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ABSTRACT

Aseries of experiments is under way at the Karlsruhe Fast Zero Pow

er Reactor SNEAK for the investigation of steam cooled fast reactors in the

100 MWe range. This series started in May 1967 with the critical experi

ment of SNEAK JA-I, a 670 e uranium system containing 7.41 x 1020 atoms/cm3

of hydrogen in the form of polyethylene foils. The neutron physics of this

assembly has been studied in detail. The neutron energy spectrum has been

measured by various methods from the eV-region to over 1 MeV in the core

center and at the periphery, reaction rates have been measured in the cen

ter and in axial and radial traverses, the initial breeding ratio and the

reactivity worth of selected materials have been determined. Measurements

of the Doppler reactivity effect, the steam void effect and of ß/l have

been performed. Special effort was devoted to the experimental investiga

tion of heterogeneity effects. The experimental results are compared with

calculations using the 26 group AHN set and a specially prepared 26 group

cross section set KFK-SNEAK using latest cross section information and the

SNEAK-3A spectrum as a weighting spectrum. The heterogeneity results are

compared with theoretical models including space dependent resonance self~

shielding.

+) Work performed within the association in the field of fast reactors
between the European Atomic Energy Community and Gesellschaft für Kern
forschung m.b.H., Karlsruhe.

1)
EURATOM Delegate.

2)
On leave from Allgemeine Elektricitäts-Gesellschaft, Frankfurt.
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The series of SNEAK-3 experiments is now being continued with the ura

nium assembly JA-2 having about twice the hydrogen concentration of JA-1.

After completion of measurements in this system the inner part of the core

will be ~eplaced by an e~uivalent plutonium fuelled zone thus forming the

two~zone core SNEAK-3B.

1. nrrRODUCTION

For the fast breeder development program' a number of considerations

- discussed more fully in Ref.L1-l - led to the decision to construct one

sodium and one steam cooled fast breeder prototype of about 300 MWe in Ger

many. As a result oi this the reactor physics investigations carried out

with the fast zero power facilities at Karlsruhe concentrated on assemblies

containing hydroge~, because very little information is available about such

systems in contrast to those containing sodium. The first exploratory ex

p~riments in this Une were carried out in STARK [2J and SUAK L-=LI; now a

series of systematic experiments is under way at SNEAK.

Assembly JA-1 is a 667.2 ~ uranium fuelled system. The avera~e hydro

gen concentration of 7.41 x 1020 atoms/cm3 corresponds to a steam density
" 3

oi 0.0317 g H20!cm in the coolant volume (35%) of a steam cooled fast bree-

der reactor. The steam is simulated here by polyethylene foils.

Assembly JA-2 has about twice the hydrogen concentratic,n of JA-1 so

that the corresponding steam density is close to the design value for nor

mal operating conditions in steamcooled fast reactor power plants envisaged

at the moment. The experiments in assembly JA-2 have been started.

,The assembly 3B series will follow after completion of JA-2. The inner

part of the core will be replaced by an equivalent plutonium fuelled zone

thus forming a two-zone system.

This paper describes the main results obtained in assembly JA-1. For

the evaluation a number of different aspects had to be taken into account:

(a) Comparison of experiment and theory regarding the influence of basic

nuclear data together with the weighting spectrum on the preparation

of group cross section sets. In this respect comparison has been made

to the recently prepared SNEAK set described in Ref./4 7 as weIl as
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to the Russian cross section set L-~, referred to as the ABN set.

Of primary impor~ance to this aspect are the neutron spectrum, the

initial breeding ratio, and the steam void effect.

(b) Comparison of experiment and theory concerning theoretica~ approxi

mations and numerical procedures which may not ,be appropriate to sys

tems containing hydrogen. For this purpose different types of calcu

lations have been primarily compared to measured reaction ratedistri

butions in core and' blanket in view of 'power density calculations in

steam cooled fast power breeders.

(c) Compa~ison of experiment and theory referring to heterogeneity effects

due to the plate structure in SNEAK in order to derive correction fac

tors for keff and other quantities of interest. Integral reactivity

effects as weIl as flux fine ~tructure have been measured and'compared

to a theoretical model including space dependent resonance self-shield

ing, described in Ref.{6-7.

The experiments on a~sembly 3A..:-1 started in May 1967 and were com pleted

in the middle of September 1967. Taking this into consideration and pay

ing regard to the novelty of hydrogen containing fast reactor systems it

can be understood that from the results obtained a number of questions re

mained open for further investigation.

2. CALCULATIONAL METHODS AND CROSS SECTION SETS USED

The codes for the calculations are part of the Ka~lsruhe nuclear code

system NUSYS ~nd were run on an IBM 7074 computer. For comparison with

the experiments of assembly 3A-1 the following codes have been used so far:

A one-dimensional diffusion code for cylinder and plate geometry, a one-di

mensional SN code,and appropriate evaluation codes. The number of energy

groups was 26 in these cases. The group structure is given in Ref.L1L7.

F~thermore, a two-dimensional diffusion code (DIXY) was applied wlth 10

energy groups and 1600 space points for the geometry of 3A-1 as shown in

Fig.1. The heterogeneity calculations were performed wtth the code ZERA,

described in Ref.L-~.

Different cross section sets were used for comparison with measure

ments and iqtercomparison of calculations. The three sets are:
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(a) KFK-SNEAK set, referred to as SNEAK set. The preparation of the set,

the microscopic cross sections used for it, and results of calcula

tions are described in detail in Ref.L417. Special features of the

set are the use of the SNEAK assembly 3A-2 spectrum as a weighting

spectrum and the adoptio~ of recently recommended microscopic cross

section data.

(b) KFK 26-10 set, referred to as KFK set. This set uses a sodium cooled

breeder spectrum as weighting spectrum and was e~pecially prepared

for the calculation of such reactors. A description is given in Ref.

L7-1. Although this cross section set is not particularly suited for

the computation of steam cooled fast reactor systems it has, neverthe

less, been sometimes included into the intercomparison in order to see

trends.

(c) Russian cross section set, referred to as ABN set. A description of

the set preparation, together with the data, is given in Ref.LS_7. A

l/E spectrum is used as weighting spectrum. An intercomparison of

this set was of special interest because it had been used for a ser

ies of design calculations.

3. COMPOSITION, CRITICAL MASS AND EFFECTIVE MULTIPLICATION FACTOR

A description of the SNEAK facility and its special experimental equip

ment is given in Ref.L-~. The actual configuration of assembly 3A-1 is

shown in the upper part of Fig.1. In the lower part the idealized dimen

sions are given, which were the basis for all calculations.

The special platelets and cell structures used in 3A-1 are shown in

Fig.2. The steam was simulated by square polyethylene foils of 0.2 mm

thickness fixed to stainless steel platelets as indicated. Uranium plate

lets with 20% (wt) 235U were filled into elements of type 1. Type 2 was
235

composed of those with 35% (wt) U together with natural uranium plate-

lets in order to approximate the same average composition in both types.

Type 1 dominates in core zone 1 and type 2 in core zone 2. The cell struc

ture for the heterogeneity experiments (see Section 5) is also indicated.

The average atom densities in the different zones are listed in TAB

LE I. These densities were used for all homogeneous calculations. For

the heterogeneity calculations the atom densities are given in TABLE 11.
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They were calcu1ated by smearing the atom numbers of the p1atelet together
2with those of the adjacent stain1ess steel tube over an area of 29.59 cm

2
(54.4 x 54.4 mm). The four platelets in TABLE 11 form one unit cel1 for

which the atom densities are also given. They are not identical with

those used for the homogeneous ca1culations.

The measured critica1 mass of the cy1indrica1 reactor with the dimen

sions shown in Fig.1 is given by:

I

524.5 + 1.0 kg 235u ·1M3A- 1 = .

This va1ue has been obtained after correcting for the irregu1ar core peri

phery in the same manner as exp1ained for assembly 1 in Ref .[iW. The error

arises main1y from the uncertainty in the know1edge of the uranium isoto

pie composition.

Resu1ts for keff from homogeneous two-dimensional diffusion calcu1a

tions a~e given be1ow, togeth~r with corrections due to transport and he

terogeneity effects:

SNEAK set KFK set ABN set

S4 Heterogen.
Homog. correction correction Total Homog. Homog.

I keff 3A-1
0 •.9895 +0.0027 +0.0025 0.995 1.015 1.019

From this comparison it fo110ws that the SNEAK set gives the best

agreement with the experiment. Applying equivalent corrections to the KFK

and ABN set they underestimate the critical mass appreciably.

4. 1NVESTIGAT10N OF THE ASSEMBLY W1TH STANDARD CELL STRUCTURE

All experiments described in this section have been performed with

a cell structure designated as Itnormal loading lt in Fig.2.

4.1. Neutron spectrum

An intercomparison of calculated neutron spectra at the center of

the assembly has been made for the three cross section sets used in order

to see their influence on the spectrum. The results are shown in Fig.3.
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The spectrum calculated with the SNEAK set has been used as a reference

spectrum. Due tothe logarithmic scale in the upper part of Fig.3 differ

ences cannot be clearly recognized. Therefore, the ratio of calculated

fluxes versus energy is shown in the lower part. Compared to the SNEAK set

the spectrum calculated by the KFK set has more flux in group 1 to 7 except

growp 6. The large discrepancies between both sets in groups 12 to 14 are

due to the sodium breeder weighting spectrum. Compared to the spectrum cal

culated by the ABN s~t, the SNEAK set produces systematically lower fluxes

down to 200 keV and higher fluxes below this value so that the spectrum is

remarkably ttsoftenedtt. The same comparison has been made between the three

sets for spectra at the core boundary, where the same results were found.

Furthermore, spectra calculated at the center and boundary by 84 approxi

mation were identical to those resulting from diffusion theory.

Spectrum measurements have been performed uSing the proton recoil

spectrometry technique and the 6Li sandwich spectrometer. Both methods

have been applied for measurements close to the core cent~r (position x=19,

y=2O) for which the results are shown in Fig.4. The proton recoil measure

ments were made with spherical proportional counters. Gas type (H
2

and

CH4), gas pressure, and high voltage were adjusted to the energy-range of

interest. For the low energy part a y-discrimination technique, described

in Ref.LI1,1~, was applied. The proton recoil data were corrected for

wall effects. The 6Li semiconductorsandwich spectrometer was used to meas

ure the high energy part of the spectrum. The 6Li foil between the detec

tors could be removed for background measurements and had a thickness of
26.57/ug/cm L1F. The pulse height di~tribution was unfolded using measured

response functions in order to derive the neutron spectrum. The 6Li data

were fitted to the proton recoil data around 1 MeV. Full details of both

spectrometry techniques, including the performance of analysis, are given

in Ref.LI~. Measurements with the proton recoil counters have also been

made at the core boundary (position x=19, y=28). The results are shown in

Fig.5.

A comparison of measured and calculated neutron spectra in both posi

tions is shown in the lower part of Fig.4 and 5, respectively. Because

the neutron spectrum is strongly space dependent at the core boundary a

special zone according to the dimensions of the counter was introduced

:!J!IQ 1;h~<::~J..<::\l.:J.~1;i.Q[}'~ ~() that ~[}. ~y~!,~g13 [}.1311t l:'()11 ~P13c.:1;!'1.l1Jl ()J 1;!J.!~ Z;()Il~

was available to compare with the measurements. The measured data were
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averaged over corresponding energy groups. Those parts of the measured

and calculated spectra to be compared were normalized to equal area and

the ratio of equivalent 0
i

was formed. Although we are aware of the fact

that the structure of 26 energy groups is much too coarse for a detailed

analysis, the comparison allows, nevertheless, certain conclusions. For

both positions the calculated spectrum using the SNEAK set gives from

group 5 to 10 (approximately half width of 0(u) maximum) much better agree

ment with the experiment than the ABN set. Commqn to both positions and

sets is that a broader dist~ibution of 0(u) seems to be calculated than

measured.

To gain knowledge about the neutron spectrum below 5 keV resonance

activation foils in sandwich geometry have been irradiated at the center

of the assembly. A description of this method 1s given in Ref.Lli/. Data

from the foils used for this experiment are given in TABLE 111. The foil

diameter was 18 mm. They were covered by Cd of 0.5 mm thickness and posi

tioned in a cavity at the core center. Only foils of the same material

were irradiated at the same time. The neutron flux level was monitored

for each irradiation.

The results of the sandwich experiments are shown in Fig.6. They

have been plotted together with the other experimental data and the cal-
23

culated spectrum (SNEAK set). The Na results wer~ used to normalize ex-

periment and calculation. Errqr margins have not been given because no

detailed information is available so far concerning how the results are

affected by either the contribution of higher resonances or the inaccura

cy of presently available resonance data. Thes~ syst~matic errors, how

ever, cannot be solely responsible for the fairly large discrepancies be

tween experiment and calculation. The conclusion is, therefore, that the

sandwich experiments indicate higher fluxes in the energy range below

200 eV compared to calculation with the SNEAK s~t.

4.2. Spectral indices

Measured and calculated spectral indices at the center oi the as

sembly are given in TABLE 4. Indices No.l to 4 were measured by abso

lutely calibrated parallel plate fission chambers positioned in a cavi

ty at the center of the core. Index No.5 was measured by irradiating

uranium foHs (0.2 and 19.8 % 235u) ~~taclt~ct tQa -paralleL-pla-te-.f~sß-ion---
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chamber cont~ining 235U• During the irradiation time the pulses from the

fission chamber were counted so that the foil was calibrated against the
238fission chamber. The U capture rate was determined absolutely by the

technique described in Ref.LI~. Indices 6 to 8 were also measured by

foil activation. The 235u fissions were determined again via the calibrat

ed 235U fissionchamber and the activity of the other foils was determined

by absolute counting techniques. All the experiments were monitored by

three intercalibrated monitor channels in order to cover the whole power

range of interest. They were used as reference points so that the differ

ent experimental runs could be compared and cross-checked.

The comparison between experiment and calculation regarding indices

No.1 to 3 shows the largest deviations from the experiment for the calcula

tions performed with the SNEAK set. This fact is not understood yet and

will be further investigated. This includes a recalibration of the paral

lel plate fission chambers and an improvement of fission foil fabrication,

which is under way now. For index No.5 the agreement is best for the SNEAK

set. This is of special interest in connection with the initial breeding
23

ratio determination discussed further below. Index No.6 shows less Na

captures than calculated by the SNEAK set.

4.3. Fission and capture rate traverses, initial breeding ratio

235 238 238
Radial and axial traverses of U and U fission rates and U

capture rates have been measured along one radius and along the central

axis of the reactor. For the determination of fission rates two differ

ent experimental techniques were applied. In the one case a stack of four

small cylindrical fission chambers (20th Century Electronics, G.B., Type

FC4) were placed in a 17 x 17 mm2 guide tube within an element at posi

tion x=19, y=18. The remaining volume of the element was filled with

platelets of smaller size in a way that the average core composition was

closely approximated. These chambers with different layers served to map

the axial fission rate distribution. The same stack was positioned in

the horizontal drawer, designated by H in Fig.1, to measure the radial

distribution. In the other case uranium foils were inserted into the stan

dard cell where A1
2
0

3
platelets were replaced by aluminium foil holders

in order to measure the axial traverse. For the radial traverse the foils

-we~e---i-nserted--i-n-tG---the-p0cket-s--G-f-the--hoI"izon-tal -d-rawer r--which-had -a--some...

what different cell pattern. Two uranium foils (0.2 % and 20% enriched)
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separated by an aluminium foil were placed into one foil holder so that
235 238 238

U fissions, U fissions, andU captures could be determined from

one irradiation.

The results of both types of fission rate measurements agreed within

1 to 2% over the core volume, whereas discrepancies up to 10% were ob

served for points measured in the outer blanket. The foHs gave systema

tica),.ly higher values than the chambers. This may be partly due to stream

ing ef:f;ects caused by the guide tube of the chambers a.nd, perhaps, partly

du~ to the presence of enriched foUs in the depleted blanket material.

This eJiscrepancy will be stuqied in more detail. The experimental resul ts

for radial and axial 235U fission rate traverses, obtained with chambers,
238are shown in the upper part of Fig.7. The corresponding results for U

238fiss.ion rates, also from chambers, are plotted in Fig.8. U capture

rate traverses in axial and radial directions measured by foils are shown

in Fig.S).

Reaction rates have beencalculated in three d1:l;ferent ways:

(a) Calculation by a one-dimensional diffusion code in plate and cylinder

geometry for which the radial arid axial bucklings were properly chosen

to render the reactor critical.

(b) Calculation by a one-dim~nsional 84 code in the same manner as in (a).

(c) Calculation by a two~dimensional diffusion code with tbe reactor di

mensions given in Fig.1 and the composition giyen in TABLE I.

The shapes of the reaction rate traverses from these calculations were in

tercompared and were found to be almost identical.

Co~parison of experim~nt to these calculations has been made by plott

ing the ratio of calculated to measured reaction rates as function of ra

dius and core height in the lower part of the corre~ponding figure. In

general, th~re is fairly good agreement within the core except towards the

boundary, but there is strong disagreement in the blanket regardless of the

Cr9S!S section set used. The strong discrepancy in the blanket region 1s

believed to be mainly due to the theoretica1 treatment of resonance se1f

shie1ding in the different reactor zones. In the codes used the se1f

shielding factors are ca1culated for one complete zone according to com

position. Thesefactors change, therefore, stepwise by crossing the zone

boundar-.y-. .'J'hestrong-spa-ce aepeildence--of- resonance self-shielding between
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zones of different composition is not taken into account. It is apparent

that discrepancies between experiment and theory due to this treatment be

come more visible the more the number of neutrons in the resonance region

is increased by softer spectra.

Reaction rate ratios could also be derived from the measurements, be

cause the cylindrical fission chambers were calibrated against the parallel
238plate fission chambers, and the U capture rate was measured absolutely

by the procedure described in Ref.LI;J and was also corrected for hetero

geneity effects. Therasults are shown in Fig.10. The ratios plotted are

the quotien~of the reaction rates per atom. Comparison of calculation and

experiment is made by forming the quotient of calculated to measured reac~

tion rate ratios.

The initial breeding ratio (IBR) , defined in this casa as

IBR = 239Pu produced by capture in 238U

235U consumed by fission andcapture

has also been investigated. For thispurpose the integral fission and

capture rates INT 235U fission, INT 235U capture, and INT 238U capture

were determined by integrating over core and blanket. The initial breed

lng ratio follows as:

IBR =
238INT U capture

INT 235U fission + INT 235U capture

The theoretical IBR was derived from two-dimensional diffusion cal

culations with the actual geomatry and composition of the assembly. The

results are given in TABLE V. Comparing the theoretical values it has to

be kept in mind that the calculated reactors were not exactly critical as

discussed in Section 3. From the experiment, INT 235U fission and INT 238u
capture have also been determined by integration, taking into account the

actual composition in the different zones. Because the experimental data

agreed best wlth the theoretical results using the SNEAK set the corres-
235ponding reactor averaged U capture to fission ratio has been used to

derive the "experimental" IBR given in TABLE V. The error margins indi

cated result from a fairly rough error estimation due to the fact that
- - -

only one radial and one axial traverse for each reaction rate was usea
for the evaluation.
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4.4. Prompt neutron decay constant

Prompt neutron decay constants have been measured by the pulsed source

technique. A 150 kV COckroft-Walton type accelerator with duoplasmatron

ion so\U'ce J designed by W.EYRICH J was used. Characteristic data of the

neutron generator are: pulse width about l/usec, repetition ~requency up
4

to 200Q pulses per sec J maximum source strength about 5 x 10 neutrons per

pulse. The target was positioned within the open half of the horizontal

channel close to the core center. A 235U fission chamber was located at

Position x=22, y=18. As time analyzer a fast 32 channel shift register

(manufactured by BORER and Co., Solothurn, Switzerland) with scaler memo

ry was used, as described in Ref.LI§7.

Prompt neutron decay constants were measured at several subcritical

states from about 2 dollars to a few cents below delayed critical. The

experimental value for the prompt neutron decay constant ~ , obtained by
c

extrapolation to delayed cri~ical, is given in TABLE VI, together with
. -3

calculated values using ßeff = 7.1 x 10.

The comparison of the data shows the weIl known overestimation of ~
c

by calculation. The SNEAK set gives a value closest to the experimental one.

4.5. Material worth measurements

A number of sampie reactivity measurements were made uf,ing the hori

zontal drawer and the sampie changer (see Ref.L-~). Except for the sampie

position the drawer was filled with core material in order to minimize per

turbation of the core.

Two series of measurements have been performed. In the first series

the sampies were contained in otherwise empty stainless steel boxes of

2 x 2 x 1 inches. Central reactivlties of these sampies were measured by

the asymptotic period technique. Aperiod measurement with a reference box

was made before the various sampies were measured at the core center. It

was not necessary to interrupt reactor operation since the resulting reac

tivity variations were made small enough to prevent large power fluctua

tions. The reactor periods were generally larger than 1000 sec; flux da

ta were collected during 10 min for each sampie.

In the second series of measurements the remaining space in the box

was f illed w~thC:2r~~1;e:ri~Ü. Thos.eboxes we;r.e used f-orradial r~äct1VY';';

ty traverses with some of the sampies, for which the central worths had
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been measured. The inverse kinetics method was used to determine reacti

vities during the traverses. The sample was stopped for 5 min at each posi

tion in order to reduce the effect of removal of delayed neutron precursors

from the reactor, caused by the movement of core material in the sample

drawer. This period was also long enough to collect sufficient flux infor

mation for a statistically accurate reactivity calculation.

The material worths have been calculated against void by a perturba

tion calculation in which a very small quantity (generally 1020 atoms) of

the perturbing sample material was added to 1 cm
3

of core mixture. The di

mensions and the transverse buckling correspond to the actual dimensions

of the critical reactor.

Measured and calculated central reactivity worths are compared in TABLE

VII. Measured and calculated radial reactivity traverses are shown in Fig.11.

The data are not normalized. Poor agreement between calculation and experi

ment is found especially for graphite, aluminium,and CH 2 • The ABN set gener-
239ally gives values closer to the experiment except for Pu and Cr. In or-

der to start investigations to resolve the discrepancies between theory and

experiment the influence of the surroundings has been studied. The compari

son of the two experimental procedures I and 11 shows that these effects are

small compared to the discrepancies.

4.6. Reactivity worth of control rods

Assembly 3A-1 contains ten shim rods, six safety rods, and one fine

control rod as shown in Fig.l. All rods are filled with core material in

such a way that the reactor has a homogeneous core composition with all

rods inserted. The shim rods have poison followers of B4C powder, the

safety rods have followers of a solid dispersion of this powder in epoxy

res in. The followers protrude axially through the largest part of the

core with the rods in the shutdown position.

The ten shim rods and two of the safety rods were calibrated by the

continuous run methode The fine control rod and two of the shim rods were

also calibrated by moving the rod stepwise in order to obtain better sta

tistics at some rod positions for the reactivity worth as derived with the

inverse kinetic equations from the flux history. The neutron flux was de

te_ct_ed by twoi_~uliza._U9t\~aI!lP~:rSl l3.'t QP~()Sl:i tE,'l P_OSl~~i.()~~ (~==_1.~J y=31) and

(x=26, y=06) just outside the blanket, as indicated in Fig.1.
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Measured and calculated reactivity worths of shim rods are given in

TABLE VIII. It can be seen from the values that the measured rod worth

depends on the position of the ionization chamber. The differences are

larger than could be expected from statistical uncertainties. The ioniza

tion chamber which is closest to a rod gives a higher value. This space

dependence could not be eliminated by averaging the current of the two

chambers. The subcritical measurements also show space dependent effects.

During these measurements an AmBe source was inserted at the core boundary.

Its effective strength was determ1ned from the flux history after a reac

tivity step between two subcritical states. The calibration of the fine

control rod was checked with some asymptotic period measurements, the re

sults of which do not depend on the detector location.

The worth of individual shim rods was calculated in the following way:

First the central worth of the poison part of a rod as compared to core ma

terial was determined by a one-dimensional diffusion calculation (with KFK

set) in cylindrical geometry with an axial buckling corresponding to the

extrapolated height of assembly JA-I. The poison part of the control rods

does not fHl the core over the whole axis; the calculated central poison
2wortn was converted to the worth of a rod in its actual geometry by cos

weighting. The worths of rods at the various radial locations were finally

obtained from the central one by J 2 weighting.
o

Th.ose calculations were cross-checked by a calculation in (r ,8) geome

try for shim rod Tl, using·the SNEAK set and 6 energy groups. Both values

agreed within 5%.

5. INVESTIGATION·OF HETEROGENEITY EFFECTS

All experiments and results described in this section have been made

by changing the normal cell structures to "bunched" cell structures in parts

of the core volume. The two types of bunching, namely single bunching and

double bunching, are indicated in Fig.2.

Aseries of bunching experiments in different core positions has been

performed tomeasure the influence of heterogeneity on keff and to get some

informationaboutthe leakage component of heterogeneity effects.
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5.1. Integral heterogeneity effects

(a) Radial dependence of bunching effects in the central test zone

A central zone, consisting of 21 fuel elements was bunched (single bunch';'

ing) in 6 successive steps as indicated in Fig.12a. The numbers 1 to 6 cor

respond to the number of the step. The resulting reactivity effects per ele

ment in cents, together with calculated values, are also shown in Fig.12a.

They show that the bunching effects are nearly additive and that the smal-

ler values for the last steps can be explained by a loss of importance with

increasing radius. The conclusion is drawnthat a zone of 21 bunched ele

ments is large enough to neglect surface effects of the bunched zone.

The calculated values have been obtained by perturbation calculations

with "heterogeneity corrected tt cross sections. These cross sections are an

extract of multigroup cell calculations performed with the code ZERA. De

tails of the calculation methods are explained in Ref.L-~7.

(b) Variation of the axial extension of the bunched zone

The axial extension of the bunched region of 21 central elements

has been varied in 4 steps: 16, 32, 48, and 64 cells corresponding to 1/4,

1/2, 3/4, and full core height. The experiments have been done to look for

heterogeneity effects on global diffusion in a direction perpendicular to

the plate surfaces. In Fig.12b the measured reactivity effects are compar

ed to theoretical values. The latter have been calculated without modifi

cations of the diffusion properties. From the agreement it follows that

heterogeneity effects on diffusion perpendicular to the plates can be neg

lected, as is discussed more generally in Ref.L6-1.

(c) Reactivity effect of double bunching in the central zone

The effect of double bunching the 21 central elements over the full

core height has also been measured. The resulting reactivity change is

shown in Fig.13a, together with the results of single bunching. Calculat

ed values for single and double bunching as weIl as for the homogeneous

case are also shown. Whereas the calculated result using the SNEAK set

agrees fairly weIl with the experiment, the one using the ABN set shows

poor agreement. One reason for this can be found from fine structure meas

urements and 1s discussed in Section 5.2.

- 14 -



(d) Reactivity effec~s of bunching near the core boundary

It was expected that theheterogeneity effects of elements near the

core boundary are strongly influenced by akind of "streaming" effect due

to platelets with small transport cross sections. Therefore, the bunching

experiments have been continued at the periphery of the core as indicated

in Fig .13b. The reactivi ty changes af ter bunching of two groups of elements

overthefull core height with slightly differentmeanradialpositions at

theperiphery areshown in Fig.13b (right side) for two degrees of bunching

(1/11 = 2 and 1/11 = 4). The effects become negative near the core edge.

The relative differences between experimental and ca1cu1ated values

are larger than in the core center, but thechange in sign of the bunching

effect 1s in satisfactory agreement with the calculated cllrve. The designa

tion theory I means that the ca1culation has beenperformed withöut chang"

iog diffusion coefficients, whereas theory II includesheterogeneitycorrec

tions to the diffusion coeff iCients.

To confirm that the negative heterogeneity effects near the core peri

phery are reallydue to changes in radial diffusion properties, the two fol

lowj.ng experiments have been performed:

1. Thirteen elements in the boundary core zone were loaded as shown sche

matically in Fig.14a. The platelets were vertically positioned over 7/16

of the core height so that their surface normals had a direction nearly

parallel to the fluxgradient. In this direction streaming channels are

avoided. The reactivity effects caused by bunching these vertically posi

tioned platelets are also shown in Fig.14a. They agree rather weIl with

the values calculated without changing the radial diffusion coefficients

durillg bunching.

2. The 13 elements have been turned around in four steps of 900 for each

of the three cell structures (1/11 = 1, 2, and 4) with the platelets verti

cally ppsitioned. As indicated in Fig.14b in twö of the four steps the sur

face normal of the vertically positioned platelets was either parallel or

perpenqicular to the flux gradient. The mean reactivity value of the two

"parallel" steps was compared to the mean value of the two "perpendicular"

steps. The reactivity difference shown in Fig.14b is obviously caused by

the difference between the diffusion coefficients parallel and perpendicu

laI' to the platelets. Since the heterogeneity influence ön the latter'is
_..._.--

.- __. __ ._...._. __. 7_. ··•·.·· ·_ -----

small-;it--is-essenti:aUythe influence of heterogenei ty on leakage parallel

to the platelets which has been measured. An increased leakageand Hs ne"
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gative reactivity contribution is always present for the outer parts of

the core if the platelets are horizontally positioned, which is the normal

case. This negative contribution, however, is strongly compensated by the

positivereactivity contribution due to bunching, found in experiment 1.

This is consistent with the results shown in Fig.13b for the boundary core

zone.

5.2. Investigation of flux fine structure

The results of fine structure measurements shown in Fig.15 and 16 give

some more differential information about the heterogeneity effects. The
. . 103 103m 238 . .ma1n contribution to the Rh(n,n')Rh activation and to U f1ss1on

is caused by neutrons with energies above 200 keV and 1 MeV, respectively.

A comparison of the measured cell traverses with the results of ZERA calcu

lations show that the flux fine structure for high energy neutrons is in

good agreement to the experiment, if the SNEAK set is used. Calculations
103with the ABN set underestimate the space dependence of the Rh(n,n') ac-

tivation strongly. This gives. an insight into why the reactivity effects

due to bunching, which in this case get their main contribution from the

high energy part of the spectrum, are underestimated by the ABN set, as

shown in Fig.13a.

The agreement between experiment and calculation (SNEAK set) is not

so good for the fine structure of the 238u capture rate shown in Fig.16.

The calculations seem to underestimate the space dependence within the ura

nium platelets. This is to be expected because the spectrum measurements

by foils, shown in Fig.6, and lifetime measurements indicate more neutrons

in the 10 to 100 eV range than calculated. It is just this region where

self-shielding effects are especially large.

235
Probably the discrepancy between measured and calculated U fission

rate distributions within the cell, shown in Fig.15, is due to the same

reasons. The 235U fission curves result from a partial compensation of a

flux depression (within the uranium platelets) at low energies and a flux

peaking at high energies. Small errors in the rate distribution caused by

low energy neutrons will, therefore, lead to large errors inthe resulting

235U fission rate distribution.

Generally, it can be stated that such fine structure measurements are

sensitive to changes in the overall neutron spectrum. They can, therefore,

be used to test cross section sets, provided that the calculatlonai methods

used for fine structure investigations are sufficiently accurate.
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5.3. Additional results obtained during the bunching experiments

Pulsed source measurements have been performed when the eentral zone

of 21 elements was doubly bunched. For the prompt neutron deeay constant

at delayed critical, a , no difference could be found within the errore
limits to that given in Section 4.4. for the normal cell structure. This

is in agreement with the heterogeneity calculations performed with the

SREAK set, whereas those with the ABN set predicted a 3% lower value for

a due to bunching.c

Neutron spectrum measurements by the proton reeoil teehnique were also

performed in the center of the doubly bunched zone. The resulting neutron

spectrum is shown in Fig.17, together with the one obtained for normal cell

structure. The position of the spherical counter in respect to the plate

lets 1s indicated. A qualitative comparison of the measured spectra shows

that the resonances, mainly due to oxygen and aluminium, are less pronounc-
,

ed in the case of double bunching than for the normal cell structure. A

quantitative comparison of the two experiments has been made by averaging

over groups, normalizing to equal are~ and forming the ratio of equivalent

fluxes per unit lethargy. This is shown in the lower part of Fig.17, togeth

er with the corresponding ratio derived from heterogeneity calculations with

the SNEAK set. There are almost no differences for the calculated spectra

and only minor differences for the experimental ones, except for the two

lowest groups. This, however, should not be overestimated l)ecause of the

fairly large statistical errors in this region. It can be concluded from

this comparison that the overall neutron spectrum above 10 keV is not chang

ed remarkably by double bunching. This is consistent with the result found

for the prompt neutron decay constant.

During the phase of single bunching within the central zone tempera

ture dependent reactivity effects of a metallic natural uranium sampie were

measured using the pneumatic square wave pile oscillator. The eonstruction

and the dimensions of the heated sampie can be seen from Fig.18. The sample

and an equivalent dummy was inserted into a fuel element loaded with core

material. The measured reactivity change for temperatures up to l049
0

K i8

shown in Fig.18.

Two types of calculations have been made for this experiment using

the method described in Ref .{iJ7, which is part ofthe NUSYS code system.

For the one type the flux <i~pr~s~!()l1. w.itbin the s_ample was taken i.ntQae-

count, whereas this was not the case for the other type. Both ealcula

tions were made in cylindrical geometry with diffusion theory. The finite
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size of the sample was taken into consideration by a properly chosen u •
p

The calculated results are also shown in Fig.18. The calculation without

flux depression yields results approximately 20% higher than the measured

values. This shows the influence of flux depression very clearly. The good

agreement between experiment and theory for the other case should not be

overestimated. In both calculated cases the Doppler coefficient is propor

tional to T-1 •146 •

6. INVESTIGATION OF THE STEAM VOID EFFECT

The reactivity effect of voiding various core zones in assembly 3A-1

has been measured and compared with calculations.

In aseries of experiments the polyethylene foils were removed in a

central cylinder of r = 14.07 cm, consisting of 2i core elements as indicat

ed in Fig.19. In steps 1a to 1d the polyethylene was removed from the zone

in 16, 32, 48, and 64 (full core height) unit cells of each element. This

gave the axial dependence of the void effect.

In the following steps 2, 3, and 4 a wider cylinder of 45 elements

(r = 20.59 cm) and two core sectors have been voided, respectively. From

these steps the radial dependence could be derived. The reactivity effect

of voiding the total core was extrapolated from the sector experiment. It

was assumed that

=
~oid,sector

V / VSector Core

where ~oid,Sector is the reactivity effect of voiding the second sector.

The experimental results for the different steps including the extrapolation

to the totally voided core zone are plotted in Fig.19.

Experimental results are compared with calculations in TABLE IX. The

experimental error in steps 1 through 4 is mainly due to uncertainties in

the worth of control rods used to compensate reactivity. After each step

the rods were recalibrated. Deviations in rod worth were in the o~der of

1% to max. 4% so that the reactivity changes could be determined to about

+ 2%. The reactivity change of voiding the 16 outer elements of step 4

was by 6% smaller than the equivalent one of step 3, indicating that void

ingthefirstsector decreased_the_fluxin _this_Rart .Qf _theJ~Q:r_~•.... 'rb.e_

error in the extrapolated value for total core voiding was estimated to

be about ± 7%.
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Calculations were made by one-dimensional diffusion codes in cylindri

cal and plate geometry using transverse bucklings, which rendered the reac

tor approximately critical in the unvoided case. No two-dimensional calcu

lations have been made so far, nor have final heterogeneity corrections been

applied. Preliminary heterogeneity corrections show an increase to the cal

culated values by a few percent. The experimental values are on the aver

age 16% higher than those calculated with the SNEAK set. Both KFK and ABN

sets give a much too small void effect.

7. CONCLUS IONS

Regarding the integral quantities of interest for the design of steam

cooled fast reactor systems the agreement between theory and experiment is

improved considerably by applying the recently prepared S~K set for cal

culating assembly 3&-1.

The effective multiplication constant, keff' although underestimated

by the SN&\K set is closer to 1 than the fairly strong overestimation by

the KFK and ABN set. The underestimation of keff is decreased to 0.5 % by

correcting for transport and heterogeneity effects. The heterogeneity cor

rection in particular is very reliable, as can be concludedfrom the hetero

geneity experiments performed in this assembly. Although the accuracy in

keff is reasonable, further two-dimensional calculations with more than 10

energy groups seem to be interesting in order to see the effect of group

collapsing on keff -

The initial breeding ratio of 1.08 calculated for this assembly using

the SNEAK set gives also the best agreement to that derived from the ex

periment. Concerning the measurements for the determination of the initial

breeding ratio it can be concluded that more detailed investigations of re

action rates in the blanket and over the whole core volume are necessary

in order to achieve a better experimental accuracy. Measurements within

the blanket are particularly important in external breeder systems like

this assembly.

The steam void effect experiments also show the best agreement with

the results obtained using the S~K set. The comparison between experi

ment and calculation needs to be further extended by the inclusion of two

dimensional calculations and by investigating in more detail the influence

of the neutron spectrum below 1 keV on the steam void effect. It is sup

p():;;~g. ~1J.l:l.~ th~ 1.:mde~esUmation of the caJ.cu-l-ated void eff-ectispartly due

to the underestimation of the calculated neutron flux below about 300 eV

as concluded from the sandwich foil experiments.
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From the axial and radial fission and capture rate measurements it

can be concluded that a special theoretical effort is necessary to eli

minate the fairly large discrepancies between calculated and measured reac

tion rates at the core boundary and within the blanket. The discrepancies

are believed to be partly due to the zone-wise treatment of resonance self

shielding, which is apparently not suitable for steam cooled fast reactor

systems with softened spectra.

The results of the heterogeneity experiments showed on the one side

the applicability of the theoretical model used to calculate reliable cor

rection factors, because the integral reactivity effects of the bunching

experiments as weIl as their trends were very weIl predicted in general.

On the other side, the calculated heterogeneity results - in particular

the flux fine structure - are rather sensitive to changes in the cross sec

tion sets. In this respect the SNEAK set also gave the best agreement to

the experiment.

From the comparison of calculated and measur~d neutron spectra it

can be concluded that the SNEAK set was also closest to the experiment.

This is also true for the results found for the prompt neutron decay con

stant at delayed critical. There is, however, still a remarkable discre

pancy left over.

Whereas the application of the SNEAK set improved the ~Lgreement be

tween theory and experiment in all cases mentioned before, this is not so

for the material worth measurements and for a few spectral indices. This

result is not understood so far.
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Al C Cr+Mn Fe H Ni 0 Si Ti
235

U
238

U Mg
1

Core =/!,one
128.8 4.12 36.6 123.1 7.40 19.0 144.7 1.84 0.53 20.314 81.023 0.37l'

Core Zone
128.9 4.13 36.7 123.3 7.42 19.0 144.8 1.88 0.55 20.221 81.066 0.3721

Blank+t zonE - 0.14 11.9 40.1 - 10.2 - 0.46 0.2 1.54 ß99.3 -3!

Al C Cr+Mn Fe Ni 0 Si Ti
235

U
238

MgH U

SS pli;ltelet - 16.01 110.7 373.3 29.48 51.4 - 4.24 1.68 - - -+ CH 21 foil

Al pliltelet
130.1 0.13 12.24 39.54 - 5.86 - 1.30 - - - 1.48(25% ~l)

U platelet - 0.13 11.78 39.54 - 12.9 - 0.44 - 81.282 324.19 -(25% ~35U)

A1 20 31 385.3 0.13 11.78 39.54 - 5.86 578.6 0.44 - - - -
plate~et

Unit (:leU 128.9 4.10 36.6 123.0 7.370 19.0 144.6 1.61 0.42 20.320 81.048 0.37

i
TABLE !I

TABLE !II

Atom densi ties (in 10
20

crn-
3
) of SNEAK 3A-1 used for ho~ogeneous calculations

Atom densities (in 1020 crn-
3

) of SNEAK3A-1 used for heterogeneity calculations



TABLE 111 Data of resonance activation foils

Thickness Lowest resonance
Isotope Material of foU energy

mm eV

23
Na NaI crystal 0.5 2850

114
Cd metal 0.5 120.2

139
La metal 0.250 72.4

186
Wo metal 0.025 18.8

98
Mo metal 0.2 12 (467)

197
Au metal 0.025 4.906

115
In In-Pb alloy 0.050 1.456

TABLE IV Spectral indices at the center of assembly JA-l

Calculation Calcul./Exper.

~o Index Experiment
SNEAK KFK
set set

AHN
set

SNEAK
Exp.

KFK
Exp.

ABN
Exp.

1
238u fission

0.0336 +5% 0.0301 0.0301 0.0316 0.90 0.90 0.94235
U fission

233
2 U fission 1.48 +3% 1.572 1.45 1.06 0.98235U fission

3
239

Pu fission 1.03 +3% 0.958 0.971 1.001 0.93 0.94 0.97
235U fission

4
232

Th fission
0.209 0.198238

U
+6% 0.194 0.95 0.93

fission
238U capture

P.1435 235U
0.142 +4% 0.129 0.127 1.01 0.91 0.89

fission

23
capture -3.37

1.054 0.846 0.882Na 1.10 0.88 0.926 0.959x10 :!:. x!0-3 x!0-3 x!0-3235U fission

7 115In capture 0.205 +5% 0.208 1.01
235U fission
103 . ,

---8- •____ Rh(n,n .. } Ö.176 ,:tiOi
1- --

235
U

0.154 0.88
f.ission



TABLE V Initial breeding ratio (IBR) for assembly 3A-1

238
U capture INT

235
INT U capture

IBR
235U 235u f· .INT fission INT 1SS10n

SNEAK set 1.384 0.279 1.081

KFK set 1.307 0.287 1.016

ABN set 1.298 0.298 1.000

Experiment 1.385 + 3 % (0.279) 1.08 + 0.03- -

TABLE VI Prompt neutron decay constant a of assembly 3A-1
c

Experiment SNEAK set KFK set ABN set

ß/l [ sec-
1J 4

2.42· 10
4

10
4 2.73 • 10

4a = 2.05 ·10 + 2% 2.53 •c -

Calculation
1.18 1.23 1.33-Experiment

....



TABLE VII Central material worths of SNEAK assembly 3A-1

Measured cenf
J

ral reacti-
Calculation /Experiment

Satn.ple Sample vity worth ~/gx 103J
MaterilaI weight dimensions I n I

[ gJ [mmJ Sample in Sample in I SNEAK set KFK set ABN set

empty bo:x filled box
Exper.I Exper.I Exper.I

235
U 3.413 46.6x46.6:X:0.1 + 33.34 + 0.6 + 33.37 +0.7

I

1.15 1.11 1.09- -
238 .

61.56 46.8x46.8x1.6 2.41 + 0.04 2.25 + 0.03 1.20 1.00U - - 0.96
I

Mo 33.86 46.8x46.8x3.2 - 4.80 + 0.07 - I 1.28 1.23 1.17

C 48.68 46.8x46.8x12.8 + 5.55 + 0.1 + 5.57 + 0.06 0.25 0.48 0.60

lOB 2.90 diam.43x1 ...779 + 1.0 -'762 + 0.7 1.36 '1.29 1.16, -
Al 159.24 50.8:x50.8x25.1 - 0.207+ 0.02 - 0.232+ 0.02 4.68 3.10 2.05-
Ta 53.36 46.8x46.8x1.6 - 14.7 + 0.08 - - - 1.33-
SS 108.60 46.8x46.8x6 - 0.97 + 0.03 - 1.225+ 0.015 1.37 1.38 1.11- -
CH

2 2.527 50.8x50.8x1 +234 + 0.7 +235 +0.8 0.66 0.74 0.62-
Ni 114.33 46.8x46.8x6 - 1.42 + 0.06 - 1.73 1.84 1.55

Fe 127.67 46.8x46.8x8 - 0.87 + 0.05 - 1.47 1.41 1.05

Cr 110.18 46.8x46.8xlO - 0.76 +0.03 - 1.39 1.58 1.58

239pu 28.94 with PU0
2

-U0
2

+ 48.1 + 0.5 + 50.45 + 0.5 1.10 1.11 1.12- -
Pu02- UQ2 136.45 50x50x5 + 9.10 + 0.015 + 9.71 + 0.02 1.15 1.15 1.17



TABLE VIII Reactivity worth of control rods in assembly 3A-1

Reactivity worth [ t J
Rod Position InverSe kinetic meth. Subcrit.measurements Calculation
No. (x/y)

Ion chamber Ion chamber Ion chambex Ion chamber (KFK set)
1 2 1 2

T 1 17/23 102.5 94.0 104.2 102.2 93.1

T 3 23/17 94.8 100.3 94.1 108.1 93.1

T 6 17/14 79.2 82.9 78.5 88.0 75.4

T 8 20/14 84.1 91.1 82.7 97.4 81.2

T 9 14/20 87.1 83.2 86.2 87.7 81.2

T12 23/23 74.3 73.1 78.6 82.3 68.7

T14 26/23 33.1 32.7 - - 27.3

T15 14/17 78.9 78.8 77.8 82.3 74.9

T16 26/17 43.9 45.4
_. - 40.9

R 11/17 12.35 12.36 ::l.2.37 (period measurements)

TABLE IX Comparison of measured and calculated steam void effects
in SNEAK assembly 3A-1

Neg. reactivity effect ~k ( %J Calcula,tion
Experiment

Step Calculation
Experiment

3NEAK set KFK set ABN set SNEAK set KFK set ABN set

1a 0.164~0.OO4 0.130 0.113 0.094 0.79 0.69 0.57

1b 0.304~0.006 0.251 0.217 0.181 0.83 0.71 0.60

1c 0.410+0.008 0.345 0.298 0.248 0.84 0.73 0.60-
1d 0.459~0.009 0.386 0.333 0.278 0.84 0.73 0.60

2 O.935~0.018 0.782 0.674 0.563 0.84 0.72 0.60

3 1.079+0.022 - - - - - --
4 1.214+0.028 - - - - - --
5 3.18 +0.22 2.67 2.31 1.90 0.84 0.73 0.60-
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FIG.18 TEMPERATURE DEPENDENT REACTIVITY EFFECT OF

METALLIC U - NAT DOPPLER SAMPLE IN ASSEMBLY 3A-l
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FIG.19 MEASURED STEAM VOID EFFECT IN SNEAK ASSEMBLY 3A-1




