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Abstract

A new criticality safety assessment based on Actinide-Only Burnup Credit has been developed to cover op-
erations in BNFL's Thermal Oxide Reprocessing Plant (THORP). Reduction of the gadolinium concentration
leads to significant reduction in active waste volumes. Detailed description of the methodology was presented at
ICNC 1999 and the basic components of the approved safety case have remained unchanged from those proposed
then. This paper presents a brief summary of the new methodology, and describes further analyses carried out to
quantify additional safety margins. These additional margins are not credited in the derivation of the operating
limits, but provide further evidence of the fault tolerance inherent in the new regime.

As part of the arrangements to monitor the overall performance of the plant and instrumentation under the new
regime, various analyses of plant data are made, including 'on-line' cross checks of measured versus expected fuel
parameters (i.e. in addition to the checks on Residual Enrichment). Statistical analyses of data are made and
compared with similar data from earlier batches. A summary of analyses made on some of the early fuel batches is
presented here. A summary of the likely further development in the Burnup Credit methodology is given in this
paper.
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1. Introduction compliance checks it is necessary to make suitable
allowance for uncertainties. These are derived from

The BNFL Sellafield Site provides facilities for the comparison of measured values with values derived
dissolution of sheared fuel, clarification and accoun- fi7om suppliers' data for individual fuel elements.
tancy of product liquor and buffer storage and condi-
tioning of this liquor, prior to transfer to the chemical Statistical analyses of data for batches of fuel ele-
separation stage of the Thermal Oxide Reprocessing ments are made and compared with similar data from
Plant (Thorp) earlier batches, to check that the performance of the

measurement system remains within required limits. A
A new criticality safety assessment based on Acti- summary of analyses made on some of the early fuel.

nide-Only Burnup Credit has been developed to cover batches is presented here.
operations in te head-end of Thorp. The original
criticality safety case was based on the 'fresh fuel' The implications of the permanent inclusion of ftiels
assumption, which resulted in a significant at increased initial enrichment and higher burnable
over-poisoning of the dissolver acid with gadolinium. poison loading in the permitted baseload, along with
Reduction of the gadoliniurn concentration leads to other non-standard fel elements, is currently being
significant reduction in active waste volumes. Fol- assessed. A summary of the likely further development
lowing Regulatory approval, the new operating regime in the Burnup Credit methodology is also given.
was introduced in June of 2002. Detailed description of
the methodology was presented at ICNC 1999 and the
basic components of the approved safety case have 2. Brief Description of Process
remained unchanged from those proposed then. This
paper presents a brief summary of the new methodol- Enriched uranium oxide ftiels are sheared into short
ogy, and describes further analyses carried out to lengths by a shearpack and this sheared fuel passes
quantify additional safety margins. These additional down the dissolver feed chute into a perforated steel
margins are not credited in the derivation of the oper- basket in one of three dissolver vessels. The dissolver
ating limits, but provide further evidence of the fault contains the required volume of a hot solution of nitric
tolerance inherent in the new regime. acid and gadolinium nitrate soluble neutron poison.

While fuel is being sheared into the dissolver basket,
Implementation of the new methodology involves steam may also be injected into the process side of an

measurements of the Residual Enrichment (RE) in the Off Gas Condenser.
spent fuel to demonstrate compliance with the safe
limits. In implementing this measurement as part of the
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When shearing has ceased and the required mass, up through comparison with a range of MOX benchmarks
to the peak batch inventory, has been transferred to the (including a case with gadolinium dissolved in the
dissolver, the feed chute is removed, the dissolver lid moderator). Further evidence of the accuracy of the
closed and the dissolver contents heated to leach tem- code scheme was provided by benchmarking against
perature. After leaching, full cooling is applied to the the CERES International experiments on spent fuel
dissolver jacket and the liquor allowed to cool. Nx reactivity
gases are then added to condition the liquor and fol-
lowing conditioning fines suspended in the product Both depletion and k-effective calculations were
liquor are allowed to settle to the base of the vessel. carried out in such a way as to provide conservative

estimates of safe conditions. Some key assumptions in
When the dissolver temperature is sufficiently low the depletion calculation include:

and after the quiescent period of fines settling, product a High soluble boron concentration (PWR fuel)
liquor is then transferred to the centrifuge feed tank * Low cooling time
prior to sentencing to downstream chemical separation 0 High power rating
processes. & High fuel-to-moderator (maximum rod diame-

The criticality assessment described here covers the ter, minimum pitch)

dissolution and settling process. Separate assessments For calculations of k-effective in the dissolver, two
are made for chemical separation. key assumptions are made:

No credit is taken for dissolution during ftiel
3. Summary of Methodology charging (reactivity is highest in the undissolved state)

Optimum packing fraction of the sheared ftiel pieces
The original criticality safety assessment for the in the acid.

Thorp Head-end plant was based on 'fresh-ftiel' as-
sumptions. This allowed a relatively simple, but very Having determined the appropriate criticality safety
conservative, safety justification, which included a criteria, the next stage of the project was to establish all
requirement to the inclusion of dissolved gadoliniurn in the combinations of Initial Enrichment (IE) and
the dissolver acid to achieve compliance with critical- Bum-up (BU) which satisfy these criteria during nor-
ity safety criteria. mal dissolver operations and under fault conditions,

known as the 'Safe Fuel Domain'.
The presence of the gadoliniurn in the liquors fed

forward to the rest of the process results in significant This concept is illustrated below in Figure 1. The
increases of waste volumes. Reduction in waste vl- domain boundary is formed from a series of IE/BU
umes provide reductions in both overall risk and cost of points which exactly satisfy the relevant criterion.
operations. It was recognised that burnup credit could
be used to establish a less conservative criticality as-
sessment and consequent reductions in gadolinium Dilution
concentration in the dissolution process. Normal Acid

Conditions
Detailed description of the methodology was pre-

E
sented at ICNC 1999') and the basic components of the
approved safety case have remained unchanged from
those proposed then. The methodology applies 'Acti-
nide-only' bumup credit, taking account of reactivity
losses associated with changes to the uranium and
plutonium content of fuel during irradiation. 2 2.5 3 3.5 4 4.5

Initial Enrichment

Extensive calculations were performed using the Fig.l: Safe Region ofthe Initial Enrich-

reactor physics code WIMS7 in conjunction with the ment/Bum-up Domain

Monte Carlo Neutronics code MONK7. WIMS7 was

used to calculate fuel inventories at a range of initial As described previously, WIMS7 was used to cal-

enrichment and bum-up. Both WIMS7 and MONK7 culate the uranium and plutonium inventories at a range

were used to calculate k-effective or various spent fuel of fuel bum-ups. For each condition considered,

scenarios needed to justify the criticality safety as- WIMS7 was then also used in scoping calculations to

sessment. Calculations were also carried out to under- determine the approximate position of a domain

pin the validity of the methodology. Comparison with boundary. The calculations identified the maximum

Post Irradiation Experimental (PIE) data is used to fuel enrichment to satisfy the criterion at zero irradia-

establish the accuracy of the depletion calculations. tion and determined the bum-up required to satisfy the

Validation ofthe k-effective calculations is established criterion at higher pre-irradiation enrichments.
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At each bum-up/enrichment combination the pack- 5 Implementation
ing fraction of the fuel in the acid required
re-optimising; resulting in a large number of WIMS7 5.1 Residual Enrichment Measurement
calculations being required. Having determined the Before being passed to the shearing cell all elements
optimum packing fraction, MONK7 was then used to pass through the Thorp Fuel Pond Feed Monitors.
accurately calculate the system k-effective values and These carry out a range of measurements to confirm
demonstrate compliance with criteria. that the fuel is compliant with criticality and radio-

logical safety criteria. The measurements include;
Further checks were made to determine how Re- Cooling time, Burnup, Residual Enrichment (RE), and

sidual Enrichment varies along the domain boundary. Initial Enrichment (IE).
This parameter is measured for each element before
shearing. Since spent fuel Residual Enrichment (de- RE is derived from measurement of sub-critical
rived in U235-equivalent) is closely related to spent neutron multiplication, calibrated against data received
fuel reactivity, it provides a convenient way of verify- from the suppliers of the fuel. This data is used to form
ing compliance. It was demonstrated that Residual the equivalent U235 enrichment from the residual
Enrichment along the boundary is bounded (i.e. is a U235, Pu239 and Pu24I in the fuel. For Pu239 and
minimum) by the value at zero burnup. This is to be Pu241 factors are applied to create their equivalent (in
expected, since the presence of non-fissile plutonium reactivity) U235 mass. These factors are based on the
isotopes at higher burnup is balanced by higher fissile relative thermal fission cross-sections.
content (relative to the zero burnup case)

The values of RE derived from the suppliers data
4. Rationale for Applying Actinide-Only Credit may then be used to convert the measurements of neu-

tron multiplication into Residual Enrichment. This
Prior to applying burnup credit, consideration was calibration is carried out prior to each fuel campaign,

also given to possible alternative ways of achieving based on a selection of elements covering the appro-
reduction in gadolinium poison concentration. In prin- priate range of fuel parameters.
ciple it might have been possible to take credit for fuel
dissolution and/or 'real' packing fractions. It might 5.2 Performance Checks on Monitors
also be possible to batch the ftiel by initial enrichment As part of a programme of checks on plant, the
band, so that lower enriched elements might be dis- output of the Fuel Pond Feed Monitors is under con-
solved in lower gadoliniurn concentrations. stant review to ensure that these remain within required

performance limits. These checks include review of the
However, it was decided that Actinide-only credit original calibration settings, as more data become

offered the most practicable option. In particular the available, and on the level of agreement between de-
following issues are pertinent: clared and measured values for individual elements.

• Burnup is an intrinsic part of the fuel composi- Analysis of the differences between declared and
tion measured values provides an estimate of the uncer-

• Other candidates (e.g. fuel dissolution) might be tainties in the various parameters. For RE, which has
undermined by accident conditions (dilution) increased significance since the introduction of burnup

• Global packing fraction in the dissolver is rea- credit, detailed analysis of the monitor results has led to
sonably well known, but local variations are refinement in the calibration algorithms and to im-
difficult to quantify provements in the representation of uncertainty.

• Batching by initial enrichment would involve
variable safe limits on gadolinium, which The latter is illustrated in Figures 2a & 2b below,
would be complex to implement which compares frequency plots of observed differ-

ences using the old and the new algorithms. For the

It was decided that Actinide-Only credit offered a 'old' data the uncertainty in RE was assumed to be
reliable way of reducing gadolinium concentration (by independent of the RE value and it is seen that there is
a factor of about 2 in a way that could be readily im- evidence of non-normal distribution in the differences.
plemented on the plant. In particular, the use of meas- In the second plot the uncertainty has been derived as
ured Residual Enrichment provides a well-proven linear function of the RE (derived from analysis of the
method of demonstrating compliance with the Safe observed differences over the ftiel campaign). It is seen
Fuel Domain. that the distribution is very close to normal and with no

sign of significant bias.
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Fig.3. k-effective as a function of burnup (maximum
ftiel mass & IE, normal acid conditions)

Tolerance to overloading is illustrated in Figure 4.
This shows k-effective as a function of mass of fuel in
the dissolver. In this case the burnup & IE correspond

LL to an element right at the Safe Domain Boundary. As

before the fuel is considered to be undissolved and at
optimum packing fraction. In this case it is seen that the
system will remain sub-critical whatever the fuel
loading.Measured-Declared (Old)

Figs.2a&2b Statistical Analysis of Observed Dif- 0.95
ferences between Measured and Declared RE 0.94 -

r_ 0.93 ----------
6. Fault Tolerance and Additional Margins il

-IC 0.92

In addition to deriving the Safe Domain Boundary 0.91
for the fuel in the dissolver, calculations were also
made to demonstrate how criticality safety is tolerant to 0.9
process or plant faults. Criticality is controlled through 1 1.2 1.4 1.6 1.8 2
limiting gadolinium concentration, burnup/initial en- Fuel Mass (rel. to normal full charge)

richment, and fuel mass. These are considered in turn Fig.4 k-effective as a function of fuel mass
below

Tolerance to loss of gadolinium was illustrated by It should be noted that the results shown above
deriving a second Safe Domain Boundary corre- correspond to optimised packing fractions of the fuel
sponding to a worst-case water dilution accident (see pieces in the dissolver. Measurement of the height of
Figure 1). Based on the current base-load for Thorp, it the stack of sheared fuel pin pieces actually achieved
is found that very few elements (much less than 1%) during charging allows quite precise monitoring of the
fall outside the safe domain for this very low probabil- real packing fractions. These data show that average
ity accident. packing fractions are well below the optimum assumed

in the criticality assessment. Calculations for fuel at the

Tolerance to low bumup is illustrated in Figure 3 'real' packing fraction yield a k-effective over 14%
which shows k-effective as a function of burnup for (Ak) lower than the optimised case. This is a substantial
fuel at the maximum allowable initial enrichment margin, sufficient such that were the dissolver to be
(4w/o). It is seen that the system becomes just critical at fully loaded with fresh fuel at the maximum permitted
zero burnup. It should be noted that this assumes no initial enrichment (4w/o U235) land with no dissolution,
dissolution and optimum packing fraction. Given the k-effective would be less than 09.

substantial margin (see below) that these assumptions
represent, it is concluded that even if fuel at maximum
IE and zero burnup were fed into the dissolver, the
system would remain sub-critical.
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Calculations were also made to assess the size of this dissolved gadolinium requirement of nearly 50%,
margin (packing fraction) relative to loss of gadolinium. which in turn permits a significant reduction in waste
These showed the reactivity effect is equivalent to a volumes.
dilution of the gadolinium by a factor of about 2 - well
above the bounding dilution accident identified by the In calculating the safe domain boundary some sig-
safety assessment. nificantly conservative assumptions were made, par-

ticularly with respect to packing faction and fuel dis-
7. Future Development of BUC Methodology solution during charging. Additional calculations have

shown that these assumptions represent a large addi-
Work is continuing to develop Bumup Credit to tional safety margin. It is shown that criticality safety is

cover anticipated requirements in Thorp. In particular highly fault tolerant, being capable of withstanding a
this is expected to involve processing of elements at full load of fresh fuel or a reduction of gadolinium
higher initial enrichment. Analyses of a wide range of concentration by more than the bounding dilution ac-
PIE data, show no significant trend in accuracy of cident.
depletion calculations with lE, but further work will be
presented to establish validation for any extension to Since implementation of the new regime, detailed
higher IE. In support of these efforts BNFL continues analysis of the Fuel Pond Fuel Monitor results has been
to participate in international programmes such as made to ensure that the system continues to perform
ARIANE and MALIBU, which provide spent fuel with the required accuracy. On the basis of data col-
isotopic data for different ftiel types and for a wide lected over several campaigns improvements to the
range of nuclides significant to bumup credit. These calibration and uncertainty algorithms have been iden-
include a set of fission products controlling about 75% tified.
of the total fission product reactivity contribution.

Studies on the effects of integral burnable poisons on
both the depletion and k-effective calculations are References
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