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1.0 INTRODUCTION

Sizewell B Power Station is based upon a four-loop Westinghouse Pressurised Water Reactor (PWR)
with a core thermal rating of 3411 MW. It is the first commercial PWR to be constructed in the UK,
and is currently in an advanced stage of commissioning. As part of the process of granting formal
consent for the construction of Sizewell B, the government established a Public Inquiry which ran
from 1983 to 1985. As a result of the Inquiry, concerns were raised with regard to the use of the
evaluation methodology for LOCA analysis (as prescribed in 10CFR50 Appendix K). These concerns
were related to the difficulties of quantifying the margins to safety, and hence in demonstrating that
the method resulted in a conservative assessment of the Peak Cladding Temperature (PCT). The
licensing framework in the UK, unlike the USA, is not prescriptive, and Nuclear Electric (formerly
the Central Electricity Generating Board) decided in 1985 to adopt a LOCA licensing methodology
based on the application of physically based mechanistic codes. It was understood from the outset
that, in order to produce such a safety case for the Pre-Operational Safety Report (POSR), a
methodology would be required for the treatment of uncertainties. NNC were contracted to develop
an uncertainties methodology and to provide the large LOCA analysis.

Following the decision to adopt a mechanistic approach, a code review was conducted during 1986
and 1987 which culminated in the selection of the proprietary Westinghouse code WCOBRA/TRAC
as the main thermal-hydraulic licensing code for large LOCA. The period of 1987-1991 involved a
substantial programme of code development, verification, validation and nodalisation studies
culminating in the production of a frozen code version for the formal safety analysis. Finally, during
the period 1991-1992, the plant analysis was undertaken including the application of an uncertainties
methodology which had been developed between 1986 and 1991. This work was supported by a
substantial R&D programme. In addition, Nuclear Electric undertook a programme of independent
assessment of the NNC analysis using the TRAC-PF1/MOD1 code. The Sizewell B large LOCA
safety case has been formally submitted to the Nuclear Installations Inspectorate (Nil).

2.0 OVERVIEW OF METHODOLOGY

Throughout the development of the methodology, a key requirement was that it could be applied
within the available timescales and resource levels. A brief outline of the method is presented below.
It will be noted that the method bears many similarities to the Code Scaling, Applicability and
Uncertainty (CSAU) study undertaken by the USNRC. However, as outlined below, the method
differs significantly in two specific areas.

• Select Code and Version - As outlined above, a code review was undertaken to assess the
suitability of various code options. The selected code, WCOBRA/TRAC, was judged to
satisfy all the necessary criteria and had the advantage of a very flexible noding capability for
the vessel. Following a period of code development, a frozen code version was established

!PWR Project Group, Nuclear Electric pic, Booths Hall, Chelford Road, Knutsford, Cheshire,
WAI6 8QG

2NNC Ltd, Booths Hall, Chelford Road, Knutsford, Cheshire, WA16 8QZ



-42-

for the formal validation and subsequent plant analysis.

Establishment of Validation Matrix - In parallel with the code development, a dataset review
was undertaken to evaluate the available experimental datasets for the major phenomena
judged to be associated with large LOCA (e.g. downcomer bypass, critical flow, post-dryout
heat transfer). This review was carried out as part of the supporting R&D programme by a
team of independent UK experts, who classified the data in terms of factors such as quality,
scale and relevance to plant conditions. Based on these recommendations, a validation matrix
was constructed which addressed the majority of the important phenomena. The preference
was to utilise full scale facility data wherever this was available, so as to minimise any
uncertainties associated with scale.

Code Validation and Plant Nodalisation - WCOBRA/TRAC was validated using the separate
effects and integral effects tests identified in the validation matrix. Throughout the validation
analysis, strict nodalisation and modelling guidelines have been adopted to ensure consistency
within the various validation analyses. This minimises any effects due to nodalisation
preferences of individual analysts, and the essential features of the validation nodalisations are
transferred to the plant model.

Phenomena Ranking - As the four-loop PWR considered in the CSAU analysis is similar to
the Sizewell B PWR, the CSAU Phenomena Identification and Ranking Table (PIRT) was
taken as the starting point for ranking the phenomena. This table was reviewed and modified
by a team of NNC experts, based on the results of the validation calculations and experience
gained from plant analysis.

Define Plant Operating Parameters - The plant operating parameters were set at their
bounding limits for full power operation. This approach has been adopted to ensure that
the safety case is applicable at all times of life. It is different from the CSAU approach and
has a significant effect on the final calculated PCT.

Define Accident Boundary Conditions - The accident boundary conditions including break
location, safeguards system operation and treatment of off-site power have all been set at
conservative values. Where necessary, this has been achieved by undertaking specific
sensitivity analysis (e.g. to define the worst break size and location).

Perform Plant Sensitivity Calculations - Uncertainties in the highly ranked phenomena were
addressed in the uncertainty analysis by performing plant sensitivity analyses. These
calculations determined the sensitivity of the PCT to the phenomena by incorporating
multipliers which modified specific models. The values of the multipliers were generally
determined from the validation studies by comparing code predictions with experimental data,
and including an additional allowance for experimental error. The ranges were judged to
provide a reasonable bound on the data uncertainty. This approach differs from that of
CSAU in that no specific level of confidence was attached to these multipliers, and it has the
advantage that there is no need to assume a particular form for the probability distribution
function. Plant sensitivity calculations were also undertaken to assess the uncertainties
highlighted in the nodalisation development.

In addition to quantifying the sensitivity of the PCT to the phenomena and model
uncertainties, sensitivity studies were also undertaken to demonstrate the absence of 'cliff-
edge' effects. In such cases, the range of multipliers was wider than that which would be
required to provide a reasonable bound to the experimental data.

Determine Effect of Combined Uncertainties - For the uncertainties which have the largest
effect on the PCT, a number of combined uncertainty analyses were undertaken to determine
whether the phenomena interact in a non-linear manner. A final combined uncertainty
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calculation was then undertaken, with the model uncertainties selected using a judgemental
process based on the results of the previous single and combined uncertainty analyses. For
the final combined uncertainty analysis, the multipliers were in some cases relaxed to provide
a less extreme and more physical representation of the phenomena. A number of biases were
then added to this PCT in order to obtain the overall PCT for the large LOCA safety
assessment. These biases were separately evaluated and, although they may not be totally
independent of the other uncertainties, it was judged conservative to add these biases as
additional penalties.

The major difference between the Sizewell B method and CSAU is that the Sizewell B method does
not attempt to provide a specified level of confidence in the PCT or the uncertainty ranges. Instead,
engineering judgement is used to ensure that the final PCT has an associated high level of confidence.
This is achieved by using bounding and conservative values in the assessment.

3.0 DETAILED APPLICATION OF METHOD

3.1 Uncertainties in Models and Phenomena arising from Code Validation

The overall conclusion of the validation study was that WCOBRA/TRAC is well validated for
performing large LOCA plant analysis and that it adequately models the majority of the phenomena.
However, for some key phenomena, there was sufficient uncertainty in the code to data comparison,
the experimental uncertainties or the range of conditions covered, that for these phenomena further
consideration was required as part of the overall assessment of uncertainties. These phenomena were
addressed by performing plant sensitivity calculations.

The dataset reviews examined the quality of the data and the accuracy of the instrumentation as well
as determining the applicability of the data to the plant transient. Uncertainty in the measured
experimental initial and boundary conditions was minimised by selecting good quality test data. The
residual uncertainties in the experimental data were addressed via the plant sensitivity calculations,
as the code model multipliers were defined to encompass both experimental and calculational
uncertainties.

The uncertainties in the models and phenomena were separately ranked for each of the blowdown,
refill and reflood phases of a large LOCA as indicated in Table 1. With the exception of models
which were known to be conservative, the majority of those phenomena or models ranked as high
were investigated by plant sensitivity calculations, as indicated in Table 1. Those high ranking
models which were not demonstrably conservative and had not been the subject of further sensitivity
analysis were assumed to be bounded by uncertainties in other related or interacting phenomena. For
example, uncertainties in rod heat transfer during the nucleate boiling regime was judged to be
bounded by the assessed uncertainties in the post-dryout heat transfer regime.

The nodalisation uncertainties were minimised by applying consistent nodalisations throughout the
validation study and conserving the significant features of these nodalisations in the plant model. The
plant nodalisation was further supported by sensitivity studies. However, two important aspects of
nodalisation were not addressed by the validation study, namely the hot assembly core channel and
the upper head and guide tubes. The hot assembly model was demonstrated to be very conservative
by plant calculations, so no further nodalisation study was required. The upper head and guide tube
nodalisation was considered in plant sensitivity calculations as part of the uncertainty assessment.

The effects of scale were minimised by selecting full scale data wherever this was available.
Examples of such facilities include Marviken for critical flow, the Upper Plenum Test Facility
(UPTF) for downcomer bypass, upper plenum de-entrainment, steam binding and cold leg
phenomena, ACHILLES for accumulator nitrogen blowdown modelling and post-dryout heat transfer,
and FLECHT-SEASET for post-dryout heat transfer. The LOFT facility, which has a volume scale
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of l/48th of a four loop PWR, has a short vessel and non-prototypic downcomer and upper plenum.
It was shown in the CSAU analysis that the effects of scale are largely confined to the refill and
reflood phases, and LOFT data were therefore used to investigate the interaction of phenomena during
the blowdown phase where the effects of scale are at a minimum.

3.2 Uncertainties in Reactor Operating Conditions

The uncertainties in the reactor operating conditions were separately ranked for each of the
blowdown, refill and reflood phases of a large LOCA as indicated in Table 2. Those parameters
ranked as medium or high were set either at the safety analysis bounding limit or at a demonstrably
conservative value. This invokes additional conservatism as the individual parametric values are not
all achievable at the same time in life.

Examples of the specific assumptions include:

• Total reactor power was modelled as 102% to allow for measurement uncertainties.

• The overall power peaking factor was bounded by applying the limiting FQ value of 2.32.

• A uniform chopped cosine was used to defined the axial power profile. Sensitivity
calculations undertaken for the two extremes of allowable axial offset demonstrated the
conservatism of this assumption.

• The radial power profile across the core was modelled by low, average and hot assembly
regions. The hot rod was located within the hot assembly. WCOBRA/TRAC does not
predict a discernible 'chimney' effect for the hot assembly thermal hydraulics, and the rods
in the hot assembly and the hot rod therefore achieved significantly higher clad temperatures
than the average rods.

3.3 Uncertainties in Accident Boundary Conditions

The uncertainties in the accident boundary conditions were also separately ranked for each of the
blowdown, refill and reflood phases of a large LOCA as indicated in Table 3. Those parameters
ranked as medium or high were set at conservative bounding values.

Examples of the specific boundary conditions applied include:

• Decay heat was modelled using the ANS 79 standard plus uncertainties, with input conditions
selected to provide values of decay heat which are bounding at all times of life.

• Control rods were assumed to fail to insert on reactor trip.

• The base case scenario was a double-ended cold leg guillotine break with a break flow
multiplier of unity, which sensitivity analysis showed to be the limiting case.

• Minimum Emergency Core Cooling System (ECCS) safeguards was modelled so as to
maximise the PCT. Injection was modelled as being into the two intact cold legs closest to
the broken loop so as to maximise the downcomer bypass during the blowdown phase.

• The containment pressure was set conservatively low, so as to maximise steam binding during
reflood, by assuming maximum containment safeguards.

• Off-site power was modelled as being available, as sensitivity analysis showed this to be



slightly more conservative than assuming loss of off-site power.

• The broken loop Reactor Coolant Pump (RCP) impeller was assumed to lock prior to reflood.

• Steam generator reverse heat transfer was maximised by isolating the steam and feedlines, so
as to increase the effect of steam binding during reflood.

• The hot assembly was located so as to minimise its cooling during upper head blowdown.

3.4 Code Uncertainties

A number of uncertainties exist in any large thermal-hydraulics code due to approximations in the
models and correlations. Such uncertainties were effectively addressed in the validation study, and
did not need to be separately assessed.

The possibility of significant coding errors was judged to be negligible, due to the maturity of
WCOBRA/TRAC, its extensive application, and the specific verification which was conducted on all
the major calculational routines. Any remaining coding errors were likely to be of a minor nature,
and were judged not to significantly affect the validation results.

3.5 Base Case and Sensitivity Analyses

As indicated in Table 1, the uncertainty in twelve phenomena or models was investigated by plant
sensitivity calculations. The uncertainties were bounded by applying multipliers to specific models.
The multipliers were determined by comparing the calculated results with the experimental data such
that the code predictions bounded the data after allowance was made for experimental errors. Where
no relevant data was available, large ranges were applied to the multipliers to assess the sensitivity
of the PCT to the particular phenomena and to ensure there were no 'cliff-edge' effects.

The critical flow, post-dryout heat transfer, steam binding and hot leg slip are examples of where
multipliers were based on code comparisons with experimental data. Examples of uncertainties for
which no experimental data comparisons were utilised include pump degradation, core entrainment
and upper head blowdown.

The individual uncertainty analyses addressed the limits of the uncertainty range both to determine
the sensitivity of the PCT and to demonstrate that no 'cliff-edge' effects were present. In the majority
of cases, the uncertainty ranges in the phenomena and models considered were extreme, and in some
cases unphysical.

The nominal base case analysis simulated a double-ended cold leg guillotine break with a break flow
multiplier of unity. The reactor and accident boundary conditions were set at demonstrably
conservative or bounding values, and off-site power was assumed available. The only adjustment to
any model was to apply a multiplier of 0.9 to the two-phase break flow model, as this was the value
which gave the best fit to the Marviken data.

The PCT for the base case analysis was 1202K. Table 4 lists the sensitivity calculations and the PCT
difference from the base case analysis. A number of calculations were not continued beyond the start
of reflood due, in general, to the reflood dynamics uncertainty which is described below. For these
cases, the PCT temperature increase over the base case is quoted at the start of reflood.

3.6 Reflood Dynamics
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The early stages of reflood are affected by a number of interacting phenomena. However, the main
uncertainty is in the timing of the accumulator nitrogen blowdown and the interaction of the resultant
pressurisation with the oscillatory reflood flow. The complexity of the interacting phenomena
occurring during the accumulator nitrogen blowdown phase (termed reflood dynamics) is illustrated
by the following description.

The pressurisation of the intact cold legs and the top of the downcomer region forces liquid from
these regions out through the break and into the containment. The pressurisation also lowers the
downcomer liquid level forcing a large plug of liquid up through the core. The amount of liquid
forced through the core at this time is dependent on the pressurisation of the top of the downcomer,
which is influenced by the venting capacity of the break. The water movement in this region prior
to nitrogen blowdown is governed by condensation effects in the intact cold legs and downcomer.
The water which passes through the core partly de-entrains in the upper plenum and partly flows into
the steam generator tubes, via the hot legs, where it vaporises, resulting in steam binding. The liquid
which has de-entrained in the upper plenum can drain back into the core. This liquid will vaporise,
improving the rod to fluid heat transfer but retarding the bottom-up quench front progression. The
low core liquid level and the consequently higher downcomer liquid level produced as a result of the
increased steam generation in the core can significantly increase the vessel side break flow.

To investigate the uncertainty to the reflood dynamics effect, the plant uncertainty calculations were
examined to determine the variations in the time difference between the start of reflood and initiation
of the nitrogen blowdown phase. The time window was found to be -5.2 to +2.6 seconds with
respect to the base case analysis. This time window also takes account of uncertainties in the initial
accumulator water volume and nitrogen pressure. A total of eleven sensitivity calculations were
performed to determine the effect of the sensitivity on the reflood behaviour and on the PCT. The
results showed an apparently random effect on the PCT with the maximum increase over the base case
being +44K, and with no calculation falling below the base case PCT value. This bias was increased
to 50K to allow for possible small increases due to the time variations which were not specifically
assessed. As this uncertainty was essentially random and solely due to a timing effect it was treated
as a bias, with the full penalty being conservatively added to determine the overall PCT.

The variation of up to 50K on the PCT associated with the reflood dynamics uncertainty calculation
made it difficult to quantify the individual parameter uncertainties during reflood. For this reason,
many individual uncertainty calculations were not continued beyond the start of reflood.

3.7 Uncertainty Interaction Calculations

It can be seen from Table 4 that the largest uncertainties in the PCT arose from the critical flow and
post-dryout heat transfer phenomena. To examine possible interactions of these uncertainties,
additional plant analyses were undertaken to assess each of the four possible combinations of the
minimum and maximum values for the two phenomena. The results of these analyses showed that
the phenomena combine in an almost linear manner. The results also confirmed that the worst
combination was nominal critical flow and minimum post-dryout heat transfer.

3.8 Combined Uncertainties Calculation

A combined uncertainties calculation was used to calculate the final PCT, before the addition of
biases. Each individual uncertainty calculation was examined to determine the significance of the
phenomena in terms of the deviation from the base case analysis. Criteria used in the assessment
were the effect on the overall calculation and the change to the PCT. Where a physical phenomena
was judged to have a potentially significant impact, that phenomena was included in the overall
uncertainty calculation.

The phenomena included were:
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• Off-site power - assumed available as this produced a PCT penalty compared with the case
where off-site power was not available.

• Critical flow - set to the nominal value as this produced the highest PCT compared to the
upper and lower extremities of the uncertainty range.

• Post-dryout heat transfer - a multiplier of 0.85 was used in the combined uncertainties
calculation for both blowdown and reflood. The 0.7 reflood factor used in the individual
uncertainty analysis was judged to be overly conservative, being primarily used to investigate
the existence of 'cliff-edge' effects. The factor of 0.85 applied in reflood still provided a
conservative bound of the radially averaged PCTs from the experimental data.

• Pump two-phase behaviour - had a significant influence on the blowdown PCT, producing
a penalty of 3 IK at the start of reflood. The full two standard deviations in the head and
torque multipliers were retained in the overall combined uncertainty calculation.

• Slip in intact cold legs - set to unity as it significantly influenced the PCT during blowdown
and produced a penalty of 27K at the start of reflood.

• Condensation in intact cold legs - was reduced by a factor of 10 from the nominal value. The
original uncertainty, which totally suppressed condensation, was judged to be too extreme for
the combined uncertainty calculation.

• Steam binding - the delayed calculation of steam binding was included in the combined
uncertainty calculation as it gave a better, though still conservative, estimate of this
phenomenon. The sensitivity calculation gave a PCT benefit of 39K.

The phenomena not included in the combined uncertainties calculation were:

• Minimum film boiling temperature - was used in the code to predict both quench front
progression and spontaneous rewet. The validation showed that quench front progression
during blowdown was very conservatively predicted, whilst a reasonable prediction was
obtained during reflood. The lower limit of the spontaneous rewet temperature was not
bounded at high pressures by the minimum film boiling temperature model. However, for
large LOCA analysis, it was judged to be the quench front progression which provided the
dominant influence on PCT rather than spontaneous rewet. It was judged that the
conservatism in the high pressure quench front progression plus the application of post-dryout
heat transfer sensitivity multipliers was adequate to bound any uncertainties in the minimum
film boiling temperature.

• Accumulator nitrogen blowdown - was not included as uncertainties in this model did not
produce a PCT penalty.

• Upper head blowdown - was not included as both uncertainty calculations showed a benefit
in PCT at the start of reflood.

• Hot leg slip - was not included as uncertainties did not have a significant effect on the PCT.

• Condensation ramp - was not included as its uncertainty is in conflict with the suppression
of condensation, which showed a larger PCT penalty.

• Core entrainment - was not included as its uncertainty did not significantly affect the PCT.

Table 5 presents the temperature differences between the combined uncertainties calculation and the
base case, together with the equivalent results for the single uncertainty calculations. The PCT



- 4 S -

differences are separately quoted for the start of reflood and for the overall PCT.

For the start of reflood, the penalty associated with the heat transfer uncertainty was partly due to a
delay in the start of reflood and partly due to the reduced heat transfer. The penalties associated with
the pump degradation, cold leg slip and cold leg condensation uncertainty calculations were all caused
by a delay to the start of reflood. The combined uncertainty calculation showed the individual
uncertainties were not additive, and a substantial delay to the start of reflood was not predicted.

A comparison for the final PCT was more difficult due to the random influence of the reflood
dynamics on the calculations, which produced a variation of up to 50K in the predicted PCTs. An
examination of the individual analyses indicated that the base case, pump degradation, steam binding
and combined uncertainties calculations all produced favourable refloods, whereas the heat transfer
and cold leg condensation analyses produced unfavourable refloods. If only a single calculation is
considered, it is impossible to separate out the effect of the uncertainty due to reflood dynamics from
the effect of the individual uncertainty under consideration. However, it can be argued that the
reduced heat transfer calculation produced a PCT penalty whereas the simulated delay to the
calculation of steam binding produced a benefit.

If we consider that the pump degradation, cold leg slip and cold leg condensation uncertainties
produced a random effect during reflood, then the combined uncertainties result is seen to be
consistent with the individual uncertainties. If a less favourable reflood had resulted for the combined
uncertainties calculation, then a PCT penalty of +76K might have resulted. PCT penalties in the
range +26K to +76K appear to be consistent with the individual uncertainties given the competing
effects of the heat transfer and steam binding uncertainties, the reduced ranges for post-dryout heat
transfer and cold leg condensation uncertainties, and the random variation produced by the reflood
dynamics.

3.9 Overall Bounding Peak Clad Temperature

The overall bounding value for the PCT was determined from the uncertainty analysis by taking the
results of the combined uncertainties calculation and adding three bounding biases.

The biases included were:

• Reflood dynamics - has been extensively discussed. It was present, to some degree, in ever}'
calculation, and the simplest way to treat it was to take the maximum value and apply it as
a bias.

• Clad ballooning - was assessed using the Westinghouse code BART-A1. BART-A1 is a
dynamic ballooning code which has been extensively validated against a variety of separate
effects and clad ballooning experiments. For the plant analysis, the necessary boundary
conditions were supplied by WCOBRA/TRAC. A variety of calculations were undertaken
to assess the sensitivity to various parameters, and to ensure that no 'cliff-edge' effects
existed. The final bounding bias was obtained by imposing a very conservative limiting
blockage profile derived from a review of dynamic clad ballooning experiments. This large
conservatism allows for uncertainties in the WCOBRA/TRAC boundary conditions and
enables the clad ballooning penalty to be treated as a bias.

• Pressuriser location - a sensitivity calculation, undertaken once the full uncertainty analysis
was underway, revealed a small PCT penalty prior to reflood if the pressuriser was located
in the broken loop. This was not considered to be significant in terms of the overall PCT,
but was nevertheless included as a conservative bias.

The overall PCT was obtained by summating the combined uncertainty penalty of 1228K, together
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with the biases for reflood dynamics (+50K), clad ballooning (+110K) and pressuriser location
(+12K), giving a final bounding PCT of 1400K. This gave a margin of 77K to the fuel rod
structural integrity limit of 1477K.

4.0 BETTER ESTIMATE CALCULATION

The base case analysis used for the uncertainty analysis included a large number of conservatisms.
A better estimate large break LOCA analysis was therefore undertaken to demonstrate that the PCT
could be significantly reduced by the use of more realistic plant operating parameters and boundary
conditions.

The relaxations applied for the better estimate calculation were:

• Core power - was set at its nominal 100% value.

• Fuel stored energy - was modelled using bounding values representative of base load
operation.

• Decay heat - was modelled for a typical equilibrium cycle.

• Peaking factors - were modelled for a typical equilibrium cycle.

• Accumulators - were all assumed to be operational.

• Safety injection system - pumps were all assumed to be operational.

• Steam generators - were all modelled with feedwater flow maintained.

The better estimate calculation produced a PCT of 872K, representing a reduction of 33OK on the
PCT of 1202K given by the base case calculation described in 3.5 above.

5.0 RESOURCE REQUIREMENTS

The methodology required 13 sensitivity calculations to determine the boundary conditions in terms
of break location, break size, etc.. The uncertainty analysis itself comprised 13 calculations
simulating the whole transient, with a further 24 modelling only part of the transient. In addition,
18 BART-A1 calculations were undertaken to investigate the clad ballooning phenomenon.

If the methodology were to be applied to a nuclear plant of similar design to Sizewell B, it is judged
that the maximum number of calculations which would be required are 13 full analyses and 13 part-
transient analyses. Only three BART-A1 clad ballooning analyses would be required.

6.0 SUMMARY AND CONCLUSIONS

This paper presents an uncertainty methodology which has been successfully applied to the licensing
of Sizewell B for large break LOCA. The emphasis of this approach has been on gaining a detailed
understanding of the physical processes and of the sensitivity to individual phenomena. The major
contributors to uncertainty have been identified, and have subsequently been included in a combined
uncertainty analysis.

The combined uncertainty analysis demonstrated that uncertainties did not combine in a highly non-
linear manner. Phenomena such as the random reflood effect and clad ballooning have been treated
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as bounding biases in the assessment of the overall bounding peak clad temperature.

The plant initial and boundary conditions have been conservatively defined for the uncertainty
analysis. A better estimate calculation, which uses more realistic assumptions, shows a large benefit
in the predicted peak clad temperature, thereby demonstrating the conservatism of the uncertainty
analysis.

The UK licensing regime is not prescriptive in terms of the approach to large LOCA analysis, and
no attempt has been made to apply a formal probability or confidence limit to the final PCT. Rather,
reliance has been placed on engineering judgement, to ensure that the final bounding peak clad
temperature is conservative.

The Sizewell B uncertainty analysis was completed within the timescale and resources limitations.
It has been shown to be practical in its application and reductions in the required analysis scope have
been identified for any future plants of similar design.
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Table 1 : Uncertainties in Models and Phenomena

Phenomenon / Model

Fuel rod material properties
thermal conductivity
specific heat
gap conductance +

Rod heat transfer

Post-dryout heat transfer *

Minimum film boiling temperature *

Critical heat flux

Entrainment in core *

Interfacial drag in core

Interfacial heat transfer in core *

Grid model +

Hot assembly model +

Critical flow at break *

Critical flow in surgeline

Pump two-phase behaviour *

Hot leg slip in blowdown *

Upper head blowdown *

Fission heat model +

Flashing in pressuriser

Lower plenum sweep-out

Cold leg phenomena *

ECCS downcomer bypass +

Downcomer wall heat transfer

CCFL at nozzle and core plates

Steam binding during reflood *

Accumulator nitrogen model *

Dissolved nitrogen

Accumulator line losses

Rank

Blowdown

L
L
H

H

H

M

M

M

M

M

H

H

H

M

M

M

H

M

M

M

H

H

M

L

-

-

L

M

Refill

L
L
M

H

H

L

L

L

L

L

L

L

L

L

L

-

L

-

L

L

H

-

M

L

-

-

M

M

Reflood

L
L
M

H

H

H

M

H

H

H

H

H

L

L

L

-

L

-

L

L

H

-

M

H

H

H

M

M



- 52 -

Table 1 (Continued)

Phenomenon / Model

Condensation rate *

Metal / water reaction

Entrainment at top of downcomer in reflood

Break flow during reflood

Lower plenum wall heat transfer

Phenomena interaction

Reflood dynamics *

Rank

Blowdown

L

L

-

-

M

H

-

Refill

H

L

-

-

M

L

-

Reflood

H

M

H

H

M

H

H

Key.

H

M

Placed at conservative bound

Sensitivity analysis undertaken

High

Medium

Low
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Table 2 : Uncertainties in Plant Operating Conditions

Plant Operating Condition

Total reactor power

Power peaking factors

Axial power profile

Radial power profile

Fuel internal pressure

Fuel stored energy /
Initial fuel temperatures

Fuel burnup

Primary circuit pressure

Secondary circuit pressure

Coolant temperature

Initial loop flows

Rank

Blowdown

H

H

M

H

L

H

H

L

L

L

L

Refill

H

H

M

H

L

L

H

L

L

L

L

Reflood

H

H

M

H

L

L

H

L

M

L

L

Key

H

M

L

High

Medium

Low
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Table 3 : Uncertainties in Accident Boundary Conditions

Accident Boundary Conditions and
Assumptions

Decay heat

Control rod insertion

Break size

Break location

Break opening time

Injection flow characteristics

Injection water temperature

Accumulator water volume

Accumulator water temperature

Accumulator nitrogen pressure

Pressuriser water volume

Pressuriser water temperature

Containment backing pressure

Availability of off-site power

Locking of RCP impellers

Steam generator reverse heat transfer

Location of hot assembly

Location of operational accumulators and
injection trains

Rank

Blowdown

L

M

H

H

L

L

L

L

L

L

L

L

L

H

L

L

H

H

Refill

H

L

H

H

L

M

M

M

M

M

L

L

L

H

L

L

L

L

Reflood

H

L

H

H

L

M

M

M

M

M

L

L

H

H

H

H

L

L

Key

H

M

L

High

Medium

Low

Note : Coincident steam generator tube rupture is outside of the design basis.



Table 4 : Plant Base Case and Sensitivity Analyses

Uncertainty

Base case

Critical flow

Post-dryout heat transfer

Pump degradation

Quenching behaviour

Core entrainment

Parameter

Break discharge rate

Break discharge rate

Heat transfer factor and interfacial
heat transfer factor

Head and torque curves

Minimum film boiling temperature

Entrainment rate

Multiplier / Value

Nominal:
Subcooled 1.0
Two-phase 0.9

Maximum:
Subcooled 1.37
Two-phase 1.10

Minimum:
Subcooled 0.81
Two-phase 0.78

Maximum:
Blowdown 1.0
Reflood 1.3

Minimum:
Blowdown 0.85
Reflood 0.7

Plus two standard deviations

Correlation -50K at high pressure

Maximum: 1.5

Minimum: 0.5

AT (K)

-

-11

-90

-33

+92

+ 31
(start of reflood)

+ 32

+ 1

+ 2
(start of reflood)



Table 4 (Continued)

Uncertainty

Intact cold leg phenomena

Accumulator nitrogen blowdown

Upper head blowdown

Steam binding

Hot leg slip

Reflood

Effect of non-condensibles on
condensation

Parameter

Interphase slip

Interphase heat transfer

Nitrogen pressure

Guide tube loss coefficient

Liquid carryover to steam generators

Interphase slip distribution
parameter (Co)

Initiation of nitrogen blowdown

Condensation ramp

Multiplier / Value

1.0

0.0

50% reduction

No blowdown

200%

20%

30 seconds delay

1.0

1.3

-5.2s to +2.6s

Unrestrained condensation

AT (K)

+ 27
(start of reflood)

+ 50

Negligible

-82

-18
(start of reflood)

-18
(start of reflood)

-39

+4
(start of reflood)

+ 11
(start of reflood)

+44
(maximum from 11

calculations)

+ 12
(start of reflood)

i



Table 5 : Combined Uncertainties Results

Uncertainty

Heat transfer *

Pump degradation

Cold leg slip

Cold leg condensation *

Steam binding

Combined uncertainties

Combined uncertainties including
reflood dynamics bias of 50K

Effect on Peak Clad Temperature (AT)

Start of Reflood (K)

+29

+ 31

+27

+ 16

-

+40

+40

Final PCT (K)

+ 92

-32

-

+ 50

-39

+ 26

+76

Key

Less conservative model variation applied for combined uncertainties calculation.


