
FAST REACTOR PROGRAMME

ANNUAL PROGRESS REPORT 1980

COMPILED BY

J.C. PLAKMAN



ECN does not assume any liability with respect
to the use of, or for damages resulting from
the use of any information, apparatus, method
or process disclosed in this document.

Netherlands Energy Research Foundation ECN

P.O. Box 1

1755 ZG Petten (NH)

The Netherlands

Telephone (0)2246 - 6262

Telex 57211



ECN-115

FAST REACTOR PROGRAMME

ANNUAL PROGRESS REPORT 1980

COMPILED BY

J.C. PLAKMAN



Plakman, J.C. (Comp.)

Fast Reactor Programme, Annual Progress Report 1980.

Netherlands Energy Research Foundation ECN. 1982.

132 pages, 49 Figs., 11 Tabs.

The RCN-3 evaluation has been completed for 30 materials, including

data for natural elements in the fission-product mass range; progress

has been made in reevaluating the cross sections for Pd-isotopes using

recent experimental data; a request list for fission-products capture

cross section measurements has been drafted. Concerning the evaluation

of the cross sections of corrosion products in the primary cooling

circuit the results for the nickel isotopes are given and some results

for Co and Co are discussed. Progress has been made in the pre-

equilibrium model studies with respect to the intercomparison between

experimental and calculated angular distributions of neutrons emitted

from 14.6 MeV neutron-induced reactions and in the extention of the

model to include multiparticle emmission.

In the scope of the fuel performance programme the SHOT-project has

been terminated now; some results of the post irradiation examination

of the last SHOT-capsule are given; some first results of a number of

loss-of-cooling (LOC) experiments are given. The progress in testing

the equipment and the instrumentation for the transient-overpower

(HFR-TOP) experiments is reported; most of the fuel pin precalculations

needed to support the definition of the experimental programme has been

performed; the spade work for the first HFR-TOP capsule has been done.

The proceedings in the thermochemical investigation on uranium compounds

with liquid alkali metals, chlorine (+ oxygen) and the fission-products

Ru, Rh and Pd are described.

The 1000-h-creep strengths at 823 K of plate material and welded joints

of different heats of DIN 1.4948 material in reference and irradiated

condition have been determined and compared with the tensile properties

of the material in both conditions; investigating the low-cycle fatigue

behaviour of DIN 1.4948 plate material the influence of the test

temperature and the strain rate has been examined; reducing the frequency

during a fatigue-crack-propagation test from 10 to 0.01 Hz it appears

that the fracture mechanism changes from transgranular to intergranular.
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Some results of a two and tree dimensional elasto-plastic finite element

analysis of a compact tension test specimen are given.

A relationship between the microstructure of sodium smoke particles and

the conditions of formation of the aerosol is demonstrated; a theoretical

evaluation has been made on the behaviour of aerosols penetrating through

model and concrete leaks and on the removal processes of aerosols from

flows through leak paths.

The progress in the development of the thermal-hydraulic computer code

VITESSE concerned the soft-ware to solve the Navier-Stokes equations at

turbulent flow conditions; calculations have been made on a developing

flow in a parallel plate duct. The secondary flow vortices have been

measured in a central subchannel of a four rod bundle test section using

Laser Doppler Anemometry. Results of the local boiling experiments in

the partially blocked bundles have been analysed with respect to the

behaviour of the liquid-vapour interface during boiling and pin dryout

mechanisms.
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GENERAL

This progress report summarizes the fast reactor research carried out

by ECN during the period covering the year 1980.

The majority of work described forms part of an integrated fast breeder

research and development programme also in progress at the national

nuclear research centres at Karlsruhe and Mol. This combined effort is

based on a memorandum of co-operation in the fast reactor field signed

by the respective governments in 1967 and on a memorandum of under-

standing signed by the research centres.

The ECN research is mainly concerned with the cores of sodiumcooled

breeders, in particular the SNR-300, and its related safety aspects.

It comprises six items:

- A programme to determine relevant nuclear data of fission- and

corrosion-products;

- A fuel performance programme comprising in-pile cladding failure

experiments and a study of the consequences of loss-of-cooling and

overpower;

- Basic research on fuel;

- Investigation of the changes in the mechanical properties of

austenitic stainless steel DIN 1.4948 due to fast neutron doses;

this material has been used in the manufacture of the reactor vessel

and its internal components;
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Study of aerosols which could be formed at the time of a fast reactor

accident and their progressive behaviour on leaking through cracks in

the concrete containment;

Studies on heat transfer in a sodium-cooled fast reactor core. As

fast breeders operate at high power densities, an accurate knowledge

of the heat transfer phenomena under single-phase and two-phase

conditions is sought.
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I. NUCLEAR DATA FOR REACTORS

(H. Gruppelaar)

The programme Nuclear Data for Fast Reactors consists of two projects:

1. Evaluation of neutron cross sections of fission-products to estimate

the effects of fission-products in the core on the behaviour of a

fast breeder reactor (FPND).

2. Evaluation of neutron activation cross sections of corrosion

products and other nuclides in the primary cooling circuit of a

fast breeder reactor to evaluate the radioactive inventory of the

coolant (CPND).

Work supporting these projects and the design studies of future fusion-

reactors is the study of preequilibrium models to predict spectra and

angular distributions of particles emitted at neutron energies above

10 MeV.

FPND

Some progress has been made in the application of adjustments based upon

integral data to pointwise given cross sections. Recently the adjust-

ment methods used to obtain adjusted fission-product cross sections

have been reviewed |1|. Examples of adjusted fission-product data files

are the ENDF/B-V and RCN-3 evaluations. The last-mentioned file has

been completed for 30 materials, including data for natural elements in

the fission-product mass range. Also some progress has been made in the

revision of evaluated cross sections for the Pd-isotopes using recent
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data measured at Geel |2| and RPI |3|. Moreover a request list for

differential data has been made and group constants have been

calculated from the ENDF/B-V data library. Other activities concern

the calculation of group constants, integral data tests and burn-up

calculations and are reported in section 1.

The four conference papers mentioned in the previous progress report

|4| have been published |5—8|. The contents of two papers is also

available in more extended ECN-reports |9, 10|.

CPND

Neutron cross sections for nuolides in the primary cooling circuit of

fast power reactors have been evaluated at ECN for 6l+Zn, 50Cr, 5lfFe,
58Ni, ^2Ni and 61+Ni. Some results for the nickel isotopes are given.

The evaluation of neutron cross sections for 58Co and 58mCo has nearly

been completed. The 9-h inetastable state has a very large thermal and

epithermal neutron absorption cross section. For this reason part of

the short-lived activity is removed when these corrosion products are

irradiated in a moderated neutron spectrum occurring in the Na-coolant

of a fast power reactor (section 2).

P^i.sg.uilibrium models^

Recently an article on preequilibrivm models was published entitled

"Angular distributions in a unified model of preequilibrium and

equilibrium neutron emission" { 11 | . In that paper a large number of

intercomparisons between experimental and calculated angular

distributions of neutrons emitted from 14.6 MeV neutron-induced

reactions was made. This work was also reported at a conference |l2|

with emphasis on the introduction of two global fit parameters to

describe the angular distribution at all angles. A more extended

version of this paper with graphical intercomparisons for 34 elements

has been completed |l3|. The pveequilibrium model code PREANG |l4| has

been extended to include multi-particle emission |l5|. The preequilibrium

effects are taken into account in the emission of each particle. This

feature is probably not included in most other codes. It appears that

preequilibrium effects in secondary emission become important at energies

above about 30 MeV (section 3).
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For all above-mentioned programmes the recently developed interactive

data retrieval system INGRID |l6| is very useful. "With this code

package neutron cross sections from various evaluated and experimental

data files can be retrieved, sorted, smoothed and plotted. A short

characterization of the system is given in section 4.

1. Fission-product nuclear data

1 j.l̂ ._Ad jus tment_me thods

(H. Gruppelaar, J.B. Dragt)

In Ref. |l| a review is given on the use of adjustment methods in

neutron cross section evaluation. This review is mainly based upon the

experience of the authors in the field of fission-product cross section

adjustment and refer mostly to work performed at ECN |l7-22|, CEA-

Cadarache |5,23|and HEDL |24-26|. At these laboratories adjusted

fission-product data files have been obtained. Results of a first

intercomparison between adjusted multi-group capture cross sections

(RCN-2A and CARNAVAL-IV) were recently published |5|. The HEDL adjust-

ment code |25| was used to obtain ENDF/B-V fission-product cross

sections |26| which are partly based upon integral data obtained at ECN

and Idaho. The integral data measured at EBR-II on fission products

have also been analysed with the above-mentioned code ] 2"7 j . Finally,

extensive testing of JENDL-1 evaluated cross sections against integral

data was reported by Iijima et al. |28] * ) . These results will be

incorporated in a future Japanese evaluation.

*) Note: The problems of calculating self-shielding of STEK samples

mentioned in this reference are due to the circumstance that no

perturbed spectra

i.e. Z.ty instead of E.i|i

multiplied by the ratio

have been used to calculate integral data,

In Refs. |l7-2l| the elements of Z were
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]_. 2. RCN-3_adjusted_nuclear_data_file

(H. Gruppelaar, H.A.J. van der Kamp)

One of the adjustment methods discussed in Ref. |l|, i.e. "model

parameter adjustment", has been applied to obtain statistical-model

parameters, adjusted to integral data. This procedure has been outlined

in Refs. |l, 17, 22|. The adjusted parameters have been used to obtain

adjusted pointwise given capture cross sections in the fission-product

mass range.

In the forthcoming RCN-3 evaluation |29|, which has been completed now

for 30 materials, the above-mentioned procedure was followed starting

from the unadjusted RCN-2 evaluation |30|. The adjustments were made

to fit integral STEK and CFRMF data, reviewed in Ref. |2l|. In

addition some revisions were applied, based upon recent differential

data. For most materials the multi-group cross section adjustments |20|

in the resolved resonance range were small, so that no revisions were

needed in the corresponding point cross sections.

At present, the following nuclides and elements have been included in

the RCN-3 evaluation: 93Nb, Mo, 99Tc, 103Rh, 107Ag, 109Ag, Ag, 1 2 7 I ,

129-j- 133Cs> 139La> 141pr ̂  l
[+2Ndj 1 4 3 ^ 1 4 4 ^ lt+5Nd> 1 ^ 6 ^ l^Nd,

d, 150Nd, Nd, 1I+7Pm, llt7Sm, 148Sm, 149Sm, 150Sm, 151Sm, 152Sm,
102_, 104 105 , 106 107 108 n o

n, Sm. Evaluations for Pd> Pd, Pd, pd, Pd, Pd,and Pd,

are in progress (Sect. 1-4).

Apart from adjusted capture cross sections some revisions have been applied to

other neutron cross sections.

Charged-particle emission cross sections (upto 15 MeV) were added according

to the procedure described in Refs. |7,9|.

(H.A.J. van der Kamp, H. Gruppelaar)

The most recent updatings of the RCN-3 evaluation concern those for

Cs, La and Pr. For these elements the capture cross sections in the

energy range above a few keV have been reevaluated using adjusted

model parameters. The most sensitive parameters are the radiative

capture width <T > and the observed s-wave level spacing D . (see

Table 1). In most cases the adjusted neutron strength functions are

almost the same as before adjustment.
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Table 1 Unadjusted and adjusted model parameters, used in

statistical-model calculations of a for
ny

139La and 141

Average radiative capture width in meV

Nuclide

133Cs

139La
141pr

Unadjusted
RCN-2

125(20%)

50(25%)

85( 6%)

Adjusted

111(15%)

46(18%)

85( 6%)

Adopted
RCN-3

125

46

85

Mean s-wave level spacing in eV

Nuclide

133 C s

139La

l«tlPr

Unadjusted
RCN-2

20(10%)

286( 9%)

120(17%)

Adjusted

22( 9%)

289( 9%)

122(14%)

Adopted
RCN-3

22

289

122

Recently
evaluated
8, 10

22.7(13%)

283 (18%)

. -I
s-wave neutron strength function (x 10H eV )

Nuclide

133Cs

139La

ltlpr

Unadjusted
RCN-2

0.80(13%)

0.64(23%)

1.72(20%)

Adjusted

0.80(13%)

0.64(23%)

1.72(20%)

a)Adopted
RCN-3

,1.3 b )

0.66

1.00

Recently
evaluated
|8, 10|

0.67(30%)

0.66(33%)

_i
p-wave neutron strength function (x 101* eV 2)

Nuclide

133Cs

139La

141pr

Unadjusted
RCN-2

3.9(26%)

2.0(50%)

1.1(50%)

Adjusted

4.0(24%)

2.0(50%)

1.0(53%)

a)Adopted
RCN-3

,1.6 b )

1.2

1.0

Recently
evaluated

8, 10

= 1.2

a)

b)
Fitted to total cross section data in unresolved resonance range.

Optical model adopted from 3.4 keV upto 15 MeV.
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In the reevaluation of neutron cross sections for the above-mentioned

nuclides some other revisions were made to improve the agreement

between calculated and experimental data for the total and elastic

scattering cross sections at energies from a few keV to 0.5 MeV. These

revisions were obtained by modification of the s- and p-wave neutron

transmission coefficients. In the RCN-2 evaluation neutron strength

functions were used to obtain these quantities at energies up to

about 250 keV. In the new RCN-3 evaluation either these strength

functions were modified to obtain better agreement with a and a ..

(for 1 3 9La, 11+1Pr) or the optical model was used in the entire energy

range above 3.5 keV (for 1 3 3 C s ) .

The unadjusted, adjusted and adopted values of <P >, D , , So and Sj
I O D S

are given in Table 1. Important differences between adopted and

unadjusted values are given for D , of 1 3 3Cs, SQ of ]lflPr and S^ of

133Cs and 13^La. It has to be noted that the adjusted parameters are

in good agreement with those recently evaluated from resolved resonance

parameters by Delfini and Gruppelaar |8, 10|.

In Figs. 1 and 2 a comparison between unadjusted, adjusted and adopted

capture and total cross sections is given. The experimental data

plotted in these figures have been obtained from the NEA Data Bank or

from the original references which are all given in the CINDA Data

Index, published by the International Atomic Energy Agency. The plots

have been made with the INGRID code system described in section 4.

'For 133Cs (Fig. la) the adopted capture curve is in good agreement with

old Russian data (Ko64) and recent Japanese data (KT079). The previous

evaluation was obtained by fitting the model parameters to obtain

agreement with KfK-data (KFK69).

For 139La and 1LflPr (Figs, lb and c) the adjustments of the capture

cross section are small and in agreement with most differential data.

For the total cross sections of the three nuclides there is substantial

improvement (Figs. 2a, b and c) at low neutron energies (E < 250 keV).

Other modifications concern the resolved resonance range of 133Cs (see

also Ref. |l|) and the addition of charged-particle emission cross

sections |7, 9|. Documentation is provided in internal reports part of

which will be included in the final report |29|.
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f or_Pd-isoto2es

(H.A.J. van der Kamp, H. Gruppelaar)

Recently, new resolved resonance parameters have been measured for the

stable Pd-isotopes at Geel |2| and for 1 0 7Pd at RPI |3|. Other recent

capture measurements on the stable Pd-isotopes have been performed at

ORNL |31|• These measurements have been used to check and update our

previous RCN-2 evaluations for the Pd-isotopes (30|- The new

evaluations, for which it is required that they fit integral data

measured in STEK and CFRMF, are stored in the RCN-3 data library. So

far, these reevaluations have been fully completed only for 1 0 5Pd,

whereas for 1(^7Pd and 11^Pd the data need some further checking.

Results for the other stable Pd-isotopes are not yet available.

The resolved resonance parameters for 1 0 5Pd measured at Geel |2| were

used up to 2.05 keV. Average resonance parameters were analysed with a

maximum-likelihood method |l0|. The results are in very good agreement

with those obtained at Geel and with our previous evaluations, see

Table 2.

Table 2 Average resonance parameters for 105Pd

Quantity
(Unit)

S0 (xlO"14)

Si (xlO"4)

Dobs (eV)

r (MeV

Previous |
(RCN-2)

0

5

9

155

.50± 0.

.4 ± 1.

.9 ± 2.

±16

30

20

6

2

a)Adjusted
(RCN-2A)

0.58± 0.06

5.4 ± 1.4

9.3 ± 1.4

155 ±16

Analysis

(CBNM 2

0.63+0

-

10.0 ±0

150 ±8

of
da

1)
.07

.5

experimental
ta
(This work)

0.64±0.08

= 5.6

9.7 ±0.7

150 ±8

a) Obtained from adjustment of the capture cross section to integral

STEK measurements, see Ref. j 22|-

For the statistical-model calculations the parameters as given in the

last column have been adopted. The optical-model parameters have been

obtained from a fit to the total cross section of natural Pd and to the

s- and p-wave strength functions. The statistical-model calculations

resulted in a radiative capture cross section as shown in Fig. 3 (solid

curve). The previous evaluation (RCN-2) is indicated by a dashed curve.



o

CO

CD-

CQo '
^ CD'

CO

cjJ - I

I 1 1 1 1 I I I I I I I I I I I I I I I I I I I I I I I I 1

PD 105

H ORL 79
— RCN-3
••• RCN-2ADJ.

RCN-2

i i i i i I T T i i i i r i r i i I c i i i i i i r rn ~ i i i i i r r n T

2 3 4 5 6789'l0 2 3 4 5 678910 2 3 4 5 678910 2 3 4 5 6 789'lQ7 2
E (EV)

i
to
o

Fig. 3 Radiative capture cross section of 105Pd at neutron energies from 2 keV to 15 MeV.
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The dotted curve was obtained from a model calculation using the

parameters adjusted to fit integral STEK measurements (see Ref. |22|)„

The data points in Tig. 3 are corrected data from Macklin et al. with

corrections recently obtained from the experimenters as mentioned in

Ref. 131 |. The new RCN-3 curve is in excellent agreement with the

integral STEK data as follows from a comparison between the solid and

dotted curves.

1 •5._Recjuest_list for_fission-product caDture_cross_section_measurements

(H. Gruppelaar, R.J. Heijboer)

A Dutch request list (Table 3) for differential measurements of fission-

product capture cross sections has been prepared as a possible

contribution to the European high-priority request list. For many

fission products the most urgent needs with regard to reactivity

calculations for fast reactors have already been fulfilled by means of

results from various integral measurements. The requested differential

data are needed to meet additional requirements for future fast power

reactors in the DeBeNe area, to improve or to check the present

evaluations and to solve some discrepancies between differential and/or

integral data. In addition some Dutch requests for thermal reactor and

burn-up monitors have been included. Most of these requests have also

been expressed at the Petten '77 |32| and Bologna '79 133j conferences.

The energy range of interest to fast breeders extends up to 15 MeV.

However, the upper limit for most of our requests is only 400 keV, since

the requirements at energies above 400 keV are usually less stringent

and may be fulfilled by means of model calculations. In one case (1^3Cs)

we require data up to 15 MeV in order to check the model calculations;

for ^ 3 N d there seems to be a large discrepancy between the trend of the

experimental data and the current evaluations, which was the reason to

ask for data up to 3 MeV.

The accuracy requirements for capture cross sections for fast reactors

refer to the average cross section in a typical fast power reactor flux

spectrum. The requirements are ± 10% for the first 10 important

nuclides (i.e. Pd-105, Ru-101, Rh-103, Cs-133, Tc-99, Pm-147, Sm-149,

Pd-107, Sm-151 and Mo-97), ± 15% for the next 10 important nuclides

(i.e. Ru-102, Nd-143, Eu-153, Nd-145, Ru-104, Xe-131, Ag-109, Pr-141,

Ru-103 and Mo-95), and ± 20% for other important fission-products (such



-22-

Table 3. Dutch requests for fission-product capture cross section measurements.

Nuclide

Zr-93

(1.5x10 y)

:io-95

Mo-97

Tc-99

(2.1x10y)

Ku-101

Pd-105

Pd-107
(6.5xltfV)

Ag-109

1-129,
(lüxlO'y)

Xe-131

Cs-133

Cs-134
(2.1 y)

Energy range

1 eV-400 k

3 k - 400 k

3 k - 400 k

20 eV-400 k

100eV-400k

2 k - 400 k

700eV-400k

3 k - 400 k

10 eV- 400 k

4 k - 400 k

1 mV- 1 k

100eV-15M

0.5 ev- 1 k

1 mV - 1 k

Accuracy
require-
ment (%)

20

15

10

10

10

10

10

15

20

15

10

10

5

10

Purpose

fast reactors

fast reactors

fast reactors

fast reactors

fast reactors

fast reactors

fast re; -tors

fast reactors

fast reactors

fast reactors

thermal reactors

fast reactors

thermal reactors
burn-up deter-
mination

thermal reactors
burn-up deter-
mination

Status remarks (recent data)

Only one resonance known at 110 eV, no keV
data known. Integral STEK data available.

AUA data from 3k-200k may need cor-
rections c', RPI data unpublished (20 eV -
100 k)

AUA data from 3k-200k may need cor-
rections c ) , RPI data unpublished (20 eV -
100 k)

Resonance range:
KfK-data from 5.7 eV-20 eV,
RPI data from 21 eV - 1.6 k,
KUR data from 20 eV - 2.1 k,
KIL data from 1 eV - 30 eV.
KfK-data need corrections for composition
of capsule (Priesmeyer, Bologna '79).
RPI, KUR, K1L data are consistent with re-
gard to capture widths, discrepancies above
20 eV. Calculated resonance integral =356b;
no recent experimental value known.
Unresolved ranfie:
KfK data upto 50 k, need corrections, not in
agreement with RPI data from 4-80 k.

Probably satisfied with new data:
ORL data z) from 3 k - 690 k
RPI data from 6 k- 71 k
DUB data from 42 eV to 1 k
Evaluation needed before further measure-
ments are performed.

Almost satisfied (thermal cross section
unknown)
GEL resonance parameters 20 eV - 2 k,
AUA data c) from 3k-200 k,
ORL data =) from 3k-500 k,
ANL data from 500k-4M.
Needed: corrections to AUA, ORL data;
these corrections could be large.

Resonance region: RPI data upto 66C eV,
measured with low enrichment sample
(16%). Integral STEK data have been ob-
tained with same sample. Needed: keV data.

Available data sets are quite old and show
large discrepancies.

Few resonances known (no F-y) upto 153 eV;
no keV data known.
Integral STEK, CFRMF data available.

Resonance«: known upto 4 k, no keV data
known. STEK integral data available.
Request for resonance integral (not meas-
ured). Calculated value from resonance
parameters: 870*40 b.

Resonance ranee:
RPI data from 48 eV - 300 eV (unpublished)
NIR data from 5.9 eV - 400 eV
Lack of capture data

Unresolved ranj>e almost satisfied with new
data:
KTI corrected data (Bologna '79) from
3k-300 k are in agreement with most other
data except for those of KfK, which seem
to be systematically too high.
RPI data (20 eV- 100 k) unpublished. MeV
data have been measured at BRC and ANL
(unpublished)
Request for resonance integral; calculated
value from resolved resonance parameters
is lower than measured value (IY =
4I5±15 b).

Request for resonance integral (not meas-
ured); thermal cross section required to
within 3.5% (Petten '77).
Six new resonances measured at NIR.

Measurement b)
programme

AUA
RPI

AUA
RPI

KIL

KfK

KfK

GEL

AUA
ORL

KIL

RPI

RPI
BRC
ANL
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Table 3 (continued)

Nuclide

Cs-135
(2.3xlO°y:

Nd-143

Nd-145

Nd-147
(11 d)

Pm-147
(2.6 y)

Sm-149

Sm-151
(93 y)

Eu-155
(4.76 y

Energy range

50 eV-400 k

100 ev - 3 M

1 mV - 1 k

100 eV-400 k

1 mV - 1 k

1 mV - 1 k

320 eV-400 k

200 eV-400 k

1 eV-400 k

1 mV - 1 keV

Accuracy
require-
ment (%)

20

15

10

15

10

10

10

10

10

10

Purpose

fast reactors

fast reactors

thermal reactors
burn-up deter-
mination
fast reactors

thermal reactors
burn-up deter-
mination

thermal reactors
burn-up deter-
mination

fast reactors

fast reactors

fast reactors

thermal reactors

Status remarks (recent data)

Only one resonance identified at 42.1 eV
(K1L). Integral STEK data available.

New data:
AUA data from 3 k - 1 0 0 k may need cor-
rections <0, JAE data from 5 k -400 k ,
RPI data from 20 eV- 100 k (unpublished).
Problems: above 80 k no agreement between
AUA, JAE. Very large discrepancy with
evaluations above 200 k*
Request for resonance integral (not meas-
ured). Negative resonance may give im-
portant contribution.
Almost satisfied with new data:
AUA data from 3k-100k may need cor-
rections c ) ; JAE data from 5k-400 k,
RPI data from 20 eV - 150 k (unpublished).
Problems: AUA data above 50 keV seem to
be too low.
Request for resonance integral.
Almost satisfied? Measured value of 240+35 b
is nicely reproduced from resolved resonance
parameters.

Request for resonance integral and thermal
cross section.
No resonance parameters known, thermal cap-
ture cross section is 440+130 b (GRE).

Resonances known up to 316 keV (KAP).
Calculated resonance integral is in agree-
ment with measured value. No keV-data
known. Various integral data available.

Almost satisfied:
Resonances upto 250 eV available; unpubli-
shed RPI data.
FEI data from 5k-350 k,
RPI data from 0.6 k- 150 k (unpublished),
KTO data from 3 k - 300 k.
Good agreement between RPI and KTO;
FEI data much higher at 5 k- 20 k.
(Similar problems for Nd-146, Nd-148, Sm-147,
Sm-149, Eu-153). Large discrepancy with
24 keV value (ORL).
Resolved resonance known upto 105 eV (KAP);
new data upto 17 eV (NIR). Thermal reactor
request probably satisfied with new data of
KAP. Capture measurements recommended in
resolved resonance range and keV range.
Integral STEK data have been measured with
lowly enriched sample.

Request for resonance integral (unknown).
Recent resolved resonances have been meas-
ured upto 33 eV (NIR).

Measurement b)
programme

KIL

AUA

RPI

AUA

RPI

RPI

RPI

a) For fast reactor reactivity calculations the requested accuracies refer to the average capture cross section
in a typical fast power reactor flux spectrum. The requirements are ±10% for the first 10 important nuclides;
±15% for the next 10 important nuclides and ±20% for other important nuclides.

b) Measurements, publications or corrections to be performed.

c) Recently at ORL an error has been detected in the analysis code for capture cross sections ,iieasured at the
40 m 0RELA flight path. Therefore corrections have to be applied to a large number of data analysed at
ORL or Lucas Heights.
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as Zr-93, 1-129, Cs-135). For Rh-103, Ru-102, Eu-153, Ru-104, and

Pr-141 no requests have been made, since it seems that the requirements

are more-or-less fulfilled. This could also be the case for Ru-101,

Pd-105, Nd-145 and Sm-149, for which some further checks or corrections

may be needed. The most urgent requests refer to long-lived radioactive

nuclides such as Tc-99, Pd-107, Pm-147 and Sm-151 and (second priority)

Zr-93, 1-129, and Cs-135. The reactivity contributions of some shorter-

lived nuclides (i.e. Mo-99, Ru-103, Rh-105, Ce-143, Nd-147 and Pm-149)

are only important at the begin of the reactor cycle (not given in

Table 3).

The status remarks usually refer to recent data (CINDA |34|, Bologna

'79 j 331)- For some recent measurements performed at ORELA corrections

are needed. These corrections are probably also required for the data

analysed at Lucas Heights. The keys used to indicate the various

laboratories are given in CINDA |34|. For most nuclides integral data

have been measured. These data are only indicated for a few nuclides

when almost no other data exist.

for

(H.Ch. Rieffe, H. Gruppelaar, R.J. Heijboer)

Recently we have received a request from KfK to calculate three series

of multi-group cross section sets of fission-product nuclides for

calculations of a PWR (Pressurized Water Reactor), an APWR (Advanced

Pressurized Water Reactor) and a LMFBR (Liquid Metal Fast Breeder

Reactor). These group constants will be calculated from our own data

library and the ENDF/B-V fission-product file |26|. The calculations

will be performed with the newest version of the 4-ACES processing

code |35|. During the past period we have adapted and tested this code

in co-operation with CNEN, Bologna, for use on our CDC-CYBER-175

installation. The code has already been used to generate 26-group (ABBN)

constants of fission-product nuclides available from the U.S. ENDF/B-V

data library. The adopted flux weighting scheme is that of the new German

KFK-INR-2 set, i.e. a thermal reactor spectrum in group 26, proportional

to 1/E in groups 18 to 25 and a fast-power reactor spectrum (SNR-2) in

groups 1 to 17. This work will be extended with the calculation of group

constants for a PWR and an APWR. Moreover pseudo fission-products will

be calculated for LMFBR applications.
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(R.J. Heijboer, P. Nagel)

During the last years there was an increasing demand at ECN for

calculations to be made with the code ORIGEN.

In most cases the object was to obtain the fission-products and actinide

inventories of a LWR core or of irradiated LWR fuel, which were used in

different kinds of safety and waste management studies.

Recently a new version, ORIGEN-79 |36|, was obtained from ORNL and

installed on our CDC-CYBER-175 computer. This opportunity was used to

go in detail through the text of the program. Some small errors were

corrected and some changes made so that now the code is able to read

(on input specification) any of the nuclear libraries that are available.

A start was made with the inspection of the nuclear libraries. In the

new libraries many data are improved or supplemented. Especially the

decay heat data have been improved. Nevertheless still many data need

revision and still some errors were found. Some work has been done

to collect new data. The work of testing and checking the programme

will be continued.

l^§j:_Integral_data_ tests

(H.Ch. Rieffe, A.J. Janssen, H. Gruppelaar)

In the framework of a cooperation between Germany, Belgium and The

Netherlands (DeBeNe) with France and Italy on fast breeder reactor

development an intercomparison was made between adjusted fission-

product group cross sections RCN-2A and CARNAVAL-IV |5|. Both data

sets have been adjusted to fit the STEK and CFRMF integral data. More-

over, the French CARNAVAL-IV set is also based upon other integral data:

in particular the ERMINE activation data and the PHENIX irradiation

(transmutation) data were used in the French set [37|- In the past

period we have used these quite accurate measurements to test our own

data set by comparing experimental and calculated integral data. The

results of this test still need to be investigated, before further

adjustments of the Dutch data set will be applied.

Other accurate integral irradiation data have been measured in the

EBR-2 reactor. These data have recently been analysed by Anderl et al.
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|27]. In the near future these data will also be used to test and

adjust our fission-product cross section data file.

2. Corrosion product nuclear data

(H.A.J. van der Kamp, H. Gruppelaar)

2L1 jL_Neutron_cross sections_for_corrosion_2roducts

In the resolved resonance range, defined upto 300 keV, the recent

evaluation of Fröhner |38| was followed. At higher energies optical -

model |39| and statistical-model calculations were performed. The

results of the last-mentioned calculations for the (n,y) cross sections

of 58Ni and 62Ni are shown in Figs. 4a and b, respectively. The solid

lines represent the adopted curves; the histograms have been obtained

by calculating group cross sections from the resolved resonance cross

sections provided by Fröhner. Also indicated are the Japanese evaluated

curves |40| (dashed lines) and some experimental data. These data are

only available for 58Ni and represent averaged capture data at low

energies obtained at KfK |4l| and high-energy measurements of Lindholm

et al. |42|. Unfortunately the high-energy data cannot be compared

directly with our calculations, because they refer to measurements of

o to levels below E =0.9 MeV. In other words: only part of the
ny x

capture cross section is measured. However, the shape of the experimental

capture cross sections in the MeV range is also quite different.

Possibly our adopted simple method to estimate the direct and collective

capture cross section components, fails in this mass range. These

components have been neglected completely in the Japanese evaluation.

All other important neutron cross sections for 58Ni and 52Ni at energies

upto 20 MeV have been evaluated as well. These data have been stored in

KEDAK format. Uncertainty estimates have been provided for the capture

cross sections only.

2_12^_Ex2erimental_information_on

The radioactive products 58§Co (71 d) and 58mCo (9 h) are produced in a

fast flux by the 58Ni(n,p) reaction. The short-lived metastable state
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decays to the long-lived ground state. However, as a result of the very

high thermal and epithermal capture cross section of 58mCo, part of the

activity will disappear by neutron absorption. This absorption could be

quite high in moderated neutron spectra. The thermal capture cross

section of the ground state is much lower. In order to calculate

absorption effects, evaluated neutron cross sections are required. The

available experimental information is rather scarce: only the thermal

capture cross section and the resonance integral have been deduced.

These data are listed in Table 4. Because of the difficulties in the

measurements of these quantities there are large uncertainties,

particularly for the metastable state. For this reason our point cross

section evaluations are rather speculative and are almost entirely

based on theoretical model calculations.

Table 4 Thermal capture cross sections and resonance integrals

for 58Co and 58mCo

Nuclide

58Co

SSmco

Reference

BNL-325 143

BNL-325 J 43

44

45

46

ay(b)

1880± 120

136000+10000

140000±12000

136000±10000

170000

Iy(b)

6890

-

550000±220000

7600OO±16O00O

250000

For our purpose we need a point cross section evaluation. At energies

above the thermal range statistical-model calculations were performed.

For the calculation of neutron cross sections of the metastable state

the existing model codes could be used, with modified input accounting

for the different binding and target excitation energies. The inelastic

scattering from metastable to ground state is energetically possible at

the lowest neutron energies. From the statistical-model calculations

we found that at about 1 eV the inelastic neutron scattering cross

section is about 1.5% of the capture cross section.

Another interesting observation is that the (n,p) cross section is quite

high already at low neutron energies. From the model calculations it
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follows that the average (n,p) cross section at 1 eV is about 25% of

the capture cross section. This average value has not much meaning,

but it indicates that there is a possibility of thermal and epithermal

proton emission for 5 8 mCo. This also holds for 58§Co.

2^4^_Pr^liminary__estimat:ion of_resonance_garameters for 58gCo, 58mCo

We have assumed that the very high thermal capture cross section a and

resonance integral I of 58mCo are mainly determined by one nearby

resonance. Taking an average value of the total capture width F , it is

possible to deduce values for the resonance energy E and the neutron

width T such that both a and I are reproduced. From a large number
n Y Y P &

of calculations with varying values of V it follows that it seems

impossible to combine values of I > 500 kb with values of o < 200 kb.

Therefore, we have assumed that the value of Halperin et al. |46| for

I (= 250 kb) is much more realistic. With Y = 0.5 eV (a reasonable
Y . c .

value in this mass range) we find a range of solutions for E and gr

as indicated in Fig. 5a. We have selected E = 1.09 eV and gr = 0.2 eV

to obtain a and I close to those of Halperin et al. (see Table 5).

A draw-back of this preliminary choise is that the value üy °f Halperin

etal exceeds the recommended BNL-325-value5?

A similar procedure was followed for 58§Co, see Fig. 5b and Table 5.

In this case however, contributions from distant resonances cannot be

neglected. These contributions were estimated to be 75.7 b and 76.3 b

for a and I , respectively.
Table 5 Preliminary adopted resonance parameters for 58§Co and 5 8 mCo*

Nuclide

58SCo
58mco

E r

(eV)

9.0

1.09

Srn

' (eV)

0.412

0.2

rc

(eV)

0.5

0.5

Contribi

(b)

1804

168500

ition to

d)
6595

224000

The pointwise represented cross sections calculated from the estimated

resolved resonance and those from the statistical-model calculations

were joined. In our statistical model the position of the highest

resolved resonance is used to calculate the cross section as a function

*N0TE added in proof: The final parameters for 58mCo agree with ay=136kb;

see next progress report.
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of energy by taking into account the level repulsion of this resonance

to higher resonances estimated from "Wigner statistics. The evaluated

neutron cross sections from 1 MeV to 20 MeV will be stored in a file

in KEDAK format.

3. Preequilibrium models

(H. Gruppelaar, J.M. Akkermans * ) , D. Nierop)

In a new report ]13| the results of an intercomparison between

experimental and calculated neutron emission spectra and angular

distributions of neutron-induced reactions at about 14.6 MeV are

discussed. The experimental data were taken from the work of Hermsdorf

et al. |47|, who have measured emission spectra at several angles for a

set of 34 target elements, spanning the mass range from Beryllium to

Bismuth. The calculations were performed with the code PREANG |l4|,

which is based upon a statistical model predicting both equilibrium and

preequilibrium contributions. In this model the generalized master

equation introduced by Mantzouranis et al. |48| is solved according to

the exact matrix method given by Akkermans |49|. The method is a

generalization of the solution of Luider ]50| for the angle-integrated

master equation, which has been introduced |5l| into the code of

Bltak.

Our adopted model and initial-condition specifications differ from that

of Mantzouranis et al.|48| in the following aspects:

- a fast and exact calculation method is used to compute both energy

and angular distributions;

- the Legendre coefficients of the angular distributions are directly

calculated;

- a unified description of both preequilibrium and equilibrium

emission is followed;

- transitions with An = 0 have been accounted for;

*) Present address: FOM-Institute for Plasma Physics "Rijnhuizen",

P.O. Box 7, 3430 AA NIEUWEGEIN, The Netherlands.
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- a rough estimate for refraction effects of the incident wave has been

included by assuming n = 1, while suppressing elastic scattering.

Recently this model has been described in a journal |ll|.

In all our calculations we have assumed that the angular distribution

of the initial condition and that of the internucleon scattering kernel

are the same. We have used a three-term Legendre polynomial

representation for this distribution, which was either derived from the

differential free nucleon-nucleon scattering cross section |48| or

fitted to obtain optimal agreement with the set of experimental data of

Hermsdorf et al. The angular distributions of these scattering kernels

are shown in Fig. 6 for the case of an infinitely heavy target nucleus.

The dashed-dotted curve is the Legendre polynomial representation of the

scattering kernel used by Mantzouranis, that is given by:

G = I y£ P£(cos0)

with

yo = ]»

yx = 4 - ß/2 - 2ß
2/15,

y2 = i ~ 43/5 + 3
2/4,

where the terms with $ = 1/A approximate the effect of a finite target

nucleus. The dotted curve in Fig. 6 was obtained by adjustment of y^

and y2 to fit the angular distributions of inelastically scattered

neutrons for 34 elements. The adjusted coefficients are:

V.2 =

= 0.87

The results of the last-mentioned calculation are quite acceptable in

view of the fact that only two global parameters have been used to

describe the angular distributions of all experimental data. Ref. |l3|

contains tables and graphs of the calculated Legendre coefficients and

graphs of energy-averaged angular distributions for all 34 elements.

It is further shown that additional improvements in the energy and

angular distributions could be obtained by means of adjustment of the

level-density parameters of the individual residual nuclei. Finally a

short discussion is devoted to the problems of fitting angular

distributions at backward angles by varying the model parameters or the
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specification of the initial condition. It is indicated that the so-

called preequilibrium phase of the nuclear reaction actually consists

of two different stages, the first one generating the forward-peaked

angular distributions and the second one showing angular distributions

symmetric about 90 .

A short summary of report |l3| was presented at the Brookhaven symposium

on "Neutron Cross Sections from 10 to 50 MeV" |12|.

In a forthcoming paper |15| it is shown that multi-particle emission

can be described in the framework of the master-equation exciton model,

introducing some simple modifications of the calculation procedure. We

have applied these modifications to our code PREANG |lA| by including

an option that the target is in an excited state populated by a

previous reaction. The corresponding exciton distribution of this state

has to be obtained from the previous calculation and is read as input.

The new code PREANG 2 is executed as part of a code system, stored in

the FORTRAN library PRANG. This library contains additional codes to

prepare the input and to combine the output. The system is operated in

an interactive mode from a terminal connected to our CDC-CYBER-175

computer. A flow diagram of the system is given in Fig. 7.

With the PRANG system it is quite easy to calculate multi-particle

emission spectra for an arbitrary number of emissions taking into

account competition of up to six different particles. A gamma-ray

emission option is being prepared. After each emission the number of

competing particles can be changed; likewise the decay mode (pre-

equilibrium + equilibrium or equilibrium) can be changed. At present,

angular distributions are calculated only for the first-emitted

particles; however, the system will be extended to calculate Legendre

polynomial coefficients of all emission spectra.

^^^Preecjuilibriurr^effects_in_neutron emission sp_ectra

In Ref. |l3| an intercomparison between calculated and experimental

neutron production spectra |47| was made for neutron-induced reactions

at 14.6 MeV incoming energy. In that study effects of multi-particle
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emission were not included, assuming that these effects are small at

"high emission energies (e > 6 MeV) .

In the past period some calculations with the new code system PRANG

were performed. Some results for *27I(n,xn) reactions are shown in

Fig. 8, where the total neutron production spectrum is plotted, with

and without the inclusion of preequilibrium processes. In addition, the

effect of neglecting preequilibrium emission only after the first-

emitted particles is shown. Since the equilibrium calculation is

performed with exactly the same code (adopting the equilibrium exciton

distribution), this effect is calculated with a high precision.

From Fig. 8a it follows that at an incoming energy of E = 14.6 MeV

there is quite good agreement between measurement |47| and calculation.

At low neutron emission energies (e) there is a large difference

between the total neutron production spectrum (after step 2) and the

spectrum of the first-emitted neutrons (after step 1). The shape of

the equilibrium neutron production (dashed curve) is completely

different. However, the effect of neglecting preequilibrium in step 2

is only very small. This must be ascribed to the fact that most of the

(n,2n) reaction passes through highly excited states in I, which are

excited quite late in the reaction process. In this example also small

contributions from the (n,pn) and (n,an) reactions have been included.

At higher incoming neutron energies much more reactions contribute to

the total neutron production. Moreover, secondary emission of neutrons

with much higher energy becomes possible. In Fig. 8b the incoming

energy is E = 30 MeV. Reactions of one to three outgoing particles

(n,p or a) give contributions. Still, the effect of neglecting pre-

equilibrium after the first emission is less than 8.1%. However, at

E = 40 MeV the maximum difference is already 17.5% (Fig. 8c) and at

E = 50 MeV this difference rises up to 32.5% |l5|. At about 50 MeV much

of the equilibriation takes place after the first-particle emission.

An important conclusion of this work is that for model calculations of

neutron cross sections for fusion reactor design studies (E < 20 MeV),

the effects of preequilibrium may be neglected after the first particle

emission. This facilitates the inclusion of preequilibrium effects in

existing model codes based upon the statistical Hauser-Feshbach model.
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4. INGRID

(P. Nagel * ) , H. GruppeLaar)

4^2_1_INGRID_l_a_new_interactive_data_retrieval_sYStein

The INGRID package is a system of library routines which is designed

to process neutron cross section data with the help of an interactive

graphics display terminal (TEKTRONIX-4014) connected to a CDC-CYBER-175

computer. The cross section data of the NEA Data Bank (NEAData Bank

computational format) are stored in a data base management system (SIR),

together with evaluated neutron cross sections from files available in

ENDF/B or KEDAK format and group constants in the Russian ABN 26-group

structure.

It is possible to update the data base with data in the above-mentioned

formats or in "free format", which is useful for recent experimental or

theoretical cross section data. The user may select a certain class of

data from the data base for graphical intercomparisons. The selected

data can be reduced, smoothed or integrated to facilitate the

interpretation of the plots. The plotting is controlled by a set of

interactive commands which allows the user to inspect the results on a

graphics display before it is plotted on a Calcomp plotter.

The code system has been described in Ref. |l6|. Some examples of plots

produced with INGRID are given in Fig. 1-3. Recently, enhancements

have been made by introducing the possibility of plotting angular and

energy distributions of emitted particles.

*)Present address:

Centre d1Etudes Nucleaires de Bruyeres-le-Chatel,

B.P. No. 561, F-92542 Montrouge, Cedex, France.
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II. FUEL PERFORMANCE UNDER OVERLOAD CONDITIONS

The ECN research on this subject comprises three projects. Two of them

concern some failure experiments with single fuel pins in a sodium

environment under simulated reduced cooling and loss of cooling

conditions. The experiments are followed by post-irradiation

examination (PIE) in order to study the behaviour of fuel and canning

at

- stationary high temperatures and internal pressures (SHOT) and

- loss-of-cooling conditions, i.e. transient temperature increases

(LOC) .

The SHOT-project has been finished now. Some results of the post-

irradiation examination of the last capsule are discussed in section 1.

Work on the LOC-project is reported in section 2.

The third project (HFR-TOP) concerns experiments on single fuel pins

under mild transient overpower (TOP) conditions in a forced convection

sodium loop in the pool side facility of the HFR. These experiments are

also followed by PIE. The objectives of this project are:

- to study in detail the behaviour of the fuel/clad system during

programmed and relatively moderate overpower transients. Special

attention will be given to geometry changes of fuel and cladding.

- to use the experimental results for the development and verification

of computer models currently used in accident codes.

The project is in the phase of the study of the feasibility and the

progress is described in section 3.
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Fig.9- A Neutron radiograph and a periscope view of the failure
area of fuel pin R45-F45.
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1. Canning failure experiments (SHOT)

(H. Kwast)

The post-irradiation examination of experiment R54-F45 has been

completed. This experiment, the last one of the programme, was

performed after pre-irradiation of the fuel pin up to 30 MWd/kg U0„.

The effective pin pressure was 25 bar and the mid wall canning

temperature about 1000 C. The canning was made out of DIN 1.4981

material instead of the usually applied DIN 1.4970. The. pin failed

after 144 minutes which is much earlier as expected on basis of the

out-of-pile experiments (about 700 min) |53 j-

The neutron radiograph in Fig. 9 shows that the pin failed at the upper

end of the fuel stack. A periscope view of the failure area in Fig. 9

illustrates that the canning disappeared over a length of about 20 mm

by melting. In addition, this figure shows a large crack in the canning

at the lower end of the failure zone and a small crack at the upper end,

as indicated by arrows.

Three radial cross-sections of fuel pin F45 are given in Fig. 10 .

The locations of these cross-sections are indicated in the neutron

radiograph in Fig. 9.

At cross-section A, taken at 50% of the fuel stack height, the canning

diameter has become 6.11 mm, which means an increase of 2.1%. The fuel

diameter has increased with 5.1% to 5.36 mm. The original inner canning

diameter was 5.24 + 0.03 mm. Based upon these diameter measurements and

the observations from Fig. 10 it can be concluded that mechanical

interaction has taken place between the fuel and the canning.

Cross-section B. (Fig. 10) has been taken at the lower end of the failure

zone at 69% of the fuel stack height. The appearance of clad-melting is

illustrated in a detailed view (1) of the canning in Fig. 11 . This figure

also shows that at another position (2) the inner side of the canning has

also reached the melting temperature.

Cross-section C (Fig . 10) has been taken at 83% of the fuel stack

height where the canning has disappeared completely. It can be concluded

from this figure and from Fig. 9 that the fuel stack of pin F45 remained

intact.
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Fig. 10 The radia l cross-sections

of fuel pin R54-F45.

A at 50% of the stack height

B at 69% of the stack height

C at 83% of the stack height



at position 1 ,0.1 mm.

at position 2 ,0.1 mm,

Fig. 11. The detailed microstructures of the canning of cross-section
B of fuel pin F45.
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2. Loss-of-cooling experiments (LOC)

2.11 .t_Noise_measureTnent:s_in

(E. Türkcan, W.H.J. Quaadvliet, P.W. Vink)

In the beginning of this period it appeared that the old LOC measuring-

equipment got out of order and that it could not be repaired without

unacceptable delay of the programme. So it was decided to use henceforth

the analog data recording system of the ECN noise-measuring-group and to

apply the noise-measuring-method for the analysis of the transients of

the experiments to come»

For the transients of the experiments L20 and L21, 28 signals of the LOC

capsules have been connected to the signal conditioning and tape recording

system. Two tape recorders (14 signals each) have been synchronized by a

1 kHz timing signal. During the transients pressure, temperature and

neutron density fluctuations have been recorded, played back afterwards

and digitized on the PDP 11/34 computing system. In both experiments the

temperature and pressure transients of the fuel pins have been followed

succesfully as is shown in Fig. 12 and 13, where the temperature and

pressure histories of the L20 and L21 capsules are given.

In these figures the temperature curves are deduced from signals

of the thermocouples which locations are indicated at the right hand side

of the figure. The pressures in the fuel pin and in the sodium-contain-

ment are given by pUO? and pNa respectively. The point of time t=0 gives

the moment the NaK-valve is opened to blow away the sodium-potassium mixture

which acts as a heat-conducting medium between the sodium containment and the

cooling water. The reactor is scrammed at the point of time indicated

by "scram" and the nominal power is indicated by "PN". AT gives the course

of the temperature difference between the inlet and the outlet of the

cooling water of the capsule during the transient and is a measure of the

heat removed from the capsule during the transient.

first_results of §._number_of LOC-exgeriments

(H. Kwast)

After a serious delay caused by a lot of problems with the old transient

equipment still four experiments, R63-L20, L21, L22 and L24, have been

performed in this period. The experimental conditions of the experiments

L20, L21 and L22 together with some results obtained for instance from the

noise-measurements;are given in table 6.
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Table 6 Some experimental conditions and some results of the experiments

H63-L20, L21 and L22

Average linear power W/cm

Type shroud tube

Initial fuel pin bar
pressure

Burn-up MWd/kg UCL

Total LOC time s

Effective LOC time s

Start Sodium boiling s

Boiling temperature C

Fuel pin failure
after s

Fuel stack failure

Failure Na-
containment

Maximum measured
temperature at scram C

L20

550

open

8

. 10

15.7

14.6

7.9

1030

9.35

yes

no

1315

L21

550

closed

10

2

17.5

16.5

7.8

1050

9.35

yes

no

1375

L22

560

open

10

5

17.5

-

-

-

10.30

no

_

1275

It can be observed from the temperature and pressure histories of the

capsules L20 and L21 (Fig. 12 and 13) that the transients had an abnor-

mal course. The maximum temperature curves show an initial increase of

about 75 °C.s after the loss-of-cooling. After this temperature rise

there is a period of approximately 2 seconds in which the temperature

stays more or less constant due to the boiling of the sodium.

Subsequently a further increase of the temperature occurs and also a

pressure increase in the sodium-containment (pNa) can be observed. This

indicates that the pressure relief system did not function properly.

This system should relieve the pressure increase, due to the fission gases

from the failed fuel pin, out of the sodium-containment to avoid repressing

the sodium boiling. The same phenomenon has been observed in experiment L22.

It may be expected that the abnormal course of these transients will have

influenced the behaviour of the fuel significantly. Nevertheless, the

neutron radiographs in Fig. 14 show that the fuel stacks of the experiments

L20 and L21 have been failed, while the fuel stack of L22 has been remained

intact.
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Fig. 12. Temperature and pressure history of capsule L20.
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Fig. 13. Temperature and pressure history of capsule L21.
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1-3
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• nat. UO2

•AI2O3

Fig. 14. Neutron radiographs of the capsules L20, 21 and 22.
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Further detailed analyses of the temperature and pressure measurements

have still to be made. In addition the results of the destructive post-

irradiation examinations should indicate to what extend the fuel

behaviour has been influenced by the abnormal course of the transients

and whether the fuel behaviour can be explained on the basis of results

of earlier experiments.

The experiment R63-L24 was the third one of which the fuel pin has been

pre-irradiated upto 10 MWd/kg UCL and which was surrounded by an open

shroud tube. The LOC-time amounted 13.5 s.The other two experiments are

LI3 and L20, which had LOC-times of 17.5 and 15.7 s respectively.

In those experiments the fuel stack failed in both cases. In that respect

one of the objectives of experiment L24 was to determine wether the fuel

stack would fail or not in case a shorter LOC-time.should be applied.

The results of the post-irradiation examination, which will indicate a

possible fuel stack failure, will become available in the course of 1981.

3. Transient overpower experiments (HFR-TOP)

(J.E. de Vries, A. R. Krähe, G.v.d.Koogh, J.M. Plaum

All the major components for the HFR-TOP irradiation facility, such as

the pump, the heat-exchanger and the flowmeters have been tested now

succesfully in the Component Test Facility (CTF) |54.|. The next step

is a final demonstration of the technical feasibility of the designed

HFR-TOP irradiation facility by testing the whole assembly with an

electrically heated dummy capsule out-of-pile in this CTF. This dummy-

loop is under construction now and nearing completion. A testing-

programme has been drawn up already and the necessary preparations for

installing this dummy-loop in the CTF have been made.

Apart from the demonstration of the feasibility just mentioned the dummy-

loop will also be used to investigate the stationary and dynamic thermo-

hydraulic behaviour of the HFR-TOP irradiation facility. For that purpose

the thermohydraulic numerical calculation model of this facility will be

checked and verified by the test-results of this dummy-loop. In this period

some calculations with this computermodel have been performed in which the

temperature response of the HFR-TOP irradiation facility, including the

heat-exchanger, sodium-pump and connecting-pipes, has been calculated.
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Fig. 15. Temperature responses of the HFR-TOP capsule at maximum

transient conditions.
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Some important safety aspects of the future irradiation experiments

have heen studied. Fig. 15 shows, for instance, the course of the

sodium-temperature at the capsule-outlet and of the maximum -mid-wall

cladding-temperature when the BF_ radiation shield round the fuel pin

is removed completely at once. This corresponds to a maximum power

rise of 470 to 1875 W.cm . This high power level is maintained during

15 seconds whereafter it falls to zero. It is shown that the sodium-

temperature at the capsule-outlet increases with about 500 K within

this period of 15 seconds. These thermohydraulic calculations

will be continued for a number of other transient conditions.

In this period also a begin has been made with the stress-calculations

needed to judge the integrity of the HFR-TOP irradiation facility.

The criteria for the judgement can be found in the ASME section III.

However, this code can not be applied to temperatures of about 1000 C

which arise during the transients. The criteria for these temperatures

have been extrapolated in a conservative way, after which the judgement

has been performed according to the ASME regulations. The results-have

led to some small modifications in the irradiation facility design by

which high thermal stresses during the transients are avoided. This

thermal stress analysis will be completed in the near future.

A preliminary version of the safety report for the HFR irradiation

facility became available. It will be completed in the months to come

with the results of the thermohydraulic and thermal stress analysis.

The irradiation of the Instrumentation test Capsule (Intec) |54| has

been completed succesfully. All the transducers, except one of the two

types of linear displacement transducers, thermocouples and other in-

strumentation |4| behaved satisfactory. Based on these observations the

better type of displacement transducer will be applied in the HFR-TOP

irradiation facility. The Intec will be transported and dismantled for

a post-irradiation examination.

Clear evidence has been obtained that the fuel pin in the Power Measuring

Capsule |54| is cracked at the top-side. About reloading the capsule

with a new insert with a fuel pin a decision will be taken when it is

clear wether reactor-physical calculation techniques can afford

sufficient reliable information about the power profile at the
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Fig. 16. Calculated HFR-TOP fuel pin behaviour during a
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irradiation position in the pool-side facility of the HFR or not.

Most of the fuel pin precalculations needed to support the definition

of the experimental programme of the HFR-TOP project have been performed

now. The steady state behaviour of the fuel pin has been investigated by

applying the COMETHE-III-J code fromBelgonucleaire. The transient behaviour has

been calculated with the CAPRI code from Kernforschungszentrum Karlsruhe.

An example of the transient calculations is shown in Fig. 16, in which

are given the fuel centre temperature T, the melt fraction u, the energy

supplied to the fuel pin and the average heat contents. The values

represent the time evaluation of these parameters at the the cross-section

of maximum nominal linear rating. The power rises from 300 to 1100 W.cm

within 0.4 seconds. The fuel reaches the melting temperature (2840 C)

about 2.5 seconds after the start of the power transient, indicated by

t . The other marking point t„ indicates the point of time on which a

level of 40% melt fraction of the fuel is reached. The transient experi-

ments in this proposed experimental programme will be broken down at

these points of time indicated by t and t . It is intended to use the

results of these calculations,when completed, in support of the discussion

about and the assessment of the experimental HRF-TOP programme.

The definitions of the necessary pre~irradiation examinations and the

non-destructive post-irradiation examinations are reported. The defini-

tion of the destructive post-irradiation examination is in progress.

The fabrication of the fuel powder which meets the specifications for

the fabrication of the fuel pellets has been commenced now. The canning

material for the fuel pins has been delivered by KfK.

After the completion of the programme definition, the tests with the

dummy loop and the calculations for the safety report, a prototype

irradiation facility, fuelled with uraniumoxide, will be constructed and

irradiated in the HFR. Subsequently this preparative phase of the project

will be concluded with a feasibility report.

The final drawings of the irradiation facility have become available and

the spade-work for the first capsule hase been done. The TOP data handling

system has been installed in the reactor hall and has been tested already.

The gas supply system will be installed in the next quarter. In view of the

status and the progress made with all the other necessary experimental

facilities it may be expected that the first transient overpower experiment

can be performed by the end of 1981.
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III ADVANCED FUELS

For the further development of fuel technology and improvement of

reproccesing methods it is necessary to gain an accurate knowledge

about the inherent chemical processes. The thermodynamic properties

of the involved nuclear materials are not yet completely or not

sufficient accurately known. Therefore the ECN-research is directed to

the investigation of the thermochemical properties of the uranium compounds

which are of interest in the nuclear fuel cycle of LMFBR's. The re-

search comprises two projects:

1. Thermochemical investigations related to nuclear fuels. Work in the

scope of this project is mainly concerned to the investigation of

the X-U-0 system, in which X can be a fission-product or another

element from surrounding material in an LMFBR core. A reaction of

uranium with the fission-product cesium for instance may play an

important role in the swelling of the uraniumoxide fuel at high burn

up and possible consequent pin failure. A possible interaction of

uranium with the sodium-coolant is of interest for the safety-evaluation

of a LMFBR. So it is aimed to determine the circumstances of formation

of the compounds of the X-U-0 system to be able to influence such a

formation.

Another category of compounds are formed by the uraniumhalogenides

and - oxylhalogenides, which are of interest on a lot of places in the

nuclear fuel cycle. The thermodynamic data of these coumpounds have

become obsolete and as some of. these data are used as "key-values" this

system should be re-evaluated.

The progress of this work is reported in section 1.
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2. Thermochemical investigations on intermetallic uranium compounds of

the type UMe» . The noble metals Ru, Rh and Pd produced during

fission form intermetallic compounds with uranium and plutonium present

in the nuclear fuel. These compounds possess and exceptionally high

thermodynamic stability and may cause a substantial loss of plutonium

during reprocessing. The thermodynamical properties of these UMe,

compounds may give a good insight in the behaviour of uranium with

respect to these fission-products. The work performed in this period

is reported in section 2.

Work on the uranium nitrides and carbonitrides has been completed

already for some time. However, it is worth mentioning that a joint

paper, describing a study on the enthalpies of formation of UN and

U_N_, performed in co-operation with Argonne National Laboratories

(USA), has been accepted for publication [551.

1. Thermochemical investigations related to nuclear fuel

(E.H.P. Cordfunke)

_1 •1. Uranates

For the calculations of possible interactions between (U, Pu)-oxide fuel

and the liquid alkalimetals, as the coolant in fast breeder reactors,

reliable thermodynamic data has been determined in the past period.

So a study on the uranates of the type MUO-, in which M=Li, Na, K, Rb and

uranium is pentavalent, has been completed. Methods for the preparation

have been investigated. A paper describing the results of the calorimetric

study for the determination of the enthalpie of formation has been accepted

for publication |56|.

In collaboration with Argonne National Laboratory (Dr. P.A.G. O'Hare), USA,

the thermodynamical properties of NaUCL have been determined. At ANL the

low-temperature heat capacities of this compound have been measured whereas

the high-temperature enthalpies have been measured at ECN. The results of

these measurements enables us to calculate the chemical stability of NaUO_.

The uranates in which uranium has a mean valency of less than six all play

a role in the nuclear fuel during operation. It mainly depends on the

oxygen potential which uranate will be formed. In case of an interaction
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with sodium NaTJO- and Na~UO, can be formed. Therefore the conditions under

which Naouo/ ^s formed is investigated. It has been succeeded to prepare

a reasonable pure sample, of which the relevant thermochemical properties

will be determined.

Also a large sample of a-Na„U_07 has been prepared. The low-temperature

heat capacities are being determined also at ANL. The enthalpy of formation

and the high-temperature enthalpy increments have been measured already

at ECN. The results will be published jointly.

It is the intention to derive the phase relationships from the thermo-

chemical data of all the investigated sodiumuranates to calculate those

sections of the Na-U-0 phase diagram, which are of interest for a

better understanding of possible interactions between the sodium and

the nuclear fuel, expecially under the conditions where the oxygen

potentials are low.

In addition some work has been done on the syntheses and the determination

of the thermochemical properties of some lithium uranates in order to be

able to compare the stability relations.

This system is a rather complicated one. Although parts of it have

been investigated in the past years important regions had still to be

investigated.

Uranium tetrachloride (UC1,) for instance is important as a starting

compound in the syntheses of uranium chlorides and oxychlorides. Its

purification by sublimation techniques has been investigated and its

sublimation pressure as a function of temperature has been measured.

The preparation of the compounds UC1„ and UC1,. has been studied in

detail and their enthalpies of formation have been determined.

The compounds UOC1 and UC1, are both very difficult to synthesize and

little is known about their thermochemical properties. It has been

succeeded to prepare pure UCK. U0C1 could only be prepared (at extremely

low oxygen pressures) with U0_ as a contaminant.

The oxychlorides of uranium are easily formed during all chlorination

processes of uranium ores or uranium compounds. Besides the common hexa-'

valent UO„C1 the compound UOC1„ is well-known. Furhtermore there are

still other less characterized oxychlorides, such as UO_C1 which may play

a role in chlorination processes. Attempts to synthesize UO„C1 failed.
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Instead, other oxychlorides appear to exist, namely Û O-Cl,- and U„O7C1,

the latter being isostructural with U_0o. The enthalpies of formation of
-> O

these compounds have been measured and as a result a section of the ternary

U-0-C1 system has been constructed at different temperatures.

2. Thermochemical investigations on intermetallic compounds of the

type UMe-j

(E.H,P. Cordfunke, G. Wijbenga)

2.1. Intermetallic compounds UMe»

The evaluation of the thermochemical properties of the intermetallic

compounds UMe_ has been continued in collaboration with Prof. E.F. Westrum

Jr. (University of Michigan, Ann Arbor). The low-temperature heat

capacities of the three intermetallic compounds (URu„, URh„ and UPd„) have

been measured. From these measurements their entropies have been derived.

The entropies give together with the high-temperature enthalpy contents

the thermodynamic functions of these intermetallic compounds.

In addition some work is done on the determination of the melting points

of these compounds and on the determination of their liquidus equilibria

(L + solid UMe„). The work is performed with the high-temperature

microscope. Experimental problems such as contamination with container

materials at the high temperatures of the measurements (1600 - 2000 C)

could have be solved up to now. The work is in progress.

2.2. The thermodynamic functions of UF and UF,

For the interpretation of the EMF-measurements of cells with which the

thermodynamic properties of the UMe_ compounds can be measured, it is

necessary to have accurate values for the thermodynamic functions of

UF_ and UF,. In the case of UF» literature data are incomplete and for

UF. the data r.re inconsistent. For this reason we had to (re)measure
4

the enthalpies of formation and to measure the high-temperature enthalpies,

The low-temperature heat capacities have been measured at the University

of Michigan on very pure samples which have been prepared at ECN.
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The enthalpies of formation have been measured at Argonne National

Laboratory (U.S.A.) by fluorine bomb caloritnetry and at ECN by

solution calorimetry using the same samples. The results are in

perfect agreement, and differ considerably from the data in literature.

Reports, describing the results have been prepared for publication

157,58|. These data, together with the results of the measurements of

the low-temperature and high-temperature heat capacities, enable us

to calculate the thermodynamic functions UF_ and UF,.
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IV. SNR CONSTRUCTION MATERIALS

The ECN research on construction materials is concerned with the

safety analysis of the SNR-300 reactor vessel and its internal

components. For that purpose the research aims to investigate the

changes in mechanical properties of austenitic stainless steel

DIN 1.4948 due to fast neutron doses.

In earlier experiments serious radiation damage has been observed in

the plate and welds of a reference heat (heat No. 231861) of this

material. As a consequence of these results it has been found

necessary to study the irradiation effect in more detail and to generate

more experimental data. In order to achieve these goals five projects

have been mapped out, viz:

- the first one comprises the investigation of the creep properties on

various heats and welded joints used in the construction of the

vessel and the internal components. Therefore creep tests are

performed on the specific heats from a number of carefully chosen

positions in the reactor vessel and internal components. The work

performed in this year is reported in section 1.
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the second project concerns the low-cycle fatigue behaviour of the

reference heat (heat No. 231861) mentioned above. With respect to the

earlier performed experiments the fatigue testing programme has been

extended in the irradiation temperature range, the strain rates and

the strain range. This project is nearing completion: the testing

programme has been terminated already; some additional metallographic

research has still to be performed. Some results are reported in

section 3.

the third project includes the investigation of the helium embrittle-

ment of heat No. 231861 due to the thermal neutron doses. Although

considerable embrittlement was observed before, more information is

needed especially on the embrittlement under operational conditions

of the SNR-300. So special attention will be given to variations of

the helium content and helium distribution in the microstructure of

the construction steel as they will occur during the operation. The

additional data of the embrittlement will come available from creep

and tensile tests. In the scope of this project the samples for the

investigation of weld structures will be conditioned by means of a

weld simulator according to the specifications of the welding

procedure used in constructing the vessel. The progress is reported

in section 2.

the fourth project concerns the investigation on lifetime simulation

and fracture mechanics performed on the same heat No. 231861, to achieve

more reliable life-time predictions as were provided by the results

obtained before. At that time an approximation was made to determine

the real creep and fatigue damage by applying the linear damage rule

with unsatisfying results. The work of this project comprises three

items, viz.:

+ An extension of the LCF-research to programmed loadings.

+ Fatigue crack propagation (FCF) to be measured under normalized and

programmed loadings.

+ Fracture-toughness testing (FTT) to be performed after crack initiation

by fatigue.

The specimens for the LCF- and the FTT-research have been irradiated now.

The testing will be started next year. Concerning the FCP-programme a

considerable progress has been made in 1980. Some results and new
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developments are reported in section 4.

- the fifth project has the objective to develop reliable calculation

methods for stress analyses based on finite element techniques taking

developing cracks and flaws into account. As the components of the

SNR, merely thin walled, are loaded in the elasto-plastic region

three dimensional elasto-plastic fracture mechanics concepts should

be used. Crack-growth parameters by which the crack and its •

surrounding stress- and strain-field are characterized have to be

evaluated. Furthermore the developed calculation methods should be

verified with experimental results. For that purpose a strong

relationship exists between this and the fourth mentioned project.

In this period two- and three-dimensional elasto-plastic finite

element analyses on compact tension test specimens have been

performed. Some results are discussed in section 5.

1. Heat-to-heat variation of the creep properties of DIN 1.4948 austenitic

stainless steel

(B. van der Schaaf)

The creep testing of four heats of DIN 1.4948 parent metal and three

types of welded joints has been completed. The preliminary results

reported in the preceding progress reports have been confirmed by the

latest experiments. The results are summarized in Table 7 in terms

of creep strenghts for rupture times of 1000 h at 823 K. For each heat

and each welded joint the 1000-h-creep strength at 823 K has been

interpolated. From those 1000-h-creep strengths the averages have been

struck for the four heats and the three types of welded joints and are

inserted in Table 7. The double standard deviation given is an indication

for the 95% probability of a creep strength measurement to fall within the

band of the double standard deviation from the average creep strength.

The number of data sets given is the number of stress-rupture test

results used for the interpolation of the 1000-h-creep strengths.
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Table 7 Average creep strength and standard deviation of four heats
of parent metal and three types of welded joints in reference
and irradiated condition.

4 heats of
parent
metal

3 types
of welded
joints

Reference condition

Average
creep
strength
, (MPa)

240

220

Standard
deviation
x 2
(MPa)

60

15

Number
of data
sets

48

34

Irradiated condition

Average
creep
e-trength
(MPa)

190

200

Standard
deviation
x 2
(MPa)

50

15

Number
of data
sets

48

35

From Table 7 it is clear that the reduction in creep strength by irra-

diation is 50 MPa for parent metal. The double standard deviation is

60 MPa in reference condition and slightly smaller in irradiated con-

dition. In both conditions this double standard deviation is about 25%

of the 1000-h-creep strength. This implicates that the minimum 1000-h-

creep strength is about 25% lower than the average of the experimental

results. This would mean that the minimum 1000-h-creep strength of

parent metal in irradiated condition is about half of the average creep

strength in reference condition, if the 95% probability criterion is

accepted.

The three types of welded joints show a decrease of 20 MPa in the

1000-h-creep strength with a double standard deviation of 15 MPa, which

is about 7%. The minimum 1000-h-creep strength is considerably higher

than that of parent metal. The reason is that the heat of parent metal

connected by the joints has a creep strength above or about the average

value in reference as well as in irradiated condition.
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The creep tests of three other heats of DIN 1.4948 parent metal have

been started

- heat F, a solution annealed plate

- heat G, a casting product

- heat H, a forged product

Testing heat G in reference condition a 1000-h-creep strength at 823 K

has been obtained of 175 MPa, which is far below the average value.

Casting related cracks have been observed on some of the fracture

surfaces of ruptured specimens of heat G. The specimens with those

casting defects showed very low creep strengths. The testing of this

heat has been terminated due to the poor quality of the casting.

The creep rupture results of the heats F and H obtained in 1980 are

summarized in respectively Figure 17 and 18. These results are prelimi-

nary; supplementary tests are in progress. In the meatime we can conclude

that for heat F the reduction in creep strength due to irradiation is

decreasing with increasing Larson-Miller parameter |54|. The 1000-h-

creep strength at 823 K is reduced by about 30 MPa from 256 MPa to

227 MPa. For heat H, Figure 18, the reduction in creep strength due

to irradiation is somewhat increasing with increasing Larson-Miller

parameter. Though for Larson-Miller parameter values below 19500 the

creep strength is not affected by irradiation. This absence of an

irradiation effect has been observed previously only for the welded

joints. This behaviour is probably typical for this type of forging,

because all other parent metal products do show an irradiation effect.

Results obtained sofar indicate that the observed creep properties of

the different heats are in accordance with existing creep rupture

theories concerning the influence of chemical composition and grain size

on the creep rupture properties. The strongest heat A contains more of

creep strength improving alloying elements, such as Cr, Mn, Si and N

than the weakest heat C. The boron content of heat A is lower than 2 ppm,

whereas the boron content of heat C is maximally 9 ppm. So the helium

production in heat C during irradiation is at least a factor of five

higher than in heat A. Another important difference between these two

heats is the grain size. The grain diameter range of heat A is 40-80 ym;

the range for heat C is 200-400ym. The finer grains of heat A should also

contribute to the higher creep strength in both reference and irradiated

condition.
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The tensile properties in reference condition of ten product forms

of DIN 1.4948 material have been determined at temperatures in the

interval from 723 K to 923 K. In Table 8 the proof stress, the ultimate

tensile strength and the total elongation are summarized for a test

temperature of 823 K. The applied strain rate was 4.10~ s .

Table 8 Main tensile proporties of ten product forms of DIN

1.4948 in reference condition at 823 K

Heat

231861

A

B

F

C

H

G

231861

D

E

Product

from

Rolled

plate

Forged

products

Casting

Welded

joints

Proof stress

°0.2

[MPa]

101

121

109

138

87

145

95

225

201

189

Ultimate
tensile
strength
[MPa]

374

403

376

401

330

355

264

367

349

333

Total
elongation

[%]

48

48

44

48

43

34

39

18

17

16

1000-h-creep
strength

[MPA]

243

270

239

257

200

235

171

225

225

214

A wide range of strength and ductilities can be observed. Apart from

the welded joints it can be concluded roughly that there is a positive

correlation between tensile and creep strength. It has been stated

above that the casting has a very poor creep strength. This observation

is corroborated by the low ultimate tensile strength of the casting.

In Table 9 the proof stress, the ultimate tensile strength and the

total elongation of ten product forms in irradiated condition are

summarized with the 1000-h-creep strength at a test temperature of 823 K.
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Table 9 Main tensile properties of ten product forms of DIN 1.4948
in irradiated condition at 823K.

Heat

231861

A

B

F

C

H

G

231861

D

E

Product form

Rolled plate

Forged
products

Casting

Welded joints

Proof stress
a0.2

[MPa]

119

137

142

130

116

160

111

203

170

177

Ultimate

tensile

strength

[MPa]

365

381

360

386

317

321

238

334

353

360

Total

elongation

[%]

29

27

30

37

29

23

32

22

20

17

1000-h-creep

strength

[MPa]

194

208

194.

227

153

219

-

199

209

206

Again a wide range of strengths and ductilities can be observed which is

quite well comparable to the variety observed for the products in reference

condition. In Figure 19 the 1000-h-creep strength has been plotted against

the ultimate tensile strength of the ten products in reference and in

irradiated condition tested at 823 K. The best fit straight lines for

both groups of specimens has been drawn also. A reasonable good correlation

exists between the tensile and the creep strength of the products: the

correlation coefficient is 0.98. In irradiated condition the correlation

coefficient is only 0.82 omitting the data point concerning heat H. For

both conditions it holds that the 1000-h-creep strength increases with

increasing tensile strength.
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The creep strength of the material DIN 1.4948 in irradiated condition

is about 35 MPa lower than the creep strength in the reference condition

at the corresponding tensile strength.

The predictability of the creep strength on basis of the ultimate tensile

strength is more accurate for the product form in reference condition

than in irradiated condition. Obvious the irradiation affects the creep

and tensile properties of the different product forms to different

degrees. The creep rupture properties of parent metal products are

deteriorating more due to irradiation than those of the welded joints.

The tensile properties at the standard strain rate of about 4 x 10 s

are less influenced by irradiation than the creep properties. The main

effects of irradiation on the tensile properties are shown in figure 20.

The ductility in irradiated condition is reduced, because of the lower

non-uniform deformation of the irradiated material. The reductions in

strength values are minor.

The main conclusion is that the reduction of creep strength is caused by a

loss of ductility due to irradiation. A more detailed analysis

curves and extensive metallography in order to explain the loss of

ductility in more detail is in progress.

2. The effect of helium on the creep properties of DIN 1.4948 austenitic

stainless steel

(B. van-der Schaaf)

2ij_i_Irradiations

The irradiation of the M0NA-4 rig, as well as the MONA-5 rig has been

carried out succesfully.

The nine specimens of the M0NA-4 rig have been irradiated during 5.4 Ks.

The temperature range of 798-848 K could be maintained during more than

90% of the irradiation time. The thermal neutron fluence amounted to

about 2.1021 n.m."2

The seven specimens of the M0NA-5 rig were irradiated in a temperature

range of 788-858 K during more than 85% of the time. The thermal fluence
20 -2

will amount to about 3 x 10 n.m . The temperature statistics of the

MONA-5 rig are less good than those of the M0NA-4 rig. This is caused by

the fact that the temperature adjustment period is relatively long for

the very short irradiation time of the MONA-5 rig. Testing of the specimens

from the MONA-rigs will start next year.
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Fig. 20 The tensile curves of heat F in reference and irradiated
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Fig. 22 The creep curves of pure weld metal, as received and stress-
relieved, in reference and irradiated condition (see Table 10)
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2.2_1_Wel.d_siinul.ation

The production of 60 weld-simulated specimens in three different conditions

has been carried out. The three conditions differ by their peak temperatures,

These three conditions are representative for three locations in the heat

affected zone at distances of about 30 ym, 100 ym and 300 ym from the

fusion zone. The metallography is in the pre-investigation has shown that

realistic simulations can be made with acceptable reproducability of the

metal structure near the fusion zone. The relevant specimens are placed in

the NAST-14 rig and will be irradiated in spring next year. Testing will

start by the end of 1981.

Creep testing of weld metal in as-received and fully stress-relieved

condition (3 h at 1175 K) is in progress. The 1000-h-creep strengths

derived from the limited number of data that are available yet, amount

to 210 and 200 MPa respectively. The stress-relieved condition shows a

more ductile behaviour than the as-received condition. The deformation

of the weld metal is rather inhomogeneous due to the layer structure of

the weld beads. Necking at different locations of the gauge length can

be observed in Fig. 21.

Fig. 21. Anisotropie and inhomogeneous creep deformation of weld metal,

due to the directional solidification of weld beads.
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Previously it has been reported that the rupture times of weld metal in

as-received or stress-relieved condition are hardly affected by irradiation.

However, the creep deformations in both conditions apears to be different.

In figure 22 the creep curves of weld metal specimens in four different

conditions are shown. The creep test conditions were similar for all

specimen, see Table 10.

Table 10 Creep tests on pure weld metal in four conditions with a creep

stress of 200 MPa at 823 K

Heat treatment

as-received
as-received

stress-relieved
(3 h at 1175 K)

stress-relieved
(3 h at 1175 K)

Fluence

[n.m ]

5 x 1024

5 x ,0 2 4

Parallel

heat treatment

575h at 823K

575h at 823K

Time to

rupture

[h]

1249
1343

1180

979

Creep

Extension

[%]

10.4
6.5

14.1

15.8

The stress-relieve of the weld metal during 3 h at 1175 K results in a

creep extension higher than in the as-received reference and

irradiated condition. The primary creep strain is about 2% higher than

in as-received ccndtion. The secondary creep rate in as-received

condition is about a factor five lower than after a stress-relieve.

Pure weld metal of DIN 1.4948 is considerably more ductile than the

welded joints of this alloy. After irradiation, the creep ductility of

the weld metal is higher than the creep ductility of the parent metal

from the same alloy. This observation leads to the conclusion that the

heat affected zone is the weakest link in the chain.
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3. Low-cycle fatigue behaviour of DIN 1.4948 austenitic stainless

steel

(M.I. de Vries)

The low-cycle fatigue (LCF) tests at a constant amplitude have been completed

this year. These tests have been performed at a constant strain rate of
-3 -1

3.10 s at 623 K and 923 K. The specimens have been tested in reference
24 -2

aswell as in irradiated condition (5.10 n.m , E > 0,1 MeV). No signi-

ficant irradiation effect on the fatigue-life could be observed.

In combination with results from earlier performed LCF tests a complete

picture of the effect of the test temperature on the fatigue proporties is

obtained. In Fig. 23a and b the effect of the test temperature in a range

of 298 K to 1073 K on the fatigue and tensile properties is shown.

Between 573 K and 923 K the fatigue-life falls off rapidly, -whereas the

tensile ductility (total elongation) remains almost constant. Cyclic

(saturation)stresses are hardly affected by test temperatures in the range

of 298 K up to 823 K, whereas the ultimate tensile strength decreases with

1 increasing temperatures over the whole range up to 1073 K. Fig. 24 shows

the dislocation sub-structures of specimens tested at different temperatures

(Ae = 1.0%). The dislocation cell-structures are nearly identical up to

823 K.

Additional tests have been performed at lower strain rates at 823 and 923 K.

In Fig. 25 is shown that lowering the strain rate reduces the number of

cycles-to-failure. A significant irradiation effect can be observed at

both test temperatures. One irradiated specimen has been tested at low

strain rate in combination with applied hold-times. After each block of

3 cycles (s = 6.10 s ) a strain-controlled hold period of about 20 hours

was introduced.

The number of cycles-to-failure in this test reduced to 44 cycles compared

to a N ..-value of 110 cycles for a similar specimen tested at the same

strain rate without applying hold-times.

Metallographic examination of the tested specimens revealed increasing

intergranular fracture with decreasing strain rate. Fully intergranular

facture has been observed on the fracture surface of an irradiated specimen

which has been tested at a low cyclic strain rate in combination with

applying hold-times of about 20 hours.
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In order to confirm the trend of a decreasing fatigue-life at decreasing

strain rates, as has been observed from the results of earlier performed

tests on reference specimens, two additional test series have been per-

formed on reference specimens. The results are given in Fig. 26.

Additional metallographic examination of the tested specimens is in

progress and will be completed in the first quarter of next year.

4. Lifetime simulation and fracture mechanics of DIN 1.4948 austenitic

stainless steel

(M.I. de Vries)

4.il • ̂ °wi£Ycle_f atigue_^LCF)^_tes ting_at_2rogrammed_loadings

The irradiation for this investigation has been completed. The four

TRIO-capsules, T43, T44, 48 and T49, each with 15 specimens of plate

material, have been irradiated succesfully.

Additional electronic equipment for the automatic control of the test-

parameters has been ordered. This equipment will be inserted in the

electronic-console of the new eisctro-mechanical testing-machine, which

will be installed in a lead-cell next year.

Due to the limited test capacity at the moment, the test programme could

not be started yet.

In this year a scries of FCP tests have been performed on specimens in

reference and irradiated conditions. Some results of these tests are

given in Fig. 27. At 298 K irradiated specimens show lower crack growth

rates than the reference ones. This fact can be attributed to irradiation-

hardening by displacement damage. At 823 K no irradiation effect can be

observed when the specimens are tested in the high-frequency-mode (10 Hz).

Testing the specimens with a lower frequency (0.01 Hz) the irradiated ones

show a higher crack growth rate than the reference ones. This can be

ascribed to a change of the fracture mechanism of the irradiated material

from transgranular to intergranular when the frequency is reduced.

Fig. 28 shows the transition in fracture mechanism due to the change in

test-frequency on the fracture surface of an irradiated specimen

(5.1024 n.m.-2, E > 0.1 MeV).
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10 Hz 0.01 Hz

Fig. 28 Transition of fracture mechanism from trans- to intergranular
in irradiated material due to the change in test-frequency.
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Fig. 29 Markings on the fracture surface of a test-specimen in
reference condition.
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The crack growth rates during the tests with c frequency of 10 Hz have

been measured with an optical technique, using television camera's

with low-magnification microscopes for monitoring the crack at both

sides of the tested specimen. This technique can be used in the case

the wall-surfaces of the specimen remains highly reflective. During the

tests with low frequencies and thus long periods at high temperatures

the reflectivity reduces due to the scaling of the surfaces. To over-

come this disadventage of this optical method another technique has

been used for the low-frequency-tests. Alternating frequencies of

10 Hz and 10 Hz have been applied in blocks of 500 and 1000 cycles

respectively. Due to the different exposure times the crack increments

on the fracture surface get a different colour for each block of cycles.

An example of this "marking" technique is shown in the photograph in

Fig. 29. The light-coloured broader bands correspond' to the blocks

with the low frequency.

The optical technique has the disadvantage of being hard to automatize

and using the marking technique only large crack increments can

be detected from the pictures, due to the limitations in photographying

irradiated samples. So the need was felt to develop a crack length

measuring method which could measure the crack length continuously and

could be automatized moreover. An electrical potential drop method in

a direct current mode has been developped succesfully for the crack

length meassurements on reference specimens at elevated temperatures.

The crack-length is measured continuously by means of an microprocessor

controled multimeter. The signals are stored automatically and processed

by an on line mini-computer, giving real-time plots of the measured

data. Next year this technique will be adapted for testing the irradiated

specimens.

The irradiations for this investigation have been completed this year.

Three REFA-capsules (C4H, 412 and 413) have been irradiated succesfully
9A -9

up to a fluence level of about 5.10 ' n.m (E> 0,1 MeV) at 823 K.

Each capsule contained 20 ^TCT-specimens. In capsule C413 10 French

specimens of type 316 stainless steel, delivered by CEA, have been
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included. On the other hand five jTCT-specimens, together with creep-

and LCF-specimens of DIN 1.4948 material, are irradiated inithe Phenix-

reactor in France in the scope of the DINOSAURE project.

In order to evaluate the existing different testing techniques for the

determination of the JT -value an international Round Robin activity has
XL»

been set up by the members of a workinggroup of the European Group on

Fracture (EGF). The results of this experimental Round Robin experiment

will give important information for defining testing conditions for

fracture experiments on irradiated samples.

5. Two and three dimensional elasto-plastic finite element analyses of

a compact tension test specimen

(J. Prij)

In this period two dimensional and three dimensional elasto-plastic

finite element analyses of a monotonically loaded CT specimen have been

carried out. The element lay-out is given in Fig. 30. The influence of

several cracktip-models on the global and local behaviour is studied with

2D elasto-plastic analyses. From the results of these analyses it follows

that

- the difference between the plane stress and the plane strain solutions

are much larger than that from the different cracktip-models

- all the cracktip-models, even those with standard elements, have an

accuracy which is acceptable from a practical point of view (the error

in the global behaviour < 3%).

- with respect to the local behaviour (stress distribution in the crack-

tip-elements and path-independence of the energy release rate evaluation)

the collapsed standard elements with r -terms in the strainfield behave

the best.

The calculated load deflection curves, shown in Fig. 31, from the 2D as

well as from the 3D models have been compared with each other and with

an experimental one leading to the following statements:

- The 3D behaviour lies just between the plane stress and the plane

strain solution while the plane stress solution is the best approxi-

mation.

- The global elasto-plastic behaviour is calculated accurately.
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Fig. 32 Contours of E P at the free surface at P = 880 N.mm

eq

FREE SURFACE
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CRACK TIP
MIDPLANE

Fig. 33 Contours of E P at the plane (p = 75° at P = 880 N.mm

= PLANE STRAIN
= FREE SURFACE
= MIDPLANE
= PLANE STRESS

Fig. 34 P las t i c s t ra in contours eP = .7% for the different analyses,

P = 920 N.mm ' .
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From detailed observations of the stresses and strains in the cracktip-

region it can be concluded that:

- only a small portion of the specimen is in a stress state which can

be regarded as a plane strain state.

- about 2/3 of the crackfront lies in this plane strain state.

The development of plastic strains at the cracktip-region is compared

with the plane stress and plane strain analyses. Some results are:

- There is only a very small variation in plastic strains along the

thickness of the specimen or in other words there is no "dogbone shape",

see Fig. 32,33 and 34.

- The magnitude of the plastic strains resulting from the 3D analysis lies

just between the plane stress and the plane strain results, see Fig. 34.

- The shape of the plastic region in indirection is more "plane strain"

than "plane stress", see Fig. 34.

The global and local energy release rates have been calculated using a

virtual crack extension technique. It is concluded that

- the global energy release rate G lies between the plane strain and

plane stress results, while the latter is the best approximation, see

Fig. 35.

- the local energy release rates G show (due to a local extension of the

crackfront) a distinct variation along the crackfront from .1 G at the

free surface to 1.2 G in the midplane, see Fig. 36.

- the global energy release rate G (due to an extension of the entire

crackfront) correspond within the accuracy needed for engineering

applications with the J -integral values, calculated according to the

experimental practice with the Begley and Landes formula, see Fig. 35.

- at the moment that the crack initiates at the free surface of the spe-

cimen the global J has a magnitude which can be observed as a good

estimate of Jrr, but the J integral being a global parameter is less

suitable to characterize the local phenomenon of first crack initia-

tion. This local phenomenon might be characterized more appropriately

by the local energy release rate G.
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Fig. 35 Energy release rates calculated with PARKS' method
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Fig. 36 Local energy release rate variation along the crack front of

a CT specimen
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Some of the results of these analyses have "been presented at the

IAEA Specialist's Meeting on "reliability engineering and lifetime

assesment of primary circuits: malfunctions, leakkage and fracture

prevention, Vienna, 1-3 December 1980 J59|.
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V. AEROSOL RESEARCH

(J.F. v.d. Vate)

This ECN research, pertaining to the safety of an LMFBR, aims to ensure

a safe assessment of the aerosol release from containment buildings. In

the scope of this project experimental work is being performed to study

the aerosols which could be formed after a Hypothetical Core Disruptive

Accident (HCDA) and the transport of aerosol particles in the concrete

containment and their leakage through cracks and along penetrations in

the walls.

One of the important aspects to be studied is the behaviour of aerosols

in containment atmospheres. During this quarter the investigations on

the aerodynamic behaviour of sodium oxide aerosols have been continued.

It has been found that a relation exists between the microstructure of

sodium smoke particles and the conditions of formation of the aerosol

(section 1). Other experimental research has been focussed on aerosol

penetration studies on packed beds of glass beads (as model leaks) and

their different behaviour compared to concrete test specimens. A theoretical

evaluation has been made on this different behaviour and on some removal

processes of aerosols from flows through leak paths (section 2). In section

3 some results on gas leakage measurements through massive concrete

specimens are reported.
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Fig.37 Sodium oxide
particles
formed by

a) the exploding wire method
b) oxidation in air after evaporation in
c) burning of Na in air with 100 ppm H„0
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1. Characterization of sodium oxide aerosols

].l. Micros^ructure of_sodium_smoke_p_roduced in differentials.

As reported in the previous quarterly report |4| sodium smoke particles

formed by the exploding wire (EW) method proved to be aggregates of a

few hundred of primary particles. These primary particles had diameters

of slightly less than 0.1 um. Much higher values for primary particle

diameters are given in literature: e.g. Gieseke |60| and Hilliard |6l|

both quote diameter-values of about 0.5 um for primary particles which

have been formed in another way. From this it can be concluded that

there exists a relationship between the size of the primary particles

and the way of formation. To investigate such a possible relation some

experiments with different aerosol formation techniques have been

performed.

Sodium smoke was produced either by burning a piece of sodium in a dry

aerosol vessel containing dry air (̂ 70 ppm H2O) and by leading sodium

vapour in nitrogen (initially ^ 650°C) into an aerosol vessel filled with

air. Samples of 1 um aerodynamic diameter paricles have been taken by

means of the aerosol centrifuge and investigated with the electron micro-

scope within the first minutes after sampling. Pictures of the obtained

sodium oxide particles formed in the three different ways (including the

EW method) are shown in Fig. 37. From the electron micrographs as given in

Fig. 37 typical diameters of the primary particles have been obtained

amounting to respectively 0.09 um, 0.3 um and 0.9 um.

This significant difference in the magnitude of the primary particles

leads to the conclusion that indeed a strong relationship exists between

the particle microstructure and the aerosol formation conditions, much

stronger than observed earlier for EW-aerosols |62|. The size of the

primary particles is smaller when the aerosol formation processes are

more energetic, which agrees with the findings on EW-aerosols in

qualitative respect. This observation on sodium smoke aerosols should be

considered in the assessment of the aerodynamic behaviour of sodium

smoke produced by various types of fire: pool fires, spray fires and

sodium explosions, etc. On the other hand, any other parameter influencing

the vapour pressure of sodium oxide at the point of time of the formation

of primaries will play a role in the size of those primary particles.
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AERODYNAMIC MASS MEDIAN DIAMETER ( j jm)

t 1.3

1.2
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D O 50 HOURS AFTER AEROSOL FORMATION

10

RELATIVE H U M I D I T Y ( % )

Fig. 38 The aerodynamic mass median diameter (ammd) as a

fuction of the relative humidity, 25 and 50 hours after

the sodium oxide aerosol formation.
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Ii2i_Behaviour_of_sodium_oxide_aerosols_at_different_relative_humidities

The aerodynamic mass median diameter (ammd)-distributions of sodium

oxide aerosols formed with the Exploding Wire method have been measured

as a function of time after the aerosol formation at various relative

humidities. RH-values of 0.5%, 5% and 30% at room temperature (the water

concentration amounts under these circumstances to 100 ppm H_0, 1000

ppm H2O and 6000 ppm H2O respectively) have been applied. C0„ concen-

trations have been kept below 10 ppm. The ammd-distributions have been

derived from sodium mass analyses by atomic absorption spectrometry

(AAS) of samples size-fractionated by means of the Ströber aerosol

centrifuge.

The ammd-distributions appeared to be nicely log-normal with geometric

standard deviations ranging from 1.3 to 1.4 irrespective of the RH or

the aerosol age. These standard deviations are relatively small compared

to those usually quoted for enclosed aerosols, however, the values generally

observed by ECN (1.2 - 1.3) using the high-resolution Stöber centrifuge

are even smaller |68|. The ammd-values of an aging sodium oxide aerosol

change with the time going on after the aerosol formation. After 5, 25 and

50 hours the ammd-values amount to 0.73 ym, 0.95 ym and 0.83 ym respectively,

an increase of the relative humidity causes an increase in the ammd-value

as is represented in Fig. 38. A final value of about 1.2 ym is reached at

a RH of 30%.

2. Aerosol penetration

2.il• Aerosol_2£netration_in_2acked_beds_of_glass_beads

In the previous progress report |4| high penetrations have been reported

of polystyrene spheres through model leaks of a number of parallel

capillaries.

From the general equation giving the aerosol penetration

v. Sj p r )

p = exp (- • q
d e p ) (1)

where: v = the aerosol deposition velocity

S, = the surface area available for the aerosol depostitiondep
q = the flow rate

it can be seen that this is clua to a relatively small V - S , -value

compared to that for a concrete test specimen (the flow rate q has

been kept similar).



-96-

Since v.S, increases with increasing roughness of the walls it

was decided to investigate the aerosol penetration in packed teds.

Glass beads have been chosen as bed elements in view of their well-

defined dimensions. By trial and error as far as the diameters of the

columns and the glass beads are concerned, a model leak could be

obtained with the highest achievable S, -value and a reasonable flow
dep3 _j

rate (some 100 cm . s ) at a pressure-drop of 100 mbar.

Some results of the penetration measurements on a number of prepared

columns are given in Table 10. The results are expressed in the para-

meters a and b, giving the flow rate q as a function of the pressure-

drop Ap over the packed columns:

= a (Ap)1 (2)

Table 10. Results of penetration measurements on a number of packed

columns of glas beads (1-12) and a cracked concrete test

specimen (13).

a ri

b I

d D,

1

2

3

4

5

6

7

8

9

10

11

12

13

a

17.7

14.2

4.12

4.44

1.95

8.35

3.80

3.72

3.41

3.32

2.81

3.27

0.389

b

0.778

0.667

0.692

0.907

0.967

0.742

0.732

0.732

0.733

0.772

0.776

0.750

0.912

r

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

2(n)

994

998

997

947

998

997

996

998

998

998

998

997

996

a

(24)

(20)

(30)

(25)

(25)

(27)

(30)

(28)

(30)

(28)

(28)

(25)

(30)

b
£

130

75

185

93

196

10.

23.

25

26,

30.

34.

33.

-

5

5

5

6

0

5

c
D

(cm)
3

1.0

1.0

3.0

3.0

1.0

1.0

1.0

1.0

1.22

1.23

1.22

-

d

(cm)
0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

-

3

3

3

1

1

1

1

1

1

1

1

1

(n) = coefficient of correlation of n sets of measurements

= column length

= inner diameter of column

= diameter of glass beads
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Further penetration studies have been performed on two columns, I and II

with lengths of 151 and 346 mm respectively, inner diameters of 12.2 mm

and filled with 1 mm diameter glass beads. The calculated penetrations

are presented in Figs. 39 and 40 for particles of different sizes. In

Fig. 40 also the penetration results of a comparable test on a concrete

test specimen with 1.1 um diameter spheres are given.

It is evident that the penetration through the concrete cylinder is much

smaller. Moreover, the packed beds show downward curved lines whereas

the concrete test specimens display a straight line on a (log P,q) -

plot. The packed beds in fact show to have a dimensionless deposition

velocity V (see Ref. |63|) which increases with increasing flow rate.

The straight lines for the experiments on the concrete test specimen,

however, implies a constant V -value independent of the flow rate. This

probably corresponds to the two regions observed bv Liu and Agarwal

|64, 65 and 66| in which V+ is or constant or a fuction of the dimensionless

relaxation-time T-. Recently, additional information especially on aerosol

deposition in rough-walled tubes has become available in a thesis of

Agarwal |66|.

The dimensionless deposition velocity V is defined as

V = - (3)
+ v

where V = the aerosol deposition velocity

v* = the friction velocity

The dimensionless relaxation-time r is defined as

Tp v*2
= -JLJ!l_ (4)

n
where x = the particle relaxation-time

p = the gas density

n = the gas viscosity

In Fig. 41 the measured V - values are given as a function of x .

For x £ 20., V =0.1 and independent of the tube roughness.

For x ;£. 10, V is a function of x+ and, moreover, depends on the tube

roughness (the shaded area). V becomes independent of the tube rough-

ness when the roughness elements are higher than 200 pm (the line marked

with "rough"). So for tubes with large roughnesses there are two regions:
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Fig. 39 Penetration of monodisperse polystyrene spheres

of various diameters through the packed glass

bead column I as a function of the flow rate.
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Fig. 40 Penetration of the same spheres through the

packed glass bead column II as a function

of the flow rate. The dotted line gives

results through a concrete test specimen.
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Fig. 41 Particle deposition rate in tubes with smooth and rough

inner-walls according to Agarwal |66|. The shaded area

represents the region of measuring points for tubes of

various roughness. The line "rough" indicates upper

V+- values for roughness > 200 ym.
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T < 10 : V is a function of T,, dependent of roughness, presumably as
+ »*- + +

V+ - A o ( V )
B o (5)

Using the theory given in Ref. |63| the following relation can be derived

- lnP = Ao(q
2d2F)Bo (6)

T Ä 20 : V+ is independent of T + and the wall roughness, which leads to

- lnP = Aj (7)

or: the penetration P is independent of flow rate q.

On basis of these results one can expect at an increasing flow rate q

(which means also increasing T + ) an initial region of decreasing P untill

the transition 10 £ T + £ 20 is reached. For higher flow rates the

penetration should approach a constant value.

Returning to the experiments on the glass bead columns it can be concluded

that the x+-values for this type of columns have not been high enough to

make them comparable with the concrete test specimens .

2.2. Theory of aerosol penetration

The experimental data on aerosol penetration through cracked concrete

cylinders and packed glass bead columns are analyzed now. In this analyses

various deposition mechanisms for the removal of aerosol during its

transport through leak paths have to be considered.

One of the possible mechanism is inertia! impaction. This mechanism

takes place mainly in an aerosol which consist out of large particles

and is transported with a high flow velocity. Theoretically this

mechanism is a very complicated phenomenon and that is why a balanced

evaluation of the experimental data in this respect can not yet been

given.

The same applies to the mechanism of diffusion deposition in an aerosol

of very small particles at very low flows. The deposition velocity in

this case is related to the diffusion coefficient D by
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(8) .

The boundary layer thickness 6, at the walls of the leak path depends
d

on the Reynold's number of the gas flow and on D in a complicated and

unknown way.

When the aerosol is warmer than the walls of the leak path the resulting

heat-transfer will cause thermophoretic aerosol transport to the walls.

The thermophoretic deposition velocity v , is a function of the temperature

gradient following

v - v t h - a f (9)
th

were: a = the thermophoretic constant

AT = the average temperature difference between the aerosol

and the walls of the leak path

6 = the effective thickness of the boundary layer at the

walls of the leak path

The heat transfer is governed by the relation

AT = Q_ (10)

were: Q = the heat power transferred to the walls of the leak path

S = the total internal wall surface area of the leak path

X = the thermal conductivity of the gas

Substitution of Eqs. (9) and (10) in Eq. (1) yields

th M|
o

— 1 3 — 1

It can be shown that a.X = 0.3 cm .J |68| for air, independent of

temperature and particle sizes in the range larger than a few tenths of

a micrometer. In the case that an aerosol, leaking out of a nuclear
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containment is about 200 °C warmer than the walls of the leak paths and

the specific heat of the gas amounts to 1.5.10~3 J.K~^.cm~3 one obtains

a penetration Pt^ of about 0.97, what means an aerosol removal of 3%.

This rough calculation shows that in this case thermophoresis is a

relatively unimportant removal mechanism for aerosols flowing through

leak paths.

Aerosol particles flowing through the leak paths can be removed by

electric forces when they carry electric charges and the walls of the

leak paths are also electrically charged. Such an electvophoretic

deposition may occur in concrete leak paths where the walls are non-

conducting. The electrophoretic deposition velocity v e of charged

particles is given by the relation

V = Ve =^ E = I 7 X (12)

where: E = the electric field strength

y = the electric mobility of the particle
qe = the average charge density of the charged wall area
Se
e = the absolute dielectric constant of the gas

From Eqs. (12) and (1) a relation for the penetration Pe at electro

phoretic deposition can be derived

The electric mobility ye of an aerosol particle of a few tenths of a
—8 2 — 1 —1

micrometer in a Boltzmann charge distribution is about 10 m .V .s

The magnitude of S in the concrete test specimens can be estimated roughly
2 2 <!

to be in the order of 10 m . For a glass aerosol vessel a -^ - value has
— Ö •-*?

been obtained of about 10 C m |68| which will also apply to concrete.
-4 3 -1

When the flow rate amounts to 10 m .s the penetration Pe will be

about 50%. So it can be concluded that electrophoretic deposition is

a removal process which if possible, should be studied in more detail.

At least it is worthwile te evaluate the impact of electrophoresis on our

penetration studies in the low flow rate ranges (where inertial
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deposition velocities are relatively small) and in those cases where

"non-neutralized" (not in an electric Botzmann equilibrium) aerosols

have been used.

In the analyses of the experimental data up to now gravitational settling

is considered to be one of the more important removal mechanism.

Gravitational settling governs the aerosol removal predominantly in

the range of low flow velocities (long residence times iii the leak paths).

Sedimentation in a horizontal channel of width w and length £, leads

to a penetration of

Ps = exp (- ^ . - ) (H)
u w.

where: u = the average flow velocity in the channel.

Assuming A = 1 m, w = 10 , ü = 0.1 m.s""1, which are typical values

for a leaking crack in a concrete reactor containment, it can be

calculated that particles of 1 um diameter penetrate only for about

1%, whereas particles of 2 urn have a decontamination factor of 5 - 6 orders

of magnitude. Consequently, knowledge of particle size of the leaking

aerosol under the relevant conditions is of great importance.

A typical feature of the removal by sedimentation is the increase of

the penetration with flow rate. The experimental facilities available

for the penetration measurements at low flow rates (where sedimentation

should dominate) have been limited. Fortunately, in a number of

experiments deviations from the inertial removal at low flow rates have been

found to be so large that pure sedimentation removal could be assmumed.

Also in a few experiments the penetration has even shown a maximum value

which means also that sedimentation has dominated the removal in the low

flow rate range below the maximum. From the observations values have been

deduced for the surface area S, for sedimentation in a channel. For
dep

the glass bead columns 1700 cm2 has been obtained which compares fairly well

with the calculated total horizontally projected surface area of 2500 cm

for these columns. Analysis of the experimental data on cracked concrete

cylinders has*yielded S^gp- values- of 200 cm2. The cracks in the

concrete cylinders had dimensions of 45 mm x 290 mm (130 cm2) which agrees

rather well. However, the actual investigations have been performed with

the cracks oriented vertically. This would mean that the magnitude of the
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sedimentation surface area is not influenced significantly by the orien-

tation of a crack in concrete.

From the theoretical insights obtained so far it can be concluded that

in a number of cases not all the experimental observations can be explained

theoretically. Nevertheless, a reasonable complete picture of the behaviour

of an aerosol flowing through a leak path in a concrete wall can be given.

Inertial deposition appears to be the dominant removal mechanism for

particle larger than 1 um. Smaller particles are subject to an additional

removal process, probably diffusion. In the range of low flow rates sedi-

mentation forms an important removal process.

3«. Gas leakage through massive concrete

Air flow leak-rates have been measured through undamaged concrete cylinders

using the same technique as applied previously j63 | . The volume of the

pressurized plenum connected to the concrete test specimen, however, has been

diminished drastically, viz. 370 cm^ instead of 20 litres. This improved

the accuracy and the time for the measurements considerably. The concrete

test specimens were disks (15 cm diameter) of various heights (about 30 and

60 mm) freshly cut from cylinders, which have been taken from a mother concrete

block. This mother block has been prepared according to the specifications

for the SNR-300 containment and the cylinders have been cut at' various

dates after its preparation (1 month, 6 months, 2\ years).

The pressure decay curves appeared to be exponential though slightly

deviating in the range of the highest pressures (0.5 bar). The half-lives

obtained from these decay curves have been converted to normalized leak

rates A defined as the volume-percentage per day leaking out of a standard
4 3 3 2concrete containment (10 m volume, 10 m wall surface and 1 m wall

thickness) at an overpressure of 1 mbar compared to the surroundings.

The normalized leak rates A calculated from the pressure decay curves

are given in Table 11.
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Table 11. Normalized leak rates A through concrete test specimens

cut from a mother block at various dates after its

preparation (1 February 1978)

No.

4

4

9

9

9

21

21

date of

2 March
ii

18 July
II

M

3 June
II

cutting

'78

'78

'78

cylinder height

(mm)

31

65

63

64

65

31

65

(vol.% d"1

2.30

2.31

0.46 )

0.41 ]
0.49

0.44 )

0.40

A
-\ , -1.

•m . mbar )

0.45

0.42

It can be concluded that cutting a cylinder from the mother

block already 1 month after the preparation of the concrete

results in a less good leak-tightness of the concrete sample.

Probably the cutting of the samples disturbs the curing-process

of the concrete which has obviously not yet been terminated at

this time.

The results mentioned above agree with those obtained by Atomics

International |67| which correspond with normalized leak rates

of 0.7 to 5 vol.% per day.



VI• HEAT TRANSFER AND HYDRAULICS

For the design of a safe and economical fast breeder reactor it is

necessary to dispose of an accurate knowledge of the heat transfer

and hydraulic phenomena in fuel rod bundles. The ECN research which

aims to obtain this knowledge is therefore devoted to Code-Development

and Boiling Experiments.

The Code-Development comprises two projects:

- A project concerning the development of a thermohydraulic computer

code (VITESSE), based on a local approach, to determine 3-dimensional

temperature and flow fields of incompressible fluids in fuel rod

bundles under turbulent flow conditions. The VITESSE code is based

on the finite element technique and aims to predict temperature and

flow patterns in ungridded i.e. bare bundles (fully developed flow)

and in gridded bundles (developing flow). The developed models are

validated and verified by experiments at ECN and KfK.

The soft-ware development to solve the Navier-Stokes equations at

turbulent flow conditions has been continued. Calculations have been

performed on a developing turbulent flow in a parallel plate duct.

Furthermore a report on the theoretical investigations on thermal-

hydraulics of fast reactor fuel rod bundles has been completed

and presented onanANS/ASME topical meeting |69| (see section 3).

- The hydraulic part of the VITESSE code-versions will be verified

with experimental results of another ECN project concerning the
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measurement of hydraulic transport phenomena in simulated fuel

rod bundles. In order to achieve the needed hydraulic transport

data and to ameliorate the current knowledge in this field hydraulic

experiments are being performed in well defined geometries, using

the high resolution Laser Doppler Anemometry. Since the accurate

positioning of mechanical probes, such as pitot tubes, hot wires or

hot films, in a complicated channel geometry of limited dimensions

is almost impossible without causing flow disturbances, this optical

method has been prefered for the measurements.

The measurements will be carried out in different transparent test

sections simulating fuel rod assemblies in which fully developed

and developing turbulent flow situations can be generated.

Measurements on the developing flow in a rectangular test

section in the water loop have been performed. The evaluation of

the measurements however, has been delayed due to the malfunction

of the data processing system. When it appears that this part can

be concluded the programme will be continued with measurements

of the flow distribution in the neighbourhood of an obstruction

in the channel.

Furthermore secondary flow vortices have been measured in a

central subchannel of the four rod bundle test section in the

toluene-ether loop. The results are reported in section 1.2.

The ECN work on BoiZing Experiments concerns the common project

of ECN and KfK on Local Boiling. The aim of this project is to gain

information on the consequences of postulated flow blockages in a

fuel element of the SNR-300 Mark 1A core. The presence of flow

blockages of sufficient size causes flow reduction and thus reduced

cooling of the fuel pins. As a result local boiling may occur depend-

ent on the circumstances. Possible dryout of the cladding and sub-

sequent fuel pin damage may lead to damage propagation in the fuel

subassembly. It is therefore considered necessary to be able to

detect flow blockages and local boiling in an early stage during

reactor operation. The experiments have been carrioud out in two

60-degree testbundles, each simulating a sixth part of a fuel element

having a flat, central and non-heat generating flow blockage of
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resp. 68.5 and 34.5%. In section 2 some results of the local boiling

experiments at various different circumstances are compared with

model-calculations.

1. Code Development

(W. Slagter, H.A. Roodbergen, N.H. Dekker)

The VITESSE-code development at ECN deals with the prediction

of velocity and temperature distributions for steady, fully developed

turbulent flow through subchannels of a bundle with triangular array

of bare rods. The distributed parameter method has been applied to

solve the time-averaged Reynolds equation of momentum and energy

transport for velocity and temperature distributions. The Reynolds

equation has been closed by the mixinp length model of turbulence.

The model predictions have been applied through the boundary layer

right up to the wall using anisotropic eddy viscosities |70,7l|.

The numerical procedure which predicts the local flows and temperatures

is based on the finite element methode. The variational principle

is applied to develop the finite element relationships. The resulting

set of nonlinear algebraic equations for the nodal velocities is

solved iteratively using the Newton-Raphson method. The hydraulic

part of the code has been validated on various experiments with

different geometries and flow conditions |72,73,74,75|. The calculated

results were in close agreement and justify the use of the velocity

profiles as input for the thermal-hydraulic analysis.

As a first approach to validate the thermal-hydraulic part of the

VITESSE-code, a comparison has been made with the local temperature

measurements performed in a 19-rod bundle | 69 |. Moreover the heat

transport mechanisms in a bundle geometry have been investigated, i.e.

the heat transfer from a fuel rod into the subchannels of an infinite

triangular array as well as the heat transport between central sub-

channels using sodium as coolant. The results of the 19-rod bundle

computations and analysis of the heat transport processes have been

presented and published |69|«
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The thermal-hydraulic part of the VITESSE-code, however, needs

further validation. Therefore, additional experimental work will

be performed at KfK to provide information on liquid metal heat

transfer | 76|. Since hydraulic experiments have been performed

in wall and corner subchannels |73,74|, the liquid metal heat

transfer experiment planned at KfK will be carried out in a simular

testsection with four rods in line (Fig. 42). In these experimental

set ups attention was and is focussed on the rod bundle boundary

regions which are the critical zones due to the non-uniformity in

geometry and fluid flow distribution.

Precalculations on velocity- and temperature distributions for the

four rod bundle heat transfer experiment have been performed using

the VITESSE-code. The cross-section of the testsection is schematically

shown in Fig. 42 and characterized by a rod pitch (P/D)

and wall pitch (W/D) of P/D = W/D = 1.148 respectively. The outer

diameter is 25 mm and the cladding thickness is 2.5 mm. The coolant

temperature at the inlet and the axial heat flux distribution

are assumed to be uniform. Furthermore, the rectangular flow duct

is supposed to be adiabatic.

The finite element idealization of both the fluid flow region and

solid walls is shown in Fig. 42 . The results of the turbulent velocity

field have been plotted in Fig. 43 where the isotachs are related to

the bulk velocity of 1.94 m.s , which is indicated by a plus sign.

Temperature calculations with and without conduction in the cladding

as well as the shroud have been performed using identical turbulent

velocity fields. The boundary condition of uniform heat flux has been

applied to either the inner or outer cladding surface resulting in

the same temperature rise of the fluid.

The temperature computations have been carried out for heat fluxes

of 10 and 0.8x10^ W.rif̂  at the inner and outer cladding surface

respectively. Sodium is used as coolant with an inlet temperature of

300°C.

Fig. 44 shows the computed circumferential temperature distributions

of the rods for a heated length of 1 m. The results show that the

circumferential cladding temperature variations diminish with

conduction in the walls, however the effect is small. Both rods

are subjected to a maximum diametral temperature difference of about

15 K for this heated length.
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l.iP-• L§ser_Do£gler_Anemometer measurements

(V. Vonka, J. Hoornstra, P. Boersma)

A reactor fuel element, as a flow geometry, consists of a number of

parallel rods with the coolant flowing through the space between

the rods. In the experimental investigation of the transport

characteristics of turbulent flows in rod clusters two-dimensional

and sometimes three-dimensional flow problems are met. The

simultaneous measurements of all the three velocity components is not

necessary, but a two channel measurement system to measure two velocity

components simultaneously is desired.

In the period under report an attempt has been made to measure

the secondary flow vortex in the smallest symmetry sector of a

central subchannel of the four rod bundle test section at Re =

150,000. In the smallest symmetry sector of an ideal subchannel a

secondary flow vortex is expected. Since the wall shear stress

variation and consequently the variation in the turbulence energy

production in rod bundles is moderate a number of theoretical

studies |77,78,79| predict the vortex in closely packed bundles

to be weaker and that in widely packed bundles to be even much weaker

than those known from square and triangular channels. This could be

the reason why the experimental detection of the secondary vortices

in rod bundles fails up to now as the magnitude of the vortex

velocities lies within the limits of the experimental accuracy

(see Refs. J72,77,80 and 81|).

Using our new technique to improve the accuracy of LDA tracker

measurements | 82 | the time average velocity vector has been measured

at 142 points in the cross section of one central subchannel. These measure-

ments have been performed in the four rod bundle test section (Fig. 45)

in a loop, in which the refractive index of the working fluid (a toluene-

ether mixture) has been matched to that of the glass used for the test

section |63|. Due to unwanted interaction of the main flow through the

bundle and a small flow through the hollow wall profiles a cross flow has

been met. The measured velocity components laying in this cross section had

to be corrected for this cross flow. In order to model the cross flow
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31 traverses have been defined to be roughly perpendicular to the

cross flow streamlines and to pass through the measuring locations.

Then allong each traverse the cross flow is assumed to have a

constant velocity component perpendicular to the traverse with such

a magnitude to balance the numerically calculated mass flow across this

traverse based ?n the measured velocity components. Assuming that the

measured flow is a superposition of the cross flow and the secondary

vortices, the latter has been separated by subtracting the former. These

secondary vortices normalized with the mean axial velocity component

\v , are shown in Fig. 46 for two of the smallest symmetry sectors in

the central subchannel. The shape and the magnitude of both secondary

vortices are in fair agreement with theoretical predictions.

It turns out that the main problem has not been to measure the flow

velocity components with sufficient accuracy, but to isolate the weak

secondary vortices from other flow contributions induced by imperfections

of the test section.

The construction of the test section and its tolerances are now being

improved and the experiment is planned to be repeated after the

improvements have been made.

2. ECN/KfK Local Boiling Experiments

(J.R.C. Maarleveld, J.E. de Vries)

In this period attention has been paid to the behaviour of the liquid-

vapour interface during boiling and pin dryout mechanisms. From the

experimental results the isotherms of the liquid metal coolant have been

derived during the boiling behind the 34.5% flow blockage. An example

of the obtained two-dimensional temperature distributions during the

maximum boiling conditions of experiment 249 is given in Fig. 47.

During these conditions two boiling modes occurred alternately. In the

Figures 47a and b the variations of the voided region (shaded area) and

the temperatures are shown in case of vapour volume oscillations of

about 10 cm^. After a switch to a more steady state case in which the

volume oscillations decrease to some cnP the voided region expands to

about 8 cm behind the blockage (Fig. 47c). These circumstances lead to

pin dryout.

From these two-dimensional temperature distributions, one-dimensional
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(̂  axial) temperature distributions have been deduced from the

coolant flow paths with maximum temperatures as a function of

time. These maximum wake temperatures oscillations during

local boiling have been compared with the single-phase

temperatures as measured before or during the start of boiling.

(Fig. 48). In the case of this experiment (265) it is demonstrated

again to what extent boiling oscillations do increase the exchange

of heat between the coolant in the wake zone and the subcooled

coolant surrounding this zone. It is shown also how during steady

boiling the voided wake length can be predicted quite accurately

from the single-phase (non-boiling) coolant temperatures and the

actual saturation temperature of the coolant (796 t in this case).

This analysis method has been applied to most of the experiments

performed with this second test bundle. In this way detailed insight

has been obtained about the boiling extension, the feedback of

boiling upon the mass flow distribution and the actual two-phase

state leading to pin dryout.

This information offers the possibility for a better understanding

of the mechanism that might introduce the occurence of pin dryout.

It has been mentioned in a previous progress report |4| that break

up of the liquid film surrounding the pins by mechanical interaction

with the vapour flow might be the governing cause for the onset of

dryout. This suggestion has been made on basis of estimated vapour

flow rates during the occurence of dryout and by applying the

Kutateladze stability factor |83| for liquid-gas interfaces.

These considerations have been refined using the above mentioned

two-phase and two-dimensional time depent isotherms. Applying the

"one-dimensional convective boiling model" |4| to a flow channel where

dryout occurs time dependent vapour flow rates have been estimated.

It should be remarked that the actual spatial vapour flow distri-

bution is unknown and is simplified in the one-dimensional calculations.

The empirical gas-liquid stability considerations of Kutateladze j831

have been transformed to the vapour-liquid sodium system in more

detail. The criterion for co-current entrainment inception has been used,

taking into account the effect of the Reynolds number of the liquid

film-

More recently Ishii and Grolmes | 84| developed inception criteria

for droplet entrainment in co-current gas-liquid film flow from simple
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physical models. For film Reynolds numbers >160 an entrainment

model based on the shearing-off of roll-wave crests has been used.

Because of the low viscosity number (Ny) of the saturated vapour-

liquid sodium system at pressures of interest the surface tension

dominates the motion of the liquid sodium in the wave crests.

Therefore the following Ishii-Grolmes criteria for the inception of

droplet entrainment has been applied to our experiments:

- when Ny < J F and Ref < 1635, then

— = 11.78 x Ny°"
8 x Ref"

 / 3 (15)

and when Ny < y=- and Ref > 1653, then

h^l\ Li- - N °-
8 06)

where:

(kg.m.s

( m.s

( N.m"1

(kg.m

(kg.m"3

( -

( "

- 1 )

- 1 )

)

)

)

)

)

^v = the dynamic viscosity of vapour
V
v = the vapour flow rate
a = the surface tension of liquid

Pv = the vapour density

p£ = the liquid density

Ny = the viscosity number of the liquid (

Rer = the Reynolds number of the film

As shown in the Equations ( 15,16) the inception criterion becomes

independent Gf the Reynolds number of the liquid film when it exceeds

1635. Typical Reynolds numbers of the liquid film have been estimated

to amount to more than 3000 for the boiling experiments in case of

dryout.

The estimated vapour flow rates during boiling behind the 34.5% flow

blockage before and at the occurrence of dryout in the pressure range

of 0.3 - 1.6 bar are given in Fig. 49. The vertical lines represent

the estimated minimum and maximum vapour flow rates in case of minimum

and maximum vapour volume during oscillatory boiling. Pairs of lines

connected by thin arrows indicate the existence of two alternating
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boiling modes; the occurrence of dryout Is given by asterisks. It

is shown that for the high pressure range smaller vapour flow rates

have been estimated at dryout compared with those in the low

pressure range.

These experimentally obtained critical vapour flow rates have been

compared with vapour flow rates calculated from the entrainment

inception criteria of Kutateladze and Ishii-Grolmes. The latter values

have been calculated for different pressures and film Reynolds

numbers from 160 to 3000. As mentioned above in the boiling experi-

ments considered here film Reynolds numbers have been estimated to

amount to more than 3000. Especially the entrainment inception criterion

of Ishii-Grolmes for Re^ > 1635 fits the estimated experimental

values remarkably well. It seems that even the reducing critical

flow rates at higher pressures can be explained in a reliable way by

this theory.

These comparisons reported above give some confidence in the

presumption that in case of sodium boiling with LMFBR prototypical

heat fluxes, dryout is caused by mechanical interaction between

the vapour flow and the liquid-film which surrounds the pin.

The analysis of the obtained experimental results has been terminated

now and attention has been paid to the draw up of the final report

of this research. In this respect some consultations have taken place

with KfK in order to compare the results of this ECN-research with

those from the KNS-experiments (KfK-IRE) and to coordinate the writing

of the final reports of both researches. Ample discussions have been

carried on:

- criteria for the occurence of the different observed boiling modes.

- criteria for the occurence of pin dryout during local boiling.

It can be concluded that the assumptions of Clare | 85 | in the

analysis of local boiling by means of his "two-phase mixture model"

for the two-phase flow in the recirculating flow behind the flow

blockages are quite different than those in the "convective boiling

model". Both models differ very much from the "liquid super-heat

model" of Gast |86| used in his analysis of the consequence of local

blockages in fuel elements.

The difference between the "two-phase mixture, model" and the
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"convective boiling model" has led to different opinions about the

mechanisms inducing pin dryout. Following the "two-phase mixture

model" pin dryout is governed by "film flooding" at vapour flow rates

of about 10 m.s , whereas the "convective boiling model" suggests

that "liquid entrainment" at vapour flow rates of about 100 m.s is

the responsible mechanism under comparable circumstances. Because of

the importance of such models for the extrapolation of the experimental

results to the LMFBR-conditions, comparing studies of both models

have been considered as necessary.

A part of the contents of the future final report has been summumarized

in a paper, which has been presented on the ninth meeting of the

Liquid Metal Boiling Working Group, in Rome on June 4th-6th.
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