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Abstract

The measurement of absorber-rod worths in the radial
reflector of a LEU-HTR pebble bed system is described.
Particular emphasis is placed on the choice of
complementary measurement techniques to ensure that
sensitivities to systematic errors in the calculated
parameters used in the analysis are minimised.

1 Introduction

The high temperature reactor (HTR) [1] is under
consideration in several countries as a future option,
offering as it does, several advantageous features,
including a large degree of inherent safety. For certain
applications, the so-called modular HTR is a particularly
attractive concept, viz. a small-to-medium sized, highly
reflected core fuelled with low-enriched uranium (LEU),
often in pebble form. Because of the relatively large
neutron importance in the reflectors of such designs, it is
not necessary, as in earlier, larger-scale HTRs [2], to have
control absorbers within the fuelled region itself; sufficient
control and shutdown margin can be achieved with rods
situated in the radial reflector. This is especially
advantageous in pebble-bed systems in which considerable
operational and safety-related measures have to be taken
to accommodate absorber rods within the pebble bed.

Since the fuel used in earlier HTR facilities has
mostly been highly enriched uranium and thorium [2,3],
there is currently a lack of measured data for LEU
systems, and it is the objective of the HTR-PROTEUS
experiments [4] at the Paul Scherrer Institute to
supplement the validation data base using pebble-type fuel
of 16.7% 235U enrichment One important aspect of these
experiments is the measurement of absorber-rod worths in
the radial reflector. The study of these rods is of particular
interest because:

• Due to the relatively steep thermal-flux gradient in
the radial reflector, rod worth is a strong function of
the distance to the core-reflector boundary.

• Since the cores of these systems are normally
undermoderated, the accidental addition of water or
steam to the pebble bed can significantly change
rod worths via spectrum and leakage effects.

2 Methods
All rod worth measurement techniques depend to some
extent upon calculated values to convert measurable
parameters to reactivity, which cannot be measured

directly [5]. The methods available for rod-vvorth
measurements can be grouped into three broad categories
in terms of the variation of the neutron population (n) and
the reactivity (p) during the measurement:

i) static [n*f(i),p*f(t)]

ii) kineto-static [n=/(t),p*/(t)]

iii) kinetic [n=/(t),p=/(t)]

This grouping is an indication both of the measurement
procedure and of the calculational support required for the
analysis. This is demonstrated in Table 1, below, in which
the main rod-worth measurement techniques are grouped
according to the above definitions.

From Table 1, it can be seen that dependence upon
the calculation of kinetics data ranges from zero, in the
case of the static techniques (where, however, a separate
normalisation via an independent measurement is normally
required), to a complete set of kinetics data in the case of
the general inverse-kinetics (IVK) technique. Further, the
techniques which utilise the measurement of global
parameters require, by definition, no spatial corrections
but depend heavily on a single calculated kinetics
parameter (A in the case of pulsed neutron (PNS)
measurements analysed by the inhour method [6]) whereas
those which depend upon flux changes between two slates
require spatial corrections, but tend to have no first order
dependence on a particular kinetics parameter. The
strengths and weaknesses of each of the techniques
included in Table 1 has been discussed on many occasions
and the arguments will not be repeated here, except to say
that, in general, the best approach will be a composite
experiment comprising the application of two or more
complementary techniques. "Complementary" implies, in
this case, techniques requiring largely independent
calculational support. For instance, the stable period and
PNS techniques are to a large extent complementary,
whereas source multiplication and IVK are not since they
both depend upon the calculation of the perturbed, static
flux shape typ(r).

Of course, all techniques yield results in terms of
$eff and thus, in the absence of an additional P,j
measurement, this common dependence could be
considered as contributing to the experimental uncertainty.
One way to avoid using the conventional reactivity scale is
to apply the compensation method to yield rod worths in
terms of other system components such as fuel loading and
to use the calculated A Rvalue for the latter as a basis for
later, normalisation. This technique will be discussed
briefly later.
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The above philosophy has been applied to the
PROTEUS rod worth measurements and a selection of
illustratory results are given below. It should be stated at
this point that any finite harmonics effects have not been
considered in this work.

3 HTR-PROTEUS Core 1
configuration

A plan view of the HTR-PROTEUS Core 1 configuration is
shown in Figure 1, opposite. The core region consists of
60mm diameter moderator ("pure" graphite) and fuel
(graphite with 6g uranium) pebbles, in the ratio 2:1,
arranged in a "regular" hexagonal close-packed geometry.
This deterministic loading was chosen to improve
benchmarking quality and for experimental convenience.
The system diameter is 3.26m with a 1.18m diameter core
comprising 22 layers of pebbles. Above the pebble bed is a
cavity of height -0.7m surmounted by an upper graphite
reflector of height 0.78m. The lower axial reflector also
has a thickness of 0.78m yielding a total system height of
-3.45m. Shutdown of the reactor is achieved with 4 boron-
steel rods situated at a radius of 0.68m and reactor control
with four fine control rods at a radius of ~0.9m.

4 Measurements

PNS, IVK and a combination of compensation and stable-
period measurement techniques were chosen. For the PNS
measurements, a 14 MeV pulsed neutron source was
installed at the radial centre of the lower axial reflector
and responses measured with high efficiency BF3 detectors
placed either in the core/cavity region or in the radial
reflector. IVK measurements were generally carried out
with the same detectors located at various positions on the
outer surface of the system and the stable period
measurements were made with a miniature fission

chamber located close to the core/reflector boundary.
Two sets of measurements will be described, firstly

the measurement of the 4 PROTEUS boron-steel shutdown-
rods which are situated quasi-symmetrically 84mm from
the core-reflector boundary. Because they are part of the
reactor control system they can be manoeuvred in and out
of the core, with the disadvantage that their radial position
is fixed. The worth of these 4 rods was measured using
both (IVK) and two versions of the PNS technique, namely
the inhour [6] and Gozani [7] methods.

The second example involves the use of so-called
measurement rods. These are well-characterised boron
steel absorbers, which can be placed in over 300 different
positions in the radial reflector but which cannot be
dropped into the core, thus precluding any kinetic
measurements. A static technique was therefore applied,
involving the loading of an extra layer of fuel and
moderator pebbles to compensate for the presence of two
such measurement rods placed symmetrically in the
positions indicated in Figure 1. Criticality was achieved by
fine adjustment of the control rods which had been
previously calibrated using the stable-period technique. As
indicated earlier, this offers the possibility of assessing the
equivalence between core height and rod worth without
having to resort to the (3^ reactivity scale. However,
values in dollars were obtained using the control-rod
bank/core height relationship measured during the
approach-to-critical. The static measurement of the rods
was thus indirectly calibrated against the stable-period
technique. The two PNS methods were again chosen to
provide complementary results.

5 Results

5.1 Shutdown rods

Whereas the inhour approach uses only the (global)
prompt decay constant, the Gozani method requires, in

METHOD
compensation
source multiplication.

stable period

pulsed source - inhour^

- Gozanie

noise

inverse-kinetics

TYPE
static

static

kineto-static

kineto-static

kineto-static

kineto-static

kinetic

MEASURED
e.g. control rod movement

M 0 . «,(>•)"

Ofi (asymptotic period)

cto (prompt decay constant)

np(r,i),CLo

np(ri,t),nB(r2,l)

CALCULATED
none

¥o"ic(r),<S>fic(r)i>

A,ep\,a.j

A.v,...

A.h.h.KSe<r).V**>(r)

a n0 (r), np (ff - count rate in unperturbed and perturbed states at position r

b <j>5UM (r), (f̂ *"* (r)- static flux in unperturbed and perturbed state at position r

c A = prompt generation time, \ , P, = delayed neutron parameters

d relates measured CC0 to p via inhour equation [6]

e relates relative abundances of prompt and delayed neutrons to p [7]

f <)> o ""* (>"),<{> p""* (T) = kinetic flux in unperturbed and perturbed state at position r

Table 1: Measured and calculated quantities in the various measurement techniques
11 terns in parentheses in the final column are of lesser importance).
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Fig. 1 .-Horizontal section view of HTR-PROTEVS Core 1

addition, the ratio of prompt and delayed flux distributions
and is, therefore, spatially dependent. In the latter case, a
correction factor is required which involves the ratio of the
prompt and delayed flux distributions at the point of

measurement. Figure 2, overleaf, shows the axial variation
of this factor at the radial centre of the Core 1 system with
4 shutdown rods inserted as calculated with the
TWODANT two-dimensional transport theory code [8].

The figure indicates that significant corrections are
required at most measurement positions. Furthermore, the
same prompt flux distribution is required to calculate the
value of A used for the inhour method, suggesting that
systematic errors could arise from errors in the
calculations which would be common to both techniques.
However, it can be shown that sensitivities in each case
are quite different. For example, an overesnmauon of the

PNS
DETECTOR
POSITION8

132.0 cm
156.0 cm
186.0 cm
210.0 cm
252.0 cm
276.4 cm
average

INHOUR
(lSTORDER)b

10.50±0.06
10.44±0.06
1O.56±O.O6
10.43±0.06
10.55±0.06
10.40±0.06
10.4810.03

GOZANI
UNCORRECTED
11.87±0.03
15.2910.04
14.35+0.04
11.9210.03
14.9410.04
15.1910.04
13.9211.6

I/G

0.88
0.68
0.74
0.88
0.71
0.68
0.75

INHOUR
(EXACT)0

12.3510.06
12.26+0.06
12.30+0.06
12.2810.06
12.3210.06
12.2910.06
12.3010.03

GOZANI
CORRECTED
12.34+0.03
12.52+0.04
11.63+0.04
11.87+0.03
12.09+0.04
12.65+0.04
12.18+0.4

I/G

0.96
0.94
1.01
0.99
0.97
0.93
0.97

IVK 11.01±0.2 12.0±0.2d

a - Radial centre, measured from bottom of system c - A calculated via exact perturbation theory
b - A calculated via first order perturbation theory d - corrected for spatial effects

Table 2: Results of shutdown rod measuremems showing sensitivity to calculated parameters
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LOCATION

OF RODSa

RING 3

average

RING 5

average

DETECTOR

POSITION8

2

1

2

EXACT

INHOUR

2.47±0.02

2.44±0.02

2.455±0.015

1.318+0.02

1.309+0.02

1.314±0.0I5

CORRECTED

GOZANI

2.365±O.OO5

2.374±0.005

2.369±0.0035

1.256+0.002

1.263±0.002

1.260+0.0015

LAYER

EQUIVALENT

1 layer +0.22$

1 layer-0.845$

DOLLAR

EQUIVALENT

2.16±0.07$

1.10±0.07$
a See figure 1
Table 3: Measurement rod worth results for PNS and compensation/stable period methods

prompt flux in the reflector will lead to an overestimation
of the inhour reactivity but to an underestimation in the
Gozani reactivity as measured in the reflector. Table 2 and
Figure 3 summarise the shutdown-rod results, PNS
measurements being made using detectors located at the
radial centre of the system. The Icy uncertainties given for
individual measurements are statistical only.

All three techniques are seen to have relatively
large dependence on calculated parameters and/or
corrections but excellent agreement is nevertheless
obtained between the correctly processed results, with a
spread of only -2.5%. This consistency between the results
from largely complementary techniques provides
confidence in the fact that no significant systematic errors
are being introduced via the calculated parameters.

A further example of the complementary nature of

RATIO O£LAYEOfPftOMf>T

3 0 0 0 0 -

2 0 0 . 0 0 -

O

s
on
§
&

z
©
— 1O0O0 -

£

GOZANJ CORRECTION FACTOR

Fig. 2 .TWODANT-calculated correction factors

Radial centre: core 1 (4 inserted shutdown rods)

these methods is that, in the PNS technique, measurement
uncertainties tend to decrease with increasing
subcriticality (better separation of the prompt decay
curve), whereas the opposite is true for the IVK method in
which counting statistics after a large reactivity reduction
deteriorate rapidly.

5.2 Measurement rods
Table 3, above, summarises the measurement rod

results. The current analysis does not include the use of a
directly calculated &.ktg value for the additional fuel
layers. Thus, while the penultimate column indicates the
compensation required in terms of fuel layers, the final
column indicates the dollar-equivalent worth deduced
from the control-bank/fuel-layer relationship measured
during the approach-to-critical. This corresponded to (1.94
±0.06)5 for the top layer.

The variation of rod worth with position is seen to
be significant (Table 3), with a -50% reduction in rod
worth associated with a movement of only -12cm away
from the fuelled region.

The discrepancy between the PNS results and those
from the compensation/stable-period technique is seen (in
Table 3) to be greater than 10% in both cases and, as the
correspondence between inhour and Gozani is satisfactory
(<5%), this suggests that the layer/rod equivalence is
perhaps in error. Furthermore, the sensitivity to the
calculation was somewhat less than 3% in both PNS
techniques (as compared to the considerably larger
sensitivity for the measurements shown in Table 2),
rendering a PNS analysis error unlikely.

6 Summary

It has been demonstrated that it is possible to make self-
consistent rod worth measurements in a system with a
large degree of spatial dependence and, furthermore, by a
suitable choice of complementary measurement
techniques.that it is possible to demonstrate the absence of
significant systematic errors, even for measurements with
a relatively large dependence on calculated parameters.

Whereas the shutdown-rod measurements showed
good internal consistency, some discrepancy was indicated
between the PNS and static techniques used for the
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Fig. 3: Effect of calculated parameters/corrections on results for shutdown rod measurements

measurement rods. This is believed to be due to the
currently applied indirect calibration of the core height
effect against the control rod worth, the systematic
uncertainty of which is somewhat difficult to quantify.
Further investigations are planned in which the
measurement rods will be introduced during the approach-
to-critical itself such that a more direct normalisation of
the measurement rod worth can be achieved.
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