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Abstract

One of the major life-limiting factors of an Advanced Gas-cooled Reactor (AGR) nuclear power station is
the graphite core as it cannot be repaired or replaced and therefore detailed information about the health of
the core is vital for continued safe operation. The graphite bricks that comprise the core experience gradual
degradation during operation as a result of irradiation. Routine physical inspection of the graphite core
fuel channels is performed by specialist inspection equipment during outages every 12 months to 3 years. It
has also been shown to be advantageous to supplement this periodic inspection information with analysis of
operational data which can provide additional insights into the core health. One such approach is through
the use of online monitoring data called the Fuel Grab Load Trace (FGLT). An FGLT is a measure of the
perceived load of the fuel assembly with contributions from aerodynamic forces and frictional forces, which
is related to bore diameter.

This paper describes enhancements to existing analysis of FGLT data which, to date, has focussed solely
on using data from a single reactor at a time to build bore estimation models, by considering data from
multiple reactors to produce a generalised model of bore estimation. This paper initially describes the
process of producing a bore estimation from an FGLT by isolating the contribution that relates to the fuel
channel bore and then discusses the limitations with the existing bore estimation model. Improvements are
then proposed for the bore estimation model and a detailed assessment is undertaken to understand the
effect of each of these proposed improvements. In addition, the effect of introducing non-linear regression
models to further enhance the bore estimation is explored. The existing model is trained on data from one
reactor in the UK and therefore the results produced from it are only applicable to this reactor. However, out
of the remaining 13 nuclear reactors currently in operation, 3 also have a similar construction to the reactor
the model is trained on, and these should all produce similar FGLT data. Therefore, a generalised model is
proposed that produces bore estimations for four AGRs stations reactors, compared with one previously. It
is shown that this approach offers an improved overall bore estimation model.

Keywords: Fuel grab load trace, condition monitoring, advanced gas-cooled reactor (AGR), graphite core,
nuclear engineering, nuclear power plant

1. Introduction

Currently, there are seven advanced gas-cooled
reactor (AGR) power stations operating in the
United Kingdom, each with two identical reactors
and all operated by EDF Energy (World Nuclear5

Association (2017)). These 7 stations are all ap-
proaching their planned closure date (see Table 1).
The graphite bricks that make up the core act as
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both a moderator in the nuclear reaction and also
provide structural integrity for the entire core. As10

these bricks cannot be repaired or replaced they are
one of the main life-limiting factors of these type of
power stations.

Therefore a significant element of the decision-
making process on whether to extend the lifetime15

of these stations is the routine assessment of the
health of the graphite core. This can be done in
one of two ways, firstly through physical inspection
during outages that occur every 12 months to 3
years and secondly through monitoring data gath-20
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Station Construction
Started

Connected
to grid

Original
closure date

Extended
closure date

Dungeness B 1965 1983 2018 2028
Hartlepool 1968 1983 2018 2024
Heysham 1 1970 1983 2018 2024
Heysham 2 1980 1988 2023 2030
Hinkley Point B 1967 1976 2011 2023
Hunterston B 1967 1976 2011 2023
Torness 1980 1988 2023 2030

Table 1: Construction, connection, original closure and extended closure dates of all 7 AGRs currently in operation World
Nuclear Association (2017)

ered during refuelling events, which occur every 6 to
8 weeks. The physical inspection and video inspec-
tion footage provides very accurate measurements
of the fuel channel, however, as the power plant is
required to be shut down to perform this the data is25

gathered periodically and monitoring data is used
to give more continual and frequent assessments of
the core state. One type of monitoring data used
to achieve this is fuel grab load trace (FGLT) data,
which was originally used for safety purposes to pro-30

tect the reactor in the event of any faults during
refuelling. The data retrieved is a measure of the
perceived weight of the fuel assembly as it is being
removed or inserted into the core.

From previous work, it has been shown that this35

FGLT data can be used to provide information
about the variations in the diameter of the fuel
channel bore. In West et al. (2006, 2007) an intro-
duction to the concept of FGLT analysis was dis-
cussed as well as a thorough overview of the data40

capture system. West et al. (2009) discusses the
British Energy Trace Analysis (BETA) system, an
automated intelligent analysis system for the assess-
ment of FGLT data. The concept of isolating and
removing various components of the FGLT data45

was discussed in West et al. (2014) and using the
corresponding inspection data previously gathered
it was shown that it is possible to train a predictive
model to estimate the fuel channel bore diameter
and thus the health of the core from each individ-50

ual FGLT. Berry et al. (2017) expands upon this
by proposing improvements to the model which in-
creases the accuracy in the upper core regions as
well as providing estimations for a larger area of
the fuel channel. The work discussed in Berry et al.55

(2017) focused on providing bore estimations for
offload depressurised refuelling data, Young et al.
(2018) expanded on this by producing estimations

for onload pressurised refuelling data by removing
the aerodynamic effects. To date all this work has60

focused on data gathered from a single reactor, the
novel contribution of this paper is the generaliza-
tion of fuel channel estimation to a single model
trained on data from multiple reactors at different
operational stages, with different histories.65

The next section of this paper provides back-
ground information about the construction and re-
fuelling of AGR cores and also the various defects
that can occur during operation. Details of the dif-
ferences between the FGLT data and the diame-70

ter measurements taken during inspection are pre-
sented in the next section. Section three presents a
breakdown of the various components of an FGLT,
while section four presents the existing bore esti-
mation model along with some proposed changes to75

improve the implementation. Section five presents
the results and a comparison between different ver-
sions of the bore estimation model and section six
proposes a generalised bore estimation model to
produced bore estimates for two stations, four reac-80

tors, in the UK. Finally, the conclusions and future
work are presented in section seven.

2. Advanced Gas-cooled Reactors

2.1. Overview

Out of the eight nuclear power stations in the85

UK currently in operation, seven of these are AGR
design, the other Sizewell B is a pressurized wa-
ter reactor (World Nuclear Association (2017)). An
AGR core is made from thousands of interlocking
hollow cylindrical graphite bricks. Fig. 1a and 1b,90

show a small section of a core and the arrangement
of the graphite bricks within it. Graphite not only
provides structural integrity to the core but also
acts as the moderator (Bradford and Steer (2008)).

2



(a) (b)

(c) (d)

Figure 1: (a) Graphite brick arrangment within an AGR core
(b) Graphite core during construction, (c) Fuel stringer nose
assembly, and (d) Lower stabilisng brush (Steer (2007))

The vertical fuel, control and cooling gas channels,95

typically are composed of a stack of eleven graphite
bricks and allow for the insertion of the fuel assem-
bly (Fig. 2), control rods and the circulation of the
carbon dioxide coolant respectively.

As the graphite is irradiated in the reactor it100

begins to shrink, however, in later life it begins
to expand (Brocklehurst and Kelly (1993); Mars-
den et al. (2008); Crump et al. (2017); Maul et al.
(2017)), the point that this occurs is called the
graphite turnaround point. The shrinkage or ex-105

pansion of the graphite has a resulting effect on
the fuel channel bore diameter. Further to this at
the turnaround point the internal stresses on the
graphite brick reverse, at some point after this time
a crack can occur axially which can also increase the110

diameter of the fuel channel. In an attempt to repli-
cate this effect, experiments have been performed
(Bradford and Steer (2008)) which have produced
secondary cracks in the test graphite bricks. If this
were to happen in the AGR core it could also have115

the effect of reducing the diameter of the fuel chan-
nel bore. This could potentially lead to issues with
the insertion or removal of the fuel from the fuel
channels.

Figure 2: Fuel assembly (Pang et al. (2007))

2.2. Condition Monitoring and Inspection120

Every 12 months to 3 years during planned out-
ages inspection of the AGR cores is performed.
During this time the bore diameter of the fuel chan-
nel bricks is measured either by a Channel Bore
Inspection Unit (CBIU) or a New In Core Inspec-125

tion Equipment mark 2 (NICIE 2) (Cole-Baker and
Reed (2007)). Both of these devices perform a phys-
ical inspection of the fuel channel and can, there-
fore, be considered as accurate. Fig. 3a shows an
example of inspection data retrieved during one of130

these planned outages. To safely determine the
health of the core up to 31 out of 308 channels
are inspected at any of these outages, however,
this number has increased as the reactors have ap-
proached the end of their design lifetime. As the135

inspection data can only be gathered when the reac-
tor is offline and is therefore performed periodically,

(a) (b)

Figure 3: Example of (a) inspection and (b) monitoring data
for brick layers 3 to 11 of an AGR core
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rather than continuously, any additional informa-
tion that can be gained during normal operation
is beneficial and can be used to support the safety140

case. One way of achieving this is by using mon-
itoring data gathered during refuelling events that
occur every 6 to 8 weeks. This data was originally
only used to inform the reactor protection trip sys-
tem in the event of any faults occurring during re-145

fuelling. As the fuel stringer is inserted or removed
from the fuel channel, load cells on the refuelling
machine directly measure the perceived load of the
fuel assembly in millivolts. This perceived load will
be a combination of the frictional and aerodynamic150

forces acting on the fuel assembly, by isolating the
frictional component, which is related to bore di-
ameter, a better understanding of the health of the
fuel channel can be achieved. Fig. 3b shows an
example of the FGLT data recorded during a refu-155

elling event. This FGLT data is an indirect measure
of bore diameter and contains contributions from
other effects so is far less accurate than the inspec-
tion data. Further processing of the data is also
required before a bore estimation can be retrieved.160

This section has presented an overview of the
AGR system, the evolution of the graphite core
during operation, and also discussed the current
monitoring and inspection equipment. A thorough
examination of all aspects of the AGR stations is165

beyond the scope of this paper. However, further
information and a more thorough background into
the AGR design can be found in British Electricity
International (1992).

3. Fuel Grab Load Trace Components170

Previous work in West et al. (2014); Berry et al.
(2017); Young et al. (2018) has shown that an
FGLT can be modelled as a combination of four
components. These four components are the con-
tribution from the lower (KL) and upper (KU ) sta-175

bilizing brushes, the deadweight of the fuel stringer
(m), and the aerodynamic effects (FG) due to gases
in the fuel channel. Through discussion with spe-
cialist engineers, theoretical understanding and ex-
tensive FGLT data exploration the approximate180

contributions for each of these components are
shown in Fig. 4.

Eq. 1 (Berry et al. (2017)) shows the correspond-
ing load value in an FGLT given the height (h) of
the lower stabilising brush (LSB) in the fuel chan-185

(a) (b)

(c) (d)

Figure 4: Approximated components of an FGLT (a) Lower
stabilising brush contribution (b) Upper stabilising brush
contribution (c) Fuel stringer deadweight (d) Estimation of
aerodynamic effects

nel:

L(h) = KL(Φ(h))+KU (Φ(h+d))+FG(h)+m(1)

where KL(Φ(h)) is the LSB frictional component
for the bore diameter (Φ) at height h, KU (Φ(h +
d)) is the upper stabilising brush (USB) frictional190

component at height (h+d) where d is the distance
between the lower and upper stabilizing brushes,
FG(h) is the aerodynamic forces which change with
height (h), and m is the mass, or deadweight, of
the fuel stringer (m) which is constant throughout195

each trace (West et al. (2014)).
The approximate LSB contribution (KL(Φ(h)))

is shown in Fig. 4a. This contribution is the com-
ponent that is of most interest as this contribution
is related to the fuel channel bore diameter. Fig.200

4b shows the approximate contribution from the
upper stabilizing brush (USB) (KU (Φ(h+d))). For

Figure 5: Example of FGLT data, with USB contributions
and fuel stringer deadweight highlighted
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Figure 6: Diagram of AGR core, with piston seal bore and
fuel guide tube highlighted British Electricity International

(1992)

the majority of the discharge or charge, the USB
does not have an effect on the FGLT due to hav-
ing a smaller diameter than the LSB. However, at205

two points in the FGLT, see Fig. 5, there is a fric-
tional contribution from the USB. The first point
is when the USB passes through the start of the
guide tube (Fig. 6), this occurs from the start
of refuelling and first appears in the FGLT when210

the LSB is passing through brick layer 3 and ends
partly through brick layer 4. This is noticeable in
the corresponding FGLT as an offset throughout
this region. The second point is when the USB
passes a piston seal bore (Fig. 6), this is when the215

LSB is passing through the middle of brick layer 5
and is noticeable as a step change in this region.
Fig. 4c is the deadweight of the fuel stringer (m).
The mass of the fuel assembly is slightly different
for each refuelling, depending on whether new or220

rotated fuel is being inserted, and thus has the ef-
fect of a different constant offset in the FGLT. It
is however assumed that the mass will not change
throughout the course of each individual refuelling.
The last component, which is also the most com-225

plex as the effects cannot be easily modelled Young
et al. (2018), relates to the various aerodynamic ef-
fects caused by gas circulating throughout the core
supporting some of the weight of the fuel assem-
bly. This can be broken down into three regions;230

an in core region, an out of core region and a tran-
sitional region between the two. Fig. 4d shows an

estimation of the aerodynamic effects (FG(h)). The
removal of these gas effects is beyond the scope of
this paper, and hence the rest of the paper is only235

applicable for offload depressurised refuelling where
the gas effects are negligible. Young et al. (2018)
discusses an approach for the removal of the gas
effects from onload pressurised data.

4. Bore Estimation Model240

4.1. Existing Model

The bore estimation algorithm presented in
Berry et al. (2017) improved the accuracy of es-
timating the fuel channel bore diameter from an
FGLT compared with the previous iteration pre-245

sented in West et al. (2014). It was shown through
iterative improvements and multiple models that
the root mean square error and maximum error was
improved, this was especially notable in brick layers
7 to 10. Another major improvement over the pre-250

vious version was the area covered by the estimation
which included previously neglected regions in the
previous models (brick layers 3 to 5). These were
originally neglected as there was no pre-processing
step to remove the USB contributions in the initial255

model.

Figure 7: Bore estimation model process from Berry et al.
(2017)

Fig. 7 shows the existing process of producing
a bore estimation from a raw FGLT. The initial
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Figure 8: Example of data from double peak region

step is to perform pre-processing on the data, to at-
tempt to remove the additional components of the260

FGLT (Fig. 4). Firstly, the deadweight of the fuel
stringer is estimated by examining the load value
for a region in the FGLT where neither the LSB or
USB has any frictional contribution, and the gas ef-
fects are negligible. This occurs directly after brick265

layer 11 when the LSB is passing through the piston
seal bore and is called the double peak region (Fig.
8). Currently, the load value is visually determined
then entered manually into the algorithm. The sec-
ond pre-processing step is to remove the USB con-270

tributions, as these always occur in three regions:
brick layer 3 and the start of brick layer 4 (Fig. 9)
and the middle of brick layer 5 (Fig. 10). An al-
gorithm was designed to detect the step change at
the start of brick layer 4, the end of the first USB275

contribution region, and also both step changes at
either side of the USB notch. By assuming these
contributions are both constant these effects can
be removed. The constant offset was determined
by taking the average load value for the USB notch280

region in brick layer 5. However, this introduced
a slight error at the transition regions of the USB
notch, see Fig. 11c, this was visible as a transient

Figure 9: Example of data from brick layer 3 and 4, with
excluded regions highlighted

response between the different load values. Having
performed these pre-processing steps the resulting285

load should be only the contribution from the LSB.

Figure 10: Example of data from brick layer 5, with
excluded regions highlighted

The next stage was to train a linear regression
model to predict bore estimations from FGLT data.
Only brick layers 6 to 11 are used in the training
process, as these brick layers contain no additional290

contributions to the FGLT other than the LSB. Due
to there being three sets of brushes on the fuel as-
sembly, see Fig. 1c and 1d, the data for any specific
brick layer contains data relating to the transition
region which occurs over the first 20% of the data,295

see Fig. 9 and 10. Likewise, the end of the data con-
tains the beginning of the transition region which
covers the final 5% of the data. Therefore, only the
data from 20% to 95% of each brick layer was used
for training as the interaction of the LSB at the300

brick interfaces is different than with the fuel chan-
nel walls. The linear model was trained using 20
sets of CBIU and corresponding FGLT data, from
various channels for one specific reactor.

In an attempt to remove any residual gas effects305

from the estimation a second non-linear regression
model was produced after the inclusion of the data
from brick layers 3 to 5, which contain USB fric-
tion. By selecting a data point at the end of brick
layer 10 and normalising each bore estimation to310

that point a relative estimation of the bore diame-
ter can be produced. Therefore, rather than being
a direct estimation of bore the existing model esti-
mates how different the bore is compared with the
top of brick layer 10. Having done this it was found315

that there was a gradual increase in the prediction
error from brick layer 10 downwards that followed a
non-linear relationship. A second order polynomial
was trained to remove this effect, the assumption
is made that the residual offset in the estimation is320

due to aerodynamic effects caused by the transition
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(a) (b)

(c) (d)

Figure 11: (a) Existing method from removing USB notch (b) New method from removing USB notch (c) Transition region
removal using existing method (d) Transition region removal using new method

of the fuel assembly from inside to outside the core.
Eq. 2 shows the existing bore estimation model,

where Φ is the bore in mm for a specific height, h, in
the core. KL is a linear function that relates load325

to bore, L is the load at a specific height, KU is
the required offset to remove the USB interaction
at a specific height, KO is the second polynomial
regression function at a specific height and HO is
the required offset to normalise the bore to the end330

of brick layer 10 using historical data (Berry et al.
(2017)).

Φ(h) = KL(L(h)) −KU (h) + K0(h) + H0 (2)

4.2. New Model

Several improvements have been made to the335

bore estimation model since the version detailed
above. The changes that have been made to the
pre-processing stage include the implementation of
a new technique to remove the USB notch in brick
layer 5 that eliminates the transient response, the340

removal of the USB frictional component in brick
layer 3 and brick layer 4 is now independent of the
load value in brick layer 5 and the deadweight offset

is now retrieved without user input by calculating
the value between the double peak region, see Fig.345

5. The existing model produces a relative estimate
for bore diameter as the data is normalised to the
bore of brick layer 10, this has been removed in the
proposed model in favour of an absolute estimate
of the bore.350

4.2.1. Brick Layer 5

In the previous iteration of the bore estimation
model, the USB frictional contribution in brick
layer 5 was removed by first finding the maximum
and minimum slope in brick layer 5 (Fig. 10). This355

produced two points in the centre of the ramp up
and ramp down regions of the USB notch. In Fig.
11a and 11c where the dotted green line (Estimated
USB Response) crosses the blue line (Original) is
the two points that were detected as the centre of360

the ramp up and down region. The average load
value between these two points was taken as the
USB contribution to the FGLT, and this was re-
moved as a constant offset from the trace, see Fig.
11a. The main two issues with this approach are365
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that the load across the USB region is not always
constant, it can increase or decrease based on other
effects in the fuel channel and also as discussed ear-
lier there is a transient response in the ramp up and
ramp down regions. Using the same method as the370

existing technique the new approach determines the
centre of the ramp up and ramp down regions, then
looks forward and backwards to find the start and
end points, the point where the derivative changes
sign. The ratio between the load at the start and375

end points is calculated, and a line with constant
gradient is produced to connect these two ratios.
This line is then multiplied by the load value to re-
move the effects of the USB, also the values between
the start and end points on each side are interpo-380

lated to produce a complete trace, see Fig. 11b.

4.2.2. Brick Layer 3 and 4

Through exploration of the data, it was found
that the original assumption in West et al. (2014)
that the offset caused by the USB in brick layers 3385

and 4 was equal to the offset in brick layer 5 was in-
correct (Fig. 12). After analysis of the fuel channel
schematics, this is believed to be due to the differ-
ent diameter of the piston seal bore and guide tube
(Fig. 6). Similar to the new approach for brick390

layer 5, the start and end point of the ramp down
region was found. In this case it was found that the
load remains relatively constant throughout brick
layer 3 and 4, therefore the average load between
the start of brick layer 3 and the start of the ramp395

down region was calculated and this was used as
the offset to remove the effect of the USB in brick
layers 3 and 4. Also as before the transition region
was interpolated to produce a complete trace.

Figure 12: Example of data from brick layer 3 to 5

4.3. Relative vs. Absolute400

Due to the existing model producing a relative
measure for bore diameter, and also the dependency

on historical data to perform the normalization, it
is proposed that the slight improvement in accuracy
of using a relative model is not worth the drawback405

of being reliant on historical data to perform the
estimation. Therefore to move back to an absolute
measure of bore diameter the linear model from the
“First Bore Estimation Model” detailed in Berry
et al. (2017) was used, however, the remaining im-410

provements were still included. Also since that pa-
per was published there is significantly more FGLT
and CBIU data available. Using this a new 1st or-
der polynomial (linear) model was trained using ad-
ditional offload depressurised data from Reactor 1415

(the same reactor as used previously).

4.4. Non-Linear Model
Experimental work by AMEC NNC Limited

(Skelton (2007)) proposed that a linear model does
not accurately represent the brush friction charac-420

teristics, and they produced a cubic model that fit
the data from their experiments. In an attempt
to integrate this into the proposed bore estimation
algorithm, both a 2nd and 3rd order polynomial
(quadratic and cubic respectively) were trained us-425

ing the same data used to train the new linear
model previously. Due to the physical nature of
the problem, that is the frictional forces are related
to the diameter of the fuel channel. These forces
will only follow the shape of a 2nd or 3rd order430

polynomial over a specific range, see Fig. 13, data
gathered out with the train data (Approx. 80 to
200mV) may produce incorrect estimations.

Figure 13: Plot of variation of brush friction load against
bore obtained from experimentation (West et al. (2014))

5. Initial Results

5.1. Training and Testing Data435

As the existing model was trained only on data
from Reactor 1 before attempting to develop a gen-
eralized model it was necessary to acquire baseline
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results for the accuracy of each model version. Out
of the 50 FGLTs available, for Reactor 1, that had440

corresponding inspection data, 25 were set aside for
testing, while the other 25 were used to train the
new linear, quadratic and cubic model for convert-
ing load to a bore estimate. For consistency, the
three new models were trained using a least squares445

regression model over the same range as used pre-
viously, 20% to 95%.

5.2. Accuracy Metrics

In order to determine the accuracy of each bore
estimation model, it was necessary to select metrics450

that would be suitable for determining the overall
accuracy of the bore estimation as well as the accu-
racy for each individual brick layer. The two met-
rics that were selected were the root mean square
error (RMSE) and the maximum error (ME) in mil-455

limetres. The RMSE is a metric that is often used
to measure the difference between predicted values
from a model and the observed values. The RMSE
is the square root of the average of the squared
residuals, where the residuals are the difference be-460

tween predicted and observed values, see Eq. 3,
where, RMSE is the Root Mean Square Error, n is
the number of samples, y is the CBIU data, and ŷ
is the bore estimation. Therefore, the effect of each
error on the resulting error value is proportional to465

the size of the squared error, making the RMSE
very sensitive to outliers.

RMSE =

√√√√ 1

n

n∑
i=1

(yi − ŷi)2 (3)

The second metric selected was to take the maxi-
mum error in millimetres for the centre of each brick470

layer (20% to 95%). Using both of the metrics se-
lected, it should be possible to assign quantitative
values to the accuracy of the bore estimations for
each model.

5.3. Results475

Having implemented all the changes detailed pre-
viously there were now five versions of the bore es-
timation model. Version 1.0 is the existing bore es-
timation model, version 1.1 is the existing bore es-
timation model, with improved implementation de-480

tailed in Sections 4.2.1 and 4.2.2, version 1.2 is the
retrained linear model using the data from Reactor
1 as explained in Section 5.1, also with the improved
implementation, version 1.3 is the trained quadratic
model, with improved implementation, and version485

1.4 is the trained cubic model, with improved im-
plementation.

Using all five models discussed previously a bore
estimation was produced for each of the 25 remain-
ing FGLTs. Using the metrics detailed earlier a490

(a) Root mean square error for each individual brick layer in the test dataset

(b) Maximum error (mm) for each individual brick layer in the test dataset

Figure 14: Results for each model for all brick layers, (Blue) V1.0, (Red) V1.1, (Green) V1.2, (Black) V1.3, and (Pink) V1.4
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Figure 15: Linear, quadratic and cubic bore estimation
models, with interquartile range, minimum and maximum

of training data highlighted

value was produced for both metrics for each in-
dividual brick layer in the FGLT. The values are
shown for all FGLTs in Fig. 14.

From these results it is clear that for both met-
rics with the implementation changes alone there is495

a considerable improvement over the existing tech-
nique for both the RMSE and maximum error, this
is especially noticeable in brick layer 5 and above.
As expected, retraining the linear model with more
data has improved the results dramatically, with500

the maximum error in brick layers 3 and 4 reducing
by more than 1 mm. Over the interquartile range of
the training region the linear, quadratic and cubic
models all produce very similar results, however, at
the extremes the values produced for the quadratic505

and cubic models are unrealistic. When compar-
ing the quadratic and cubic models to the linear
model there is some improvement in brick layers
3 to 10, however, the results for brick layer 11 are
much worse. As brick layer 11 is the least irradiated510

of all brick layers it should be the closest to start
of life diameter of 263mm. Because of this, there is
also a lack of training data around this point, see
Fig. 15, which results in the poor performance for
both the quadratic and cubic models.515

Based on these results it is clear that the best
model is version 1.20, the linear model, as this pro-
vides the best results for all the bricks covered in the
FGLT. Therefore, it was decided that this should
be used to design a generalized model for Reactors520

1 to 4. It should also be noted that if there was
more training data at the extremes then this as-
sumption may not hold true, however, it is unlikely
that this data will ever exist in the real world op-
eration of AGRs. This is because the degradation525

of the graphite is such that it shrinks to a certain

point and then expands again. This means extrap-
olation of the data into areas of extreme shrinkage
(beyond the turnaround point) is unlikely and is,
to date, unobserved in the station data.530

6. Generalized Model

The existing and new bore estimation models dis-
cussed in this paper to this point have only been
trained on data from a single reactor, and with
the most recent improvements, are approaching the535

quoted accuracy of ±1mm. However, there are
three other reactors in the UK that have very sim-
ilar designs and thus produce very similar FGLT
data. In an attempt to produce a generalized model
that can be used on all four of these reactors it540

was first necessary to produce a set of results for
the remaining three reactors using the linear model
trained in the previous section, as it was shown that
this produced the best results for the original reac-
tor.545

There are 50, 58 and 60 pairs of inspection and
monitoring data available for the other reactors, as
before half was set aside for testing while the other
half was used for training. Using the selected test-
ing sets, a bore estimation was produced for each550

channel for each station in the testing set. Then
using the same metrics as used previously, results
were produced for brick layers 6 to 11. Due to paus-
ing the fuel movement to perform brush inspections
during some refuelling operations, which coincides555

with the data in brick layer 5, it was not possible to
perform the estimation for the other stations below
brick layer 6. Fig. 16 show the results produced,
while the results for brick layer 6 are similar for
all four stations. For brick layers 7 to 11, it is clear560

that the model does not accurately predict the bore
diameter for the second station (reactors 3 and 4).
It should also be noted that as expected both re-
actors 1 and 2 have very similar results as they are
from the same station.565

Having shown that the model trained only on
data from one reactor is not an accurate model for
the FGLT data from the second station (reactors
3 and 4), using the same approach as used previ-
ously a linear regression model was produced from570

the data of all four stations (109 FGLTs). The idea
is that the increase in the amount of data used for
training should produce a more accurate bore es-
timation model for all four stations than a model
trained for any specific station.575
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(a) Root mean square error for brick layer 6 to 11 in the test dataset

(b) Maximum error (mm) for brick layer 6 to 11 in the test dataset

Figure 16: Results for model V1.2, (Blue) Reactor 1, (Red) Reactor 2, (Green) Reactor 3, and (Black) Reactor 4

Figure 17: Average root mean square error for both models

Fig. 17 and 18 shows the results for both the
RMSE and maximum error for both models on all
four stations. It can be gathered from the results
that there is very little change in the results for
brick layer 6, this is likely to be due to the fact580

that the model was already producing acceptable
estimations. For brick layers 7 to 9 the estimation
for station 2 is now on a level with the station 1
estimations and for brick layers 10 and 11 there is
a considerable improvement across all reactors.585

7. Conclusions and Future Work

This paper has presented a generalised model for
estimating fuel channel bore from FGLT data of

Figure 18: Average maximum error (mm) for both models

multiple advanced gas-cooled reactor cores. Firstly,
various implementation improvements were de-590

scribed that improved the accuracy of the existing
bore estimation model, as well as retraining the ex-
isting linear regression model. Based on the litera-
ture a quadratic and cubic model was also trained.
All these models were extensively tested with 25595

FGLTs from the original reactor and it was found
that while the quadratic and cubic model did pro-
vide better estimates in brick layers 5 to 9, at the
extremes where there was little or no training data
the model fell down due to its non-monotonic na-600

ture. Having selected a linear model as the optimal
choice for the original reactor, a generalized model
was created to provide bore estimation for three ad-
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ditional reactors. This generalized model produced
improved results for all stations and all brick layers605

due to the fourfold increase in training data with
a decrease in an average maximum error of almost
80%.
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