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ABSTRACT

Exact measurement of thermal neutron density

distribution in an elementary cell necessitates the

knowledge of the perturbations involved in the cell by

the measuring device. A new method has been developed

in which a special stress is made to evaluate these

perturbations by measuring the response from the per-

turbations introduced in the elementary cell. The un-

perturbed distribution was obtained by extrapolation

to zero perturbation. The final distributions for dif-

ferent latti.ce pitches were compared with a THERMOS-type

calculation. As a pleasing fact a very good agreement

has been reached, which dissolves the long existing

disagreement between THERMOS calculations and measured

density distribution.
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INTRODUCTION

The measurement' of the thermal neutron distribution

in an elementary cell of the reactor core is based on the

activation of some of the existing detectors such as gold,

copper, dysprosium etc. inside the fuel rod and the cor-

responding part of the slowing-down medium.

The techniques of measuring may be classified in

two groups:

- technique with detector foils and

- technique with a detector wire.

The first group includes all experiments based on

the so-called "tube technique". By this technique the de-

tector foils are specifically arranged in the tube by means

of spacers and positioned in a radially bored fuel rod. The

"spiral technique" is also included here. By this technique

the fuel rod, which is first radially cut, is axially bored

along the spiral and then detector foils inserted in the

holes.

The second group includes techniques according to

which the detector wires may be positioned either in the

radially bored hole through the fuel rod or in the spiral

groove made in the horizontal cross-section in the fuel rod.

To obtain higher resolution the detector wire can be extruded

after activation or spirally wound around a solid bore before

irradiation being positioned in the radial hole in the fuel

rod.

In all cases the elementary cell, especially the

fuel region, is perturbed by the holes and the detector ma-

terial, and by the carrier of the detector foils. A number
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of authors have carried out these experiments in different

geometrical and nuclear conditions, so obviously this per-

turbation had different effects on the results.

So far perturbation effects on fine structure

measurements have not been discussed in the literature,

neither has this effect been corrected in the final results.

With respect to this, a series of experiments for

determining the micro distribution of thermal neutrons inside

the elementary cell were made on heavy water natural uranium

system for different lattice pitches. Special stress was made

on the investigation of the perturbing effects in the fuel

rod and surrounding moderating material which inevitably must

be introduced if measurements are to be made.

The thermal neutron distribution in the cell was

experimentally determined by the newly developed method, by

which the perturbing effect on the thermal neutron distri-

bution was investigated in various geometrical configurations.

The unperturbed distribution can be determined by extrapo-

lation of these results.

The final distributions obtained were compared

with the results of STAMM'LER /1963/ ?I-7 THERMOS code, which

is a similar program to the commonly known HQNECK /l96l/

THERMOS code.



2. EXPERIMENTAL PROCEDURE

2.1. Description of the elementary cell

The experiments were carried out in the heavy water

two-zonal system of the RB reactor which consists of a central

test zone with natural uranium fuel rods 25 mm in diameter

and 1 mm thick aluminium coating, and a driver zone with 2%

enriched uranium tubular fuel elements with an inner and

outer 1 mm thick aluminium cladding. The fuel elements were

arranged in a square lattice whose pitch could be changed.

The central zone, in which the measurements were made, was

large enough in all cases and therefore no influence was

exerted by the next zone.

The thermal neutron distributions inside the elemen-

tary cell were measured on a specially prepared fuel element

positioned in one corner of the central square cell. The

fuel element consisted of one or three independent fuel parts

the central one being used for the measurements.

The central part of the fuel element consisted of

a few fuel slugs of various lengths. Some of them were radial-

ly bored with 0 3, 5, 6, 8, and 11 mm borers. The holes and

all the fuel slugs composing the central part of the fuel

element were coated with colourless lacquer so as to avoid

direct corrosion due to water-uranium contact and contami-

nation of the moderator by fission products. The holes were made

for inserting special tubes with detector foils. Suitable ar-

rangement of the fuel slug in the central region of the fuel

element allowed the measuring zone always to be positioned

approximately in the axial centre of the reactor core.
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2.2. Detector and perturbing material

The thermal neutron distribution in the cell was

measured with small aluminium-alloyed dysprosium foils.

To detect the variation of the neutron density in

each part of the fuel rod it was necessary to obtain the

highest possible resolution between the measured points. As

it was experimentally shown, if the micro-effects were to be

visible? it was necessary first to obtain very high stati-

stical accuracy of the measured activities and strict posi-

tioning of the detector foils.

To determine the position of the detector foils as

best as possible we made plexi-glass tubes which served at

the same time as perturbing material and as foil holders

of 2.1 and 4.1 mm inner diameter and corresponding outer dia-

meter of 2.9? 4*9, 5.9, 7.9 and 10.9 mm. Inside the tube 2

and 4 mm diameter foils were arranged in a sandwich array by

means of plexi-glass cylindrical spacers of corresponding

diameters. All the elements in the sandwich composition were

made with an accuracy of - 0.01 mm so that the relative po-

sition of the foils was the same in all experiments. This was

particularly important in determining the deep factor for

various lattice pitches.

All foils were intercalibrated by activation ro-

tating them in the thermal pit of the RB reactor. The cali-

bration factors were determined with a standard error of

- 0.1%.

The activities of.the irradiated detectors were

measured on a system of four independent GM channels with a

dead time of 50 y^s. /MILOJEVIĆ et al.(1965)A
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2.3. Experimental method

The basic idea of this method is to introduce de-

liberately perturbations, ranging from weak to strong, by

using tubes of different diameters but maintaining the same

composition. Plexi-glass has been chosen as the perturbing

material. It is obvious that the use of plexi-glass, espe-

cially inside the fuel, will cause significant perturbations.

However,, the gist of the whole method lies in the fact that

whatever perturbation is caused will be exclusively due to

the perturbing material, and ambiguities due to streaming

and diffusing effects will be totally avoided by extrapo-

lation to zero perturbation. This was confirmed in one of

the lattices by measurements performed by use of Al and Cu

as perturbing materials. '

To make the experimental results directly compa-

rable with the theory, the most straight-forward method is

to measure along a direction that is representative of the

circular cell. Let R be the radius of the circular, then

R =

where 1 represents the lattice pitch. At the circular cell

boundary and at the true cell's boundary - at distances

1/hr and l/2coso^

from the center of the cell - the gradient of the density

distribution must be zero. This condition leads to an angle

of 27° 36'. The same ang!

/B0ŠEVSKI et al.(l965)/<

of 27 36'. The same angle was obtained analytically, too
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3. EXPERIMENTAL RESULTS

To enable extrapolation to zero perturbation, a

series of measurements was carried out with two sizes of the

Dy-Al foils, 2 and 4 mm diameters, and with two enrichments,

5 and 10% Dy content. They were irradiated in tubes with dif-

ferent outer diameters varying from 3 to 11 mm. For each

individual irradiation, the measured activities in the fuel

region were fitted by the least squares method to the

function

A = 1 + ar^ + br^ /l/

The polynomial

A = y a r̂  /2/
Z nn=o

was used to fit the distribution in the moderator region.

For different hole diameters dysprosium activities

in suitably chosen space points were taken from the fitted

curves and extrapolated to zero perturbations. This extra-

polation was carried out for each point by a least squares

fit to the following linear or parabolic form

Asx = A. + A^d + A ^ /3/

where d is the hole diameter. This extrapolation is

ed in Figs.l and 2 for a lattice pitch of 1 = 8 cm. Figure 1

shows the change of activation profile with the hole diameter,

while Fig.2 represents how the activities at different di-

stances from the center of the cell fit to expressions of

the type /3/.
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As can be seen, the perturbations in the centre of

the fuel rod amount to about 36% for the largest hole dia-

meter. Near the edge of the unit cell the disturbing effect

of the plexi-glass tube is almost negligibly small.

To proove the validity of fitting the thermal

neutron distribution in the fuel region by a Bessel function

of the type I , the experimental results, for each individual

magnitude of perturbation, were directly fitted by the least

squares method to the function

A = c 1̂ /,% r/ /4/

where ^ represents the inverse diffusion length of the fuel.

Figure 3 shows these fits for the tightest lattice pitch of

8 cm. The above obtained :̂  - values for perturbed neutron

distributions for each lattice pitch separately were presented

as a function of the hole diameter. Using the polynomial

/Eq.3/ the extrapolated inverse diffusion length, ^ ^ was
OX

obtained by the least squares method. As it is seen from

Fig.3, the extrapolated points lie very good on the generated

I /*̂ f r/ function.

Figure 4 illustrates the change of the inverse dif-

fusion length as a function of the lattice pitch for different

magnitudes of the perturbation, and for the unperturbed si-

tuation. As it is shown the <% values vary within 5% from
GX

the tightest to the loosest reactor lattice, with a trend to

increase with increasing lattice pitch.

It is well known that, because of its two negative

resonances, dysprosium will underestimate the thermal neutron

density in the fuel and overestimate it in the moderating

region, which will give, as a final yield, a more pronounced
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thermal neutron activation distribution. Although this

effect is less than 2% for all lattice pitches,nevertheless,

correction was made for this deviation using the results of

cross-section and velocity distributions from the K-7

THERMOS code runs. On the other hand since all the lattice

pitches measured are rather well moderated, the curves were

corrected to include epithermal activations by assuming a

l/E flux above 0.405 eV and, by using the resonance integral

for ^ ^Dy as 388 b /PERSIAN! et al. (1963)/. One has to note

that these two corrections for the tightest lattices are

approximately cancelled out. The final experimental results

of the thermal neutron density distribution for different

lattice pitches are compared with the K-7 THERMOS results?

which is a version to the commonly known THERMOS code. The

calculations were done using a space - speed mesh of 19 to

24 x 15 with a cut-off of 0.405 eV<, The transport correction

was applied and as scattering model that due to Koppeland

Young was chosen. These results are illustrated in Figs.5 -

and b* It is easy to see that the agreement is very good.
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4. CONCLUSION

It is evident from Fig.l that the perturbation,

especially in the fuel region caused by the presence of

plexi-glass, significantly disturbs the thermal neutron di-

stribution. One should point out that nearly the same distri-

butionswere obtained when aluminium was replaced as the per-

turbing material. Automatically, this leads to a conclusion

that the main perturbation is ascribed to the change of the

absorption properties of the fuel while the changes in scat-

tering cross-section are of less importance. This conclusion

was supported by the experiments with copper used as the

perturbing material in the fuel region, where nearly extra-

polated distribution was obtained. Naturally, in the case

of fully perturbed lattice cell with copper the strongest

disturbance will take place in the moderator.

In Fig.2 which illustrates the extrapolation it-

self, it is easy to see that the experimental points follow

a smooth and continuous function. A more detailed examination

of the character and geometrical dependence of the pertur-

bation function is in course and will be soon finished.

It is important po point out the good agreement of

the extrapolated values for .̂ ; obtained in two ways.. On the

upper curve in Fig.4? which represents -Y as a function of

the lattice pitch, these values are represented by circles

and triangles. It is obvious that the difference is negli-

gible*

Figure 6 represents Horowitz's measurements of ..%

as a function of the reciprocal value of the fuel radius,

supplemented by the present measurements. It may be seen
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that values for ^ć's for lattice pitches of 14 cm and 16 cm

lie exactly on the line. However? with decreasing lattice

pitch the difference increases, first slowly then faster.

Thus for the lattice pitch of 8 cm the difference is 5%.

Taking into account the errors, both from the

theoretical and the experimental 3tan%po^n±^mh±ch are?slightly

less than 1% a very good agreement between the most advanced

theoretical model and the experiments has been reached,which

dissolves the long existing disagreement between THERMOS-type

calculations and measured density distribution* For tightest

lattices, one can say that the agreement is without error,

but with the rising lattice pitch the experiments predict

successively a slightly more pronounced distribution,
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