement seems to be sufficiently good, apart

from the fact that the tracer concentration of the second superbatch is lower
at the output and consequently the amount of material of the second superbatch
appears to be eﬁlarged due to a mixing with the adjacent batches. It seems that
this effect does not come out to the same extent for the simulated output

(fig. 4.4b) where the second superbatch has nearly the same size as in the
input and the tracer concentration is only slightly decreased. For the follow-
ing batches real and simulated output have almost the same shape (see fig. ke).

IV
4. 4.3 Corrections for U stream

A further proof for the assumption that the mathematical model used for the
simulation is correct has been obtained a posteriori in connection with the
estimation of the physical inventory of U. In chapter 5 of this report the
corrections are indicated which must be made on theinput data in order to take

into account the auxiliary UIv input to the MBA considered.

Another way to determine the inventory, when an auxiliary input is present,
may be to correct the output data so that they can be put in direct connection
with the main input as it is (see fig. 4.5). The corrections which must be

performed on the output may be obtained by the simulation:

The contribution of the auxiliary input to each output batch is calculated
and subtracted from the actual output data.

This type of correction has been applied and the results have been compared

with those obtained by correcting the input values. The values for the
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physical invenotry came out as 1625 and 1620 kg respectively. This indicates
that both correction procedures are equivalent.,

This very -good agreement is a further indication that the used model can re-
produce actual results so that it may be considered as "identified".

4,5 Results for the Mol III Campaign

L,5.1 Deformation of the Step Signal

The first problem, which waited for a solution by simulation, was the defini-
tion of optimal conditions in the EUROCHEMIC plant conduct. These conditions
should allow the best utilization of the self-tracering technique for PI de~
termlnatlon on the process1ng campalgn under examination (LEU - T0/1), In
other words: an attempt has been made in order to reach ‘experimental results

which could be suitably used in the theoretical formula:

¢.=C,
S S
i 172

which determines the physical inventory H on the basis of the measured masses
Mi and tracer concentrations Ci of the i output batches and of the tracer con-

centrations, C, and C, of the input superbatches 1?%-1_7;

In order to give an impression of the deformation of a step signal during its
passage through the plant, at the Battelle Institute the.form of the signal
after its passage through some important units has been plotted. In fig. 4.6
one sees the calculated Pu-242 concentration signal which has been got at
three different points of the process line for the input of the Mol III expe-

riment. The numbers of the units are those given in fig. 4.1. Fig. 4.7 gives

n

ct
4

s
points. One c¢can see that the sharp

the same result for the U~235 signal a
1500 kg (the calculations were made with a

115
input step is spread over about 150
constant flow rate of 15 kg U/h).

It is clear from a simple analysis of the method which can be found in 1?h—2;7;
that one of the optimal conditions in question must be the minimum mixing
of the materials which belong to different superbatches and the minimization

of every necessary recycle.

A more general support to this argument is given by the results of the para-

metrical studies illustrated in paragraph L4.6.1 below.
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The theory treats the tracer concentrations C1 and 02 as constants for

every batch of a superbatch. In practice this strict condition is not

fulfilled, so, in order to approach with physical measures to these theo-

retical conditions the maximum mixing of the fissile material inside a

single superbatch is recommended for the head—-end of the plant up to the

continuously operating units. The mixing of material of two superbatches

inside these units cannot be avoided at the step passage - only an anti-

economical and equilibrium disturbing washout could avoid it.

4.5.2 Recommendations to the Operator

As mentioned before it was the result of the first simulation studies that

for improving the accuracy of the PI determination by the tracer method the

a)

b)

 following recommendations should be kept in mind by the operator.

The single batches inside the superbatches, which are supposed to give the

step function, should:differin their isotopic composition as little as

possible, specially for the isotopes which are used for the calculation

of the inventory.

The step in the concentration of the tracer between the two superbatches
should be kept as clear as possible, that means that it should be tried
to have low mixing for the two kinds of material during the passage
through the plant.

For reaching item (a) two possibilities were discussed with the operators
of EUROCHEMIC.

1.

It should be tried to mix the dissolution batches of one superbatch -
in the input accountability tanks (IAT, 221~4 and ~6, see fig. 4.1).
For doing that it could be useful to make the heels in the IAT bigger
than 2 1 (normal value).

It should be tried to shift the input point of the MBA from the IAT
to the intermediate storage tanks (223-6A and -6B, see fig. 4.1) or
feed tanks (231-1, 231=11) of the columns. In this case also the
mixing inside these tanks could be used to minimize the batch-to-batch
variations. (In this connection the question if it is necessary to

take additional samples must be solved.)
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For reaching item (b) the following possibilities were discussed:

1. It could be advantageocus tc decrease .the heels in certain
tanks at the passage of the step.

It seefmed promising to make the feed tanks 231=1, 233-T1 and 232-41

(see fig. 4.1)operate on minimum level at the step passage.

2. It should be tried to what extent restrictions on the Pu recycling
are necessary and possible,

3. It should be decided if the evaporators 231-7 and 232-4 can be emptied
at the step passage.

In a first discussion it caeme cut that no homogenisation would be possible
within 223-6A and 223~6B because these tanks serve as féed'adjusfment units
and the solution must not be diluted by additional steam jet transfers. The
only possibility for homogenisation would be in 231-1 by increasing the heel
volume (this homogenisation effect should be calculated; for 223-6A and 6B
process snalysis data are available).

After some further discussions with the operators it was -possible to mix the
last two CANDU-batches 800 and 900 inside the feed tank 231-1,

For the VAK-fuel it was agreed to mix the last two batches instead of the

first two ones.

It came out that a lot of recycling was necessary for the Pu part in order to
keep the mixer—settler batteries in steady state conditions (for temporary
lack of feed from the first purification cycle) and to recover the Pu scraps

coming from calcination.

recycles of U were made in connection with UIv auxiliary input. They

3
5
o

described both in this chapter and in chapter 5 (see Paragraph 5.3.2

)
}

[=7]

4.6 Results concerning the Method of Physical Inventory Determination

4.6.1 Response Function of a "Noymal

For both the Pu and the U cycles some investigations on the influence of
operating conditions on the response function of the system have been made.
This is a kind of preliminary study which allows a better interpretation |
of the results obtained in the following. The "response function" of the plant§
describes the distribution of the material of a single input batch in the |
output ones. It is obtained by the simulation model in a campaign in which
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only one of the series of -the input batches is tracered.

For the Pu a series of 6 different campaigns has been studied. The charac-
teristic parameters chosen for these campaigns are reported in table h=1,

The parameters taken into account ve:e:

a) the heels in the input accountability tanks 221-4 and 221-6
(H=200 1, L=21)

b) the mixing strategy in the head-end tanks of the plant. (NGO means
that the input batches kave not been mixed with the adjacent ones;
LR means that each input batch has been mixed with the precéeding
and the following ones; R has the same meaning as LR for all batches
exept the traced one which has been mixed with the following batches
only)

¢) the percentage of the continuous recycling from 2436-1 to 236-Ub.

Fig. 4.8 gives as an example the comparison of the “response function" for
the cases 1 and 2 of table l-1. The cbservation of these shapes of "res-
ponse functions" and of these related to other trials suggest the following

conclusions:

- The use of the mixing strategy at the head—end of the plant leads to
a much higher spread of the response.

-~ With the R-type of mixing (cases 5+6) the spread of the response is
a little bit smaller than with the LR-type (case 3+i).

~ The influence of a continuous recycling of 5 % seems to be negligible
for the investigated cases (3 and U4, or 5 and 6). However -it could be
hidden for these cases by the influence of the other parameters and
could be significant for L heels and NO Mixing.

Similar studies have been made for the U and the pesults of two campaigns
with and without UIv-recycling are given in fig.4,8b. The effect of the mixing
strategy and the different heels in the head—end of the plant is of course

the same as for Pu campaigns.

For a traced input batch of 1000 kg of U, the response function results spread
out over 3200 kg (2000 kg & 98.8 %) and 5200 kg (3200 kg & 98.0 %) respectively
without and with 10% UIv recycling.
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4.6.2 Requirements on the Superbatch Sizes

As already pointed out in ref. /k-2/, one of the constraints which limit the
use of the single tracer method /B-17 for the P.I. determination is the
availability of sufficient quantities of material of different isotopic com=-
positions to construct the two input superbatches. The procedure used for

the estimation of the quantities is fully described in [F%€7. The present
report merely gives the results of this type of analysis for the two puri- ‘
fication lines of the EUROCHEMIC plant, according to the "low enriched uraniuﬁﬁﬁ
(LEU) flowsheet.

They are resumed in tables 4~2, L-3, UL~k; Table 4=k, which refers to an
U-purification line without any vtV recycling, has been inserted=in spite of
the fact that such conditions are not fulfilled in the EUROCHEMIC plant, be- |
cause the Pu reduction can be also performed by other means which do not imply j
any use of U or Pu. It is interesting to see that, for this case, a recovery |
of more than 99 % of the inventory can be reached with superbatches 1 and 2

of 4000 and 800 kg respectively, compared to a recovery of only 95 % in the

case with UT' recycling. If one wants to have 99 % recovery also for this
strategy one needs 6000 and 3200 kg of material for the tvo superbsatches.

%,6.3 Influences of the Batch Order inside the Superbatches

Normally the concentrations C, and C, are obtained as mean values for

a series of batches inside one superbatch. As already pointed out in ref, [§;§7§
the order of the single batches inside these superbatches, which give the con-
centrations step, has an influence on the result which is obtained in determin=;
ing the process inventory by the tracer method. To indicate this some special :
cases with very simple ordering of batches have been studied. The studies were

made for the Pu—-cycle.
Fig. 4.9 gives the input step and the corresponding output for same cases.

For all cases the concentrations C1 and C2 were 0.1 and 0.2 respectively,

they have been obtained by calculating the mean value of the relative concen-
trations of the tracer in 5 batches. The maximum concentration difference in-
side one superbatch is about 10 % of the step size. For all cases the plant
inventoyy Ir at ‘the step input is 16.02 kg of Pu. In the figure the aifferencef
between the calculated inventory H and It is given with the p;opervsign, In
the first case (ideal case: no variation inside the superbatches) the differen-
ce may be attributed to rounding errors in the calculations, it is 0.08 % of ‘
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the real inventory. -

The following group of four cases shows the influence of a monotone varia-
tion of the tracer concentration inside one of the two superbatches only.

The order inside the second superbatch seems to be more important than that ~
inside the first one. The difference H-Ir becomes negative when the concen-
trations in the second superbatch decrease and it is positiye with an increase.

The opposite is true for the variation inside the first superbatch.

The last group shows the influence of combined variation in both superbatches.
The biggest difference H--Ir is found for the cases 6 and 9 where the concen-
tration has different slopes in the two superbatches. The results obtained in
the cases 6~9 agree with those obtained in the simpler cases 2-5, It should
be noticed that the calculated value of H is clearly influenced by the concen-
tration sequence in the input. For the last case the same batches as in the
cases 6-9 have been used, but in contrast to the previous cases the individual
batches have been arrsnged in such a way that the straight lines drawn accord-
ing to linear regression through the concentration values of the individual
batches of one superbatch remain horizontal. It is to be noted that the result
of H-Ir/Ir =0,3 % for this case is the lowest of all results for the cases
investigated. Therefore it eppears that such an arrengement is an cptimum.

This seems to be plausible as any trend has been eliminated in this case.

In the case of a !

'going down" step the sign of the variation is reversed (see
also the observation following the results of the error analysis in paragraph

5.4,1), but the recommendations about the batch ordering remain the same.

L.6.4 Correlations between Input Characteristics and the Precision
of the Physica&l Inventory Determination

The most important preliminary study that must be performed in actual cases
before the utilization of the method of tracer for the PI determination - is
that which gives the estimate of the precision of the measurement as function
of the nuclear material available, In other words, once stated that a suffi-
cient quantity of material is available to construct two superbatches (see
4.6.2) the knowledge of the probable variation of the tracer concentrations
in single batches of each superbatch and of the mean step size indicate limits

wvhich one has to expect for the preeision of the determination,
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A first approach to the solution of this problem can be found in 17h—1;7
where an analytical formula is proposed. In the present study the problem has
been solved by Monte Carlo technique, which allows also to take into account
the correlations among the different variables of the formula giving the PI.

The results have been obtained using a model which for one special set of
parameters refers to the actual Pu - and U-lines of EUROCHEMIC, but in general,
may reproduce a whole series of different reprocessing strategies.

Table LU=-5 gives & summary of the investigated strategies. For every type of
strategy the standard error of the difference between measured (H) and book
inventory (A) relative to the mean book inventory, i.e. OH?AfK;iB given as

function of r, the ratio between the batch-to=batch variation of the tracer

+)

measure of this variation the standard deviation of the distribution has been

concentrations inside one superbatch and the step size ‘. As a quantifiable
chosen. The relationship UH-A/ A = £(r) has been obtained by an interpolation
emong some points. Every point is, in turn, the result of a statistical analy-
sis-of 50 (for U) or 100 (for Pu) campaigns. For each of these campaigns the
tracer concentrations of each input batch have been randomly chosen from two
normal distributions (one for each superbatch) of prescribed mean value and
standard deviastion (see Appendix II). The difference between the mean values
is the step size. The standard deviation is a measure of the batch-to-batch
variation; this means that we assumed the possible concentration of the tracer
for a batch inside one superbatch as normally distributed. In the actual calcu-

lations both standard deviations have been assumed equal.

Fig. 4.10a and b give a summary of this parametrical study. The full lines
which appear in the figures are not the best fit through the calculated points,
but represent the graphical interpretation of the relationship indicated here.

A genersal conclusion

Yy O€ arawi oous u esul 1in 1
sidered interval of r (0.02 = 0.4) relations of the following type hold:
o
lny H-A =g e1ln r + 1n const.
A ,
o
and since a ig =1 EA r * const.
A

+)This definition for r differs slightly from that given in chapter 5.
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-Moreover, the value of this constant comes out to be independent of the
strategies summsrized in table 4-5, except for the cases in which the

feed of each superbatch is mixed up in the head-end of the plant.

Note that in these studies no restrictions on the material availasble for
the construction of the superbétches have been made, As an d&dditional re—
sult of the simulation one finds out that the more precise results for the
mixing cases (curves 2 and 8) require a larger amount (~10%) of material.

4.7 Conclusive ‘Remarks

In connection with the Mol III experiment the simulation technique has been -
mainly used to test the applicability of the tracer method for physical in-

ventory determination. The step,sif“’” which is taken for the evaluation of

the physical inventory is the inherentdisotopic compositioh of the heavy
material itself and no artificial tracer is required. This method of isotopic
analysis for the PI calculation can be successfully applied in normal practice

only when some conditions are fulfilled.

The most important conditions concern

&) the total quantity of fissile material inside the superbatches which
define the step - for the Mol reprocessing plant a recovery of more than
99 % can be reached with superbatcnes of 19.8 and 8.5 kg Pu before and
after the step signal. For U the corresponding numbers are 4000 and
800 kg for campaigns without recycling, with recycles one neéds 6000
and 3200 kg for the two superbatches,

b) the isotopic characteristics of the processed material - see below, and

¢) the possibility of ordering the single input batches inside a super-

batch in a suitable way = it came out that the best results for the
inventory determination can be found if the batches are ordered ih such
a way that the straight lines drawn through the single concentgpation

values according to linear regression remain horizontal,

When these conditions are fulfilled the hold-up of the plant can be calculated

with a precision of a few percent.
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The results of the method may depend on the way in which the plant is
operated. In the simulated experiments described above the assumption

of a regular operation procedure was made. It fallows that, with the
restrictions mentioned at the beginning of this chapter, the method can
give reliable results if the operator follows the prescription of a regu-
lar running of the plant.

In order to get an estimate of the precision of measurement as function of
the nuclear material available, for the U- and Pu-case several series of
campaigns were run. In these cases it was taken for granted that enough

material was availsble,

For every type of the different strategies of the plant under study the rela-
tive standard error OH—A/ A of the difference between measured and book inven-~
tory was given as a function of r, the ratio between the batch-to-batch varia=-

tion of the tracer concentrations inside the superbatches and the step size.

As a general conclusion we found that for both the Pu- and U-cases a rela-

95-4

A

=r ¢ const.

The values of this constant come out to be independent of the different inve-
stigated strategies except for the cases in which the feed of each super-
batch is mixed up in the head-end of the plant.
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PART B. Simulation Studies of Campaigns at the
Eurochemic Fuel Reprocessing Plant

4.8 Introduction

Earlier work at the Nuclear Fuel Services plant at West Valley, New York
had established the feasibility of simulating the operation of a fuel re-
prdcessing plant with a mathematical model. Although the NFS flow sheet
for the plutonium cycle was relatively simple and straightforward, with
only a modest number of compartments, the results of the FT-62 field test
were not conclusive since it was not possible to control operations in the
desired fashion. A subsequent similar experiment was proposed at the Euro-
'chémicrfuelrfeﬁofceésing ﬁlant at Mol, Belgium where the possibility ex-
isted of specifying plant operations approximating those desired for the

experiment.

The objectives of this investigation of simulation were to examine differ-
ent simulation models in order to evaluate their limitations, and to deter-
mine the influence of process parameters on the models. Comparison of
predicted results with the actual data, quite important in validating models,

was one of the main tasks.

Principal responsibility for the simulation studies rested with the Institut
fiir Angewandte Reaktorphysik (IAR) which was charged with the overall man-
agement of the JEX-70 experiment. Battelle-Columbus, in its capacity of
subcontractor to the United States Arms Control and Disarmament Agency,

participated in the simulation studies in a supporting role.

During the planning phase of the experiment, simplified models of the Euro-
chemic plutonium and uranium cycles were constructed and programmed for the
Battelle—-Columbus CDC-6400 digital computer. These models were based on the
provisional flow sheet gnd upon the process data supplied by the Eurochemic
staff for vessel sizes,broutine heels, normal mode of operation, ect.. The .
\uranium cycle model was not further investigated during JEX-70; attention

was concentrated on the plutonium model (PUEURO).

The supplementary Battelle-Columbus efforts were addressed primarily to
the experimental aspects of the Mol III campaign and towards the practical

problem of determining what operating constraints are necessary for an in-




:h"'23

contains some plutonium. However, since this acid is analvzed, amounts are
known and input totals are corrected appropriately. Based on postcampaign
information obtained at Eurochemic, the total plutonium so recycled was
only 730 g for the whole caﬁpaign; an insignificant part (1.2%) of the

total plutonium product.

Plutonium lost to the mother liquor from the continuous precipitator is also
. routinely returned to the process, but evidently in a fairly random fashion.
Data have been recently obtained from Eurochemic on the quantities of plu-
tonium so recycled but no data are available on the isotopic composition of
this material or on the details of its recycle. so that no way exists to
make this correction. Total amount recycled was about 1835 g, or approx-
imately 3 Z of total product. Compared to other uncertainties in the

campaign, this toc is regarded as relatively insignificant.

In addition to these two minor plutonium recycles, however, there was a
third very major one, whose existence and magnitude was not known until
after the conclusion of the experiment. This is the recycle of entire
batches of product from the specification analysis tank (2416-1) back to
buffer tank 236-la or to the feed adjustment tank 236-4b preceding the
mixer—-settlers. There are two possible causes for this recycle. Nccasion-
ally, a product batch will be out of specifications on impurities and

will need re-extraction for 4dditional purification. More generally,
however, this recycling is a technique to place the mixer-settlers on total
reflux while more fresh feed is being processed. (The capacity of this sec-
tion of the plant is greater than that of the head-end so that it tends to

run out of feed).

Since information on this recycle from 2416-1, the magnitude of which was

so great as to approach the total product quantity, was unavailable until
after the simulation work was completed, it has not been taken into account
in the simulations. Also, to do so would have necessitated a major revision
in the Battelle-Columbus Eurochemic simulation model which, in its present
form, is unable to handle such a recycle satisfactorily. Fortunately, the
evidence suggests that this recycling of the product from 2416-1 was on a
total reflux basis, so that the original processing order of the batches

was generally reasonably well maintained. Where there are significant diver-
- gences between model and experiment, as described in the following sections,

it appears that they result primarily from this recycling of product.
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4,10 Simulation of Mol III Campaign

The Mol III campaign (plutonium cycle) was simulated using the PUEURC model.
Plant operating data and analyses were drawn primarily from the various

JEX reports. Plutonium input and output data from Eurochemic are shown in
Tables 4~8 and 4-9. The data for CANDU, VAK, TRINO, and CdN were obtained
from interim experimental reports and from R. Kraemer LT&-Q;T. The quantity
and analysis of the plutonium in inventory was obtained from E. Drosselmeyer
lTZ—Q;T. Although this plutonium presumably entered the process at the mixer-
settlers, for the sake of simplicity it was assumed to consist of 4 batches
entering at the intermediate feed tgnks. Recovery of total plutonium based
on the masses given, was calculated to be 95.5 %. Recoveries of the individ-
ual isotopes are shown in Table 4-8: As‘usual, the greatest divergence is
shown by plutonium-238, the smallest constituent; the other isotopes were

in fair agreement.

Aliquot samples of the input batches were also analyzed at Oak Ridge Naiional
Laboratory by mass spectrometry. Plutonium-238 is analyzed for by a-spectro-
metry because of possible uranium-238 contamination. Since it was not possible
to do this on these samples, no plutonium-238 values were given in the ORNL
analyses. In order to place the ORNL analyses on a comparable basis with the
Eurochemic analyses, the Eurochemic values for plutonium—238 were assumed,
and the other isotopic concentrations appropriately adjusted. The adjusted
ORNL analyses, including the Eurochemic plutonium-238 values, are shown in
Table 4-8. The two sets of analyses were in fairly good general agreement,

and comparable simulation results were obtained with either set.

Attempts to define the mixing strategies used during the campaign from the
JEX reports were not too successful. These strategies seemed to vary, and
it was not always possible for the operator to execute the planned strategies
~ due to operational difficulties in the plant. Also, as simulation results

‘ : tual results it became apparent that more internal mixing
was occurring than was provided by the assumed simulation parameters. In
the absence of the actual operational data, it was decided to arbitrarily
select a mixing strategy which would provide the observed mixing. Some of
the mixing may have resulted from the mixer-settlers, where mixing was ignored
in the present simplified model, and some may have resulted from assuming
too-small heels in process vessels. Actually, for the present simplified

model, it does not matter particularly where the mixing occurs, as long as
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it is accounted for.

A number of simulations of the Mol III campaign were performed with varying

parameters, primarily the size of the heels in the intermediate feed tanks;

223-6a/b (RZ)' The plans for JEX-70 were to achieve maximum mixing for a

~ given reactor fuel in order to approach a uniform "superbatch' as nearly as

possible. Also, as noted earlier, comparison of predicted and actual results
indicated that substantial mixing was occurring beyond the intermediate feed
tanks. Thus, not surprisingly, best agreement with actual output analyses

was obtained when large R2 heels were assumed,

Results of a typical simulation with Eurochemic input analyses are shown

in Table 4-10 and 4-11 (Similar results, differing only in degree, were
obtained when ‘the ORNL input analyses were used). Predicted vs actual output
concentrations are shown graphically for plutonium-241 in Figure 4.12. Over
the first 25,000 g of product it is obvious from the uniformity of the
experimental plutonium~241 concentrations that there was considerably more
mixing than was assumed for the simulation. Nevertheless, up to approximately
36,000 g, the simulation agrees reasonably well with the eyperimental results.
While part of the subsequent divergences might be eyplained by analytical
discrepancies, a more likely explanation is the excessive recycling of plu-
tonium nearly 20,000 g, which began at about this point and continued over

a period of about 10 days before product was again collected.

Other conclusions are suggested by the data. The high (6.05 Z) plutonium-24]
content of the first output batch is similar to that of the last material
processed during the preceding Mol II campaign on TRINO fuel (see Table
4-20) and suggests that residual Mol II product was displaced from the plu-

tonium dryer and calciner upon commencement of the new campaign.

_The slight lag in arrival of the first step function suggest that the
holdup in the system is greater than that assumed, by an amount in the
1-2 kg range. Presence of a couple heels of 500 g or so above those assumed
for the model would elipinate much of this apparent lag and also would pro-

vide the greater than predicted mixing which was observed.

Plutonium product is first collected in Tank 2416-1, designated the spe-
cification analysis tank, where it is checked for purity specifications,

and either returned for recycle or sent ahead to the precipitator and calciner
as final product. During JEX-70 acceptable product batches ffom 2416-1

Zdesignated as 2 BP product) were also analyzed for isotopic composition.
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Masses and isotopic analyses of 2 BP ﬁroduct batches are shown in Table

4-12, which also shows the approximate quantities of plutonium returned

as recycle; the extent of recycling is apparent. A comparison of simulated
and experimental results for 2 BP product is shown in Tabie 4-14. Input

basis differs from that in Table 4~10 in that ORNL isotopic analyses were
used, and larger heels were assumed in Tanks 223-6a/6b and 231-8. The results
for plutonium—-241 are plotted in Figure 4.13. It is apparent that the agree-
ment between model and plant is better at the 2 BP stage. For example, the

6 Z plutonium-241 found in the first PnO2 product is absent, additional
evidence for the supposition that this was residual material in the drver

and calciner.

4.11 Evaluation of the Physical Inventory

In chapter 5 the inprocess physical inventory at the moment VAK feed was
~introduced into the system was calculated using the actual input and output
data. The output batches were considered in three categories:
~ (a) Clean CANDU material
/ (b) 2-component mixture of CANDU and VAK material; and
(¢) 3-component mixture of CANDU, VAK, and TRINO material.

Several assumptions were necessary in order to make the calculations. Change
from clean CANDU product to CANDU + VAK material was fairly evident from the
sharp jump in plutonium—241 content from the CANDU composition plateau,
beginning with batch 133. Change from a 2-camponent to a 3-component mixture
was less certain but could be defined as reasonably including product batches
145-148 or 145-149. Unfortunately, due to the lack of well-mixed superbatches
of each type of feed, the calculated average plutoniﬁmgconcentrations neces-
sarily used for the calculations were not truly representative of the varia-
tions in the individual feed batches. Thus, the input concentrations were
constantly changing over each input batch. The precision of the method of

the method is based on the premise that the mixture being solved is comprised
of the specified constituents, and only these. When there is a high percentage
of recycling, as in the Mol III campaign, additional components can be
introduced into the mixture, leading to calculation errors, unless their

identity is known.

For purposes of comparison with the actual results a simulation was per-
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formed, in which these parameters were idealized. Theoretical "superbatches'
of the average composition of the CANDU, VAK, and TRINO feeds were con-
structed; for better uniformity, the CANDU was assumed to be divided into

two slightly different types. Except for this averaging, all other para-
meters were maintained the same as before, as shown in Table 4-15. Results

of this simulation are shown in Table 4-16, Change from clean CANDU-A to a
mixture of A and B in the product was evident, beginning with batch 8. Product
batches of A + B were readily solved as 2-component mixtures, with the results
shown in Table 4-17. CANDU-B fuel, first evident in batch 8, reached a maximum
in batch 16, at which time CANDU-A fuel was essentially exhausted. VAKX fuel
made its first appearance in batch 16. The percentage of CANDU fuel (A+B)

in the output decreased steadily from batch 16 onward; by batch 23 it had
decreased to 3.0 %. Plutonium-241 reached its maximum concentration (7.8007)
in batch 23; decrease to 7.684 7 in batch 24 signalled the advent of a new
feed component (TRING) in the mixture. Subsequent batches were 3-component
mixtures. Calculationé of CANDU fractions were possible in only the next

two output batches, by which time the percentage had decreased to 1.4 %

(v23 g Pu).

The steady and consistent decrease in the fractions of CANDU fuel present
in the output batches after the introduction of VAK fuel into the process

is evident in the plot in Figure 4-14. The comparable fractions calculated
{in chapter 5) for the actual Mol data are also plotted. The agreement seems
quite good; supporting evidence that the model represents what is actually

occurring in the plant.

It is quite apparent from calculations based on the actual Mol III data

that by the 23rd batch (142) the percentage of CANDU material in a product
batch has decreased to about 6.6 7, and can be expected to continue to
decrease similarly, as additional different feed materials enter the plant.
Therefore, if the batches are maintaining their normal processing order, an
upper limit of 6.6 % may be set for CANDU material .in subsequent output
batches. Thus, it is surprising that the solution reported in chapter 5 for
the 3-component mixtures in batches 145-148 (149) indicated that the amount
of CANDU material present was as great as 1141 g. This is a much greater
percentage of these product batches than that expected with the exponential
decrease predicted by the model in the absence of recycling. One possibility
is that a significant quantity of CANDU material was delayed and was returned

to the process during this time span. However, the available operating records

do not indicate conclusively whether this occured or not.
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In-process inventory at the moment of introduction of VAK fuel, calculated

for the simulated superbatch run, was as follows:

gm Pu
Batches 12-15 Clean CANDU material 6,300
Batches 16-23 CANDU-VAK mixture 5,342
Batches 24-25 CANDU~-VAK~-TRINO mixture 54

Total 11,696

Interestingly, the 11,642 g total for clean CANDU and the CANDU-VAK mixture
is in good agreement with the 12,599 g total calculated for these same two

portions of the actual Mol III campaign.

4,12 Mol II Campaign

An examination of the earlier controlled experiment at the Eurochemic plant
(Mol ITI) furnishes additional information on the requirements and capabilities
of a simulation model. Less information was available on the conduct of the
Mol II experiment, but the following summarizes the data on which the simula-
tion was based. These data were obtained principally from / 4-7 7 and from

E. Drosselmeyer / 4~6 /, with additional background information from /48 7.

Considering only the plutonium, differences in the isotopic composition of
the input batches of fuel were not great. The fuel appeared to consist of
two fairly similar types, which differed principally in Pu-240 content;
differences in the other isotopes were insufficient for a useable step
function. Presumably, there was also recycle of dissolution acid containing
uranium and plutonium during Mol II although there are no data on this.
Since no data were available on vessel heels, mixing stratgies, etc., for
purposes of the simulation the same basic assumptions used in the Mol III
simulation were employed. It was known that approximately 11.8 kg of off-
specification pluto t the con
clusion of the Mol II campaign, although it was not known during which period

of the campaign this material was accumulated.

Plutonium input data are tabulated in Table 4-18 which also shows computer
program parameters. Calculated plutonium concentrations in output batches

are presented in Table 4-19; actual assays are shown in Table 4-20,

Isotopic analyses of input batches were performed at Eurochemic; output

analyses were performed at GfK, except that the composition reported for
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the 11.8 kg residual inventory (batch 116) was obtained from Eurochemic.
There appeared to be a slight bias between the two laboratories, so that
agreement of input and output masses for the individual isotopes showed more
variation than would have been expected had all analyses been performed at

one laboratory.

Calculated and actual plutonium concentrations are compared in Figure 4.i5a.
The general shapes of the two plots are comparable, except for a lateral
displacement, which is discussed in the following paragraph. The consistent
minor differences in magnitude between predicted and actual values of the
plutonium-240 concentration are believed to be due primarily to the analyt-

ical differences mentioned above.

However, the major lateral displacement of the two plots is of particular
significance. It is illustrative, in a qualitative fashion, of one applica-
tion of simulation models to safeguards. The abrupt change in plutonium-240
concentration should not have occurred when it did if the input batches had
been processed according to the reported schedule. If the model is truly
representative of the plant response, then one could conclude that there
was possibly a substantial diversion of plutonium from the product stream,
on the order of 10 kg, commencing after output batch 87, or that there had
been some deviation from the announced input Sequence. A mere quantitative
statement than this is unwarranted at this time, in view of the oversimpli-
fication of the simulation model and the lack of more detailed information
on the actual plant operations. Conceivably, at a later stage of development,
a more positive statement could be made by a safeguards inspector viewing
these data. As an example of what may have occurred, the effect on isotopic
composition of the output of assuming that the 5th and 6th input batches
were delayed, and then released at the end of the campaign was simulated,

with the results shown in Figure 4.15 b.

J A 19 I'a Y
4.15 Ot

Another mathematical model for fuel reprocessing plants which is currently
under development is a "mass-flow" model. This model will not only provide
plutonium concentrations, as in the present models, but will also compute
the relative fractions of the input batches present in each output batch.
Such a model will be useful for in-process inventory studies, and may offer
a means of getting around some of the problems associated with the calcula-
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tion of in-process inventory by schemes based on the method of determinants.

Such a model could be applied as an indirect method of surveillance, much

as the present concentration model égn, but would furnish additional corrob-
orative information. With the presenﬁ model agreement of predicted and
actual plutonium isotopic concentrations is evidence that plant operatioms
are as stated, so that the material in each input batch is accounted for.
‘The mass—flow model will go one step further and detail how each input batch
-is distributed in the product, corroborating the agreement of predicted and

actual concentrations,

The model is being developed to fit the NFS plant, it being a simpler case
than the Eurochemic plant in terms of number of compartments and alternative
pathwayé. Once the model is debugged and operable, it should not be difficult

to adapt it to the Eurochemic plant.

4.14 Discussion

The Eurochemic plant is a small multi-purpose ‘fuel reprocessing plant
possessing many of the characteristics of a large pilot plant. Nominal
capacity for low-enrichment fuels is 130 T/yr, only about 70 tons were
processed in the first three years of operation. The processing section is
very flexible, and has numerous buffer and in-process storage tanks, many
more than are to be found in larger reprocessing plants. These conditions
are not ideal for the vatidation of simulation models. Also disadvantageous
for modeling can be the recycle of plutonium in the recovered nitric and

in the mother liquor from the continuous plutonium precipitator.

Additionally, with the rather complex process flow sheet, the plant operator
has many operating strategies available to him, and in any given campaign
is likely to be forced to adopt one or more variations of these by pro-

cessing exigencies. Thus, the Mol plant is a difficult plant to model.

Since the Battelle-Columbus efforts . w ~ wh 1
tion of the plutonium fuel cycle, the conclusions drawn apply necessarily
to plutonium, they may or may not be applicable to the uranium side of the
plant. The conclusions are also based only on the data and process informa-
tion which was available in the U.S. Most of this was derived from the

various interim reports.

Qualitatively, comparisons of predicted results with actual results indicate
that the model is approximately representative of the plant. It does not

seem feasible, at least on the basis of the data used in these studies, to
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attempt to draw too many quantitative conclusions. More detailed data on

such matters as important heels, mixing of input batches, the reprocessing

of the initial plutonium inventory and actual reprocessing strategies would
have beén beneficial. Nevertheless, in spite of the lack of some information
and with the numerous arbitrary selections of model parameters which were
necessary, the general agreement between model and plant confirms the basic
validity of the model. By using a combination of actual operating data and
plutonium concentrations predicted by the model for mathematically averaged
"superbatches', determination of in-process inventory was also simulated, with

interesting results.

A number of limitations associated with mathematical modeling of fuel repro-
cessingjplants in general, and with the Eurochemic plant in particular, were
identified during the simulation studies. One of the most fundamental is
that developing (and especially testing) of a simulation model requires full,
complete, and accurate data. While a considerable body of information was
available for the Mol III campaign, there were some deficiencies, so that

a rigorous comparison of predicted and actual results was not possible.

High on the list of accurate data needs are the isotopic plutonium analyses.
In addition, differences in isotopic composition between fuels are generally
not great, which accentuates the need for accurate analyses. While the re-
sults of input and output analyses from a given laboratory will normaliy be
internally consistent, the problem of bias between laboratories may well be
a problem. This can pose problems in research investigations, and even worse

ones for safeguards surveillance.

The relative sizes of input batches, output batches, and plant can impose
limitations on in-process inventory determination. Rather large superbatches,
possibly larger than the average reactor batch processed at Mol, are needed
to insure that a step function clears the plant. If this does not happen,
passage of subsequent input batches so increases the number of constituents

in an output batch that they cannot be satisfactorily resolved.

Refinement of a model, or more strictly speaking, validation of the fact
that changes made in a model are really refinements, ultimately requires
feedback from the real plant being modeled; and the better the data fed
back, the better can be the comparison. Since it was fairly obvious that
th JEX-70 data were not sufficiently detailed to evaluate the effects of

other than the major variables, no attempts were made to incorporate minor
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variables, such as mixing in extraction columns and mixer-settlers, into
the Mol III model. “

4.15 Conclusions and Recommendations

(1) While qualitative agreement of the mathematical model with the actual
results of the JEX-70 experiment verifies the feasibility and identity of

the model, quantitative conclusions relative to the closeness of fit appear
unwarranted. The deviations from steady-state conditions and the numerous
unrecorded variations from planned operating strategies preclude quantitative

identification of the model with the plant.

(2) A more flexible model than the PUEURO model is desirable for greater
compatibility with fuel reprocessing plant strategies; such a model should

be time-independent, so that recycle streams can be incorporated into it.

(3) Construction of a more powerful mathematical model which can calculate
not only concentrations in a vessel, but also the batch fractions present
will be very useful in further inventory determination studies and its

development should be pursued.

(4) Accurate isotopic analyses are critical to both simulation studies and
to in-process inventory determinations by isotopic-tracer techniques and

efforts to generally improve levels of accuracy should be continued.

(5) Additional plant experiments should be conducted, preferably in high
thrbughput fuel reprocessing ﬁlants; in any such experiments provision of
acceptable "superbatch" sizes and adequate step-function sizes should be
stressed. Such a test, if successful, may show that a reasonably precise
in-process inventory can be calculated with relatively simple mathematical

techniques.
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Review on the parameter for studies én the "response function for Pu.

Table he1s
No. Computer Heels Mixing Recycling Kg.of total Pu output to recover x% of
Ref. H L No. IR R 2% 5% the traced input batch.
1 130/2 + 4+ + 8.5 (91%) 11.3 (98.4%) 17.0 (100%)
2 130/1 | + + + 19.8 (93%) 25.5 (97.6%) >29. (100%)
3 129/1 + + + 19.7 (92,4%) 28.2 £98.4%) >30. (100%)
4 128/1 + + | + 19.1 (90.7%) 30.1 (99.3%) >33. (100%)
5 129/2 + + + 16.9 (92.78) 22.6 (97.6%) >25. (100%)
6 128/2 + + + 15.3 (90.7%) 23.7 (98.3%) »26. (100%)

HE - 4
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Table 4=2: Minimum size of the two superbatches
No. of output Percentage of superbatch size (kg of Pu)
batches con=- the inventory 1. 2.
sidered. measured.
4 70.6 11.32 0
5 86.9 14,15 2.83
6 96.9 16.98 5.66
7 99 .44 19.82 8.50
8 99.90 22.65 11.34
9 99.98 25.47 14.15
10 100. 28.30 16.98




Table - 4=3: Minimum size of the two superbatches for U

(with v recycling).

No. of output % of the inventory Superbatch size /Tkg /
batches considered. measured. 1 é )

8 80.6 3200 0

9 92.2 3600 400

10 95.3 4000 800

11 96.5 4400 1600

12 97 .4 4800 2000

13 98.1 5200 2400

14 98.7 5600 2800

15 99.11 6000 3200

16 99.41 6400 3600

17 99.70 6800 4000

18 99.85 7200 k400

19 100. 7600 4800

af = h

From the calculated numbers
1000 kg were subtracted because
the IAT does not belong

to the MBA.



Table h=k: - Minimum size of the two superbatches
For U in case of no recyclings.

No. of output % of the inventory Superbatch size Z"kg_7

batches considered measured 1. 2.
8 82.8 3200 0
9 96.1 3600 400
10 99.24 4000 800
11 99.69 4400 1600
12 99.84 4800 2000
13 100.00 5200 2400




Table 4-5:

Different strategies for parametersstudless

Heels Mixing Re~cycling No. of campaigns
IAT %7
1 Pu-1 L NO 0 2300
2 Pu-2 L YES 0 400
3 Pu-3 H NO 0 400
4 'U 4-5-6 L NO 0] 150
5 U 1-2-3 L NO 10 150 T
6 U 7-8-9 L NO 16 150 w
7 U 10-11-12 H NO 10 150
8 U 13-14-15 L YES 10 150

I = 3850



Table U-6 :\ pLufontim oPERATING PARAMETERS

n o A ﬁ i A B s o A W B s
Pu, pms
Flowsheet s Vessel, Mode of Flow ‘Cone. Flow Volume Soln,, 1 Normal Raonge Min,
Point Number Description In.. Qut, Schematic 2/l g/hr Max Normal = Min Full Empty Heel Remarks
|226-1/2 Dissolver Batch Bateh . JLILMUL 1-1.5 - 7 2500 0 3000 0 0 400 gU/1 - 1 ton batch (3 kg Pu/t)
¢ ‘221-4 Accountability Tank Batch  Batch “UUJLFLMT  1-1.5 s 3000 2400 &2 {2400 ~0 0 2214 rece{.ves most of batch
\221+6 Accountability Tank Batch  Batch ~WLSUS  1-1.5 - 2000 <1600 <2 600 ~0 1] 221-6 recejves excess
¢ [223-63 Intermed. Feed Tank Batch- Batech _fULIUL  1-1.5 - 4000 3000 30 3000 25-50 ~0 Used alternately?
2 \223-6b  Intermed, Feed Tank Batch Batch _JLMJUL. . 1-1.5 - 4000 3000 40 (3000 25-50 ~0
C3 231-1 Column Feed Tanlk Batch  Cont. I~~~ 1-1.5% 50-80 4000 3500 ?.0 3000 50 29 Transfer made when heel down to 20 1
Cy 2312 Extraction Col, Cont. Cont, ev—ewstarmiam (), 51 50-80 375 375 375 100 100 --
Cs 231-3  Scrub Col. : Cont.,  Cont, awwmmeswew 0.5-1  50-80 165 165 165 50 50 ==
TCg 7T T TRIVLETT PaACETtion Tol T TTCont.T Tont,  memeellwll TTRURT T B0S80T 7163 165 7165 507759 -
Cy 231-5 Strip Col. Cont,. Cont, ~tewemrormlios 2-3 50-80 138 gg 25 2(2)8 zgg --
Cs 231-58  Product Receiver Cont.  Cont, emwssicudomn. 223 50-80 2 .- --
c 235-2¢ Evaporator Cont. Batch 40 50-80 {10 10 <1 { 400  ~40 ~0 Equiv. to a batch of ~ 2800 g which
9 236-1b Evap, Reboiler} Cont. Batch L1~ 40 5080 \s0 60 <1 2400 <40 ~0 will evidently gass through Pu
C10 236-%a_ Buffnr Tank .. Batch _Bateh _frUriM._ 40, == 9% 70 <1 n~2800 ,,f“g~ 0 _ Cyele as a bate
T T 23671a7 BuEfer Tank T T Batch  Batch LML 40 == 80 70 T ,-gm)o :Zo ~ 0
12 236-4b Feed Adjust Tank Batch ~Batch TLILILIL, 40 - 100 70 <l o~ 2800 = 0 3 )
€13 237-1  Buffer Tank Batch  Batch 40 - 50 <40 {1200 <40 ~0  237-1 overflows to 237-2
=3/ e Jurr
(A 1237-2 Extraction Feed Tank Batch Cont, f~J~Jg~ 40 200 50 40 2 1600 iog “g
Cis 237-3  Mixer-Settler Cont, ~ Conk, emmcwmeecs 20 ggg 28 Zg Zg ;38 zgo ;go
237-4  Mixer-Settter Cont, _Cont, meswmieimeme = 17 00 - — —_ E00 200
Cig = 3779 THRULLEE tank” T T TCont. | Bateh Al 12 ?00 B <407 TR <50 ilog :g Temporary catch tank for 2416-1
c 235-2a/b Evaporator Cont.  Batch 40 200 S5 5 .- {2?300 'l; 0
oy ces [ag P Wy P g - e
17 wal6-1 Specific., Anal, Tank  Cont, Batch .40 200 ;gg d;g ‘41 2888 gl.g -0
e 310y - Bepact Rovelver soreh pareh el 40 .- 250 80 <1 2800 <40 ~0 Mo particular function
Cio 238-1  Buffer Tank Batch  Batch ™~y rifi~ 40 o ‘ z > =40 o 4
Cag 2382 Feed Adjust Tank Batch Batch =—ym g1 36 120 230 % A zggg — g :’2 —
TT2T TTT 238437 PptéRiFeed Tank” T Bateh  Cont, ey~ 3077 1207 noe 90~ —x1 00— o 0
€22 Cont.. Pptor. Cont. Cont. st oo 120 . 4 4 g 0 100 igg
C23 Ppt, Settler Cont.,. Cont, atorectaimen - 120 - 10 10 o 200 200
C24 Dryer = Calciner Cont,  Cont, ewacrmummsinmme. - 120 ": == = zggg 1530 0
Cas Product Can Cont, 'Batch -1 —f~L~ - - N == - i
M.L. Collection Tank Cont. Batch ~{——ltl—~ «£0.3 - Pu should be <0.05 g/1

68 = 1
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Table 4«7: STATEMENTS DESCRIBING PLUTONIUM OPERATION SIMPLIFIED
' PLUTONIUM CYCLE - EUROCHEMIC PLANT

M.3 C tot+T -
v c..de +r, L
n -l n to 16 17717
= : C L= - -
K =k Ct = My¢y FR)G, kg Tk Gt k7w X,
2 *Y2 0 M, tR
1 2 )
, n n-1
u,c3 +r,C,% R S VAo VA T T
k, =k; C_, = 18 > 718 M, +R
3 M2 + R3 17 18
_ - - e 1. R et Lol n__.n _
ky, = kg = kg =k, = k; € ~Cy~CGa~C;y ~Cy L oMt +r o P
kg = ks Cg = T
Cde, Kk, 19 9 Mg T Ryg
kg =ki Cg =3¢ "R, (€7 - C)
° : M, c® +r, c 2l
totT n-1 k. =fk: Cd = 1219 2020
- : 2
kjt c.dt. + R9C9 20 20 M]_9 + RZO
k. = k; C, = —=> ,
9 279 kT + R9
. .n n-1
- +
L L e e g e =g o = 20%0 * R91%;
3 : 3 +
10 11* ~10 11 9 21 21 7 M20 R21
M. c® +r, ¢ L a,. k :
K =g g ooll1l 12712 k. =k;C. =—22222 ¢ g |
> + R, > ' "R,
12 12 Mll R12 22 ) 22 dt R22 2] 22
n n-1 dc k
+
S s P e K\ Kyy = K3 Cpy = ge> = g (S, - Cpy)
13 > 713 M., +R : 23 )
12 13 :
© . de, k .
7 : . 24 24
n n-1 k,, =k; C,, === === (., -C,)
e - MG, + Ry, Cpp 24 C26 - de Ry, V237 V24
3 i +
14 14 M13 R14 _
i to+T
’ kj c,,dt
k =%k: C =EE£=.1_(}.§.(C -c.) k =k: C = to 24
15 > 715 dat Ris 14 15 25 >.725 kT
ac k ,
n 16 16
= . = e—— -
k16 715 167 T@e TRy a5 7 %1
Nomenclature -
1= mass of plutonium input .
. = weight fraction of plutonium isotope x in total plutonium in stream at point i
* = mass of residual plutonium in vessel '
* = total plutonium mass flow rate, mass/unit time
= £illing time
= batch number

PRHMERPROR



Table 4-8:

PLUTONIUM INPUT DATA-~MOL III CAMPAIGN

Batch

Pu

L Pu

ORNL Analyses

Burochemic Analyses:

No. Date Mass, g Mass, g -238 «239 «240 =241 =242 -238<a) ~239 =240 -241 242
CANDU
1 2-10 3543 3,543 0.14 71.72 - 23.32 3.74 1,07 0.14 71,792 23.389 3,637  1.042
2 2-13 3500 7,043 0.14  71.55  23.29 3.92  1.09 0.14 71,627 23.372 3,804 1,055
3 2-15 3510 10,553 0.74  70.55  24.08 &.04  1.18 0,74 70,191 24,060 3.864. 1,133
4 3-03 2889 13,442 0.77  76.00  20.38 2.82  0.69%  .0.77 75.517 20,275 3.736. 0,679
5 3-06 3177 16,617 0.12 74,27  21.63 3.15  0.840 0.12 74,312 21.690 3.066  0.810
6 3-10 3373 19,992 0.13  71.63  23.44 3.72  1.09 0.13 71.677 23.487 3.610 1,082
7 3-20 3337 23,329 0.13  71.24 23.71 3.81  1.11 0.13 71.466 23.628 3.694 1,080
8 3-23 3177 26,506 0.13 71,71  23.43 3.67  1.05 0.13 71.722 23.513 3.583  1.050
9 3-26 3397 29,903 0.12 73,05  22.43 3.41  0.989 0.12 73.555 22,202 3.214  0.899
VAK
10 3-31 2981 32,884 0.577 67.78  22.13. 7.53  1.97 0.577 67.778 22.186 7.475  1.982
11 4-06 2942 35,026 0.629 66.03 22.96 8.08  2.30 0.629 66.528 22,926 7.719 2,196
12 4=-12 4067 39,093 0.742 65.35 23,31 8.18  2.42 0.742 64.507 23,687 8,356  2.705
13(b)  4-16 741 39,834 ‘0,528 68,31  21.64 7.74 1,78
TRINOI
i4 4=24 3559 43,393 0.44  75.46  15.74 7.18  1.29 0.44 76.040 15.065 6.809  1.106
15 4-26 3139 46,532 0.36  78.73  14.07 5.9  0.90 0.36 79,080 13,973 5.724  0.853
can
16 4-30 315 46,847 0.070 86,22  11.46 1,37 1,76 0.070 86,995 11.446 1,318  0.171
17 5-01 238 47,085 0.081 85.33  12.81 1.52  2.i0 0.081 85.587 12.655 1.466 0,205
18 5-03 358 47,443 - 0.085 86.63  11.82 1,33  1.48 0.085 86.546 11,888 1,325  0.155
19 . 5-0& 289 47,732 0.069 87.32  11.23 1.19 1.31 0.069 87.471 11.19  1.140° 0.126
20(e 5-06 19 47,751 0.069 87.32 11.23 1.19  1.31 0.069 87.669 10.976  .1.148  0.137
Inventory: 7
21 2950 50,701 0.30  78.65  14.64 5,55  0.86
22 2950 53,651 0.30  78.65  14.64 5.55 0.86
23 2950 56,601 0.30  78.65  14.64 5,55  0.86
24 2950 59,551 0.30  78.65  14.64 5.55  0.86
Pu recovery fraction 0.955 0.797 0.955  0.957 0. 547 0.958 0.799 0.955 0.958.  0.966  0.969

(a) Plut:on1um-238 analyses were not made by ORNL; Eurochemie values
{b) Not analyzed by ORNL

(c) No analyses available for batch 20; taken as same a&s batch 19.

I -4
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Tablé 4=b; PLUTONIUM -OUTPUT DATA FOR MOL III

‘Plutonium concentration; percent .

114T1,0

BATCH  PU=GM  SUm PU=GM «238 239 240 w241 242 DATE
1 118 1671, 1671, (004A27 69,320 224570 6,050 1.630 3=11
2 143 1396, 3057 009138 720130 234020 30690 “1e020 3=i2
3 12 1164, - 423Le 0Ne144 724350 224370 3.630 1.0190 313
4 22 1923, 5154, 00,137 724680 224560 3,630 00,995 314
5 126 1624, T778 00+139% 724920 ¢eebin 3.570 005067 3=21
& 123 1602, 83R0, 00138 73.100 224220 3.590 00,993 3+23
T 126 1664, 11044, 006129 734030 22.330 3.550 00,962 3-24
8 .125 15924« 126366 00+118 72920 224450 3,550 00.9067 3=28
9 1IN 1486, 14122, 0ne128 724559 22.730 3,590 1.010 329
10 132 1668, 15790, . 00130 724650 22,480 3,550 00,990 3-30
11 134 1810, 17600, 000134 724530 224150 3.590 00,976 4=02
12 13 1613, 19213, 00130 724480 224800 3,590 00,999 4=04¢
13 " 13% 1550, 20743, 000126 724120 230030 3,670 1,0%0 4=05
18- 127 1562, 22325, 000129 72:470 22.810 3,550 1,040 4=06
15 128 1586, 23911. Nne124 724570 22.170 3,590 00.996 =10
16 129 1549, 256460, 00123 72730 22:670 3.480 00,987 4=11
17 134 © 895, 26335, on.127 72.660 22,730 3,500 00,949 4416
18 133 1704% 28059, N0+345 700440 222540 "5,260 14440 4=18
19 138 1440, 29499, 004432 590320 224540 6,070 le640 4=26
20 139 1321, 30820, 00:5%0 67,750 . 22,760 6,940 . 2.0l - . 426 -
21 ey 1934 SE€374% ONeB20 KGe7HY 23553’6‘ Te350 e 200 Qi
22 143 1653 34027 D060 660380 23080 7.020 2.310 &=2H
23 142 1703, 35710, 00,700 A6 o280 23,060 7,650 2,310 4=30
24 195 1723, 37453, 000470 744499 174140 6.560 14340 5=11
25 148 16240 39077, 00420 75.720 163420 64240 1.200 S=12
26 147 1268, 40345, 00470 T44610 164980 6,650 1,299 S~13
27 148 1379. 41724, 004426 75+500 164380 6,470 1.230 Sel4
28 149 1810, 435345 00.350 76:970 15.630 5.940 1.080 5-16
29 155 1370, 44904, 00.330 78.110 15,160 5,500 00,998 647
36 1S54 1681, 46355, 002300 282500 142820 S.400 00886 6=017
N 157 1385, ° 47770, 006320 784540 14.860 S.390° 00.RHS 6=08
32  1Sa 1569, 49339, 004270 77a1690 164810 4,890 00,849 6=08 :
33 188 1493, 50832, 00.310 784520 140780 5.390 00,AY] 6=10
34 159 1090, 51922, 00+320 784550 144860 5,410 00.R67 6-13
35 165 1125, 53047, 00330 78,590 14,780 S.410 00,845 614
36 162 921 53969, 00290 7848990 150040 4,930 00,R59 6=2)
37 16y 132, 55001, 60.300 784620 15+350 4,840 00,884 6=23
38 163 862, 55563, 00¢290 784590 15.420 4,830 00,878
39 164 1336, 56899, 00+330 75310 184110 $¢370 00.886
. TOTAL GMS 165,3 4176%9.0 2820.7 67246




Teble 4-10: pLUTONIUM INPUT DATA FOR MOL III
SIMULATION - EUROCHEMIC ANALYSES

INPUT DATA EUROCHEMIC PLANT MODE(*MOL =3 ChNDU*VnK-‘Tﬂ!NO‘CDN“INVENTbRY

FLOW RATE= j,R00E+03.) GM/DAY

TIME STEPs =.§00E=02 DAY

MAX. TIMEZ 4+400Eé0l DAY

RECOVERY FACTOR= 004955 “ ‘
f CONCENTRAT [ONS=PER ‘CENT

BATCH MASS MASS SUM PUR238 PUP39: PY240 P24 PU242 DATE
1 354340 35434 1.400E=01 T.172E401 243326401 30740E¢00 1s070E+00 2-10
2 3500,0 14340 .. 1e400E=0] 74155401 24329€+01 3¢920E+00 1.090E+00 -~ 2%13
3 3510,0 10553.,f Te400E=01 T.055€401 T 2440BE«01 44040E+00 1.180E+00 2~15%
4 2889,0 13464240 TeTO0E=01 Te6ONF+01 24038E+0) 2+820E%00 6+940E=01} 3=03
s -CANDU 3177.0 16619.0 1.200E=01 Te427F 01 2,163F+01 34150E+00 8.400E~01 306
[ 3373.0 19992.0 1300E-01 7.163F+01 . 2e344E401 3.720E+00 1,090E+00 ~ 3=10
7 . 3337.9 2332949 1e300Ewn] © Tel24E+01 , 2+4371E+01 T 3«8B10E%00 1+110E+00 2o
8 3177,0 2650640 1e30NE=0] 7.171F+01 ‘ 24343E+01 3+670E+00 1.050E400°  3-23
9 3397,1 2990340 1,200E=n1 743056401 2.243E+01 3:610E400 9,890E=01 =26
~10 298140 37884 n S I7TIE=01 € 7 TBE+01 2eClIE+01 T«530E+00 1970E¢00  3=31
11 2142,5 3502640 6,290E=01 6,603F¢01 2,296E+01 B 0ROEY00 2.300E400  a=~06
12 VAK . 4067,0 39093,0 To420Ew0l ‘§,535E401 24331E+01 841808400 2+420E¢00 4~12
13 76140 3983640 5.280F=01 6.831F+01 2e1A4E+01 7s760FE%00 - ___17R0E+00 4~16
T THRIN0‘3559'” L3k [k P R LRV HE-TT T REGFYHT TUETRE+TT 7<180E%00 T 2OUEYGD.  4=dé
15 3139,9 4653240 3.600E"n1 7,873F60] 1e40TE 01 5¢940E400 92000E=01 =26
16 3150 4684 T4 Te000E=02 d.6228%01 T T45E%0T 1e370E*00 1o 760E=0) - 4=30
17 - - 238,9 4708540 Bol00E=02 8.533F+01 1.281E401 1«820E400 2.100E=01  5=01
18 ‘C4N 358,90 474463,0 ... . B,500E=p2 8,663F+01 1.182E+01 1.330E+00 1e4B0Ew0Y 503
19 - 289,.9 4773240 64900E=02 8,732F+01 1.123E+01 1.190E400 ) 14310E=01  S5=04
20 19,0 471519 6,900FE=02 8,7328401 1,1236401 1«190E400 1.310E=01 5+=06
21 K 2950,0 5070140 3.,000E=01 T.8B65F+01 Te464E+01 5.550E900 8.600E~01
22 295040 5365140 3. 000E=01 7+865F401 1+464E+Q1 S5¢550E*00 8¢600E%0Y
23 INV, 2950,0 5660140 3,000E~01 7+B65SE+01 1,46%E4+01 5e850E400 B84600E=01
24 _ 2950.0 59551,0 3,000E=01 7.,865E401 1:464E+01 5.550E+00 8.600E=01
TOTAL GMS 207,50 4372010 11983,40 2978490 70220
VESSEL RMIN RMAX VESSEL  RMIN RMAX T s
1 04000 3466,000 14 100,000 28004000
2 24000 40006000 15 50,000 1504000
3 50,000 4000,000 16 500000 2004000
4 1004000 100,000 17 50,000 28504000
3 504000 500000 i8 50,000 28504000
£ 504000 50000 19 50,000 28504000
7 20,000 20,000 20 50,000 28504000
2 200000 200,000 21 60,000 604000 ‘
3 50,000 28504000 22 100,000 1004000 '
ie 504000 2R50,000 23 100,000 1004000
11 50,000 2800,000 24 100,000 2004000
12 504000 28004000 25 0,000 2000,000
13 50.000 2800000

IF_ANY OF THE ABOVE RMIN®S ARE FAQUAL TO {=2) THEN THAT RMIN WILL
HAVE A DIFFERENT HEEL FOR EacH INPUYT BATCH DESCRIBED BELOW

[ mATCH i 2 3 & 5 6 7 8 9 10 1 12 13 167 15 16
‘ GMS 2258, 2250. 225as 2250 2250 2250. 2250. 225n. 270s 2700s 2700c 2700 180« 2T700. 900« 2250.

G, BATCH 17 18 1% 20 21 22 23 - 24
6MS. 2255, 2250s 2250.  900. 2250« 2250 22504 0.

En -1



Table 4=11:'CALCULATED MOL ITI PLUTONIUM OUTPUT CONCENTRATIONS (*’

OUTPUT BATCHES = Ca25

PU239

BATCH MASS MASS SUM pPU233 CPU240 Pyz241 pU242 TIME
1 1710.0 1710,0 1,434E=ql Tel166F201 - 2:331E401) 3.802E+00 1.077E+00 4,5
2 1440,0 315060 . 14687E=0} Tel61E+0L 20334E401) 3+819E400 1+082E+00 Se3
3 1170.0 432040 © 24407€=01 Te146E401 203436401 3.867E¢00 1:096E+00 5.9
4 189n,0 6210,0 3.150E=01 7+143F401 20345E+01 3,R70E00 1,099E+00 7,0
S 1620,0 7A30e0 4,626E=01 Te139F¢0} 2¢349E%0) 3.874FE400 1.104E¢00 7.9
6 1620,0 9450,0 S.402E=01 Te263E401 2,266E£401 3.586F¢00 9.933E~01 8,8
7 162049 110700 5.753F =01 T2329F 401 24222E401 3e433E400 94 349E=0 9.7
8 1620,0 1269040 4,077E=01 7+38)E+01 20190601 3¢290E400 8+861E~01 10.6
9 1530,0 1422040 3,65nE~=01 Te368F 403 2.199E001 3.311E+00 B8.9R1E=Q] 11,4

10 171040 1593000 2¢529E=91 7¢291E+01 24254E401 3.461E400 9¢69TE=01 1204
17 1600,0 1773040 2+ 150E=01 Te24TF+01 2.285E+01 3.552E+00 T+00BE+00 13,38
S I - 1620.0 19350,0 1,867E=p] . Te211E401 2.310E¢01 3,627E+00 1.038€E+00 16,3
13 153040 2nRBO«H 1.615E=01 Te187F401 24328E+01 ‘3eh6RESOD 1.052E¢00 15.1
14 153040 2241040 1.561E=01 Te187E401) 243296401 34664E400 1.053E+00 1640
15 162040 2603040 14410E=01 74212F 401 2.311E+01 3.604E400 1.037E+00 16,9
16 . 1530,0 2556040 10406E=0] 7+4220E+01 2.303E4+01 3.604E%00 1037E%00 17.7
17 90040 2446040 1.407E=01 Te235F 401 2,237E+01 3,610E+00 1.039E+00 18,2
18 ... 1710.0 2817040 . 1,800E-D1 Te191E¢01 2.283E4+01 3.,961E+00 14129E¢00 19,2
19 1440,0 2961040 3,762E=91 6.975F+0) 2,264E+01 54673IE400 1456TE*0D 2040
20 1350,0 3096040 4,290E=01 6913640} 2.261E+01 6085600 14690E+00 2047
21 1530,0 32490,0. 6,069 =] 6,T03F+01 2,282E+01 Teb43Es00 2¢101E400 21.6
22 - 162060 3411040 6.2B8nE=n1 Ge6TTESQ} 2.283€401 Te621E400 24151E+00 22,5
23 1710.0 3582040 6.582E=01 Be644E0] 2:294E40) T+8G5E400 2.215€+00 23,6
26 . ... 171040 37530090 6,263E=01 6,764E+01 . 24189E+01 T+781E400 2.079E+00 26,4
25 162060 3915040 54999E=n1 GeBTOF401 2¢109E+01 Te&TIE*00 1s965E400 2543
26 . 1260,9 4041040 . 4,570E=01 - Te469F 01 1.667E+01 6.88TE+00 1.345€+00 2640
27 13500 41760.0 ©,469E=0] 7.510E01 1.,637E+01} 6.,825E+00 1+302E+00 26,7
28 . ... . 1800060 439604 3.946E~0] 74707F401 1,513E+01 6¢339E+00 1+097E*00 27,7
29 1350,0 4491040 3,682E«01 7.783F+01 1.481E+01 S.99NE+00 1.017E900 28,5
a0 1440,0 66350, 0 2,889E=91 1,996€401 1,403E¢01 4,876E00 1,907E=01 29,3
K] 135060 ATT00e0 2.875E=(} 7.9R6F+01 1,409€+01 . 44927E+00 Te919E=0] ' 30,0
32 .. .. 1530,0 49230,0 2.89%E=01 7.930E4+01 1.,436E401 Se214E400 Bs166E=01 30,9
33 1530,0 5076040 2,914E=01 7.915E+01 1.443E401 5.291E400 8,261E-01 n,7
3a . 108000 $1840¢0 2+955E=0) Te890F+01 14453E¢01 5421E400 Bs425E=01 32.3
38 1170,0 53110,0 2.957€=0) 7.888F+01 1.654E+01 50427E400 - Be434E=01 33,0
30 .. 90040 5391040 .. . 2.978E=p] 7.877€s01. 1.,459E+01 5.487E+00 1. Be514EmQ] 33,5
37 990.0 5490040 2.980E=01 T4876E 401 1e460E+01 54495E400  B4525E=0] 34,0
A8 ... . S40,.0 5544040 2,980E=01 TeBT6E+0) 1.460E+01 5e495€900 B84525E=01 36,3
39 135040 5679040 2.985E=p} T.873F001 1,461E401 §.509E400 8,544E=01 35,1
40 . ... .1080,0 578700 . ...... 24987E=g] . Te8T2E4+01 .. 1s461E+01 Se516E+00 84551€~01 35,7

(@) Based on Edrochemic input analySes.

i
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‘Table 4-12: PLUTONIUM BATTERY-PRODUCT BATCHES'

(SPECIFICATION ANALYSIS TANK 2416-1)

Transfer from 2416-1

- 2 BP.Batch - to Tank No. Mass Pa_. Isotopi¢ Composition, w/o

Number '~ Date (Recycle) (Product) . 3 g Product =238 ~ -239 «240 =241 = =242 Remarks
- 100 3-5 - - 236-la ~1740 (a)

- 200 3-8 236-la . ~ 700 v _ : . . (a)

‘- 300 3-8 . 238-1 ©2196 2,196 0.136 71.982 23.103 3.742 1.037:

-~ 400 . 3-11 238-1 2175 4,371 0.132 72,501 22,747 .3,629 0.991.

‘= 500 ¢ 03-12  236-la ~2320 : : : (a)

- 600 ' 3-13 .236-1a ~2640 (a)

- 700 . 3-14 - 236<la ~2640 - (a)

- 800 . 3-15 - 236-la - . ~2180 . - - (a)

- 900 3-17 . - 238-1- 3539 7,910--0 0.,129°:73,038 22,375 3.510 0.948

-1000" 3-18 236-4b T 11200 (a)

~1100 3-21 238-1 2283 10,193 0.125 73.233 22.263 3.458 0.921

=1200: 3-23 238-1 2205 12,398 - c-- - .- - (b)

=1300 - 3-27 238-1 2816 15,214 0.126 72.491 22.78%F 3.599 1.003

1400 & :3-28 238-1 1964 17,178 0.124 72.372 22.835 3.648 1.021

-1500 3-30 238-1 2276 19,454: . 0,126 72.523 22.743 3,597 1.011

«1600 ' 4-5 238-1 4337 23,791 0.121 -72.485 22.887  3.509 0.999

170077 4-9° 238-1 3465 27,256 0.121 72,477 22.920 3.493 0.989

-1800 4=15 238-1 - 2881 30,137  0.379 69,969 22,522 ‘5,596 1,532

-1900 4=16 ° 238-1- - 2351 35,488 0.497 .68.699 22.488 6.519 1,797

-2000 .. 4-22 238-1 12657 35,145 0.653 66.681 22.987 7.472 2.207

=2100 - ha27 i 238-1 . . 3786 38,930 0.701 66.146 23.146 7.667 2.340

=2200 7 4-29 " 236-la L1440 S . : (a)

(#2300 00 4=30711936-4b ~1580 (a)

<2400 5=1" 17 236-4b ~2320 (a)

-2500 5-2 . 236-4b ~2580 - -(a)

" =2600 5-3° 1 236-4b- ~1120 (a)

«2700 5-4 .  236=4b ~2640 (a)

~2800 55 236-4b ~1880 (a)

~2900 5-7 . .236-4) ~2640 (a)

~3000 5-7 236-4b" ~2040 . ' (a)

«-3100 5-10 2381 5416 44,346 0.460  75.098 16.617 6.575 1.250

«3200 5-13 . 2381 3028 47,374 . 0.372 77.863 15.167 5.622 0.976
- «3300 $-13  236-4b - 2340 A . (a)

-3400 - 5-22 236-4a 2040 . (a)

. =3500 5-22  236-4b ~2640 (@)

«3600 6-1"  236-4b ~2850 (a)

-3700 6-2  236-4a ~3000 (a)

~3800 6-4  236-la ~2640 (a)

=3900 6-6 238-1 2955 50,329 0.329 78.473 14.892 5.429 0.877

-4000 6-7 238-1. 3428 53,757 0.328 78.468 14.936 5.380  0.888

~4100 6-~8 - 238-1 " 3718 57,475 0.329 78.454 - 14.931 5.405 .0.881 )

R 6-8 236-1a . - L . - (a)Y Four recycle

- {6-12 236-4b - (a)J ‘batches
-4200 6-15 236-1a ~2920 (a)

-4300 6-18  236-4b ~1400 (a)

~4400 6-20 238-1 1289 58,764 0,296 78.884 15.295 4.676 0.849

-4500 6-22 238-1 730 59,494 - - - - - (b)

«4600 6-22 238-1 41 59,535 0.298 78.636 15.443 4.757 0.866 )
-4700 6-23 238-1 f227 . 59,762 - “e T ee .- .- (b)‘ _
-4800 113 59,875 =" e -- e« == (b)|Dilute
~4900 12 59,887 - -~ .- - - 'Y flush-out
~5000 20 59,907 - -- - -- - (b} product
-5100 6-24 2 59,909 . - - . - ®)

(a) Recycle material; approximate masses; not analyzed.

(b) No isotopic analyses availaiﬂe.
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T'FLOW RATE® 7,R00F+03 GM/DAY

FTUMAX Y TIMES 43 A00E$H1
“'RECOVERY FACTNR2 0A#:955

BCHI. :BA'TCH‘ e e

DAY~

Table h-1 3:

Slmulatlon -

T TIME STEPa B, 000F=02 DAy«

”Plutb'riium Input Data for Mol III
ORNL Analyses
mnocueurc PLANT MODEL=MOL=3 CANDJ-VAK=TRINO=CON=INVENTORY _

MasS

CONCENTRATYIONS=PER CENT 7777

Py ;.jq ’

| Py261

MASS T LT PU23g PUZ&Y PU242 T DAYE”
YT 3649, 7 T T Y e b 00ER LT T U L1 T9E 40 T T2, 339E 401 “3.63TE+00 1:042€400 ~ 2=10
2 350040 1:400E=01 o Te1R3Fs0Y 2,33TE+01 3.B04E+00 14055€+00 2-13
T3 C3sIn,a T CTW400E=0) T 7, 0198601 TTT2.408E401 T T 3,RR4E0D 1+133E400  2-15
4 PnAAT, 7.700E=01 7.582F+01 24030E+01 2.736E%00 . 8e790E=01" 3%03
T AT 1.200E=41" TeA31ENOLTTTTTTTT2,169E401 T T3.066E400 T T BJ100E=01 T 306
6 3373,6 1.300E=01 T416BE+0] 24349E401 3.610E+00 14082E+00 . 3-10
R 3337.r‘ 0 T 1.300E-01 T TGYATRYOYTTTT T 24363E+017 3.A94E+00 1.080E+00 ~ 3-20
] 3N77,0 2650h, 5. 1.300E=01 7172701 2,351E+01 1 T34BR3IE00 1.0506400 3=23
9 T a3g7,h 29903,0 T 200G T T 7, 385R s 0L T 2, 220640 T3 214F 400 Be990E=0] ~ 3w26
10 2981, n 3PAA40 T B TT0E~01 64TTHES01 . 24219E+01 " TU7,475E400 1,96826400 3231
TNy T 2)42,077TT 3802608 7T T T 6,290 =01 T 6 L653F« 01T T 242938401 T7.719€400 2.196E+00  4=06
12 ao;m.o L39093,0 - T.420E-01 6v451F4+01 . 24369F401 . BL3BEEL00 . 2.T705E400  4=12
S & Ta)ofto T 39R34, 0 U 65,2B0E=n) . 6uR31F¥0) 2e)B4EVQL T T T 7,T40E400 1e780E+0N ~ 4=16
T8 38EG, 0 433930 44 400E=01 7e604E+01 1.506E+01 6+809E+00 1.106E400 4m24
15" 39,0 TT66832,0  3,600E=n1 T FUg08Fa01 T 1, 3576401 T 54724E+00 8,530E=0] . 4w26
16 T3T5.0 GRALT R T 000E=02 T A,699F+01 1, T45E+01 1.318E¢00 T.T10E=0Y _ 4=30
Ty T ATORG AT B 100802 T BU559F 401 1.265E+40177 1e466E400 T 2,050E=01 T 5-01 T
18 i3 4746344 B,500E=02 BLABSF401 1.189€+01° ' 1,325E+00 1,550E=01 _ 5=03
IR 1289,0 471320 : 6.9005-:)2""‘“““‘" TBGTATFA0L T 1, L19E€01 T 14140E+00 1.260E=01 ~ 5«04
20 L1944 4775149 6490GE=n2 8.767€+01 1,098E+01 1 14BESDD 1.370E~0]  G=06.
-3 POEA 1 67010 3, 000E=91 TLBE5F 01 Te4R4ED] TS G80EC00 B.600E=01
22 2950, 0 53651, 7 340008=01  7.B65F40) - 1.464E401 - S.SS0E4N0 i B.600E=0) .
23 29500 5660140 3.000E=01" T T4B65E401 1.464E+017 ‘5¢550E+00 B4600E~01
.24 1295040 0 59551.% 3.000E=01 7, 1 S Je464EROL - 54550E¢00 _ Be600E~0Y —
I i .
TOTAL GME T {0 431 A T 1198334077 T 2978490 T 7 702420
‘ VESSEL - RMIN. . RMAX U VESSEL  AMIN . RMAX . o e
e e 00RO~ kR s 050 147777 100,0007777 7 28004000 1
2 ~2.000 4000000 15 504000 1504000
i ] 3 3004000 4000000 16 50,000 . 2004000 .
4 1004000 100.000 17 504000 28504000 . . - L
: \ - S0.000° T 6,000 T I8 50,000 28504000 *
& 50,000 50,000 19 50,000 28504000 |
RS o 7 20000 2040060 20~ 504000 2850000 ;
f 2005000 200,000 21 604000 60000 By
e - G 54e 000 . 2850,000, 22" 1004000 1004000 |
, 11 504000 " 2850.000, 23 . 100,000 . 100.000 - = S —
e 17T 80,0007 T 28000000 L 24 100,000 2004000 :
12 504000 - 28004000 _25,___ 0.000 .~ 2000.000 -
‘ 13 504000 28004000 , |
; ‘z IF ANY OF THE AROVE RMIN=§ m-: EQUAL TO (=2) THEN THAT RMIN WILL !
A ' _AVE A DIFFERENT HEEL FOR EacH) INPUY BATCH DESCRIBED BELOW _ S T S
24 BATCH i 2 3 \‘\\;a PN 6 LRI A D R L n cod12 3. e 15 16 B
T ams évo‘ 2706 270 T 2Tnde 2700 ?700. T2Thn. 27004727004 2700 2700s 2700, 1800. 2700¢ 1800e 2700,
24 BATCH 17.. 18 19 e 21 - PR .33, 24 R
TITTTTTTUGMS T TR700 e 2760e . 2700 1B00.  2250. 22504 2260, < Qe



Fable L-1lk: Comparison of Predicted and Experimental
Plutonium Isotopic Concentrations in
2 BP Product

e E B [ !

.. QUTPUT RATCWES = €=17 ... .. Calculated Plutonium Concentrations, w/o
BATCH MASS MASS SUM ' PU23q TR pyp3g T RU240 T pyasy PU242 B ¢ £
R S 2160,6 7 216000777 1440001 T U1, 1720401T 7 7 2,338E001 T T3, T06ES00 1.047E+00 R Y R
2216000 432040 2+565Ewh1" S Ta142Fe01 24351E+01 S 3eT4SESN0 14065E400 4.2
3 3510, T A3 T T A 2L AR el T T 1 182E 01 T 2033364017 T T3 AR0E00 T 14 044ES00 T T 6]
e S2250.0 10080,0  5.125E«n] L Te2TTES01 2.241E401 343776400 94288E~01 746
S 2250407 1233040 7T 4,362Fe0] T U, 3288600 T 7T 2,212E401 T 3,2664E800 84894E~0] 8,6
6278000 8120,0 3.125E=01 7:314E401 2,233E+01 3.299E400 .- .- 9,159E=01 10,2
7 19800 7 1710040 77T 2,372E-01 T 7,261R401 T 2,275E0010 T T U 3,416E400 T 94 738E01 T 1103
e B 22500 19350,¢ 1.892E=01 74213401 2.312E001 "3.531€+00 . ' 1.020E+00 12,5
9 G320,0 T 23AT0, 07T LG SABEe ] T T T 2 LR e AT T 2 3190 01T T3, 893800 T 1e021E4007 ™ T 14,9 T
- 10 3510,0 271800 2.104E=01 7.183F+0) 2,274E901 4.NT7E+00. 1¢142E+00 16,9
11 28B0.0 73006040 7 T 3,658E=01 T 10058401 T T 2,259E 001 T S544R0Fe00 1.511E+00 " 1845
12 ‘2340,0  32400.0 5. 355E=41 BT65E0Y 2.296E%01 6.,831E+00 2.017E+00 19,8
13 TN 7 T38100.0 T 6,029E=017T T gL 68BE01 T T 24 310E 401 T 7.3RRE00 T T 24221E4007 7 T 21,3 T
e V& T 3TB8,0 C C 3RABOLA T 5,564Ewhl HeIGHES0] 24042E+01 T+301E+00 14867E+00 23.4
15 400,10 44280, 1 T 3e993E- 0T 7y ehTES01 T T 1a574E401 T TTTUS,910E400 T T 10 100E400 T 2604
16~ 30h0.c 4734040 3. 043E=6H1 © - TeQ923Fe01 1e4S1E+01 5.N47E400 . 8¢376E=01 28,1
17 2970.9 ‘5"310.{) o ?-993E-f)1 T Te89TFs0Y T 1.,456E+01 TS 4309Ee0n “Beh3BEwOY 1 7% A
e VB 3420.0 SATINE . 2.99TE=d] T+BTTE01] 1.461E+01 5.456E400 84536E~01 3146
19 3690.5 - 5742040 7 2.999E=01777T (74A71E«01T T 14463640177 T UB,507E400 T BeSTIEw01T T 33,7
20 360,080 577R0.0 N_M,,2~???§:QL»WMmu%,‘7-870F:Ql~._“m_mwloﬁﬁégzglm“_MNWMMS-SIIE*OOWm”w”;‘U89573E'01m.nm‘_ 33.9
_ PLANT OUTPUT DATA : . 3 e
BATCH  PU~GM SUM PU=GM ~238 239 T.240 L w24) . =242 DATE ) o
3ng- 2194, 2196, 00,136 71.982 23,103 . 3.742 1,037 3~08 :
i e e L By e g e S e BNl 32747 30628 T i —
9040 3%39, 7910, 00,129 73,038 22,375 - 345107 0,948  3=17 -
) 4160 7T 2283, 7T 10193, 700,125 73,233 777 224263 7777 3,458 7 700,921 T 7 3w21
1209 2205, 12398, «0,000 «02000  =0e000 0,000 0,000  3=23 S
130g 7 2816, T 15214, T 00,126 0 720491777 224781 T 3,599 1,003 3%27
1400 1964, 17178, 00,124 724372 . 224835 3.648 1,02k  3~28 et e e
IS0 2276, 19456, 7TTTT00,126 T 725237 226743 73,597 7T 1,011 3=30
1600 - 4337, 23791. 00,121 73.4R5 22,887 3,509 0,999 4=05 ) B
1790 3665, 7 27256. 777 080,121 724477 T 22,9200 T 3,493 77 70,989 4=09
1809 2881, 30137, 00,379 69,969 22,522 5,596 1,532 4=15
T 190p 2351, 32488, 7T 00,497 ABeBIY T 224488 8,519 T 1,797 4=16
) o L2080 - 2657, - 35145, 00,653 664681 224987 7,472 2,207 4=22 ) R
r— - T21007T 378,777 38930, T 00,701 L R66146 T 23,146 1,667 T 2,340 4=27
00 S4lhe 44346, . 00,460 754098 164617 6,575 1,250 S=10
3200 3524, 47374, T ane3v2 774863 15,167 5,622 0.976 §=13
B 3999 2085, 50329, 00,329 . 784473 144892 5,402 0,877 6=06 o
4004 3478, 7 53757, 00,328 . 7R.4687 7 144936 5,380 0,858 6=07
R S 4100 3718, S747S. | 00,329 7846454 144931 - 5,405  .0,88]1  6=08
T ) 4404 1289, 7T BBT64, 00,296 784884 18,2957 T 6,676 0,849 620
L4500 T30, 0 59494, . 0,000 T «0e000 . »04000:  «0,000.  =0,000 &=22 R )
T gehn T 41. 59535, 77T 700,298 7 784636 154443 7 4,757 0,866 =22

. 41 % 374, 89909, #0,000...=0,000  =04000  «0,000 ~ «0,0007 =23 7 !




“Table U4=15:PLUTONIUM INPUT DATA FOR MOL III SIMULATION WITH SUPERBATCHES

FLOW RATEs 1,800E+03 GM/DAY
TIME STEP= 5,000E=-02 OCAY
MAX. TIMEs 4,000E+01 DAY
RECOVERY FACTORs 00,955

CONCENTRATIONS»PER CENT

BATCH MASS MASS SUM PU238 PyY239 PU240 Py24} Y242 DATE
1 3543,0 3543,0 3.710E=01 Te250E401 2,259E¢01 3,960E+00 9.860E~01 2-10
2 350040 T7043,0 3,710€~-01 T+250E+01 2.259E+01 3.560F00 Q.860E=0] ?2-13
3 CANDU=~3510¢0 10553.0 3.710E~n1 Te?50E201 2,259F 001 3.560F+00 9.,860F-01 215
& A 2887.0 1344240 3.710E=01 74250E+01 2.259€+01 3.560E+00 94860F«0)  3-03
5 317740 1661748 3.710E=qn1 Te250F 40} 2,259 401 3.560E+00 94B60Ewn] 3-06
6 3373.6 19992.0 1.270F=01 Tel191Es0] 24325F 401 3,651FE+00 14080F¢00 3L107
7 CAIUDU-3337'° 23329.0 1.270E-01 Te191E+0} 24325E+0) 3,651E+00 10606400 3-20
8 3177,0 265064.0 1.270E=01 T+191E+0} 2.325€+01 3.651E+00 1:060E400  3=-23
9 B 339740 299030 1:270E-0) Te191E+01 2.325E401 3.651E+00 10060E400__ 3-26
10 29R1.0 3288440 6.580E=01 6.645E+01 2.275E+01 T.930E¢00 2:211E¢00  3-31
11 214240 3502640 64580E=q1 6:.645E+0] 24.27SE+pY T«930E+00 2.211E400 4=06
12 VAK 4067,0 390930 6+5R0E=-p1 6:645E+01 Re275€+01 T.930E400 24211E+00 41?2
13 74100 3983440 64+580E=01 63645E+0) 2.27SE+01 __1.930E+00 2.211F¢00__ 4=16__
3559,0 433930 4.030E=01 T+695E+01 «495€+0) 6.596E+400 1e106E400  é=24
g TRINO 313%9.0 46532,0 44030E~0) Te695E+0]) 1.49SE+01 64596E+00 14106F200 __ 6=26_
31540 4684740 Te600E=02 8.662€401 «1B0F«0) 1,345E«00 1.630E-01  4=30
17 238.0 4708540 7e600E=02 84662E401 1.180£+01 103456400 14630F=01  Sw01
18 CdN 35849 4744340 7+600E=02 8o662E401 1,180€+01 1,345E+00 1¢630E~01 5«03
19 2R9.0 4773240 T+600E=02 84662E+01 14180E+01 1034SE+00 1+630E=01  S=04
20 19¢0 4775140 Te600E=02 80662E¢0) 1.180E+01 1034SE+00 1+630E=01 504
21 295040 50701.0 3.000E=0Y T 865E¢01 Te464E+0L 5.550E+00 84600E=01
22 295000 63651490 34000E=-01 Te865E+01 1e464E%0) 5,550E+00 B8+600E-0)
23 Tnv., 29509 6660140 34000E~01 T865E401 1.464E401 5.550£+00 8.600E-01
24 295040 59551.0 3.000E~01 Te865E¢0) 1.464E40) 54550E+00 8+600E=01
TOTAL GNS 207.50 43720,10 11983.40 2978.90 702420
VESSEL RMIN RMAX VESSEL RMIN RMAX
1 0,000 3466,000 14 100,000 2800,000
2 "2;000 ,—‘0000000 ls 50.000 1500000
3 50,000 4000,000 16 50,000 200,000
4 100,000 100,000 17 50,000 2850.000
5 50,000 50,000 18 50,000 2850,000
6 504000 504000 19 50,000 2850,000
7 20,000 204,000 20 50,000 2850,000
8 2004000 2004000 21 60,000 60,000
9 50,000 2850,000 22 100,000 100,000
10 50,000 2850,000 23 100,000 100,000
11 50,000 2800,000 2% 100,000 200,000
12 50,000 28004000 2% 0,000 2000,000
13 $0.000 28004000
IF ANY OF THE ABOVE RMINeS ARE EQUAL YO (=2} THEN THAT RMIN WILL
HAVE A DIFFERENT HEEL FOR EACH . INPUT RATCH DESCRIBED BELOW
BATCH 1 v 2 3 & -] 6 T 8 L] 10 n 12 13 14 15 16
GMS  2250. 2250 2250, 2250, 1800 2250. 2250. 2250. 2700 ZTQO. 2700, 2700, 180. 2700, 900, 2250,
‘BAYCH 17 18° 19 20 21 22 23 2+
GMS 2250« 2250 2250, 9000 2250+ 2250, 2250, O




Table b=16: CALCULATED MOL IIT PLUTONIUM OUTPUT CONCENTRATIONS WITH SUPERBATCHES

OUTPUT BATCHES = C=75

BATCH

MASS . SUM

Pu241

. P24z

MASS PUR238 PU239 PU240 TIME

1 1710.0 1710.0 3.T10E-01 T250E4+01 Pe259€+01 3.560F+00 9.860E-01 4495

2 1440.n 3150.0 3.710t=01 T4250E401 2.259%E+01 3.560E400 9.860E-01 C 5.3

3 117040 4320.0 3.710E=-01. 7.250E401 24259E401 3.560E+00 9.860E=01 5.9

4 189900 621040 3.710E=p1 Te250E40]1 2.259€+01 3.560E+00 9.860E=01 7.0
] 1620.0 7830.0 3.710E=01 . Te250E+01 2.259E+01 3.560E+00 9¢860E~0]. “Te9

6 16200 945040 3.710E=p1 Te250E401 2+259E+01 3.560E+00 9.86nF~01 B.8

7 162040 11070.0 3.7]0E'Ol Te250F+01 20?59":’01 3.560E‘0° 90360E'T°1 9'7

8 16200 1249040 3.695E=91 Teg4VESQL 24259E401 ~3.561E+00 9+B65E=0) 1046
9 15300 1422040 . 34%98E=p1 Ts24TE+ () 24262E401 3.564E+00 9.894E=0) 114
10 171040 1593040 3.109¢=01 T4237E40) T 2.2T3F 401, 3.5T9E+00 1.002F+00 124
11 TAG0- 0 1773040 2¢373E~01 Te218E+¢01 2+295E+01 3.61NE«00 1.027E400 13.4
12 1620«n 193%n.0 1¢695E=01 Te202E¢01} 2313901 3?635Eooo 1e04TE+DO 14.3
13 15300 2088040 1.396E~01 T«194E4+01 24321E¢01 3.646E4+00 1+056F400 15.1
14 153040 2241040 1e3644E~01 Te193E+01 24323€+01 3.,648E+00 1e0SRE*00 1640
15 162n.0 2403040 1.295€E=01 Te192E+01 2.324E4+01 3.650E400 1.059E+00 1649
16 153040 2556040 14317€=01 T«1R9E+0] 2.324E4+01 3.673E+00 1.065E+00 17.7
17 9000 2646040 14374E=01 T+182E+01 2.324€4+01 3,726E+00 1.080E+00 18,2
18 171000 7817040 1819E=01 T2136E+01 2.319€4+01 §.U85E+00 1+177€E+00 19.2
19 144000 2961040 ~ 3.984E-n1 6.913E4+01 2.299FE+01 5.834E+00 1.647E+00 2040
20 1350.0 3096049 " 4,4,455E=01 64R64E¢01 2.295F+01 . 6e214E+00 1.749E+00 207
21 153040 324900 S.9HRE~01 T6.T06E+01 2.281F+01 T+452E400 2.082E+00 2l.6
22 162040 36110.0 6.174E=01 6.6RBEs01 2.278F+01 T«604FE+00 24122E4+00 2245
23 1710.0 3982040 6.414E=9] 6.666E+01 2.273¢901 -T+800E+00 24172E4+00 23.4
24 1710.0 3753040 64162E=01 6.7RTE+01 2,178F+01 To6H4E+00 2+:051E+00 2444
25 1620.0 .39150,0 5.929E=01 6,890E+01 2.099E+0) Te268E¢00 1:945E4+00 25.3
26 1260.0 40410,0 4.562E=01 Te469E401 1.665E+01 64863E400 1+347E400 26,0
27 1350.0 4176040 bo466E=nL T.509€E+01 1.636F+01 6.80RE+00 14300E4+00 26.7
28 1800, 0 43560,0 3.985E-01 T+690F401 1.,520F+01 6.387E+00 1e113E+00 27,7
29 135000 4491040 3.727E=01 TaT6TE+Q1 1.488F+01 6.,040E+00 1.033E+00 78,5
A0 144000 4635040 2+919E~01 T.98RE+01 1.411E401 4.913E¢00 B,024E=01 29,3
N 135040 47700.0 2.900E-01 T.980F+01 1,415E001 4.950F+00 8,01RE~01 30.0
32 153000 4923040 2+904E=-01 7.928E+01 1,439€E+01 5.226F+00 Be203E~01 30.9
33 153040 S0760..0 2.923E~-91 7+913E+01 1.645€001 $.300E+00 A,2RRE=01 3l.7
34 108040 51R40.0 2.958E=01 TeRBYE+0) 14454E00) 5. 42SE+00 84437E~01 32,3
35 1170"0 5301040 2-960E"01 T+ARRE+D]) 1,455€E+0) 5e431E+00 84445E=01 33.0
35 QD'O»O' $3910.0 2.979E=n1 TRTTE+Q} 1,459€001 5+4R9F 400 Be520E~01 33,5
37 990400 ‘5490060 2.982E=pl T«ATSE+0]) " le460F 001 S5e49TE+00 BeaSipE~-01 34.0
38 S4000 5544000 29R2E~91 T«RTSE+D) 1.460F001 Se49T7F+00 Re530E=01 3443
39 1350040 5679040 2+.9R6E=01 T«873E+01 1e461F¢01 5¢510E400 Be54RE=01 35,1
40 10R00N 5787040 2+9ARE=p1 T.a72Fe01 5.516F+00 84555E-01 35.7

1.461E€001

64 - 4



TPable 4=17: CALCULATED DISTRIBUTION OF CANDU, VAK, AND TRINO FUEL
—————— IN PLUTONIUM OUTPUT BATCHES WITH SUPERBATCHING

Cale., Corresp. Pu~-241, % in Product Batch .
Output Actual wlo ‘ (a) Candu A  Candu B. Candu, VAK TRINO Pu, gms
Bétch Batch (x) X-Cn ¢, ¢, total 03 CA C1 c, C3 C4 © Batch  gm
1 118 3.560 0.0 - 100.0 100.0 ~1710 1710 1710
2 143 3.560 0.0 100.0 160.0 1440 1440 3150
3 121 3.560 0.0 100.0 - 100.0 1170 1170. 4320
4 122 3.560 0.0 100.0 . 100.0 1890 1890 6210
5 124 3.560 0.0 100.0 100.0 1620 1620 7830
6 123 3.560 0.0 100.0 : 100.0 1620 , 1620 9450
7 126 3.560 0.0 100.0 \ 100.0 1620 ) : -~ 1620 & 11070
8 125 3.561 0.001 98.9 1.1 100.0 1602 18 © 1620 12690
9 131 3.564 0.003 96.7 3.3 100.0 .. 1480 50 1530 14220
10 132 3.579 0.019 79.1 20.9 100.0 1352 358 1710 15930
it 134 3.610 0.050 45.0 © 55.0 100.0 810 990 1800 17730
12 135 3.635 0.075 17.6 82.4 100.0 282 1338 1620 - 19350
13 136 3.646 0.086 5.5 94.5 160.0 84 1446 1530 20880
14 127 3,648 0.088 3.3 96.7 100.0 - 50 1480 1530 22410
15 128 3.650 0.090 1.1 98.9 100.0 18 1602 1620 24030
16 129 3.673 0.022 ~0.0 99.5 99.5 0.5 1520 10 1530 " 25560
17 130 . 3,726 0.075 : . 98.2 98.2 . 1.8 873 .17 900 26460
18 ' 133 4,085 0.434%- 79.8 79.8 20,2 1365 345 1710 28170
19 138 5.834 2,183 49.0 . 49.0 51.0 705 735 1440 29610
120 139 6.214 2.563 40.0 40.0 60.0 540.. - 810 : 1350 30960
21 140 . 7.452 3.801 - 11.0 11.0 89.0 168 1362 1530 37490
22 141 7.604 3.953. 7.5 7.5 92.5 120 1500 16200 34110
23 142 7.800 4.149 3.0 3.0 97.0 51 1659 1710 35820
24 145 7.684 3 component 1.8 1.8 85.6. 12.6 31 1464 215 1710 37530
25 146 o 7.568 : 1.4 1.4 76,0 22.6 231231 366 1620 39150
26 147 6.863 . - 216 78.4 269 981 1260 40410
AL B A [ -] 4
Notes:
(@) €y -Gy =0.091% C) - Cy = 4.277

05 - %




Table 4=18: PLUTONIUM INPUT DATA FOR MOL II SIMULATION

INPUT DATAFURNCHEMIC PLANY MODEL = MOL II,

FLOW RATE® 7,800F+03

TIME STEP® ®,A00Fe(2

MAX, TIME® 4.500E+HL

GM/DAY
DAY
DAY

RECOVERY FACTOR® D17

BATCH

CONCENTRATIONS=PER CENT

MASS MASS SUM PU23A PU239 PU240 PUR4Y PU242
100 5637.0 863740 4,630E=01 7.493F401 1.587E+01 T.555E+480 14185E+00
200 5572,0 11206.9 4 ,050E=01 74515F¢01 1.582E+01 724436400 1¢175E+00
300 5560,0 16769, 4,370E=01 7.508F+01 1,577€+01 7.508E+00 1.201E+00
500 S67540 2244440 3.920E=01 _T.506F401 1.586E4+01 T+4RTE* Q0 1:191E¢00
400 5664 ,0 2R108.0 4,530E=0) 7.542F 401} 14564E+01 743396400 1e145E+00
600 5900.0 34008,0 3,740E=0] 7.526Fs01 1,599€+01 T7.323E+00 1.149Ee00
700 840040 3940840 4,350F=p} Te726F+01 1e453E40) 64820E+00 G.500E~01

- 800 542640 44R3440 3,590E=01 747128401 1e463E401 64924E400 9e690E~01
900 368R,0 4R522,0 4,200E-01 7,667F+01 1,483E+01 7.049E400 1,024E+00
1000 - 507040 53%92,4 . 3,600E=01 T4T61F+01 Le4S4E+ 0] 6.540E400 94440E=01
1100 4771,0 553630 3,700E~01 7:76RF+01 1.446E201 65306400 9,610E~01
1250 5609, 0 63R72,4 3,660E=01 7,550F+01 1,570E+01 7.290E+00 Y V4SESTD
13450 54R2.0 6935449 3.970E=01 74523F40) 14581E401 T+406E¢0 1.162E+04
1400 3743,0 730697.0 4¢380E~01 . T+506F+01 1.5B8€+01 Te460E%00 ~1el62E%00
TOTAL GMS 207450 43720410 11983440 2978490 702420
VESSEL RMIN RMAX VESSEL ~ RMIN RMAX

1 . 04000 3466,000 14 100,000 2800.000

2 «2.,000 40004000 15 50,000 1504000

3 $04000 4000,000 16 50,000 2004000

4 100,000 100,000 17 50,000 2850,000

g 504000 504000 18 50,000 28504000

6 50,000 504900 19 50,000 28504000

7 20,000 20,000 20 50,000 28504000

8 200,000 2000000 21 60.000 604000

9 S0.000 2850,000 22 . 100,000 100,000

10 504000 ‘2850,000 23 100,000 100,000

n 56,000 2800.000 2% 100,000 2004000

12 504000 28004000 25 0.000 2000.000

13 50,000 2800,000
IF ANY OF THE ABOVE RMIN~S ARE EQUAL TO (=2) THEN THAT RMIN WILL
KAVE A DIFFERENT WEEL FOR EACH INPUT BATCH DESCRIBED .BELOW

RATCH 1 2 3 4 g 6 7 8 9 10 1 12 13 14

GMS 27Sa. 2250 2285, 225¢. 2250 225). 2250+ 2250s 900+ 2250, 2250.

v 960+ 2250




___Table 4~19: CALCULATED MOL.II .PLUTONIUM OUTPUT CONCENTRATIONS.

OUTPUY BATCHES « (=25

TIME

BATCH MASS MASS SUM pu238 . PU239 PU240 pliza) PU242

1 13%1,0 1350.90 4,621E=01 74494F 401 1.58TE+01 T.553E+00 141A5E+00 4.3
2 171040 206040 4,5R82E=03 T495F+01 1.586E+01 7eS46E 400 Je184E400 5.2
3 1620,0 46RO, 0 4,301€wn] 7.502F+01 1.589£+01 T<S09E+00 141R1E400 6.1
4 1530,0 6210,0 4,331Ex01 T.S05F+01 1,584€+01 T4497E4N0 1.180E¢00 7.0
5 1710.0 792060 4,2409F=01 7.508F+01 1:584E+01 Te4R1E+0 14179€400 7.9
6 1530.0 945000 4,277E~01 7.508F+01 1.582E+01 Te4ATE*QO 1.185E+00 8.8
T 1530,0 10980,0 4,2R2F=01 T.S0RFL01 1,5R1E+01 7.489F«n0 1,1ATEenn 9,6
a 162040 1260040 . 4¢30RE=0) T508F+01 1.579€+01 T496E400 14192€+00 1045
9 14400 140460,0 4 ,29RF=0] 7.508F60) 1,579E+01 7e496E400 1.193€+00 11,3
10 1350,0 - 15190, 0 4,175E-01 T.507F«01} 1,502€401 T.4964E4 00 1.193E¢00 12,1
i1 1350.0 1674040 & 162E-01 ToS0TFe01 V+5A2E+0T Te494E Q0 T I93E500 1Z°8
12 13580,0 186900 4,072E-01 T.507F+01 1,583€+01 T4450E400 1.192€400 A3,.6
12 1620,0 19710, ¢ 4, 08P7E-01 7.509F+01 1.583E401 T ARIESO0 1.190E¢00 14,5
14 171040 21420.8 4.19RE=0) 75185401 1.578E+0) Te441E400 1el77E00 15.4
1% 1530,.0 22950.0 4,261E-01 7e523F401) 1.575E+401: T4421E400 1,170€¢00 16,3
16 1620,0 2457050 4,34RE=01 7.529F+01 1.571€+01 74392E400 1.162E+00 17.2
37 1530,0 2610040 4.255E~01 T.530F40) 1.574E+01 T+376E+00 14158E400 18,0
1a 1A90,0 27690, 0 4.185E=01 T.530F+0) 1,576€401 7¢3645E400 1e156€¢00 19.1
19 19R0,0 29970,4 3,98nE=01 7,528F%01 1.582E+01: T<345E+00 1,152€+00 20,2
20 153040 315004 . 3.953E~01 7.5308¢01 1.581E+01 T4337E+00 1.150€400 2140
23 17109 33210,19 3,935€-01 7.532F+01 1.581E401 T4330E+00 T 14BESDO 22.0
22 1350,0 3456040 4,113E=01 7.618Fs01 1.525€+01 T+105€400 1.050E+00 22,7
23 171000 3877060 44,15RE=n1 7.663FE401 14508E+0Y) Te040E+00 14035€¢00 23,7
24 1710,.0 379800 4,139E=01 7.hABF+0) 1.479€E+01 6e932E 400 9.898E=0) 2646
25 19°0,0 3996044 6,015€-01 T.69TFe01 1,472E401 6+921E+00 9.812E-0)" 25,7
26 1530.0 4169n.4 3.865F-01 T TOSE+0) 1.46TE+0Y 64916E200 94742E~01Y 2646
27 1710.0 4320041} 3,86RE=0) T.702F40) 1.6468E+0) 6e932€400 9+791E~01Y 2745
28 1800,0 45000, 0 3.894E=01 T7.698F«01 1.470E+01 6.945E400 9.841E=01 28,5
2% 1170.0 4617040 4,000F=01 TeHRBE+0) 1.474E401 64977E400 9+982E~01 29.2
30 1260,0 47430, 48 3.989E~01 7.690F+01 1,474E401 6e951E+00 9+947E=-01 29.9
31 1676,0 450504, 3,R1RE«01 T.773F+01 1.455F401 6 TATE+00 G TISE-01 30,8
32 Yasn, 0 5049040 3.794E=0) 7.72784+01 1.464E40) 6.T40E+00 94703E=0) 3.4
33 1350,0 51R40.4 3.744E-01 7.737F«0) 1.461€401 6.684E+00 95660E=01 32.3
34 1530,0 $3370,4 3,739F.0) T7.761F+0} 1,459E+01 6,66PE«00 9,633E-01 33,2
3% 1350,.0 54720.4 3.71RE=0L TeT54F 401 14453E01 6.599E+00 9¢61BE=D) 33.9
38 1440,0 5416041 3.714E=01 Te784F 01 1.453€+01 6eR97E400 9e627E~01 34,7
37 1171,0 57330, 8 3,7 1E-01 7.753E40) 1,453€+01 -64595E+00 9.652E=01 35,4
38 117040 SASN(. A 34710E=01 7e749F 401 1.456E%01 6+609E* 00 9¢6A8E~0Y 36490
39 990.0 59490, 8 3.687F=n1 7e652F+01 1.511£401 6:942E400 12055€+00 3646
40 990,0 60480, 4 3,6R3E-01 7,635F401 1,521E+01 6,998E+00 1,070€«00 37,1
51 117840 1850, 3.693E-01 Te621E+01 1.529E+01 TeOATE*QD Te0RSESO0 37,8
42 _ 900.0 62550, 3,724E-01 7eS5ROFw01 1.,552E+01 7.192E+00 1.117€900 38,3
43 11520,0 3.977Ee01 7.538Es01 1,573E+0]1 Te345E400 1.14TE¢00 44,7

7407040




Table 4-20: PLUTONIUM OUTPUT DATA FOR MOL IT

sl

Plutonium concentrations, percent

BATCH  PU=GM . SUM PU=GM =238 239 240 241 242 A

i 76 1335, 1315, 0he408 75.865 15.679 6,956 1,092

rd 17 1685, 3020, 00.435 75.590 15.809 7.039 1,137

3 78 1645, 4645, 000435 754501 15.828 7,092 1,145
.4 79 1522 61R7. 00439 754486 15826 7,089 14150
8 73 17413, 7930, 006421 75,661 15,726 7,068 1,124

6 T4 15024 9432, 00.42% 75.638 154764 74034 1,139

4 75 1486, 10918, 000406 75.712 154715 74035 1.132

8 8¢ 1581, 12499, 000419 754552 15,773 7.128 1.128
9 81 1465, 13964, 00.410 754761 15.696 6.943 1,190
19 82 1392, 15356, 00412 75.714 15,763 6,995 1,116
11 83 1313, 16669, 00+614 754740 15.645 7.078 1,123
12 84 1385, 18054, 00,420 75.828 154690 6,955 1.107
13 Bs 1649, 197073, 0046420 754825 154705 64940 1,110
16 T 1668, 21371, 00.411 75,758 15.676 7.058 1,097
1% 87 1548, 22919, 00.404 75.924 15.697 6,884 1,091
16 88 1605, 24524, 00410 764380 15,334 6,841 1,030
ir 89 1543, 26067, 00,405 764809 154023 6,782 00,981
18 95 1904, 27971, 00,404 77,022 15,013 6,581 00,980
1? 92 2016, 299R7, 00,399 77.107 144941 6,579 00,974
(2f 94 1551, 31538, 00+403 774004 154006 64597 00,990
21 94 1723, 33259, 00,395 77,065 14,959 6,600 00,972
22 Ss 1362, 34621, 000407 774029 144955 64642 00,967
23 96 1667, 36288, 000404 77075 144959 6.590 00,973
24 97 166%, 37953, 00,402 77.213 14,863 6,555 00,967
25 98 1991, 39944, 004396 77276 144831 64516 00,983
26 99 15013, 41447, 000396 77.314 14.809 6,504 00,977
27 100 1703, 43150, 00,391 17,352 14,780 6,491 00,986
28 10 1775. 44925, 00394 774282 144859 6,504 00,961
29 107 1141, 460h6, 00,392 77159 14,912 6,548 00,989
34 103 1245, 47311, 00+393 77,190 14,908 6,524 00,985
31 104 1657, 48968, 00+ 386 TTe043 14,897 6.708 00,970
32 108 1421, 50389, 00.409 760399 154329 6.805 1.058
33 106 1368, 51757, 00+412 764133 15,424 6,948 1,083
34 107 15204 53277, n0e421 764173 154419 6,905 1,082
35 108 1380, 54657, 00.419 76,068 15491 6,937 1,085
36 109 1435, 56052, 00,420 75,920 15,521 7,046 1,095
37 1lp 1158, 57250, 006621 75.878 15.583 74008 1.110
38 1 11764 SR426, 004420 75.925 154565 6.986 1,104
39 112 1014, 59440, 00,426 75.819 15,586 7.05% 1,114
46 113 971, 60411, 004422 75.AR8 15.572 7009  _1.109
'Y} 114 1206, 61617, 00e426 75.876 15.593 7,025 1,104
42 115 89A, 62515, 00,420 76,117 15,471 6,909 1,083
43 116 11800, 74315, 000300 78,650 144640 5.550 00,862

TOTAL GMS 165,3 41769,0 11671,0 282047 67246

€S = 7
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symbol equation type flow characteristic name
I | l tank
n n-1
o0 Mi-1Gi- 1R |
' Mig*R;

U N\N\ alimentation tank
O Tik buffer tank
oK e e uffer tan
&* R (cj-1-¢;)

n n-1
A kfc i-1dt+R. 111 discontinuous
Nz evaporator

¢ =

N L 111~ receiving tank
7 ¢ = ¢j-1-a columns and

mixer - settlers

”~ ‘ .
0 = i i +< i continuous evaporator

Nomenclature for the equations:

el = Relative concentration of the wacer isotope in batch n at the
output of unit i

M,y = Mass of Pu-or U -input into unit i
R; = Residual mass in unit i

t = Time

k = Mean flow rate [mass/unit time ]
T, = Filling time of unit i

a = Constant concentration ratio

Fig.' 4.2 Description of the main units of the Eurochemic
reprocessing plant
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Annex 4.I (by F.de Greef)

SIMULATED MIXER SETTLER RESPONSE

An attempt has been made in order to evaluate the implications of the simpli-
fied description of the mixer-settler batteries' behaviour with respect to

the selfmixing of the fissile material there inside. The information may be
obtained observing the response of the system to a suitable step shaped'input
function like e.g. the concentration of a particular Pu isotope. The behaviour
of the mixer-settler batteries of the second purification cycle for Pu has been
studied making use of a simplified mathematical model, suitably implemented on
an snalogous computer. The differential equations describing the behaviour of
the fissile material have been derived, in the model, within the following

assumptions:

- The single stage of the MXS is considered as & box of total volume V
(mixer+settler) and partial volumes of aqueous (aq) and organic (org) phases

defined as follows:

VF VF,
VA vV =S
aq F org F

where Faq and Forg indicate the flowrates of the aqueous and organic phases

. + . .
respectively and F = Faq Forg is the total flow rate

~ The partition coefficient D, defined as the ratio of the Pu concentrations
(at equilibrium) in the two phases (D = Porg/Paq) is constant throughout
every stage of the system despite of any variation of the NHO3 and TBP con-

centrations.

- The flow rates are constant in time.

- The phases are completely unmixible (no TBP in aqueous phase)

Under these assumptions every stage of the MXS is described by an equation
of the following type, i being the index of the stage in question:

1P (1) s .
T

at org (i+1) ~ Porg (i))

"% (Porg (i) -~ Porg (i-l))




vhere:

The complex of the MXS is then described by a suitable system of differential
equations of the above type, in which the actual structural data as flow rates,

operative volumes and interconnections are taken into account.

From this system the steady state conditions may be easily derived by setting
all the time derivatives zero.

Unfortunately, the process date available from the flow sheet are not suffi-
cient to derive, in the above mentioned model, an unique set of values for the
partition coefficient relative to each of the four blocks in which the MXS
system may be divided (Fig. A.1). From the numerical point of view it is
possible only to derive consistent sets of D, if once two of them are fixed a
priori.

For the calculations D1 and Dh have been choosen as fixed and D2 and D3 have
been calculated. A set of the values is given in table A.I and corresponding

time responses to an input step function are shown in fig. A.2.

On the average the mixing takes place over an interval of 3-4 hours. This means
that a quantity of 600-800 g is mixed, because the steady state flow rate
for Pu through the system is 200 g/h.

Table A,I
MXS 237-3 . MXS 237-h

case D1 D2 D3 Dh case
I 2,6 2,080 0,6185 0,9 1
II 2,8 1,046 0,6060 1,9 2

III 3,0 0,8085 0,5920 2,9 3
IV 3,2 0,69k 0,5780 3,9 L
\' 3,k 0,6210 0,5640 k.9 5
VI 3,6 0,5675 0,5505 549 6




Puq in

Pog. 19 Paq 17
Porg. 1t Paq 14 —
block 9 -l block block q block
1 2 3 4
_’T -—.—1
£
]
.
- -
Porg. Ll Puq 15
Fig. 4.A1 Mixer settler block diagram




L - 72

(Faq;)

1.0V/em

14 ——T
I/3 (/5

| =T T+
// i
-5 X

/ Y-%/3

(] N
‘E\\\\

2 A 6 8 10 12 1% 1
—— time [ hours]

Fig. 4. A.2 Calcuiated mixer settler responses




b =13

Annex 4,IT

DETAILS ABOUT MONTE-CARLO PROCEDURES

In order to create "simulated campaigns" two different procedures are used:

&) One simulates single campaigns for special (artificial) conditions
of the plant and/or a special form of the input signal, e.g. one tries

to simulate the actual Mol III experiment.

b) One simulates a series of campaigns with the aim to study systematically

the influence of variations in certain parameters.

E.g. one could be interested in the accuracy for the calculated hold-up
of the plant under conditions, which are similar to those of the real

experiments, with respect to the batch-to-batch variation.

In this case it seems reasonable to start with the hypothesis that the
tracer concentrations and volumes of the single batches inside both super-

batches have known distributions. In our calculations we have chosen normsl

distributions with prescribed mean values C 2, V1, V2 and variances
C?'ch’ V? and ov2 By a suitable procedure it ;s possible to generate
+

values for the tracer concentrations randomly.

For one campaign, which is of the type described under (a) above, the input

superbatches are constructed by putting together 81ngle batches with dlfferent
art1f1ca11y generated concentratinn values C
and V2
tory at the time of the introduction of the concentration step.

1 and C as well as volumes V1

. Using this input the simulation gives both phy51ca1 and process inven-

+)

in the case under study

Let p{c') be the probability density function of a continuous variable c! -

S fe=et)?
L 2g 2
p (e¢') = ———r e
‘2Ho

It is possible to generate a series of pseudorandom numbers R in the inter—
val (0,1) by a digital computer. The real numbers C, implicity defined by the

. c . s . .
equation R ,S p(c'/C,0) dec', result to be distributed according to p, as required
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The next operation is to build up a series of such campaigns. For doing
this the whole procedure beginning with the choice of the input values
i i i i
C?’ C2’ V’!D V2
first campaign is repeated as many times as required.

from the same distributions which have been used for the

After having run all these campaigns, one ends up with distributions for
the physical and book inventory values. By these one gets an answer to the
problem of the interconnection between these values and the batch-to-~batch

variation.

The method is the same as the one used for following error propagation by
Monte-Carlo techniques and the results may be interpreted under this aspect,

Ao
I e
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Chapter 5

Experimental Demonstration of a New Physical Inventory
Technique by Means of Isotope Analysis

by
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Summary

A new physical inventory technique which correlates-isotopic abundances of
subsequent input and product batches could be experimentally demonstrated
both for U and Pu under industrial conditions during a running campaign at
the EUROCHEMIC reprocessing plant.

The agreement of the evaluated physical inventories with the cbrresponding
book inventories was in all cases within the calculated 95 % confidence

interval.

The evaluation and error analysis was performed by means of Monte Carlo

techniques providing distribution functions and confidence intervals.
In particular following accuracies could be achieved

i) physical Pu inventory (= 12 kg) less than 5 % RSD
ii) physicel U inventory (=~ 1800 kg)" " 2% "

It could be Bhown that the superbatch size of VAK Plutonium was not big
enough to clean the plant from former material., However, the conditions

of JEX-T0 fuel allowed the evaluation of & 3-component system. Thus the
total inventory Plutonium could be determined. The unmixed inventory material
passing the product catch tanks covered 70 % and 80 % of the total Pu~ and

U-inventory respectively.
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5.1 General

The main safeguards activities result in a statement of the amount of
material unaccounted for over a specific period and material balance ares,

giving the limits of accuracy of the amounts stated.

A nuclear material balance is closed by a physical inventory which normslly

takes place after a campaign.

In case of reprocessing plants a final wash-out of the process area has to
precede because there are in most cases a couple of process units and pipes

which cannot be inventorized adequately.

Safeguarding these plants there is a vital interest to shorten the periodes
between two physical inventories because accumulating measurement errors on
nuclear material flows are increasing the error limits of MUF thus there is

no clear inspector statement any more possible.

On the other hand short inventory periods decrease the load factor of the plant
which does not hit economic requirements. The new physical inventory technigue
described here is avoiding the latter disadvantage of conventional inventory
techniques because it can be performed during the running campaign by suit-
able correlations between isotopic abundances associated with subsequent in-
put and product batches, In addition no intimate knowledge of the units within
the chosen material balance area is required by the safeguards authority.

On occasion of the first MIST experiment carried out at Nuclear Fuel Services
/[5-1_7 in 1969 the theory of this method was developed / 5-2_/ and first
experimental demonstration could be achieved at the second integral safeguards
exercise in EUROCHEMIC / 5-3 /.

This successful experiment which was limited to the Uranium flow encouraged the
members of the EURATOM/GfK Steering Committee to choose again as a main objec—
tive of JEX~TO the experimental demonstration of this inventory technique

applied at the Uranium and Plutonium flow.

The preceding chapter was investigating the feasibility and accuracy of this
inventory technique for the conditions at the EUROCHEMIC reprocessing plant
and main emphasis was laid on the establishment of a priori statements.
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This chapter describes the quantitative inventory determination relevant for
safeguards taking into account a posteriori real campaign data which re~
present the actual fuel management of the operator.

It is to be emphasized here that the great volume of information on the
different process steps required by simulation studies is not used for

the actual physical inventory determination by the new technique proposed.
Thé&sesimulation studies represent an initial investigation phase which must
not be repeated at other reprocessing campaigns suitable for the application

of this new inventory technique.




5.1.1 Basic Considerations

In order to avoid the reader's pre-information of the references above a
short description of the basic considerations is given here similar to that

in ref. /[ 5-3 /%

The new inventory technique makes use of the fact, that the fissile materisl
inventory between input- and product-accountability-tanks, which is pushed out
by incoming new material, can be measured quantitatively in subsequent product
batches, provided the isotopic composition of the inventory differs sufficient-
ly from that of the new input material. The problem is to generate a step func~
tion in the isotopic composition of the input flow by loading the dissolver in
such a way that a2 sufficient number of fuel elements of equal initial enrichment
and irradiation history will be followed by fuel elements witn different isotopic
abundances from the first group. It is also possible to use the different isoto-
pic composition of irradiated fuel elements from two different reactor-batches
vhich are processed in close sequence.

The evaluation of the physical inventory is a simple sum-up of product batches
weighted by a factor which indicates the fraction of the inventory material in
each individual product batch according to equation (5-1).

X.=C

1 2
(5-1) Pligy = F Mbi c,-¢ / kg U, Pu /
1 0 4o 172 - -~
1(t>t1)
t, = time of introducing the step input signal
Mp = product batch size [ié U, Pq;7
8,5, isotopic composition of the imput _ _
flow which forms the step signal / %_/
X, = isotopic composition of heavy material _
in product batch i L4/

The weight factor of subsequent product batches illustrates operators individual
material manasgement during the passage of the signal through the plant. Simulation
studies and also experimental results indicate that this factor converges to zero
following a function with a shape similar to an exponential. The dispersion of
the input step signal can be minimized if the operator runs the process according
to a small number of procedures mainly by special operation of the headend
and product catch tanks but this only during the residence time of the signal in
the plant.
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The corresponding book inventory which is calculated by balancing all input,
waste and product streams up to the time (t1) when the step signal is introduced

follows equation (5-2). N
1
PI(t°)+ tg(ml-mp-mw)dt /[ kg Pu,U_/

(5-2) BI(t1)

]

where: PI(t ) starting physical inventory kag u, Pq;7
o

ﬁl’ﬁp’ﬁw = Input, product and waste flow 17;55E9*221;7

In case of batchwise operation the integral is replaced by sums.

The two independent inventory determinations PI(t )» BI(t ) should correspond
1 1

inside the error limits if no uncontrolled transfer has taken place or a certain

amount of fissile material has been withheld intenticmally.

5.2 Generation of an Adeguate Input Signal

5.2.1 Criterium

Subject of this section is the definition of the optimisation ecriterium applied at
parameters forming the imput signal with the aim to improve the accuracy of this

kind of physical inventory determination.

The input step signal characterized by c, and c, (equ. 5=1) is associated with

certain error bars. This can be demonstrated by the definition of c, and c2.which
. . . 1

represent the homogenized isotopic abundances of the superbatches ) before (1)

and after (2) the step signal.

):Mici _
€1 % T, [ VW/e ]
i
(5%3) M. L
%2 T o, L wWied
The summation is to be carried out in a ragen:
IM; = SM, = Hold up /[ kg Pu, U7

as discussed more in detail in chapter L.6.

4 \
'""Superbatch" is defined by a ceftain number of consecutive imput batches
with small batch-to-batch variation of isotopic abundances.




The distribution of c; and cj around the weighted means ¢y and ¢, respectively

is due to the following two reasons:

i) The "true values" of c, and e respectively vary according to the
slightly different irrafiiation histories of fuel in subsequent

dissolutions of one superbatch.

ii) Errors associated with measurements of total batch quantities of U

and Pu and their isotopes are in superposition with i)

With the help of Gaussian error propagation rule on equ. (5-1) and (5-3) one
finds as shown in Annex (5-III) that the main error component can be expressed

by the ratio:

(5-4) r = isotopic bateh-to—~batch variation
' isotopic step size

The mathematical term thereof is derived in Annex 5-III;

This ratio (r) has to be minimized either by increasing the stepsize and/or by
decreasing the batch-to-batch variation of a certain isotopic abundance selected
for the evaluation of equ. (5-1). In fact one has to start with the optimisation
by careful election of the fuel elements to be dissolved. By means of burn—up
codes the fuel element shipper gives already calculated quantities of isotopes

in each fuel element. This information is used for the distribution of fuel
elements within the different dissolution batches with regard to the optimisation
criteria (rmin )

5.2.2 Provided input signal

In case of JEX~TO fuel elements from four different reactors were processed

in close sequence without any intermediate flushout. It was intended to homogenize
each particular reactor batch with respect to isotopic abundances of U and Pu and
to use the isotopic step signal between different reactor batches. Table 5-1 shows

the characteristic numbers of these reactor batches.

There is given additionally one type of material indicated as starting inventory.
This material represents Pu being present in the rework unit in form of nitric
solution which was to be processed after the former material in close sequence

thus forming one additonal step signal in the Pu-flow.

The use of fuel element shipper data requires of course the possibility to
identify the irradiated fuel elements in the fuel storage pont either by visual




inspection or by TV-camera devices. With help of Gamma—measurements even the
burn-up situation of each fuel element can be confirmed. With regard to the
CANDU-fuel no special dissolution order could be established because no iden-
tification of the 719 partly broken fuel elements was possible (see chapter 3).
The isotopic signal could be expected to be uniform as only burned natural

Uranium was reprocessed and different burnups were randomly averaged.

Concerning VAK fuel elements there was great interest of identification because
considerable differences in initial enrichment and burnups of single fuel elements
had to be considered., With help of the TV-camera device one was able to identify
the fuel element numbers (chapter 3) thus using the shipper data an optimal selec-
tion of the 38 fuel elements in 4 groups could be arranged with respect to an
uniform isotopic composition of U and Pu in the 4 VAK-dissolution batches. The
actual dissolver laoding order which was arranged with the operator can be ex—

tracted from chapter 2,5.1.2.

The homogenisation of TRINO fuel by & special dissolution order was only possible
to some extent due to the small number (L) of processed fuel elements. Therefore,
the operator wes asked to homogenize the active feed in the headend storage tanks
which was unfortunately not possible due to difficulties in the transfer system

and due to time delays of the former dissolutions.

The last reactor batch indicated as CDN fuel contained a relative small amount
of U and Pu in relative great number of fuel elements (table 5-1), thus no
effort was done in identifying fuel elements and in establishing a special
dissclution order because it was assumed that enough homogenisation of this

reactor batch is randomly obtained.

5.2.3 The Actual Input Signal

The realized input signals of U and Pu are represented as isotope abundances vs.
total heavy material plots of U and Pu respectively in Fig. 5-1/2/3. The dashed
lines represent the realisations of mass—spectrometric determinations of each
particular input batch whereas the continuous line gives the weighted average

thereofvaccording to equ. (5-3). The actual numbers are summarized in table

5-2/3/h0
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Fig. 5-1 shows the realized U-signal which was in good agreement with the expect-
ed signal as estimated by use of shipper data. Batech-to-batch variations of the
U~-235 @bundance compared with the step signal was sufficiently small between
CANDU and VAK (see table 5-k) whereas the following signals are insufficient

with regard to homogenity and to the quantities of U in these superbatches.

There is a condition which was experienced from the former exercise in EUROCHEMIC
and from simulation work which requires that the quantity of heavy material in
one superbatch should be at least equal to the hold up of the considered MBA. This
condition is not fulfilled for the last two reactor batches, so in fact only one
stepsignal can be evaluated with respect to physical inventory determination of

Uranium.

The realized Pu-signals which are shown in Fig. 5-2 and Fig. 5-3 are due to further
digcussions. By nature the batch-to~batch variations of Pu isotope abundances are
considerable larger than those of Uranium because they are more sensitive to dif-
ferent irradiation histories. This can be extracted quantitively from table 5~5
where for each isotope the interesting ratio r (equ. 5-4) was evaluated in order
to select the most suitable isotoper(rmin.) for the evaluation of the inventory
equation (5-1). According to these numbers one has to select Pu~2i1 for the first
step between CANDU and VAK-~fuel and Pu~240 for the second and the third step.
Originally it was Pu-240 which was focussed to be used as step signal between
CANDU- and VAK-fuel because the calculated quantities of Pu~240 by fuel element
shipper did show suitable differences of the Pu-240 isotope abundances from both

reactors.

The realized Pu-240 step signal (Fig. 5-2) between CANDU and VAK fuel however,
was nearly homogeneous thus r increased up to 83 % (table 5-5) which is unsuffi-
cient for any inventory calculation. The Pu-240 step after VAK however, was very
suitable because of this homogenity. CANDU and VAK fuel which could be considered
as first superbatch with sufficient large quantity of heavy material followed by
the TRINO, CDN and inventory Plutonium with relative low Pu-240 content and
sufficient homogenity. Inspite of the low Pu-240 abundance of the 1.2 kgs Pu
from CDN-reactor the resulting r was considerable small (4.7 %).

5.3 Measured System Response

In accordance with the comments made above only those isotopes were followed at
the product flow as system response to the input signal which let expect the
most accurate results for the physical inventory both for U and Pu,
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5.3.1 Measured System Response of Pu-flow

The measured system response of Pu-flow for both step signals are plotted

in Fig. 5-4 and 5-5 as isotopic abundances from the single consecutive product
batches (2BP and PFP) vs.the total heavy material. In addition the corresponding
input signals are drawn into the same figure. The abscissa was normalized to zero
at the input step signal. The correlation between input— and product signal is
given by the actual step time when the first batch of the second superbatch was
transfered from the input accountability tank (221-4) to the feed adjustment
tank (223-6b). This happened at April 4th, 12.00 (t1 for the first and at

April 25th, 14,00 (t2 for the second step signal (see Fig. 5-10).

The corresponding isotope abundances of each consecutive product batch after

these step times were plotted in Fig. 5~4 and 5-5 respectively. Relevant product

batches were indicated by operator's batch identifications,

When following the final product signal (PFP) in Fig. 5-4 one realizes that
after introducing the step there appear still 6 product batches with pure CANDU-
material in total about 9 kg Pu. The mixing phase started with PC 133 and the sig
nal climbed up till PC 142, but it did not reach neither the maximum nor the
weighted average of the VAK-input signal which indicates that the VAK superbatch
was not large enough to push out all CANDU-material. Therefore, one had to expect
a three component mixture in the following product batches which still éontained
CANDU-material., This fact increased the efforts to evaluate the physical inven-
tory because equ. 5-1 is only valid for two component mixtures whereas three
component mixtures must be analysed by use of an additional suitable isotope

as described in section 5.4.1,

Similar coneclusions can be drawn when following the intermediate product signal
(2BP) in Fig. 5-4. (The numbers can be extracted from chapter 2.5.10)., As this
signal represents the product signal of MBA 21 (see chapter 2, Fig. 2.2-2) it
shows a certain shift to the left compared with the PFP-signal. The size of this
shift is an indicator for the hold up in MBA 22 which was present there at the
step time (t1). The overlapping of both product signals in the "transient phase"1
is due to the different batch sizes of PFP and 2BP flow and due to mixing

nl)

mechanisms in MBA 22, In the "steady state phase all curves should be egqual

which was realized within the error bars of masspec. determinations. One PFP-
bateh (PC 150) however, exceeded this limits which can physically not be ex—
plained without including the possibility of cross contamination either at
sample preparation and analysis or by blending operations in the final product

weighing and sampling unit.

")oransient and steady state have here to be understood as isotope changes vs.
heavy material and not vs time.
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Fig. 5-5 shows the product signals in correlation with the second input step
signal between VAK and TRINO-fuel. As mentioned in 5.2.3 the most suitable
isotope abundance to be used here is Pu-240. Here a step down signal was
realized which has some consequences as it will be shown in 5.k.1, As no
additional step was introduced with respect to Pu~240 abundance the possibility
of a 3-component-mixture could be excluded and one may observe convergence of
the 3 signals at the isotope level given by the inventory material (except
PC150 is again significantly different from the others). The last ﬁroduct bat-
ches indicate however a certain divergence which might be caused by the beginn-
ing rinse operations at the end of the campaign. Compared with the product sig-
nals of the first step (Fig. 5-4), the shift of the 2BP signal vs the PFP-signal
for the second step is considerabiy larger which indicates a larger holdup in
MBA 22,

5.3.2 System response of U=flow

The measured system response of the U-flow to the various input step signals
is plotted in Fig. 5-6 in the same manner as the Pu-signals. The abscissa was
normalized to the step signal between CANDU and VAK-fuel because the following
3 steps were too small with respect to an adequate inventory evaluation (see
5.2.3).

Concerning the U-product signal one observes the same chracteristic as des-
cribed already for Pu-product flow, It is remarkable that the mixing phase bet-
ween CANDU and VAK-fuel could be reduced to & high extent thus the product sig-
nal appeared nearly unaltered at the exit of the plant.

This chracteristic was realized due to the operator's éfforts in segrégating the
two types of fuels as much as possible at least in the U-flow in order to safe
blending losses between depleted CANDU-Uranium and slightly enriched VAK-Uranium.

Some comments have to be given here about the correction applied at the U-input
signal due to additional Uranium introduced into MBA 21 as reducing agent

(U IV) in the separation unit.

The flowsheet of the operator prescribes the following condition:

Uranium(IV) flow (BXR) in mols/hr 3 10
Plutonium flow in mols/hr

In relation to the actuasl Uranium feed one may define a dilution ratio:

# = IBXR/IAFU
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Fuel 8=-condition 8=-realized
CANDU 3.2 % 6.27 %
others L7 % 8.35 %

This material would not interfere theevaluation of the physical inventory in
case it was recycled internally within MBA 21, However a considerable part of
the total U(IV) did not belong to the material of this campaign or was re-—
cycled into MBA 21 after passing the product accountability station. In this
case one has to consider the U(IV) flow as additional input flow. In fact both
cases happened during JEX-T0 and in addition different isotopic vectors were
associated with U(IV)-batches as shown in Fig.5-7.

With help of the realized dilution ratios 8 the correlation between main and re-
cycled flow can be calculated and is shown at the second scale of Fig. 5~7. The

correction of the input signal was done by the following equation:

(5~5) &= _fij_ffi LTW/O 7
i 1+8 -
X _ — -
(5-6) M = M;(1+8) L kg U_/
where: %
c; = corrected isotope abundance of input batch i
Mg = corrected mass of input bateh i
c; = measured isotope abundance of input batch i
c, = measured isotope abundance of recycled Uranium corresponding

to input batch i according to Fig. 5-T.

In case two types of recycled material were corresponding to one certain input
batch one had to calculate the weighted average. The input batches corresponding
to internal recycled Uranium were not corrected., With this procedure one was able
to reduce two different input signals to one corrected signal which is suitable

for the evaluation of the inventory equation {5-1).

5.4 Evaluation of the Physical Inventory end Error Analysis

The input and product signals both for U and Pu as discussed above were used
as input data for physical inventory determinations at two different time points
during the running campaign. In principle one has to evaluate the weighted average

concentrations ¢, and ¢, according equ. (5-3) and enter them into equ. (5-1).

2
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Recent studies however / 5-l /about the theory of this inventory determination
indicate that the weighted average concentrations ¢, and c, are not biasless
because it is not only relevant to weigh the deviation of a particular input batch
from the mean of the corresponding superbatch but also its actual position within
that superbatch. This fact is also shown in parameter studies of chapter L.
However, weighing of the position is only possible if one has well defined steady
state conditions in the process which results in a stable transfer function bet-

ween input and product signal,

This steady state conditions obviously could not be provided in JEX-T0O by the
operator and therefore efforts were done to solve this problem with help of a

suitable error analysis by means of Monte Caklo techniques.

By introducing a random number R extracted from a (0.1) interval with uniform
distribution as batch weight factor a new mean concentration in one superbatch
was defined for the Monte Carlo calculations, analogous to equation (5-3).
IM. .R..c..
ij ij7i

(5-7) e5= ¥ R,
i3 i

J indicates superbatch j

i indicates input batch i in superbatch j.

When entering equ. (5=7) in equ. (5-1) one was able to evaluate with help of a
computer code (Annex 5-I) a high number (103~1Oh) of inventories per step signal.
The program was providing meenvalue, variance, standard deviation and in addition
the frequency and distribution functions of the calculated inventory realisa-

tions.

The distribution functions were then subject of a chi-square—-test in order to
prove the hypothesis of a normal distribution. This hypothesis had to be re-
jected in all cases with a high probability ( 99.9 %) because the single distri-

bution functions showed considerable asymmetric characteristics.

5.4.,1 Physical Inventory of Plutonium

When discussing in 5.3.1 the system response to the first input step signal of
the Pu-flow it was mentioned that some product batches indicated not only 2 com~
ponents (CANDU and VAK fuel) but also 3 components (CANDU, VAK and TRINO fuel).
The objective is to find the CANDU component in each particular product batch

because it is the CANDU fuel which represents the inventory material at the first
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step signal.

The problems associated with the evaluation of a 3 component mixture were
already discussed in 175*1_7: In principle the single components of a multi-

component mixture can be evaluated provided two conditions are fulfilled:

(i) The number of components must not exceed n+!

wvhere n is the number of available isotopes,

(ii) the isotope vectors of the different components must not
be linear dependant which means in mathematical terms that the
coefficient matrix of the linear equation system must be
sufficiently differenf from zero.

Following condition i) one has to select two isotopes with respect to optimize

condition ii). The criterium used here is the coefficient matrix.

(5-8) D

L}
0
-
0
0

vhere: c'j and dj are weighted isotopic sbundances average of superbatch j.

The value of D is proportional to the triangle area in a c—d-plot. D has to
be maximized and the deviation of D caused by the batch-to-batch variation
of the single isotopic abundances c 50 dij’ of batch i forming one superbatch
Jj should be minimized.

This procedure was done by plotting a number of isotope pairs in the c-3-plot
and by estimating the minimum pelative deviation of D. An analytical expression

thereof corresponding to r equ. (5-4) is no more possible ‘neca,use—c:.lj and dij

Only with help of Monte Carlo technigue one is able to solve this problem
quantitatively. With respect to this optimisation procedure the mbst suitsable
isotopes were evaluated to be:

¢ = Pu~241 W/o

d = Pu-242 W/o.
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The corresponding plot is given in Figure 5-8 which is. described in the

folliowing.

The 3 components are represented as weighted means from the different input
batches (small dark circles) vhereas the small squares and triangles represent
the different product batches of PFP and 2BP respectively. The product points
are connected by pointers which indicate their time sequence because the indi-

cated batch identification numbers are not always straight foreward.

Starting from the CANDU-point both product vectors follow nearly the same linear

characteristic and exceed the maximum possible mixing area(shadowed area) at the
VAK point. This fact can only be explained by blending operations with unknown
material during the process or by a bias of masspec. determinations for VAK
input batches which is more probable than errors of product batches because
foth product vectors measured in two independant laboratories correspond very
good. The product vector moves then down to the TRINO-point oszillates there
and leaves the mixing triangle hitting finally the PI-point characterized by

the starting inventory Pu.

With help of Fig. 5~8 one may clearly define which product batches show a one-
two~and three component mixture. Product batches which hit roughly (with res-

pect to the associated error bars) the mixing area1)
that the Pu is not blended with other components., Product batches hitting

of one component indicate

roughly a straight line between two components are mixtures of both and those

within the mixing triangle are three component mixtures,

According to this rule the product batches forming the system response to
the first input step signal were devided in three groups:

i) Clean CANDU Pu: PFP-135,~136,~127,-128,-129,~130,~
2BP-1600,=1T00

ii) Mixture CANDU PFP-133,-138,-139,-140,~141,-142,-
and VAK:
2BP-1800,~1900,=2000,=2100,=

iii) Mixture CANDU, PFP-145,~146,-147,-148,- 149
VAK and TRINO: ,pp 3100, (-3200)°°

1jfhe mixing ares of one component covers all input batches i
)belonging to this component.

2
This batch may also contain other components (see Fig. 5-8) and has
not been taken into account for the determination of the physical
inventory.
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The quantitigs and isotopic abundances associated with the bateh identifica-
tions ;above can be extracted from chapter 2 Table 2.5.6-1 and 2.5.10~1,
The batches in brackets may also contain other components.,

The batches of the first group can be sumed with the weight factor: onme,
whereas the batches of the ii) and iii) group have to be weighed according to
their CANDU component using the Monte Carlo technique as described above for
two component systems., The technique was also developed for the 3-component
systems (see Annex 5-I). The results of these calculations are summarized in
.- Table 5=6.

The confidence interval forthe total inventory was calculated by use of the
convolution integral (5-9) which describes the resulting probability demsity
function of the sum {y) from two random verisbles,

+00

(5-9) £(y) = [ £,(t) f(y-t)at
-0

vhere f, and f2 are individual probability density fumctions of the two

random variables.

In the present case, however, the f1 and f/2 are delivered by the Monte Carlo
technique (Annex 5-I) as discontinuous histograms. Their convolution must

then be numerically evaluated and this has been obtained by the use of a com-
puter code as described in Annei (5-II). The resulting distribution histogram
is shown in Fig. 5-9. The considerable asymetri¢ error bars of + 6.2 % and
-T.2 % of the total inventpry represent the maximum possible exrror range asso-
ciated with the -chosen confidence level of 95 % because the batch weight fac-
tor R, in equ. (5-T) vas assumed to cover the total 0,1 interval. In steady
state operating reprocessing plants one may reduce significantly thisz range by
introducing in equ. (5-7) an additional
in average the weight of a single input batch: due to its position within the
superbatch / 5-4 /.

]
=
+
5

atch weight factor which considers

Looking at the three types of mixtures in the product batches (Table 5-6),

one realizes thet the greatest amount of the physical inventory (more than T0%)
is unmixed material which can be determined with high accuracy according to the
involved errors in weighing and analysis.
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Even the two—component mixture could be evaluated within satisfactory
error-bars. It is only the evaluation of the 3-component mixture which in-
volves the great range of uncertainty, and this was mainly caused by the great
batch~to-batch variation of the TRINO fuel which unfortunately could not be
homogenized in the head-end storage tanks due to technical difficulties. This
confirms again our previous experience that one should avoid 3-component mix—
tures by increasing the superbatch size which is able to clean out completely

the inventory material.

The system respomse tc the second input step signal (Fig. 5-5) did show this

characteristic without the 3-component mixture but the corresponding physical
inventory indicated greater error bars due to the relative bad quality of the
input step signal and the great dispersion of the system response over a range

of nearly 20 kg Pu.

The direction of the input step signal, e.g."upstairs" or "downstairs" reflects

to the calculated error bars for the two-component system in such a way that

" the asymetric¢ characteristic changes its sign. This turns out when comparing

the error bars of the two component systems in Table 5-6 and Table 5~7 res-

pectively.

It is remarkable that both inventory determinations indicated about 70 % un-
mixed Pu. If one may increase this ratio by avoiding blending operations during
the process there is also an improvement of the total accuracy of this inven=-

tory determination.

5.4,2 Physical Inventory of Uranium

The results of the Uranium physical inventory determination are summarized
in Table 5-8.

i
wonk
3

In this case only MBA 2 ot pass MBA22,

[

As already mentioned in 5.3.2 the operator was able to segregate to a high
extent CANDU from VAK Uranium which reflects to the 83 % single component
Uranium inventory. The corresponding fraction of the single component Pu~

inventory was only 71 % (Table 5-6).
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5.5 Book Inventory Determination and Error Analysis

The physical inventory determinations carried out so far are only of use
for safegurads if the corresponding book inventories at the defined step
times are available. For this purpcse one has to balance each transfer (e.g.
input, product and waste) crossing the boundaries of the defined MBA accord-

ing to eaqn. (5-2) inclusive starting inventory up to the step time.

In practice JEX-TO observers established a volume vs time plot of each rele-
vant ‘accountability tank and recorded by this procedure for the total time
interval between beginning and ending inventory all relevant transfers. An
interesting section of this plot is given in Fig. 5-10. It covers the time
when VAK fuel was started to be processed and one may clearly follow the passag
of VAK fuel through the plant at least for U-flow. With heip of this plot one
is able to account all transfers indicated with their batch identification up

to the defined step time.

The time dependent sequence of all interesting transfers is compiled in chapter

20 Se

The resulting book inventories of Pu and U are summarized in Table 5-9/10/11.
The standard deviations associated with each flow were calculated according

to equation (5-10):

2 ) 2 6r 2 5r ~a T
(5-~10) ¢ = (8§ + = + (65+ =) L%/
) tot e ¢ nem . -
’ volume analysis
Gc = calibration erxrror
8, = precision of the measurement [%7
n = number of batches

number of analyses per batch

Equation (5-10) is only valid if each batch shows equal volumes and concen-
trations which can be roughly assumed. Estimated and experienced RSD associat—
ed with different flows and measurements can be extracted from Table 243=1

(chapter 2).




5 = 20

5.6 Investigation on Significance of the Book-Physical~Inventory
Difference

The use of material balance for safeguards results in a comparison of two in-

dependent inventory determinations namely

i) book inventory (BI) indicating the amount of material
which should be inside the chosen MBA and
ii) physical inventory (PI) which indicates the actual inventory
measured by any kind of technique.
The difference of both is defined as material unaccounted for

(5=11) MUF = BI ~ PI

If one assumes that the measured BI and PI values are the true values MUF

should be zero in the case no diversion has tsken place.

In practice however BI and PI because of measurement errors are random variab-—
les and the actual MUF represents the difference of realisations of these two

random variables characterized by certain distribution functions.

Therefore the zero-hyphotesis MUF = O has to be proved with help of statistical

techniques.

One possibility of investigating any significance of MUF is the establishment of

1)

one can accept the zero-hypothesis with a 95 % confidence level.

a 95 % confidence interval ‘. In case this interval overlaps the zero-point

Another possibility is to evaluate a probability statement as follows:
p(MUF €0) 25 %

which represents a more strict one site test with regard to the required con-

fidence level,

The Monte Carlo technique applied at the physical inventory determination pro-

vided already the distribution function thereof whereas a normal distribution

1)'I'he confidence level can be estimated by game theoretical investigations.
In common safeguards practice the 95 % confidence interval is often used
which covers roughly a + 2¢-range in case of normal distributions.
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was assumed for the book—inventory determinations. Both distribution functions

were accumulated with help of convolution integrals according to Annex 5~I1I,

The resulting MUF-distribution functions were evaluated with help of both
statistical techniques as described above and all tests did prove the zero
hypothesis on MUF within thechosen confidence level of 95 % as shown in
Table 5-12,

5.7 Conclusions

The satisfactory results of this inventory experiment in spite of many diffi-
culties, which were involved either by the fuel characteristics or by operation
(a lot of recyclings happened in the Plutonium cycle and homogenisation pro-
cedures during head end operations could not be followed) prove the great

potential of this new inventory technique.

In general the nev inventory technique is most suitable for reprocessing plants

with high annual throughput and comparatively small hold up because of:

i) avoiding interruptions of normal fuel processing by rinsing operations
which are to precede to an adequate conventional physical inventory
determination. This hits commercial requests because the operator may

process more fuel per year.

meeting safeguards requirements in view of timely detection of diver-

Fe
o
N’

sion 175-5;7 as a greater number of physical inventories per year may
be performed. An example will illuminate this statement. It is expected
that future large scale reprocessing plants on commercial basis will
process up to 5 tons Uranium per day; thus a normal power reactor batch

containing 20-30 tons of spent fuel will be processed within two weeks

t was experienced from

[

inclusive fuel residence time in the process. As
present day spent fuel characteristics that the differences in isotopic
abundances (major and minor isotopes) between fuel from different power
reactors are big enough to generate adequate input step signals, it

may be possible to perform monthly physical inventories.

Concerning the analytical load required for this inventory technigue there
is no additional request if operator's analyses and isotopic measurements at
normsl input and product sampling tanks can be used provided verification

efforts are excluded.
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The main problems associated with this new inventory technique can be

summarized as follows:

[

o

i) Generation of an adequate input signal e.g. the superbatch size of

[N

[

fairly uniform isotopic composition. A good deal of the efforts to
get an adequate superbatch by precampaign homogenisation of the
different fuel elements forming subsequent dissolution batches can
be covered with help of computer codes. It is recommended to start
this selection already before shipment of the fuel elements in order
to avoid time consuming rearrangements in the storage pond of the re-

processing plant.

Dispersion of the isctopic step signal during its passage through

the plant. Problems may occur if the hold up of the bigest tank in

line e.g. a product sampling tank exceeds certain limits because it's
integration effect may cause intolerable dispersion or homogenisation
of the isotopic signal., These limits are mainly a function of the super-
batch size and may be estimated by model simulation studies as carried
out in chapter 4. From experimental data of JEX-TO one can roughly

estimate that the ratio
superbatch size vs hold up of bigest tank in the line 2 3,

If this condition is not fulfilled one can avoid integration of the
corresponding unit by operating it with lower hold up or by intermediate
sampling between two increments in case the unit is installed at the
end of the line (product sampling tank) just during the relative short

residence time of the signal in the plant.

]
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and being able to interprete them with respect to limiting conditioms
of the method. Having once all data together required for one inventory
determination one is able to evaluate with help of already existing
Monte Carlo codes mean value and confidence limits. These codes are
not plant specific but can be applied in any reprocessing plant with

batchwise operation at input and product accountsbility stationms.
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Table 5-1: Shipper data on irradiated fuel elements processed during JEX-T0

' 1
Material CANDU VAK TRINO| CDN Starting Total
inventory
No. of fuel elements 719 38 b 1507 | - -
Exposure -—’lf—wégj 4-8 13=22| 8-1k | 10 - -
U initial _ ] 9595. 2025 1237 | TO6. = -
. [ ke _/ 2) -
U final 950k, 1979 | 1214 | 69k, 13391,
Initial U-235 _  _ 2.33- | 2,72-| 4,00~
enrichment / w/o_/| natural| 2.60 3.90 | k4,50 - -
Final U-235 o
enrichment L w/o_/]| 0.27 1.08 2.05 | 3.06 - -
Pu Lxg 7 | 30.35 1.5 | 7011 | 1.37 | 11.8 (62,08
Pu-239 Lw/o 7| 70.2 66.16 | 75.9 | - 78.7 -
Pu-2L0 L wlo 7| 24.35 18.23 | 15.0 | - 1.6 -
 Pu-2k1 Lwlo T bk -13.,13 | 8.5 | - 5.6 | -
Pu-242 [wlo 7| 1.05 2,481 0.6 | - 0.9 -
No. of dissolutions 9 I 2 63) - -

1)

present in the rework unit to be processed after the normal run
(measured data)

2)
3)

estimated

cladding and fuel were dissolved together




Tsble 5-2: Input signal 8f superbatch I (CANDU)

Batch M. Pu-isotopes w/o M. U~isotopes w/o
Identif. i .
g Pu | 238 239 240 2h1 242 kg U 234 235 236 238

1 2 3 4 5 6 7 8 9 10 11 12
AFU 600 3386.7 0.13 T1.63 23,8k | 3,72 | 1.09 | 598,7| 0.005 | 0.281 | 0.078 | 99.6h4
" 610 433.5| 0.005 | 0.274 | 0.07Th | 99.65
" 700 3381.0 0.13 71.24 23.71 | 3.81 | 1,11 | 612.5] 0,00k | 0.27T1 | 0.075 | 99.65
" 710 391.8 | 0.00k | 0,271 | 0.073 | 99.65
" 800 3218.4 0,13 T1.T1Y 23.43 | 3,67 | 1,05 | 635.9| 0,005 | 0.275 | 0.073 | 99.65
" 810 360.7| 0,005 | 0.271 | 0.073 | 99.65
* 900 3434, 4 0.22 73.05 22,43 | 3.41 | 0,985 T00.K| 0.005 | 0.302 | 0.066 | 99.63 |
" 910 K14, 6| 0,005 | 0.306 | 0.063 | 99.63

3 13420.5 L1481

] 0.127 71.914 | 23,247 3.651| 1,058 0.0047| 0.282 | 0.0719| 99.6h43
1o”var c 0.05 2020 616 68 | 5.9 - 0.2k 0.0286 -
10° e 0.22 b5 | 24.6 | 8.2 | 2.4 - | o9 | 0.169 | =

g - ¢




Table 5-3: Input signal of superbatch II (VAK)

92 - &

Batch M, Pu-isotopes w/o M U~-isotopes w/o
Identif. | _py | 238 239 240 2h1 242 || kg U | 23b 235 236 | 238
1 2 3 b S 6 7 | 8 9 10 11 12
AFU 100 3103.5 | 0.597 67.78 22,13 | 7.53 | 1.97 || 619.5 | 0.012| 1.056| 0.228| 98.T0
AFU 200 2109,6 | 0.629 66.03 22.96 | 8.08 { 2,30 | 41%.9 | 0.012]| 1.019]| 0.234| 98.73
AFU 210
" 300 4309.0 |o0.Th2| 65.35 | 23.31 | 8,18 |2.k2 || 513.2 | 0.012 ]| 1.033| 0.259| 98.70
" 310 268.1 | 0,012 | 1,032 0,260| 98.70
AFU 400 702.7 | 0.528 68.31 21,64 | 7.74 | 1.78 | 14k.5 | 0,012 | 1.088| 0.234| 98.67
& 10224.8 1961,2
c 0.66 66,432 22.765| 7.933 | 2.21k4 0.012 | 1.041| 0.242| 98,705
10%var ¢ 16.8 3990 o15 | 260 | 1h2 - 0.621| o.u86| -
10° ¢ 4.1 63.2 31.2 | 16.4 | 12, - 0.788| 0.697 -




Table S-k.

Input signal of superbatch III (TRINO), IV (CDN) and V (physical inventory)

S

Fsteh My Pu~isotopes w/o M, U-isotopes w/o Super-
»dent. g Pu 238 239 240 | 241 2k2 | kgU| 234 | 235 |23 |23 | Dotoh
1 2 3 I 5 6 7 8 9 10 1 12 13

AFU 100 3420.3 0. bl 75.46 15.7h | T7.18 | 1,19 | 337.8| ©.01h | 1,796 | 0.2h7 | 97.94
" 110 235.7| 0.01h | 1,775 | 0.251 | 97.96

III
AFU 200 3149.8 0.36 78.73 14,07 | 5.94 | 0,90 | 301.9| 0.014 | 2.305 | 0.227 | 97.46
v 210 310.0| 0.0tk | 2,30k | 0.224 | 97.46

AZT 6570.1 1185.5

10“ var ¢ 8.01 13320, 3Tk, | 7690.| 420, - 168. 0.339 - 111
10°6 ¢ 2.83 115. 58,9 | 87.6 | 20.5 - 12.98 | 0.58 -
CDN 1222.9 | 0,065 86.63 11.79 | 1.35 | 0.164 | 688,1 | 0.0181| 3.010 | 0.276 | 96.696 v
P.I. 11800. 0.30 78,65 | 14,64 | 5.55 | 0.862| = - - - - v

le - §




Table 5-5: Batch~to-batch variation vs stepsize r” for the different isotopes of Pu and U

Step Pu-238 Pu-239 Pu~2k0 Pu-241 Pu~242 U~235 U-236
signal
CANDU/VAK 7.70 -~ 1k, 1h 82.75 k.29 10,52 1,22 4,22
VAK/TRINO 19.16 12.k2 8.52 66.23 20.37 12.82 181,66
CANDU+VAK/
( TRINO+CDN+
INVENTORY) - - 4,69 - - - -
= 1/2

1) varc1+varc2 - -

r = | —— e 100 [/ %/ (see equ.5-4)

2
(c1~c2)

ge - §




Table 5-6: Plutonium physical inventory determination by means of isotope analysis
at April bth, 12,00 in material balance area MBA 21+22 and (MBA 21)

62 - §

Type of Inventory Relative inventory 95 % Confidence No.of Monte Carlo
mixture interval trials
Zfé PQ;7 ZT%;7 Zfé Pq;7
Single components 8755 (7802) 71 (70) +20 (28) -
2 components 2426 (2850) 20 (26) + 289 (+ 520) 10 000
- b11 (- 730)
3 components 1141 (432) 9 (k) + 710 (+ 660)
- 809 (- ThO) 10 000
Total " 12352 (11088) 100 + 762 (+ T25) -
- 887 (- 825)

1)

The total inventory is not obtained by adding the means of the 3 contributions but
represents the mean of the distribution function relative to their sum as described
in detail in Annex 5-II.




Table 5-T: Plutonium physical inventory determination by means of isotope analysis
at April 25th, 14,00 in material balance area MBA 21+22 and (MBA 21)

Type of mixture Inventory Relative inventory 95 % Confidence No. of Monte Carlo
interval trials
L& Pul L[47 [Pl
Single component 7672 (3786) T0 (63) ' +20 (+ 38) -
2 components 3423 (2199) 30 (37) + 1080 (+ 8k0) 10 000

900 (= 900)

Total 1) 1108 (5979) 100 + 1080 (+ 840)

900 (= 900)

1)see footnote of table 5-6

0€ - &
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Table 5-8: U-Physical inventory determination by means of
isotope analysis at April lUth, 12.00 in MBA 21

Type Inventory Rel. inventory| 95% Conf. No.of Monte
level Carlo calcu-
_ _ _ _ _ _ lations
L kg U_/ L%/ L kg U_/
Single 1kes 83 + 12/=12 -
component
2 components 269 17 + 33/-35 1000
Total: 1714 100 + 38/-40 -
Table 5-9: U~Book-inventory at April 4, 12,00 in MBA 21
Flow kg U + SD
PIb. + 873, #+ 43
TAFU-RAR+JD(CANDU) + 9k27, + 25
Recycled ul? + 53T7T. + 5
RAR 100 (VAK) - 8.
1900
I 3 UP + 2 batches (PIb) - 8973. + ko
100
THAW - 1. 7
TIWC - 13,
ZASRW - 12, + L
IZBSRW - 1.
ZARIN - 9.

Book-inventory

+ 1820, + 6k,




Table 5= 10:

in MBA 21 + 22

Pu-Book Inventory Determination at First and Second Step Signal

Flow (g Pu) April 4%*. 12,00 Apri1 24**. 14,00

i)  Beginning physical inventor;) + 819 + 45 (10) + 819 + U5 (10)
ii) Active feed (AFU) + 30151 + 115 (l0) + b40 373 + 149 (10)
iii) Recycled scid (RAR) - L1 + 22 (10) - 722 + Lo (10)
iv) Pu~final product (PFP) - 17600 + 21 (10) - 28059 + 33 (1o)
v) High active waste (HAW) - 130 + 19 (10) - 175 + 32 (1o0)
vi) Solvent recovery waste (SRW) - 6 + 10 (10) - 106 + 16 (10)
vii) Rinses (A/B RIN) - 10 + 2 (10) - 18+ 4 (10)
viii) Solid waste drums - 166 + 18 (10) - 252 + 25 (10)
ix)  Book inventory + 12599 + 130 (10) + 11860 + 170 (10)

1)

Without 11800 g Pu in the rework unit to be processed after the normal run.

€ -6




Tsble 5-11: Pu-Book-inventory determination at first and second step signal in MBA 21

Flow (g Pu ) April b4th, 12.00 April 24th, 14.00
1)

i) Beginning inventory + 261, * 26 (10) + P61+ 26 (10)
ii) Active feed (AFU) + 30 151, + 115 + 40 373 + 1ho ™
iii) Recycled Pu (3AW) + 837, + bu " + 952 + U8 " ¢
~iv) Recovered acid (RAR) -  Lo1, + 22 " - T2+bk "
v) Pu-battery product (2BP) - 19 ksk, + 55 " - 35145 + 90 "
vi) High active waste (HAW) - 130, + 19 " - 115 +3 "
vii) Solvent recovery waste (SRW) - 64, + 10 " - 106 +16 "
viii) Rinses (A/B RIN) - 0.+ 2 " - 18+ 4 "

i) Book inventory + 11 190. # 1ht " + 5 k20 + 190 "

1)without 11 800 g Pu in the rework unit to be processed after the normal run

€e - §




Table 5~12:

Final results of the inventory experiment
(Error ranges given as 95 % confidence intervals)

MBA Steptime April bth, 12.00 April 25th, 14.00

g Pu kg U g Pu
1 2 3 L 5

i) Book-inventory 11190 + 282 1820 + 125 5420 + 380
ii) Physical inven— + 725 + 38 + 8ko
1 tory 11088 _ 550 L AL 5979 - 900
iii) Mor 108 + 79k 106 + 134 - 559+ 930
- 806 -1110
iv) p (MUF € 0) 43.8 4% 5.7 % 8945 %
i) Book-inventory 11748 + 260 11860 + 3h40
214 ii) Physical inven- 12352 + 762 U~flow does not 11080 + 1080
22 tory - 887 pass MBA 22 = 900
iii) MUF 275 + 900 700 + 1100
- 1000
iv) p (MUF ¢ 0) 30 % 5.9 %

€ = &
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Monte Carlo Technique Applied at Inventory
Determinations for Two= and Three-Component

Systems (Computer Code)

by
A, Rota




5.~ bh

5.I.1 Two component system

As pointed out in paragraph 5.4, the use of the weighted average concen-
trations ¢, and ¢, may give not an unbiased estimation of H,, the part of
the PI calculated on the basis of a "two component" (single tracer) mix-
ture. Because until now the theory is not sufficiently developed to indicate
how to calculate the values of ¢, and ¢y for a better estimation of Hz’ the
following approach has been attempted.

Let
(5-12) H, = fé(Mi, Xy o, c2)

be the €orrect formula (see (5~1)) to be used when the tracer concentrations
for all the batches of the superbatches 1 and 2 are constant, and respectively:

eQual to c, and Cye

Let us assume now that the independent variables Mﬁ"‘i' c, and c, are
realizations of random variables everyome of which has a known prescribed
pdf (probability denmsity fumction). For the values Mi and x; the pdfs have
been assumed to be normal with mean values equal to the measured ones and
standard deviations equal to the standard errors of the related measurements.
The varisbles c, and c, are given by equation (5~7); in its right~hand term
the numbers R, - as already seen - are random varisbles uniformly distributed
in the (0,1) interval. Consequently, c, and c, are also random variables, and
their mean values and standard deviations may be calculated. Note that

(5+7) assures that c; assumes values inside the interval: minimum (c;),

maximum (ci).

If in (5~12) are introduced the mean values of each independent variable, a

-
velue H, is obtained.

The pdf of H2 is obtained by a Monte Carlo technique: the evaluation of

(5-12) is performed many times (1000-10000) and every time the independent
variables are randomly selected from the above defined distributions. A fre-
quency curve for H, is obtained and it is interpreted as pdf for the dependent

random variable Hz‘




5 = b7

As for (a) the function f, of (5-12) is not a linear function of all the
independent variables in the relevant range of variation and (b) the pdf
for c, and ¢, are not necessarily symmetric, the pdf of H, is not exgsfted
to be symmetric. This_gfans,famong other things, that its mean value H,

may be different from-ﬁé.

Fig. 5.I-1 gives a block diagram of the computer code suitably written to
perform the necessary calculations. Table 5.I-1 and Fig. 5.I-2 gives, as

an example, the print out of the program for the calculations related to the
"two component" mixture (CANDU and VAK materials, when U-235 is used as

tracer isotope.

5.1.2 Three component system

In the case of a "three component " system, the theory(175—2;7 provides, for
the calculation of the PI, the following formula.

(5-13) - T,
Hy=IM 5
(i = index of the output batches
resulting from the mixture of 3 super-—
batches)
where
1 1 1
Ti = xi ¢, c3
i ds dg
1 1 1
D= ¢, c2 03
d1 d2 d3

c. and dj (j=1,2,3) are the concentrations of two tracers (e.g. Pu-241 and
Pu-2L42) in the j-th input superbatch. X, and y, sre the concentrations of

the same isotopes in the i=-th output batch.

The inadequacy of the theory for real cases derives from the same reasons
pointed out in the case of the "two component" systems. It follows that the
evaluation of the experimental data may be obtained following a procedure

similar to the one outlined in the previous paragraph.
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In this case, however, it is necessary to pay some attention to the fact
that the selection of random values for the pairs cj, dj mast respect the
physical correlation existing between these parameters. The use of the

following system

(5-1k) cs = ZMiRici/EMiRi

d, = EM;R.d. /IM.R,
logically justified as equation (5-T) (the subscript indexes have the same
meaning),indicates that single values of e, and dj'are obtained as randomly
weighted means of the concentrations of the input batches c; and di’ It
follows that, in every realization of the pair of random variables cj, dj=
the same contribution of the individual input batches to the means must be
considered. The use of the same weighting factors (MiRi) in both equations
of system (5-14) assures the respect of the physical correlation existing

between ¢ and d inside each single super batch.

Provided that the conditions for the "three component" mixture are fulfilled
(mainly D # 0) it is possible to use (5-12) in order to obtain the same

information derived in the "two component" case.

As before, the pdf of H3 is obtained by a Monte Carlo technique: the left
term of eq. (5~13) is evaluated many times as function of independent variab-
les randomly selected from the mentioned distributions. The analysis of the

resulting sample of HB gives as results H3, Oy frequency and distribution
3

curve of H3.

Fig. 5.I-4 gives a block diagram of the computer code which: performs the
above mentioned calculations, Table 5.I-2, Table 5.I-3 and Fig. 5.I-5
gives, as an example, the results related to the "three component" system for the
the Pu PI; Pu-241 and Pu-242 are the tracers used and CANDU, VAK, TRINO are
the superbatch identifications (see paragraph 5.k4.1).
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Table 5.I-1:Program print for Monte Carlo calculations of U-inventory two

component systems.

I. Input data

Input batches Mi(kg u).

c, (eqgn. 5“3)
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Table 5.I-2 ‘Program Print for Mnnte Carlo Calculations of Pu-Inventory
Three~Component Systems.

(Input Data)

INPUT BATCH DATA
CANDU REACTOR

CLHNC.

e
1)
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100
20
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VAK REACTOR
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21025955 840300 243000
43(9,0000 8.1800 24200
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C‘:’O
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3 2 6e 5855 1.0510
OUTPUT BATCH DATA

| PU-MASS (G) ___PU-41 CCONC
NO. VALUE STeDEVe  PERCENT ST

1 1722.8158  17.2232 5 5600 Qe 0624 13400
2 1823.5399 1802394 6 2400 Qe 0624 « 2000
3 129843358 12.5884 5.€500 0. 0655 1. 2900
4 1373.8298 13.7833 54700 060547 1. 23903
5 1810.2500 18,1025 509400 0o (594 1. 0830
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Three Component Systems,

(Results)
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5= 52

READ input data
- Mj’ e (3

- M

i % (i = index of the "two

x. (standard errors of M,

= input batch index)
component"” output batch)

and X, )

CALCULATION of weighted mean values

c, and ¢, (see (5-3))

V

P

CALCULATION of
H, = f2(Mi,xi s Cp» 02)

PRINT input

data, c¢,,c
'

2

Y

READ "N"

|

PRINT T, and

the contributions
to PI of each
output batch

CALCULATION
Repeat the following procedure for
k= 1,2,00e.N ¢

- Select randomly Mik? Xig » Clxs

Cox according prescribed pdf

- Calculsate
Hy(k) = £,(M5p5 Xgp 5 Cpps Sy

CALCULATION of the mean value, the
requency
and the distribution curve of the
sample Hz(k), k=1,240.0.N

l -

PRINT the
results

Fig. 5.I-1: Block diagram of the computer code for the evaluation of the

"two component" experimental data.
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Frequency Histogram of U-~Inventory Results Calculated by
Means of Monte Carlo Technique (two Component System only)

Figo 501-2
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5 =55

PRINT input data, ¢

1’

d

C,y Cgp Ay, 4, dg

READ input data
- Mj’ C5s dj (j = input batch index)
- ﬁ;, ;i, y. (i = "three.component" output
batch index)
- oMi, oxi, 5 ; (ipangg§d errors of M.,
i* Yi
1 B
— -
CALCULATION of ¢, C,; C35d;,
| d2f q3 acc§rd1ng (5=3)
‘ m——
CALCULATION of _
H3 = f3(Mi, Tss Di)
I \oaan
READ ‘“N" -
CALCULATION

Repeat the following procedure

for k = 1,2,...N:

- Select randomly Mik’xik’ yik
i iy

- compute

H3(k) = f3(Mik, X.

ik® Yik® S3x0 9

PRINT the contributions
to the PI of each
output batch and of

3

B

1

CALCULATION of the mean value
)s

(H,), standard deviation (o
3 Hy

frequency curve and distribution
of the sample Hs(k), k=1,2,...N

1 -

PRINT the results

) et

Fig. 5.I-4: Block diagram of the computer code for the evaluation of the "three
component" experimental data.
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Annex 5-I1

Evaluation of Frequency and Distribution
Function of Total Physical Inventory and
Book-Physical-Inventory Difference by Means
of Convolution Integrals.

by

A, Rota




5= 5T

5.1I.1 General

The evaluation of the JEX-TO PI data from the point of view of the safe-
guard involves mainly the comparison between the PI itself and the correspon-
dent Book Inventory (BI)., In turn PI is obtained as sum of two or three terms,
nanely

PI = H1 + H2 (+H3)

where H. is the contribution to the PI of the "j component" system (see,
e.g. Table 5.6)s -

The most important result for safeguard purposes concerns the value of MUF,

as usual defined by the relationship:

MUF = BI-PI

As far as all the involved parameters can be interpreted as random realizations
of unknown quantities, it is important to know, for each of them, the pdf.

The pdf of H1, 52’ H3, and BI are known: the pdf.s of BI and H1 are assumed

to be normal; those of H2 and H3 are calculated from the expe?imental results

by the procedure described in Annexe 5.1 and are available in form of hysto-
grams. (Analytical expressions for H, and H3 are not availéble.)

5.II.2 Evaluation of convolution integrals

The calculation of the pdf and of the distribution of PI and MUF is obtained
by convolutions of the type here described. Let p and q be independent random
variables and f1 and f2 the corresponding pdf.s. The analytical expressions for

the pdf.s of the random varisbles

s = p+q
r =p-q

are given, respectively by the following convolution integrals:
g(s) =[f1(t)-f2(s—t)d:t

n(r) = £, (o) 2, (0t
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As far as, in the present case the f are, or may be expressed, in form of

hystograms, the above integrals are discretized as follows:

(5-15) - K2

G(s) =z K(FT(K). F2(s=K)
K1

J2

L _F1(R+J).F2(J)
J1J

H(R)

(The capital letters used for the function names and vairables coxrresponds
, to the small letters, which indicate continuous function and variables).
110 ¥ (N11<N12) define the integer interval outside which F1 is
identically z&ro and let N21,H22(H21<N22) have the same mesning for F2, From
these limits it is possible to deduce analogous intervals for the functions
G and H:

N11 + Né1 <S-<N12 + N22

N -N22<R<N12-N

i1 21

As it useless to includeginAthe sums ( 5~5 ) those terms that certainly

do not give any contribution, the sum limits result defined as follows:

K1 = Max (N, S-N

22)
K2 = min (N12, S-N21)

J1 = Max (N,,, N.,-R)

11

J2 = min (¥ R)

N -
22* 712
A computer code that makes use of the above derived relationships has been
set up. Particular care must be Paid for a correct definition of the histo-

gram intervals and for their homogenization.

The code allowed the calculations of the pdf.s and of the distributions
for both PI and MUF, An example of part of the results obtained is given
in Fig.s 5,I1I=1 and 5.11-2,
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Annex 5,111

Analytical Error Analysis on Inventory Determination

of Two-Component Systems

by

R. Avenhaus and R. Kraemer
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5.I1T.1 Generxral
Subject of this appendix is an analytical derivation to quantify approximate-

ly in advance the variance of the self tracing inventory determination taking

into account

i) variance of weighing and analysis on product batches (var M)
ii) variance of isotopic measurements (var x)

iii) batch~to~batch variance of the tracer isotope in one superbatch

(var c)

5.III.2 Error propagation

In case only 2 component mixtures occur in subsequent product batches the

inventory equation (5-16) is valid,
(5-16) I=1:M

Assuming that the relative standard deviation of each independant parameter
in equ. (5-16) is small (e.g.< 10 %) one may apply the Gaussian error pro-

pagation formula:

_ (312 31,2
(5=-17) var I= (8M var M + (ax) var x,
a a
3I.2 9I.2
+ (ac1 var c + (Sc; var c,
with
oI _ *a %2 .8l _ Ma
= - : = 2
{ aMa ac1 c2 axa ¢, c2
(5-18) <
ALy % o ar ., Zat
8c1 a a (C )2 ’332 a (C -c )
1" %2 1" %

It is assumed that the relative standard deviations

M var x
ver My .
M ? x
a a

(5-19) o =

are constant, whereas var ¢, and var ¢, represent the batch-to-batch variance

which is still to be developed.




When entering (5-18) and (5-19) in (5=17) and dividing by (5-16)2 one gets
{5=20)

v IM x
T 2 a'a 2. 2
(5-20) VAL & o 60 4 ()% +
12 M ZMa(xa c2)
varce var ¢ IM (x_=-c.)
+ 1 + 2 o a “a 1 2

(c1-c2)2 (c1-c2)2 zMa(ka-CQB?

With help of ﬁig. 5.1III-1 some approximations can be estimated.

!ZMa(xa-ca)! s Ma(xa-c!)l

g
<]
3
%8
%8
[V ~]
ot
c —
2 \\\
c.+
| ©q7C,
2
C.‘ e e et e
——
M
a

Fig, 5.IITI-1: Step function and system response

e o

Looking at Fig. 5.III-1 one realizes that both shadowed areas are approxi-
mately equal which depends of course from the integration limits. But from
former experience this assumption is justified which brings the factor

of var(cz) to one.

A further approximation
e, *e,

zMaxéﬁ 2 a
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. . s . 2 .. .
simplifies in equ. (5-20) the factor of Gx thus it remains:

2.2
+ -
(501) Yer I . gl (c1 02) §_tvar c +var c,
) I2 (e,=c )2
1 72

5,III.3 Batch=to=-batch variance (var c¢)

Let the random variable ¢ be the batch weighted isotopic mean concentration

in one superbatch. Then an unbiased estimate for the expectation value Ec of
ciis given by

ZMici
A _ 1 . -
(5=-22) Ec = -§ﬁ;- LW/

where the ¢ obtained in the single input batches (Mi) are considered as

realisations of this random variable c.

The batch-to~batch variance is defined as the variance of ¢; an unbiased
estimate of the batch=to=batch variance is given by
Ay
ZM,(camEc)g
.11

{5=23) var ¢ = ! 5 1 I
I M. I 1

Je= i -

2

(ZMi)

for, as one can show,

A
E var ¢ = Efc

In case all Mi = M = const equ. (5-23) becomes
A D
MZ(@imEQQ
3 A i i 1 PR AR
=21 ) var ¢ = -~ = —~ £ {a.=Ec)
(5 ‘ Mg nM n=t . 3
o i i

(n)?

which clarifies the mesning of the Tirst factor in equ. (5-23)
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ABSTRACT

Data from the MOL III experiment are used to
-demonstrate that the Pu and U isotopic data from the
head end dissolver accountability tank can be used
successfully to verify the Pu content of -a reactor
loading. It is shown that the data can also be used
to confirm that the material which has been dissolved
originated in the designated reactor by utilizing the
characteristics of the inherent element and isotopic
constitutent makeup of the dissolved material. In
this sense the results provide a method of character-
izing the reactor under consideration further by
improving the reactor parameter estimates. Since the
data from a commercial reactor loading is from one of
a-series .of repeated reactor loadings the results should
exhibit a statistical regularity and this property can
be used in estimating the present results from histor-
ical results and in anticipating and predicting future
repeated reactor loading output results.

~The data from the MOL TII experiment and particular-
ly from the CANDU reactor indicate that average U and Pu
isotopic data from dissolver batches clearly portray the
unrderlying functional relationships between Pu, U, and
their isotopic compositions. Thus an excellent basis is
provided for judging the consistency of the data.
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Minor Isotopes Safeguards Techniques - Application
of Isotopic Correlations to Spent Fuels of JEX-70 +

By
D. E. Christensen, R. A. Schneider and K. B. Stewart

6.1. INTRODUCTION

Minor Isotopes Safeguards Techniques, denoted by the acronym MIST,
is a programmatic title used in the United States to identify a collection
of safeguards techniques which depend on the use of the isotopic composi-
tions of the nuclear materials. These techniques utilize all the isotopes
present at normally measurable amounts. A key part of the MIST program is
the safeguards application of isotopic correlations. It is in that context
of the MIST program that this section of the MOL III Experiment (JEX-70)
has been designated MIST applications.

The potential safeguards value of isotopic correlations arises from
the inherent relationships between the formation of Pu and the growth and
depletion of the U and Pu isotopes during the irradiation process. As a
result of the underlying interdependence provided by these relationships,
the isotopic composition data tend to be internally self-consistent and
at the end of irradiation, the isotopic compositions of U and Pu give
testimony to the Pu content and confirm previqus safeguards information
about the fuel.

The key point for the application of these principles is at the input
accountability tank at the chemical processing plant. Here, in many current
processes, the unaltered ratios of the important nuclides are present in

the dissolver solution. Current practice for input accountability in

+) Work Done Under the Sponsorship of the U.S. Arms Control and Disarmament
Agency and the U.S. Atomic Energy Commission.
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reprocessing spent power reactor fuel is to measure the total U, total Pu,
and the corresponding U and Pu isotopic compositions for each batch. From
data previously obtained on slightly enriched U fuels, the following

empirical generalizations were apparent.

A. The integrating effect of dissolving whole rods and bundles
provides an unusually high degree of consistency in the burnup

relationships when viewing data from successive chemical plant

input batches of the same spent fuel.

B. Spent fuel data from the same reactor, having the same
design and initial enrichment, portray the Sets of burnup
relationships which trace smooth curves over a wide range of
exposure. In addition, some of the relationships between Pu
content -and the isotopic compositions were 1inear and have a

consistency equivalent to the measurability of the relationship.

From the evidence, several potentially valuable safeguards applications
were recognized by workers in both Europe(]) and the U.S.(2’3) These
applications include verification of the Pu content of spent fuels

and confirmatior of previous safeguards information.

Verification of the Pu Content of Spent Fuels

It was recognized that the correlation relationships may be used to
verify the Pu content of spent fuels in two main ways. The first approach,
the historical method, is based simply on accumulating the data (Pu/U
ratios and U and Pu isotopic compositions on dissolved batches of spent

fuels) for a particular reactor and fuel design, developing the
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correlations and then applying the correlations to future similar spent
fuels. It was also recognized that both the facility operator and the
safeguards agency could use the historical method as a cross check on
input measurements of successive batches.

A second method of potential application is to use the correlation
relationships as a means of verifying those input batches which are
measured by the plant operator only. That is to say the agency establishes
relationships between the variables by using data froma few batches measured
by the agency.- The plant operator data on other batches, should, within
the limits of statistical error, then bear the same relationships. In
practice, both methods couid be used simu]taneous?y in that the safeguards
agency could always make some redundant measurements but could vary the
intensity of independent measurement with the nature and extent of the

previously established data base. Again, it was recognized that the

‘safeguards agency. as well as the facility operator could use the isotopic

correlations developed from chemical plant data to test the consistency of

measurements made on a series of input batches.

Confirmation of Previous Safeguards Information

The continuous nature of the burnup paths and the feature that they
are characteristic of spent fuel from a given reactor can be used to

confirm previous safeguards information. Typical applications would

exposure. When extensive historical data are available, the confirmation

"may be extended to include reported changes in fuel design and reactor

operating conditions.




Since much of the previous experimental work, particularly the U.S.
work, was iimited as to reactor type‘and fuel design, it was important
that the concepts be tested and demonstrated on a broader scale. The
MOL IIT experiment which included spent fuel’ from a CANDU reactor (natural
U, heavy water moderated) offered an excellent opportunity to test and
demonstrate the concepts further.

During the planning stage of the MOL III experiment, the following
objectives were formulated for the isotopic correlation part of. the

experiment:

1. Develop from the input accountability data and the preproceséing
data the relationships between Pu concentration in the fuel and
the U and Pu isotopic compositions. Similarly develop the
\reiatienships which provide the internal consistency checks on
isotopic composition measurements made on successive input batches

of the same fuel type.

2. Test the constancy of certain relationships by comparing the
observed batch to batch variation with the apparent measurability

of the variables.

3. Using the results of 1 and 2 above, illustrate the various potential
safeguards applications of the isotopic correlation technique and
the extent to which such -application can be applied in a quantitative

manner.

During the planning stage, it was well recognized .that full achievement
of these objectives might be limited by practical considerations. Two

possible obstacles existed. The first limitation stemmed from the expected



fairly narrow exposure range of the CANDU fuel as well as the fact that
the fuel could not be segregated according to exposure. As a consequence,
there was a good possibility that successive dissolution batches might be
too .uniform in exposure. In addition, the nature of Eurochemic head end
process is such that many of the input batches do not contain the
unaltered ratios of the key nuclides as present in the spent fuel. This
occurs because normally, the fuel is declad by chemical attach which

- could preferentially dissolve a "richer" outer layer of the fuel rods.
Also, the declad fuel is usually dissolved in recycle acid which often
times contains significant quantities of U and Pu. The “true" ratios

of the nuclide in the spent fuel are then arrived at by making a
correction for the quantities and isotopes added with the recycle acid.
Here it was expected that the effect would be to 1ncrease‘the variation
of the input data rather than to prevent the realization of the objectives
of the experiment. By contrast, if successive dissolution batches turned
out to be of nearly the same exposure, then the correlation part of the
experiment would reduce largely to a measurability test. Fortunately,

a useful exposure range of about 1850 MWD/tonne U did result for the

dissolution batches of the CANDU fuel.




6.2. SUMMARY AND CONCLUSIONS

Provisional accountability data reported by Eurochemic on input
batches as well as preirradiation data were used to form isotopic
correlations. These were developed in some depth for CANDU and CdN fuel.
‘The>1imited number of input batches for TRINO and VAK fuel precluded
similar consistency checks for those fuels. The data were treated from
the standpoint of random error, since only plant data were available at
the time of writing. It is planned to consider the effects of systematic
error (biases) when the data from the other participating measurement
groups are available.

The relationships of safeguards interest were examined by quantitative
me thods of statistical analysis and by graphical means. The between-batch
consistency for dissolution batches of the same fuel was also compared to
the apparent measurability of the nuclide ratios deduced from duplicate
ratio measurements made on the same dissolution batch. The results are

illustrated in detail in the subsequent parts of this report.

6.2.1. Verification of Pu Content

Since the CANDU reactors represent a class of reactors which produce

Pu from a uniform starting material (natural U), special emphasis was

given to CANDU fuel. Results show that 235 236

the 24OPU/239

U depletion, U growth, and
Pu ratio all provide useful historical cross-checks of the
Pu content. Thus, for the processing of more CANDU fuel which was
irradiated under similar conditions, one would expect to see the values
of the relationships repeated within their limits of uncertainty as

shown below:
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Expected Eurochemic MeasuredVValues for
Similar Future CANDU Fuels

Pu/U Pu/U Pu/U
235D A236U 240Pu/239Pu

7458 + 1.3% 45581 + 2.4% 10043 i_].4%

where the Timits of uncertainty are at the 90% confidence level.

235, _

It should be noted that the values and

wt.% 235U0 - wt.% 235U

£
corresponding uncertainties shown above are based on the assumption that

the plant measurement system reproduces itself. Changes in the measure-
ment method or shifts in measurement biases could result in values of
somewhat different magnitudes and uncertainties. The same rationale applies
to redundant measurements made by other parties using different methods

and mass spectrometers. Values for the relationships useful in verifying

Pu content were also obtained for TRINO, VAK, and CdN fuels. Again,

these "historical" bases could be applied to future cores from those reactors
if sufficient supporting data exist to assure that those factors which
cbntro] the conversion ratio are the same. In general, it has been found
that the conversion ratio for identical conditions is fairly constant over

a wide range of exposure. However, parameters, such as the initial enrich-
ment, cladding, fuel design, fuel-to-moderator ratio, that»influence the
conversion ratio, also change the relationships. Although in many cases
those changes are small and can be predicted by theory with some exactness,
the best use of historical values for the relationships is in truly iterative

situations. When the expected changes in the relationships between successive
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cores from a given reactor are large, the safest approach appears to be
that of placing more emphasis on increasing the number of independent
safeguards measurements.

An appreciation of the general agreement expected between the measured
values for the isotopic correlations obtained during the MOL III experiment
and corresponding historical values can be found in the table on page 9 of
this Summary. The table compares measured values with reactor statements
for CANDU fuels. It isrnQF,rhgwgyer, a direct comparison, but rather a
comparison with predicted values based on previous é#perfhéﬁéa] d%ta. ~

Table IV on page 22 in the body of the text also shows some direct compari-

sons with previous measurements for TRINO and VAK fuels for the term
Pu/U 235, . . . . 235
§§é~»where 3 D is defined as the depletion in u.

D .

The consistency found for the isotopic correlations can also be used
to advantage in minimizing the number of independent measurements made by
the safeguards agency. For example, dissolution batches of fuel from the
same reactor which differ only in exposure (e.g. same conversion ratio) form
a homogeneousApopu]ation in that all have the same correlation relatiohships
Here random*sampling for verification is possible. This is demonstrated
for CANDU fuel in Table II on page 13 where it can be seen that the
independent measurément of any one batch would confirm plant measurements

made on all batches.

o LI £ +3
TOrmacion

The measured isotopic and Pu concentration data for CANDU fuel
clearly confirm previous safeguards information about the fuel. This is
shown below by the very close agreement between observed values and values

stated by the reactor operator on the preprocessing data sheet.
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Table I

Measured Versus Reactor Stated
Values for CANDU Fuel

Compa 3on ~ Measured Stated By

_Unitt!/) By Chem. Plant Reactor
Pu/U 7458 7320
235, - | 7458 732
Pull 45581 47860
ATl

Pu/U

70— 10047 10300
28052,
erage U 75950 26000
ut. 2 “Fpy 72.31 72.55
we. % 240py 22.94 22.48
wt. % 23% 0.2857 0.2715
we. % 230y 0.0697 0.0673

(1) Weighted Average of all 9 Batches
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6= 13

In addition to the confirmatory checks shown in the above table, the
initial enrichment (natural U) was confirmed by graphical means. Similar

agreements were found for the other reactors. However, only limited

supporting data were available to insure the validity of these comparisons.

Internal Consistency of the Data - Verification of Analytical Measurements

The internal consistency of the isotopic and plutonium concentration

data may also be used as a means of checking analytical measurements for

random errors. A data point is considered for possible réﬁeasurement or

other confirmatory tests on the basis that it is not consistent with the

"

main body

1 b of data. Two complementary methods of consistency testing -
graphical and statistical analyses - are described in the main body of the
text. It should be noted that this phase of the data analysis effort is

a basic part of the overall safeguards application. It is the first step
in Pu verification, rather than a separate and unrelated effort. Pu
verification subsequently uses the isotopic correlations as a vehicle for
testing whether the reported Pu/U ratio is biased by comparison to history
or to current independent measurements. The internal consistency test
does not reveal, persistent, proportional biases, rather it serves to

reveal any data point which is not consistent with the majority of the

data points.

Potential for Improving Reactor Predictions

Another potential application illustrated by the experimental data is
the value of providing a data feed-back loop from -the chemical plant to
reactor for the purpose of improving the qua1ity of reactor calculations.

The relationships themselves are a good example of this. For example, the
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term %%éﬁ appears to be constant over a wide range of exposure. Thus

D
each batch measurement provides one experimental estimate of this
constant. - A complete campaign can provide a number of replicates. Similar
theory-experiment check points exist for the Pu concentration and U and Pu

isotopic data. Attention is drawn to this aspect of potential application

_ only to encourage those engaged in reactor calculations to consider the

1643,
6.3.1.

-data from this -standpoint. The subject -is-not-discussed further in ‘this

report.

NUMERICAL RESULTS

Verification of Pu Content

The data consist of measurements made on a total of 20 dissolution
batches which were processed during the MOL III experiment. The six
different initial enrichments of the 20 batches of reactor fuels were as
follows.

Initial Enrichment

Reactor Batches (235U Weight Percent)

CANDU 9 0.7114
CdN 5 4.48
. VAK 2 2.33
| 1 2.51

1 2.40"
"TRINO 1 2.92
1 3.31

*An average value of the 2.33 and 2.51 enriched fuels
was assumed.

The initial U data were obtained from the data sheets as received
except for CANDU fuel which initially was natural U fuel. In the corre-

lation investigation, no attempt was made to use any data received other




than the numbers listed as totals for each batch which had been corrected
for jacket dissolution and recycle acid.
For safeguards purposes the provisional input accountability data
as received need to be transformed into more appropriate variables.
Table II gives a display of some of the data in a mannér which is useful

235D and A236U mean, respectively, the

236

for further analyses. Here

235U and the increase in

depletion in U induced by reactor irradiation.

The table itself indicates some of the general properties that the
data suggest. That is to say each reactor and enrichment has its own
"fingerprint" as regards to the manner in which the measured variables
behave. Even with the sampling variation which is present, the possible
contamination with Pu and isotopic material in the recycle acid, and the
existence of measurement error, the various ratios for a reactor and
enrichment exhibit a high degree of consistency. The anomalous results
which occur on occasion such as those involving Pu/U in batch 800 are not
hard to earmark, at least as candidates for furthér investigation.

In Table II the batches for a reactor are ordered according to decreas-

235'U so that for a reactor other variables in

ing weight residual percent
the table which are exposure-dependent will tend to be indicated if the
inherent effect is strong enough. For more details on the origina] data

see Section IV.

230 236

The consistency in the (Pu/U)/“°°D and (Pu/U)/a°°°U ratios depend
upon uniform initial enrichments. It is understood that the CdN batches
were made up of mixed initial enricnments so that this probably accounts

for the relatively high variation in these ratios for the CdN reactor.



Table II

Relationships Between Pu Content and

U and Pu Isotopic Concentrations

Reactor Batch M Puw/U Pu/U A236U
: No. 235, 12365 240Pu/239Pu 735,
(gms/tonne)

capu | 400 | 7361} 46110 10282 0.1597
500 7369 46979 10291 0.1569

900 7472 46995 9927 0.1590

200 7567 46172 9963 0.1639

600 7588 43063 10048 0.1762

800 7282 44353 9757 0.1642

700 7585 44980 10026 0.1686

100 7460 45546 10117 0.1645

300 7438 46027 9980 0.1616

CAN 400 1271 8305 13299 0.1530
100 1196 7586 13374 0.1574

300 1185 7709 13229 0.1536

500 1153 7502 13003 0.1536

200 1177 7498 12025 0.1569

VAK 100 3857 21822 14925 0.1768
200 3858 21877 14364 0.1764

300 3792 21283 15282 0.1781

400 3905 22462 16135 0.1741

TRINO 100 5574 26577 30056 0.2102
200 5163 24909 28829 0.2063
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Table III gives a summary of these results using the following

definitions.

y = the average value of the variable for the reactor

s. = the observed standard deviation of the individual

batch results
sy.=‘tﬁe observed standard deviation of the average
F = to.go("f)'sy."= the 90% confidence Timit term in-the -

sense that 90% confidence 1imits on the mean are

‘-‘;’.iFe

%F

"

F(IOO%)/y.= the 90% confidence limit term in relative
percent

%FY2 = the 90% confidence limit term in relative percent for
a prediction interval involving a similarly replicated

set of data.

Suppose that the members of a set of fuel assemblies, Sa: A]’AZ""’An
come from n different reactor locations within one loading. The members of
another set of assemblies Sb: B]’BZ”"’Bn are irradiated to the same
exposures in the reactor where the location within the reactor for A1° is
~ the same as for Bi' If a variable yiis eipésure—dependent then the
variance of the variabie for assemblies Ai and 31’ which have been dis-
solved as independent batches, are positively correlated in the context

of a population of measurements over all the fuel assemblies. The same

sort of reasoning obtains if the fuel assemblies in set Sa have different
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Table III

A Summary of Results Involving Pu Content

and U and Pu Isotopic .Concentrations

Variable

Pu/U Pu/U Pu/U 4235y

Reactor | Statistic | 23°D 4236y 240p,,/239p, 235
CANDU 7 7,458 | 45,581 10,043 0.1638
sy 108 | 1,274 | 170 0.0058
s 36.1 425 56.5 0.0019

F 67.1 790 105.1 0.0036

%F 0:9% 1.7% 1.0% 2.2%

%F/2 1.3% 2.4% 1.4% 3.1%

CdN 7 1,19 7,720 12,986 0.1549
s 44,6 | 338 555 0.0021

s&. 19.9 151 248 0.0009
F 42.5 322 529 0.00198
%F 3.5% 4.2% 4.1% 1.3%
YFYZ 4.9% 5.9% 5.7% 1.8%

VAK 7 3,853 | 21,861 15,176 0.1763
s, 46.4 482 742 0.00167
S5 23.2 241 371 0.00083
F 54.6 567 873 0.00196

%F 1.4% 2.6% 5.8% 1.1%

LF/Z 2.0% 3.7% 8.1% 1.5%

TRINO y 5,39 | 25,743 | 29,443 0.2083




initial enrichments, one to another, but the assemblies Ai and Bi are
identically enriched. Then for a variable y, which is a function of
enrichment there will be a positive correlation between the results

from assemblies Ai and Bi

.y . 2 R
Because of these conditions the variance sv = s§/n, where sy is

computed from the y values tor the different batches from a given reactor
loading, will tend to overestimate the true variance of the average y

values between identical reactor Toadings. In this sense then the confi-

240Pu/239

dence limits in Table III tend to be conservative for (Pu/U)/ Pu

since the variable is exposure dependent.

These considerations are not pertinent to the variables (Pu/U)/235D

and (PU/U)/A236U and A236U/235U. for the CANDU and CdN reactors since
these variables are not exposure-dependent and the fuel assemblies
initially contained uniform levels of enrichment. For the VAK and TRINO
reactors, however, the fuel assemblies had different initial enrichments

so that different (Pu/U)/235 236

D and (Pu/U)/a""U values are expected for
the different batch resuits for these variables. Confidence limits in
the case ot the TRINO data are not given because the initial enrichments
for the batches are so different that the confidence limits have 1little

validity. It is known, for example, that the (Pu/U)/235

D changes about
7-9% per unit change in the percent initial enrichment, so that the
served variation in the TRINO values are to be expected. Thus :the use

" the observed variation in the case of TRINO would result in unrealistic

confidence limits.




6 - 20

Llet y = Pu/U and x = 235D. If y/x is constant over batches for a

given reactor and initial earichment (as the data suggest) then y and
X are related by the function y = gx. Similar considerations hold when
X = A236U. Graphs of the relationship y = gx then are very useful for
enhancing the comprehension of how the data act as a whole, pinpointing
anomalous results, characterizing the different reactor and enrichment
situations and judging whether the model y = gx is an accurate reflection
of the underlying relationship. Figures 1 and 2 indicate the relation=
ships in Table II by the use of graphs.

The data observed in the MOL III experiment indicate that the model
y = a + bx is appropriate when y = Pu/U and x = 240Pu/239Pu for the
limited range of exposures for a given reactor. The quality of these
re]ationships is shown for the CANDU and the CdN reactors in Figure 3

in the linear range. The least-squares fits give the following results:

(s/y) x 100%

Reactor Relationship r
CANDU y = 442 + 8638x 0.013 0.98
CdN y = 1256 + 3766x 0.014 0.82

The indices which indicate the quality of the fit are (s/y) x 100%, the
residual standard deviation on‘a relative percent basis, and r, the

correlation coefficient.




10.0

8.75

7.50

6.25

5.00

3.75

Pu/U RATIO x 10%3

2.50

FIGURE

: 1.

.
></(2.92)
VAK
(2%30) (2.51)
B A2, 33)
—  CANDU
BATCH 200
BATCH 800
o
BATCH 400, _ o
CaN
] ] L | 1
0.00 0.50 1.00 1.50 z.00 2.50
?35) DEPLETION
Pu/U Ratio Versus 235U Depletion for the MOL III Experiment.

The Curves Shown Have Been Drawn in by Inspection

12-9




10.

Pu/U RATIO x 103

FIGURE 2.

00
.75 -
.50 . !
.25 =
.00 |-
75 I CANDU
TS~ BATCH 800
.50
—37
.25
.00
0.00 0.05 0.12 0.18 0.24 0.30
236y,238y yE16HT RATIOX 1072
: . 236_.,238_. . . g f .
Pu/U Ratio Versus v/ U Weight Ratio for the Mol III Experiment.

‘The Curves Shown-Have Been Drawn in by Inspection.

22 -9




10.00

8.25

7.50

6.25

5.00

Pu/U RATIO X 10°

3.75

2.50

1.25

CANDU
BATCH 800

0.00

FIGURE 3.

.00 0.08 0.16

] i I "

0.24 0.32
240p,,,239% YETGHT RATIO

Pu/U Ratio Versus 240Pu/239Pu Weight Ratio for the Mol III Experiment.

The Curves Shown Have Been Drawn in by Inspection.

0.40

€2 -9




6-+124

6.3.2, Confirmation of Previous Information

A complementary part of the concept of Pu verification is the
concept of confirming that the spent fuel entering the chemical plant
is, indeed, the stated fuel. Here the isotopic correlations as well as
the data themseives are used to match the "stated" or historical finger-
print with the observed fingerprint. The detail of the print or the
number of characteristics which can be matched is of course, highly
dependent on the extent of the historical information. In general, the
information to be confirmed for safeguards purposes include the data
features which identify the particular reactor or reactor class, the stated
values for the end-of-life nuclear materials content, and the initial
composition of the fuel. For purposes of illustration, availabie historica
information is compared to measured values in Table IV. Here the
endeavor is to demonstrate the principles involved rather than make an
exhaustive comparison of all available data or all potentially useful
comparisons. As is evident from the aata in the table, the measured
values clearly confirm the previous information about the fuels. The

use of the technique to confirm starting compositions is shown graphically

in Figures 4 and 5. If a relationship y = a + bx exists, where x = 235U
weight percent, the initial enrichment can be estimated by settingy =0
and solving for x. The best relationship of this kind occurs when y = Pu/U.

238

In Figure 4 the initial 235U/ U value for a given reactor can be estimated

graphically by finding the abscissa value on the line which corresponds to

the initial 236U/238U ordinate value.
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Table IV

Comparison of Preprocessing Information
With Measured Chemical Plant Data

Reactor Identifying (1) Observed Reactor
Fuel Characteristic Value Statement
Pu/U
CANDU 7% 7458 7320
. Pgég 45581 47860
- 2238y e I
" PufV 10047 10300
205,/ 2595,
: Wt. % 239y 0.2857 0.2715
! wt. % 236y 0.0697 0.0673
" wt. % 23%y 72.31 72.55
" wt. % 240p, 22.04 22.48
" Average Exposure 5950 6000
(MWD/tonne)
. Pu/U (gms./tonne) 3176 3193
TRINO Pu/U 5397 5469 (+5350)(2)
735,
n %%69—-§§§—— 29295 29751
Pu/™""Pu
" Pu/U (gms./tonne) 5682 5857
n Wt. % 239y 2.063 2.045
n wt. % 239, 77.01 75.93

(1) Weighted Average of all Input Batches of Each Fuel

(2) Estimated From Historical Measured Values Previously
Reported by Curochemic (5).
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Table 1V

(Continued)

4363 (n4740)(2)

Reactor Identifying 1) Observed Reactor
Fuel Characteristics Value Statement
Pu/U
)Qﬂs 2350 3841
" Pu/U .
21640 24944
A236U
Pu/U
" 7 v B T 15000 _.20882
240Pu/239Pu
’ we. % 23%y 1.048 1.073
" ut. % 2y 0.2462 10.240
" wt. % 2%,y 66.18 65.76
: wt. % 2%0py 22.77 18.25
" Pu/U (gms./tonne) 5161 5756
Pu/u
CdN 255, 1205 1386
: We. 4 239y 3.008 3.057
" Pu/U (gms./tonne) 1774 1972

(1) Heighted Average of all Input Batches of Each Fuel.

(2) Estimated From Historical Measured Values Previously

Reported by Eurochemic (5).
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6.3.3. Internal Consistency of the Data

6.3.3.1. General Description of the Results by the Use of Graphs

The results which have been reviewed previously indicate that the

Pu content and the U and Pu isotopic concentrations show strong

patterns of consistency.

In addition to these results, the following

graphical relationships are relevant and are shown in Figures 4, 5, 6,

and 7.

Figure

4

y = f(x)

236,,,238

U/

240,, ,239, .
Pu/ " Pu

240, ,239

Pu/ """ Pu

240,,,/239%,

235,,,238

X

u/

u

235U/238U

236,,,238

236

u/
u/

U
235U

If the safeguards inspectorate knew the exact conditions of the

load, the reactor and the irradiation he could, theoretically at least,

determine the constituent makeup of the irradiated material. Hc..ever

the inspectorate does not wish to assume the reactor's stated parameter
values without an adequate check.

functional relationships exist.

It is known, however, that the

What is not known, a priori, is the

extent to which the functional relationships are retained on a batch

basis when a dissolution batch contains an entire fuel assembly. There

are also effects due to the possible contamination by dissolver acid

and to sampling variation and measurement error.

Figures 4, 5, 6, and

7 in addition to Figures 1, 2 and 3 are useful in assessing the extent

to which these functional relationships are retained. The figures are

also useful in depicting and understanding the general form of the
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relationships and in earmarking results which appear to be anomalous.

The procedure to this point in assessing internal consistency is

as follows.

1.

The
the data

The original plant measurement data are ordered according to

235,

decreasing weight percent U. This is a simple but effective

procedure for evaluating the data consistency since increas-

ing or decreasing magnitude should be a property which is

invariant for the different measurement variables.

The original data are transformed to variables which are more
meaningful for eliciting the nature of the underlying batch to
batch relationships for the different reactors where the previous

batch ordering is retained.

These data are then -displayed in graphical form in order to
obtain an empirical basis for determining the general form of
the equations, for comparing reactors and enrichments and for

isolating the values which appear to be anomalous.

main conclusions to this point which are pertinent to assessing
consistency.are as follows:

The underlying relationships between the Pu/U and isotopic values
of the batches hLave a strong enough imprint to show through

imperfections in the measurements and the head end process.

The analyses give very firm evidence that the model y = Bx, or

y/x = 8 is, within the limitations of measurement and sampling

235 236U.

errors, correct when y = Pu/U and x = Dorx=a
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3. The measurements which are apparently anomalous are rather easy
to separate out. A statistical basis for adjudging their
anomalous character also needs to be developed and this is

done in the next section.

6.3.3.2. The Use of Regression Procedures to Study Consistency

The graphical methods of Section C.1 are very useful for displaying
the data and for understanding what the data indicate in regards to
reactor and enrichment differences, batch to batch consistency and the
functional form of the underlying relationships between variables.

Foaddoddan
LGLI)UILG’I

(=9
(%]

In addition, it is also desirable to have numerical an

o

methods for assessing the overall consistency exhibited by the data
and for judging whether an individual batch result for a given vari-
abie is reliable.

In order to do this, least-squares fits to the data were obtained
within the range of the data based on models of degree 0 or 1. The
models are justified on empirical grounds in the sense that a) the range
of the average exposures in the batches from a set is small, b) the
least-squares tits are obviously effective and c) higher degree
models do not improve the quality of the fits.

The correlation coefficients and the relative standard deviations
of the residuals can be used as indices to indicate the overall quality
of the fit. The residuals, the differences between the observed dependent
variable and the predicted dependent variables, can be used to assess the
quality of the observations. In practice it is better to normalize a
particular residual by dividing the rusidual by its estimated standard

deviation. The residuals expressed as percentages of the predicted
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dependent variables are also useful.

The following fits were made for both the CANDU and the CdN data.

34

Dependent Independent
Fit Variable Variable Model
(Pu/U g/tonne) _
1 235, ---- y=c
» (ggé U g/,tonne_) e y =
A™Y7U in wty
6
3 22200/ ---- y=¢
4 (Pu/U g/tonne) 240Pu/239Pu y = a + bx
5 240Pu/239pu 2359 v = a + bx
6 240p,, /239, 2235y y=a+bx
7 240Ru/239~Pu 236.,U/235U y = a+ bx

The least-squares fit for c¢ in the model y = ¢ is c =y

The formulae for the .three residual forms are as follows:

Form Definition Formula
residual observed y - predicted y ry =Yyt Yy
. residual r.
(norgqélz?d) [standard deviation gl-
residua of the ry
residual
(percent ) residual x 100% ry X 100%
residual predicted y -

Y




The normalized forw of the residual is tne most easily interpreted
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in the context of the consistency of the Pu/U ratios and the isotopic

data since ri/Sr. should be less than 2 most of the time. Exact

critical values for normalized residuals are hard to establish, however.

1

[4] Results for CANDU data are presented in Tables V and VI. Results

for CdN are given in Tables VII and VIII.

The conclusions and indications which are shown by the least-squares

analysis are as follows:

1.

The high correlation coefficients and the low relative standard
deviations of the residuals from the CANDU data indicate that

the fits are good.

There are no extremely bad residuals although some of the
normalized residuals from CANDU suggest that outliers exist
in batch 600, for fits 2, 3, and 6 since all of the values
for these fits have absolute magnitudes near 2. The same
type of situation is encountered in batch 400, fit 7, and
batch 800 fits 1 and 4. Since batch 400 has the smallest
exposure this may indicate that the linear model is not

completely adequate over the whole range.

The least-squares results from the CdN data, as judged by the
correlation coefficients and the residual relative standard
deviations, are not as good as for CANDU data. This may
delimit the sensitivity required for isolating suspect obser-

vations.

A residual which indicates a defective observation may be caused by

either a bad independent or dependent variable. For this reason other
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Table V

The Results of the Least-Squares Fit of Pu

-and Isotopic Data From the CANDU Reactor

Model
y = 7457.7
¥ = 45,581
¥ = 0.1638

442.5 + 8637.9x
-0.0712 + 0.910x

.0.04565 + 3.881x

0.1697 *+ 0.5938x

Dependent
Variable

(Pu/U g/tonne)
235D

(Pu/U g/tonne)
A236U in wt%

2236 235

U/

(Pu/U g/tonne)

Pus23%y

240
240p,,/23%,

240Pu/239Pu

Relative
Correlation Standard Deviation
0.014
0.028
0.034
0.98 0.013
0.97 0.017
0.94 0.028
0.97 0.020
Independent
Variable Model
_——— y=s¢
———— y=¢
- y=e¢
240Pu/239Pu y = a+ bx
2350 y = a+ bx
A236U y =a+bx
236U/235U y = a+ bx
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Table VI

Various Residual. Forms Used to Check on
the Internal Consistency of CANDU Data

Legend: Dependent Independent
1 (Pu/u)/%%p

2 (Pu/u)/a30y

3 A236U/235D
4 puju 2405, /2% -
5 240Pu/239Pu 235D
240 .
6 “‘OPu/ngPu A236U
7 240Pu/239Pu 236U/235U
The Residuals Normalized
The Number of the Fit
Batch 1 2 3 4 5 [ 7
400 - .9 ! - .7 - .1 - .5 -1.5 -1.6
500 - .9 1.1 -1.2 1.0 -1.6 - .2 - .5
900 . 1.1 - .8 -1.2 1.3 1.2 1.9
200 1.0 .5 .0 - .2 1.1 .9 .2
600 1.2 -2.0 2.1 .5 .7 -2.0 1.3
800 -1.6 -1.0 Jd -2.0 - .1 .3 -1.0
700 1.2 - .4 .8 .5 i -1 - .6
100 .0 - .0 .0 1.0 -1.0 - .1 1
300 - .2 .3 - .4 A -1.0 1.0 -.3
The Residuals as Per Cents
The Number of the Fit
Bath 1 2z 3 & 5 & 1
40