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Measurements of fuel temperature coefficient of reactivity on a commercial AGR

A. Telford and M. J. Bridge

Tests have been carried out on the commercial AGR at Hinkley Point
to determine the fuel temperature coefficient of reactivity, ar: important
safety related parameter. Reactor neutron flux was measured during transients
induced by movement of a bank of control rods from one steady position to
another. An inverse kinetics analysis was applied to the measured flux to
determine the change which occurred in core reactivity as the fuel
temperature changed. The variation of mean fuel temperature was deduced
from the flux transient by means of a nine-plane thermal hydraulics
representation of the AGR fuel channel. Results so far obtained confirm
the predicted variation of fuel temperature coefficient with burn-up.
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INTRODUCTION

The fuel temperature coefficient of reactivity (a ) in an AGR plays an

important part in limiting the temperature transient caused by reactivity

238
faults. The temperature coefficient is negative by virtue of the Ü Doppler

239
effect but reduces in magnitude with the build-up of Pu during burn-up.

Because of uncertainties in the predictions of these counteracting effects,

particularly at high burn-ups, the resulting uncertainty on the total co-

efficient may be large. It is therefore desirable to check the calculated

reactivity feedback against measurements on the type of plant in question.

This is being done on the commercial AGR at Hinkley Point using transient

techniques which separate out fast and slow acting feedback mechanisms. One

particularly simple type of test and method of analysis is described and the

measured values of temperature coefficient are compared with predictions.

REACTIVITY FEEDBACK IN AGR

In an AGR the only significant temperature feedback mechanisms occur in

fuel and graphite. The fuel consists of 14 mm diameter U0„ pins clad in

stainless steel. Assemblies of 36 pins are supported by steel grids inside

two concentric graphite sleeves. The sleeves act as a thermal and physical

barrier between the hot upward flowing CO coolant in the fuel channel and

the downward "re-entrant" flow of CO at lower temperature which cools the

bulk graphite moderator.

238
At start of life, Doppler broadening of the U resonances provides

strong negative reactivity feedback from fuel temperature changes. However,

239
as burn-up proceeds the build up of Pu in the fuel contributes an

increasingly positive component to fuel temperature feedback. This arises
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because neutron t^ectrum hardening, associated with the change of temperature

239
of the oxygen in the fuel, causes an increase in fission rate in Pu

relative to absorptions in the lattice . (owing to the non - — thermal

239
cross-section of Pu). The overall mean core fuel temperature coefficient

of reactivity in AGR remains negative over reactor life because the burnt-up

fuel with high Plutonium content is continuously replaced by refuelling. The

temperature coefficient is predicted to vary between a start-of-life value of

- 1.3 mN/ C and a minimum value of - 0.6 mN/ C.

Reactivity feedback also arises from changes in moderator temperature.

These effects are generally small in AGR because the re-entrant coolant keeps

the bulk moderator cool and also the thermal time constant of the moderator

is long. There is a small faster acting component which arises from tempera-

ture changes in the inner graphite sleeve which is in contact v;ith the hot

main coolant gas stream.

DESCRIPTION OF THE MEASUREMENT TECHNIQUE

Two basic techniques have been used on the Hinkley Point AGR to

determine the fuel temperature coefficient of reactivity, both utilising

power transients caused by control rod bank movements. The test which is

described in detail in this paper is a simple reactivity ramp up and down

which is operationally very convenient and simple to apply. An alternative

less convenient test using smaller amplitude but periodic reactivity signals

of pseudorandom form has also been successfully used (George, 1978).,

In the Hinkley Point AGR the control rods are grouped into four banks,

each bank being symmetrically distributed over the core. Two of the rod

banks consist of black rods which are fully withdrawn during normal full

power operation. The other two banks consist of a total of 37 grey regulating

rods, each of which is normally under individual auto-control to maintain the

local outlet coolant gas temperature at a preset level. Thus the grey rods
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are usually distributed about their normal mean bank position of about 50%

inserted. The two grey rod groups can be moved under manual control as one

bank or two separate banks.

The test consists of raising one or both of the grey rod banks rapidly

by about 100 mm to add up to 50 mN of reactivity. The rods are held in the

raised position for sufficient time for significant fuel temperature feedback to

develop (typically 20 -'. 60 seconds) and then returned rapidly to their

original position. Returning the rods to their initial position ensures

that the change in bulk moderator temperature is minimised and that the effect

on the rest of the plant is small. The resulting neutron flux transient is

recorded using the installed linear power instrumentation which consists of

an ionisation chamber situated on the boiler shield wall at mid-core height.

This type of perturbation cannot be analysed by the more usual steady state

techniques so a transient analysis route has been developed.

ANALYSIS TECHNIQUE

The analysis used for these tests is an extension of the inverse

kinetics technique (McDonald 1972). The total reactivity cf the core is

calculated as a function of time during the transient by means of a point

model inverse kinetics analysis of the measured neutron flux. Temperature

changes are also derived from the measured flux transient by solving a set

of time-dependent thermal hydraulics equations (extracted from the 1-D

fault study program KINAGRAX (Ellis, 1967) ) with the power disturbance

given by the measured flux transient. The reactivity can then be obtained

as a function of mean fuel temperature. The important feature of the

technique is that for the periods when the control rods are stationary,

reactivity is governed solely by the feedback mechanisms of which the dominant

one is fuel feedback. Thus a plot of reactivity against fuel temperature for

the times when the control rods are stationary should give a straight line
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whose slope is the fuel temperature coefficient of reactivity. The small

reactivity changes which occur during the transient due to changes in inner

sleeve and bulk moderator temperatures are accounted for by applying

corrections to the transient reactivity based on the graphite temperatures

calculated by the thermal hydraulics equations and on the calculated

temperature coefficients of reactivity. A least squares fitting procedure

gives both the temperature coefficient and the experimental uncertainty on

the coefficient.

This inverse kinetics analysis route has the advantage of ease of

use: it gives the effective fuel temperature coefficient of reactivity directly

from measurement of neutron flux and requires no knowledge of the control rod

reactivity addition rate. Being basically a point reactor model it does,

however, assume that the flux shape remains constant and that reactivity feed-

back can be deduced from first order perturbation theory. In fact these

simplifications do not significantly affect the validity of the route for the

type of test undertaken since the perturbation to the flux shape is small.

This has been verified by a more rigorous simulation of the measurements

using the 1-D fault study program KINAGRAX. In this simulation the movement

of the control rods is explicitly represented and the time dependent axial

flux shape is computed. Since the reactivity worth of a small movement of

the rods is not known accurately the simulation is run for several reactivity

addition rates and values of fuel temperature coefficient until, by iteration,

a good fit to the measure transient is obtained.

RESULTS

Four sets of tests have been carried out to date at different power

levels and core burn-ups. The results from two of the tests will be

described.



if*

Ca) i. w power measurements

These tests are usually carried out during a reactor start-up. A

convenient pause in the AGR start-up procedure occurs when the reactor heat

is first fed to the boilers. The power level at this time is ^200 MW(th).

One fairly typical test was carried out in January 1977, at a mean core

burn-up of vL GWD/Te .and at a power level of 180 MW. Figure (1) shows the

control rod perturbation applied and the resulting neutron flux transient.

The graphs show both the experimental points and the results of a KINAGRAX

simulation. Figure (2) shows the plot of core reactivity, corrected for

moderator temperature changes, against tha mean fuel temperature. The two

linear parts of the curve, corresponding to the times at which the control

rods were stationary can be seen quite clearly. These two linear parts

yield values of fuel temperature coefficient of - 1.26 ± 0.01 mN/ C and

- 1.27 ± 0.01 mN/°C respectively. (The error quoted here is the fitting

error alone.) In general it is considered that the temperature coefficient

i #

obtained from the second part of the transient is less reliable than that

from the first half since there is a greater contamination with slower acting

effects, but the good agreement between the two values seen here gives greatly

increased confidence in the results. The value of a obtained compares well

with the value of - 1.25 mN/ C used in the KINAGRAX simulation and with the

value of - 1.3 ±0.1 mN/ C obtained from control rod oscillation tests

carried out on the same day.

(b) High power tests

These tests are carried out at the normal operating power level and

so may be carried out at any time convenient to the reactor operators. One

such test was carried out in May 1977 when the mean core burn-up was ^2 GWD/Te.

The power level was ^1200 MW(th). Three tests were carried out on this

occasion, all gave similar results and the final test is illustrated in
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Figure (3). This shows the reactivity against fuel temperature plot arising

from the inverse kinetics analysis. Again the two linear parts of the.curve

are clearly visible and they give temperature coefficients of - 0.81 ± 0.01

mN/°C and - 0.86 ± 0.01 mN/°C. Control rod oscillation tests carried out

on the same day gave a fuel temperature coefficient of - 0.80 + 0.05 mN/ C.

EFFECTS OF XENON TRANSIENTS

Because the low power tests are normally carried out during a reactor

start-up the effect of changing xenon levels was investigated. It was found

that, under normal circumstances, when the reactor is started-up from cold

conditions with no xenon, the effect of the resulting xenon transient is small.

The xenon introduces a maximum reactivity ramp rate of i> -20 mN/hour. Since

the reactivity changes due to fuel feedback are typically 20 to 30 mN and

the fuel feedback coefficient is derived from less than one minute of data,

the maximum effect of the xenon transient on a^ is ̂  1|%. The effect does

however, act differentially on the two halves of the transient making the a

obtained from the first half of the transient appear more negative and that

from the second half more positive.

There is one set of circumstances when the effect of xenon does become

important. If the reactor is tripped from full power and then restarted

before the end of the xenon transient when the xenon level is high and falling

rapidly, significant positive reactivity ramp rates are observed. In one

test carried out in May 1977 under such circumstances the reactivity ramp rate

due to the xenon transient was estimated to be about + 2 niN/min which was.

sufficient to account for discrepancies of between 20% and 60% in the two

values of a obtained from each of the three tests carried out on that

occasion.

ESTIMATION OF ERRORS

Uncertainties fall into three categories, viz. experimental scatter,

- 6 -



uncertainties in data for the model and errors in the structure of the model.
• )

The random experimental error is given by the fitting error in the least-squares

analysis of the straight line portion of the reactivity-fuel temperature plots.

These errors are in general very small, typically ±1% to ±3%. Furthermore

the agreement between individual measurements carried out on the same day is

very good.

Errors in the data used in the thermal hydraulics and inverse kinetics

models could cause errors in the temperature coefficient. An extensive

sensitivity study has been carried out to investigate this effect on fuel

temperature coefficient. The results of this study have been combined with

realistic estimates of the data uncertainties to give an estimate of the

uncertainty to be placed on the measured coefficient. The results for those

parameters which give a significant effect are shown in Table (1).

It is difficult to quantify the uncertainty introduced by errors in the

model equations. However, confidence in the theory has been gained by

comparing the model with a range of transients on the reactor- which are

sensitive to different aspects of the theory and also by comparison of the

model used with other computer models.

To summarise, of the three sources of error identified above, experimental

errors possibly contribute 3% and model data errors about 7%. The model

structure error is not quantifiable but it is considered that placing an

overall one standard deviation uncertainty level of ± 0.1 mN/°C (t*hich

corresponds to *\» ± 10%) will cover any uncertainty due to modelling errors.

COMPARISON OF RESULTS WITH THEORY

Temperature coefficients of reactivity have been calculated for Hinkley

Point 'B' using the lattice code ARGOSY (MacDougall, 1965). This code has

been shown to be in reasonable agreement with the more sophisticated WIMS code

(Askew et al, 1966). ARGOSY provides point values of temperature CQ-
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efficient at different irradiations which are then averaged to give a whole-

core coefficient. The averaging was carried out using a flux-squared

weighting and assuming that no refuelling had taken place. It can be shown

using first-order perturbation theory that, even if the fuel temperature

coefficient were constant over the whole core, the effective value which

should be used in a 1-D axial code representation of an AGR is i< 11% more

negative than that used in a 3-D code. This is to allow for the fact that

the fuel temperature change is greatest in regions of high flux.

The effective temperature coefficient to be used in a 1-D axial code has

been calculated up to an irradiation of 3000 MWD/Te and is shown in Figure (4)

which also shows the results from the tests carried out to date. The low

power results shown have been corrected to operating temperature using the

ARGOSY temperature dependence of the fuel temperature coefficient. The

measured values confirm the predictions, within the estimated uncertainties,
•v

both on the absolute value of the coefficient and on its variation with

irradiation and power level.

CONCLUSIONS

(1) The measured values of fuel temperature coefficient are in general

agreement with prediction.

(2) This *-ype of test can be carried out easily, with minimal disturbance

to the plant, is a sensitive test of the temperature coefficient and gives

results which agree with rod oscillation measurements.

(3) The inverse kinetics type of analysis is convenient, fast and agrees

well with analysis using KINAGRAX simulations.

(4) Care aust be taken over the timing of the tests at low power with

respect to any possible xenon transients, especially when the reactor has

been restarted during a post-shutdown xenon transient.
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TABLE (1)

Estimation of Uncertainty due to Model Data Errors

Parameter

Initial Power

Coolant Flow

Flux Shape

Heat transfer
Coefficients

Can to Coolant

Fuel to Can

Inter sleeve

Fuel Conductivity

Delayed Neutron)
Fraction J

Temperature
Coefficients of
Reactivity

Inner sleeve

Bulk moderator

Uncertainty in a (%)

4

2

3

1

3

1

2

2.5

1

1

Total Uncertainty (adding in quadrature) 7%
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