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Estimated reactivity effects of fission products in the SNR-300 fast 

breeder are given. Neutron cross sections of an(j 129j are a ]̂go given.

Results of the in-pile canning failure experiments on fuel pins R54-F35 

and F39 are discussed. Sinter experiments using mixed UC-UN powders are 

reported on. Results of tensile tests on high-dose and low-dose 

irradiated specimens of 18CrllNi stainless steel (DIN 1.4948) used in the 

SNR-300 reactor vessel are given. It is shown the aerosol behaviour in 

condensing sodium vapour can be described by the same MADCA model 

developed for the decay of aerosols in condensing water vapour. Results 

of heat transfer measurements in the electrically heated 28-rod bundle 

under liquid-phase and subsequently under two-phase conditions are 

commented on.
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GENERAL

This progress report summarizes the fast reactor research carried out
*

by ECN ) at Petten during the period covering the second and third 

quarters of 1976. 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 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 understanding signed by the research centres.

w .
The ECN ) research is mainly concerned with the core of the sodium- 

cooled breeder SNR-300 and the related safety aspects. It comprises 

six items:

- A reactor physics programme to determine the effect of stable and 

long-lived fission products on the multiplication factor;

-• A fuel performance programme comprising in and out-of-pile cladding 

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

- Development of advanced fuels and determination of their thermodynamic 

characteristics ;

$
) The name of the Reactor Centre Netherlands (RCN) has b een changed into 

Netherlands Energy Research Foundation ECN.



Investigation of the changes in the mechanical properties of austenitic 

steel 1.4948 due to high fast neutron doses; this material is being 

used in the manufacture of the reactor vessel and its internal 

components ;

Investigation into the behaviour of aerosols which could form after a 

fast reactor accident; a thorough understanding is of utmost importance 

for the reactor safety assessment;

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 is required.



(H. Gruppelaar)

During this period, the results obtained from the STEK project so far 

have been used to predict the reactivity effects of fission products 

in the SNR-300 fast breeder reactor. For this purpose, the integral 

experiments performed in the STEK facility have been used to adjust 

the capture cross sections of some 24 nuclides contained in the first

part of the R.CN-2 evaluation.

Since these nuclides account for only 60% of the total reactivity 

effect of fission products in a fast breeder reactor, group cross 

sections from other recent libraries have been used to supplement the 

RCN-2 library and calculate the peeudo-fission product cross sections.

The results have been compared at various levels with those of other 

fission product libraries. The forthcoming data have been made available 

to Interatom at Bensberg in the Federal Republic of Germany, thereby 

complying with the requirements of the DeBeNeLux contract on fast breeder 

reactor development. They will be published as soon as possible.

Although the STEK project has officially ended, activities related to

the nuclear cross sections of fission products will continue. Of the

approx. 30 nuclides, from which data is to be derived for the second 

part of the RCN-2 library, neutron cross sections have been obtained 

for ^ 7I and 12^I. The adjustment calculations for these nuclides have 

not yet been performed.



Three papers have been submitted for publication |l, 2, 3|.

1. Neutron cross sections for fission product nuclides

2^J.^_RCN-2_evaluat ioni_2§rt_2 

(H. Gruppelaar)

The first part of the RCN-2 evaluation has been completed. Neutron

cross sections ( a , a , a  , a , , a  „ )  have been obtained for 24
t n ny nn n,2n

nuclides (i.e. -^Nb, 92 , 94 , 95 , 96 , 97 , 98 , 1 0 Of̂ Q ̂ ^ T c ,  10 1 , 1 02 , 1 G4j^u ^

1 02 , 1 04 , 1 05 , 1 06 , 1 07 , 1 08 , 1 1 0p<j^ 127-j-̂  133q s  ̂ 1 3 9 ^ ^  an(j l^lpr). These 

nuclides are responsible for about 60% of the total reactivity effect of 

the fission products in a fast-power reactor.

The data have been evaluated in KEDAK format. After certain corrections 

the data will be merged into one file in KEDAK format and then sent 

to the NEA data centre at Saclay. These file handling operations will 

be performed at GfK, Karlsruhe. The evaluated data, including estimated 

uncertainties, will be published in external ECN reports.

j__12_1_New_evaluations for ^ 2^ ^'7'9l_neutron_cross_secti?ns 

(H.'Gruppelaar)

The second part of the RCN-2 evaluation will contain about 30 fission 

product nuclides. The first two nuclides of this series are 127I and 

12^I. For *27I, a re-evaluation is involved which is based on new 

experimental information.

Recently, Rohr et al. |4| have measured resolved resonance parameters 

for 127i by means of capture and transmission measurements. From these 

measurements, the s- and p-wave strength functions, the mean observed 

s-wave level spacing D0^ s and the average capture width have been

deduced J 4 j. These average parameters indicate a much lower 127I 

capture cross section in the statistical model energy range. In the 

new evaluation a compromise has been sought between the statistical 

model parameters derived by Rohr et al. and those fitting the experimental 

capture cross section points.



E (eV)

Fig. 1. Elastic scattering group cross section of 26 groups |£|

for different evaluations.

--------------- = RCN-2 (new)

.............. = RCN-2 (old)

--------------  = EHDFB-4.



(J capture 127J

E (eV)

Fig- 2- Capture group cross section of l27r in 26 groups |£| 

for different evaluations.

---------— --  = RCN-2 (new)

.............. = RCN-2 (old)

--------------  = ENDFB-4



In Figs. 1 and 2, the group cross sections for elastic scattering and 

capture have been plotted for an intercomparison of the ENDFB-4 j 5 j,

RCN-2 (old) and RCN-2 (new) evaluations. The group constants are 

calculated in the ABBN scheme |6 | with an SNR-300 weighting spectrum 

|7|. The new evaluation is markedly higher for o e^as (particularly in 

the resolved resonance region) and lower for a (particularly in the 

statistical model energy region).

The capture cross section of £s a is0 rather low in the new RCN-2

evaluation compared with those of ENDFB-4 and JAERI |8 | as can be seen

from Fig. 3. In the statistical model calculation, a value of

<T > = 107 meV was obtained from systematics. An uncertainty of about

30% is estimated for a in the range between 1 keV and 100 keV.
ny

2_13_L_Groug_constants_from_recent fission 2 roduct_cross section sets

Scheme for calculations 

(F. L■'.kkerkerk)

For the purpose of intercomparison of group constants of different 

fission product cross section libraries, group constants have been 

calculated according to the following scheme:

The group cross sections from the RCN-2 library, which is in KEDAK 

format, have been calculated with the processing code BENCSTK, developed 

at Petten. The other point cross section data were drawn from the 

libraries ENDFB-4 |5 |, JAERI j 8 j and CNEN |9 |, all in ENDFB format.

From these files, group constants in the ABBN 26-group scheme |6 | 

had to be calculated using an SNR-300 weighting function |7 |. The group 

constant data for all isotopes had to be stored on one library (COMBILIB) 

in the so-called ABNBIBL format used at our centre.

Three codes were used for each isotope: FOUR ACES |10 j to calculate 

group constants, FACABN to test and (if necessary) repair the FOUR ACES 

output and to convert it into ABNBIBL format, and DEALABN to add the 

obtained mono-nuclidic ABNBIBL file to the file COMBILIB. The code 

DEALABN was also used to merge the RCN-2 group constants into COMBILIB.



In order to facilitate the recovering of computer runs with error stops 

these three codes were used in a separate job for every nuclide. For 

efficiency reasons many of such jobs were handled by the computer 

simultaneously, but only one at a time could obtain access to COMBILIB 

for the addition of a nuclide.

Only one master job was put into the computer for the treatment of all 

nuclides (about 160). This master job used the UPDATE facility of 

the CDC-SCOPE operating system in order to generate a job for every 

file with point cross section data, which job in turn generated other 

jobs for every nuclide of the file. After putting the master job into 

the input queue of the computer, job processing and sequencing were 

controlled by the operating system.

The above-mentioned calculation scheme turned out to be very convenient 

for the processing of large numbers of group constants from different 

libraries.

Experiences with group constant calculations 

(H. Gruppelaar and B.P.J. van den Bos)

As mentioned, the group constants of a large number of nuclides have been 

calculated from recent fission product libraries. For many fission 

product nuclides, the ENDFB-4 library holds no angular distribution data 

for inelastic scattering. Therefore the code FOUR ACES has been 

modified to calculate these data by assuming isotropic distributions in 

the center-of-mass system. The code FACABN was used to perform some 

simple tests on the output of FOUR ACES, e.g. testing the validity of 

certain sum rules for group constants.

Several inconsistencies in the files and in the processing code have been 

detected from these and other checks. Where possible, corrections have 

been made automatically by means of the code FACABN, Some format errors 

have been discovered on the ENDFB-4 files. The results from the tests 

were often disappointing. In many cases, the ENDFB-4 total group cross 

section at low energies differed more than 10% from the sum of the 

capture and elastic scattering group cross sections. This is due to the 

fact that the energy mesh for a on the file is not fine enough. The



sum of the inelastic scattering matrix elements was nearly always 

within 10% of the total inelastic scattering group cross section. The 

calculation of the down-elastic scattering cross section was often in 

error by more than 10%. In a number of cases negative values of °e^as 

and were generated. A  few inconsistencies other than those mentioned 

have been detected in the intercomparison of group constants (See 

Section 1.5).

1̂ 4^_Adjustment_of_ca£ture groug cross sections 

(J.W.M. Dekker)

&
The capture group cross sections of the RCN-2 library for 23 nuclides ) 

have been adjusted according to a method described in Ref. ]l| where the 

reactivity worths of isotopic samples measured in the five STEK cores 

have been used. These nuclides are responsible for about 60% of the 

fission product capture effect in the SNR-300. The adjusted STEK 

neutron jilux and adjoint spectra and 235U fission cross sections mentioned 

in Ref. |ll| have been used to obtain calculated reactivity worths.

Table 1 gives a survey of the adjustment calculations. Each line stands 

for a separate adjustment run. In most cases, all measurements on all 

samples containing the various isotopes of one element in different 

concentrations have been included in one adjustment run. However, due 

to computer core capacity limitations, the number of samples containing 

Mo isotopes was too large to be included in one run and a reasonable 

subdivision had to be made. The experimental results obtained with 

natural Mo "amples were not used. However, with a certain amount of 

reprogramming and incorporation of extended core storage in the sequence 

of adjustment programmes it will be possible to adjust the cross sections 

of all Mo isotopes in one run using all experimental data. The 

normalized x2 values given in Table 1 show that the calculated and the 

measured reactivity worths of the samples agree very well.

*
) The first part of the RCN-2 evaluation contains 24 nuclides; for 

102pd, no STEK measurements have been performed.



Table 1. Survey of adjustment calculations

Identification of 
adjustment run

I
Degrees | 

of freedom
Normalized

x 2

Nb93 14 .69

M o 9 2 ,95 23 .31

Mo94,95 36 .52

Mo95,96,97 42 .44

M o 9 5 ,98,100. 36 .60

Tc99 27 .78

R u l O l ,102,104 28 .65

Rhl03 31 .88

P d l 0 4 , 105,106,107, 108, 1 10 46 .72

1127 23 .94

Cs 133 33 .56

La 139 14 1.24

Prl41 ! 20

i
j .92

i

The results will be published in two reports, one with tables and 

figures of unadjusted and adjusted group constants., and one with 

continents and discussions. It is encouraging to note that for nuclides 

with reasonably well-known capture cross sections (like ^ N b ,  ^ ^ R h ,  

127I, 133Cs and llt!Pr) the adjustments are small (less than 10%). The 

adjustments for many other nuclides (e.g. 92,95,97^0, " t c , 101Ru,

1 04 ,1 05 , l O ß p ^  1 3 9L a ) are also minor. The nuclides > 96 , 98 , 1 00j^o ̂ 

1 0 2 , 1 0 4 ancj 107 , 1 08 , 1 10p,} are more difficult to evaluate and 

adjustments of 25% to 50% or even more occur.

The calculated accuracy of the capture cross sections of almost all 

fission products turned out to be much better after adjustment. This 

indicates that integral experiments are very useful in improving the 

fission product cross sections..

The SNR-300 spectrum averaged capture cross sections (both adjusted and 

unadjusted) of the most important nuclides are shown in Fig. 4.



E (eV)

Fig. 3. Capture group cross section of 35 groups |̂ |

for different evaluations.

--------------  = RCN-2

............  = ENDFB-4

------------ JÆRI



Fig. 4. Effective capture cross sections of 239Pu fission products in SNR-300 at 42 MWd.kg- 1 .

1
8
-



I^5^_Intercom£arison_of_im£ortaiit_fission_£roduct_data_sets_for_a

Differential data 

(H. Gruppelaar)

For a number of important fission product isotopes, some recent capture 

cross section evaluations, i.e. ENDFB-4 |5 |, RCN-2 (also adjusted 

version), JAERI |8 |, CNEN |9j and CEA j12 | have been intercompared.

The following nuclides have been considered: ^®^Pd, ^ ^ R h ,  101Ru,

133Cs, " T c ,  149Sm, 107Pd, 97Mo, 102Ru , 101tRu, 131Xe, 109Ag, 141Pr,

103Ru, 9^Mo , 98M o , 1C)®Mo, 13^Cs, and 108Pd (See Fig. 4 for the relative 

importance of these nuclides).

The evaluations have been intercompared by means of: (i) graphs of point 

cross sections at E > 1 keV on a o /e  scale, (ii) group constant graphs, 

and (iii) graphs with unadjusted and adjusted group constants. This 

study giving results together with conclusions from integral data will
*

be published in an ECN ) report.

Some general conclusions are as follows:

- Systematical differences occur at low neutron energy due to the 

different models used to fit the thermal cross section at 2200 m .s- l 

and the resonance integral. This effect is also observed for 129I 

(See Fig. 3). In the ENDFB-4 and JAERI evaluations, the 1/v model is 

applied, whereas, in the CNEN and RCN-2 evaluations, usually a 

hypothetical negative resonance is fitted.

- On an average, the ENDFB-4 capture cross sections are the lowest and 

those of CNEN and JAERI the highest for energies above 1 keV. Above 

1 MeV, the JAERI and CNEN evaluations are systematically higher than 

those of ENDFB-4 and RCN-2.

- Except for a number of even-even nuclides near A = 100, adjustments 

based on integral STEK measurements are mostly small (See Section 1.4).

*
) See footnote on Page 7.



The cross section evaluation EXÜF5--'» '3' , JAERI '81, CNEN j 9 1 and RCN-2 

(unadjusted and adjusted version") have ht ôn used to calculate integral 

quantities, viz. reactivity effects and reaction rates, of fission 

product nuclides in the five STEK cores, in SNR-300 and in CFRMF ). An 

example is given in Fig. 4. It she-.-..-- the effective spectrum-averaged 

capture cross sections in SNR-3GG o£ the most important nuclides formed 

after fission of - 3°Pu. To obtain c rie g Lie v- i v £ cross sec t ions o ,l_ tiiG 

nuclides, their concentrations at a burn-up of 42 MVd.ke- ' were used 

(See Section 2.1). For individual nuclides, in particular the radio

active ones, the various evaluations sonetices show rather large 

differences. This is often due to insufficient knowledge of the 

average parameters. However, the general trend mentioned, viz. that 

the JAERI and CNEN evaluations are higher than the ENDFB-4 and RCN-2 

evaluations, is also observed in the integral data shown in Fig. 4.

Reactivity effects measured in the STEK cores were used to obtain the

adjusted RCN-2 evaluation. In general, the adjusted integral capture 

data lie somewhere between the highest and the lowest evaluated data. 

Exceptions can be found for several even-even nuclides having highly

* _  ̂•
uncertain evaluated cross sections. Capture rates measured m  OFRMj- ) 

generally support the conclusions drawn from the comparison of measured 

and calculated reactivity effects in STEK.

2. Burn-up calculations and pseudo fission products

2^ij__Burn-u£_calculat ions

(R.J. Heijboer and J.J.B.M. Nederkoorn)

To investigate the behaviour of the total mixture of fission products, 

that is generated in the fission process, burn-up calculations have 

been performed in which the generated fission product mixtures of the 

following five fissionable isotopes were considered separately:

’39pUi •iU,-Pu) and 24 :Pu. The code MENNO was used for these zero

dimensional (point) burn-up ca I cul a ciu n s . The average initial 

composition of the core of SNR-300 and the average neutron flux spectrum

(in 26 energy groups) were used as input.

^ \
) Coupled fast reactivity measurement :\vL:.itv at Idaho



Of the hundreds o£ isotopes generated in the fission process only 162 

were considered to be sufficiently important to be taken into account 

in these calculations. In general, isotopes with a decay time shorter 

than about 35 hours have been ignored. The 90 mass chains of fission 

product isobaric nuclides considered were represented in 53 so-called 

linear chains in which transmutations by neutron capture have also been 

taken into account.

The (26 group) cross sections were those of the KFKINR set |7 | for the 

fissionable isotopes and the isotopes of the construction materials.

As far as the fission products are concerned, the cross sections of the 

RCN-2 evaluation were used where available (viz. for 20 isotopes), 

supplemented by cross sections of the ENDFB-4 data file |5 | and of the 

Australian set |13| (viz. for 7 isotopes not to be found in other 

evaluations). For the purpose of comparison two more runs were made: 

one in which the fission product cross sections used were those of 

ENDFB-4 supplemented by data of the Australian set, and the other where, 

as far as possible, cross section data of the JAERI set J 8[ were used 

(viz. for 28 isotopes), supplemented by ENDFB-4 and Australian data.

From the results it appears the difference in fission product 

concentrations in these three cases is small; only for the secondary 

fission products, e.g. 150Sm and ^ ^ C d ,  the difference may be appreciable.

Concentrations for eight time steps were calculated, each step adding 

about 10.5 MWd.kg-1 to the burn-up of the fuel. As output, the burn-up 

code delivers the concentrations of the fission products after each time 

step. These were renormalized by the code RENORM to obtain the effective 

yield per fission (this means the sum of the concentrations has to be 

equal to two). The code DEALABN multiplies these concentrations with 

the respective group cross sections of one of the available libraries 

and sums over all isotopes in the mixture to obtain the 26-group cross 

section set of a so-called pseudo-fission product (having a yield by 

fission equal to 1). So the resulting cross sections of the pseudo

products are given in barns/fission. Finally eight times five pseudo

fission product cross section sets were obtained. The calculation scheme 

is described in more detail in the next section.



Table 2 . Capture cross sections for the pseudo-fission products at

42 MWd.kg- '*- in barns/fission. (Group structure from Ref. |3|, 

weighting spectrum from Ref. |4{, "recommended" fission 

product data set (See Page 27)).

group

number
235u 2 3 8u 2 3 9pu 21+Opu 2itlpu

1 0.004 0.004 0.004 0.004 0.004
2 0.013 0.015 0.015 0.016 0.016
3 0.033 0.039 0.039 0.041 0.042
4 0.055 0.065 0.065 0.068 0.070
5 0.071 0.085 0.087 0.090 0.093

6 0.090 0.106 0.114 0.116 0.119
7 0.118 0.149 0.168 0. 174 0.179
8 0. 167 0.211 0.241 0.248 0.255
9 0.254 0.321 0.365 0.374 0.385
10 0.403 0.504 0.569 0.580 0.596

11 0.621 0.770 0.856 0.872 0.896
12 0.971 1.185 1.288 1 .31 1 1 .347
13 1 .418 1.747 1 .872 1 .930 1 .995
14 2. 176 2.724 2.926 3.031 3.155
15 3.359 .4.191 4.502 4.693 4.915

16 7.69 9.07 9.51 9.68 10.03
17 10.82 12.36 12.72 13.15 13.66
18 12.22 16.08 18.07 19.40 20.89
19 25.48 30.61 32.40 34.87 37.14

20 37.95 45.66 51 .24 45.39 41 .82

21 69.53 98.36 105.91 114.62 126.35
22 18.10 23.83 24.76 28.09 30.22
23 29.77 53. ...4 56.91 57.05 59.26
24 73.84 I 18.77 102.11 111.05 ] 18.98
25 37.38 56.80 56.07 66.01 76.42

26 70.9 1184 1111 1280 1412

Ô 0 0.3549 0.4392 0.4827 0.4955 0.5116

'^One-group (effective) cross sections in SNR-300 
neutron spectrum.



2_12^_Pseudo_f iss ion_2roducts

Scheme for calculations 

(F. Lekkerkerk)

Atomic densities have been calculated for five pseudo-fission products,
*

each for eight time steps of 58 days, using the ECN ) burn-up code 

1‘iENNO. These atomic densities were needed to calculate pseudo-fission 

products from the microscopic group constant library C0M3ILIB 

(Section 1.3). A  code called ABNWIP had to be used to convert the 

format of the pseudo-fission product file into the WIPRO format utilized 

by Interatom at Bensberg in the Federal Republic of Germany.

The results produced by the code MENNO contain pairs of numbers, each 

pair consisting of a nuclide number and an atomic density. The atomic 

densities were renormalized by means of the code RENORM in order to 

obtain their sum equal to two. The same code was used to label each 

nuclide number with a prefix, indicating the source of the library to 

be used for the calculation of pseudo-fission product mixtures.

The code DEALABN was used to compute cross sections of pseudo-fission 

products from the RENORM output and the COMBILIB library. The pseudo

fission products were calculated for five selections from cross sections 

of different sources (ENDFB-4, JAERI, CNEN, RCN-2, and RCN-2 adjusted), 

each for five different sets of concentrations (different pseudo-fission 

products, for i3 ^U, 238U, 239Pu, 21t0Pu, and 2ltlPu fission) and each for 

eight time steps. This calculation with a three-fold job loop was 

executed in one job, using control-card insertion facilities developed 

by ECN ) and using FORTRAN as a driver language.

Results

(R.J. Heijboer)

The "recommended" (See next section) pseudo-fission product capture cross 

sections of the five fissionable isotopes at a fuel burn-up of about 

42 MWd.kg-1 are given in Table 2. A gradual increase in the group cross

#
) See footnote on Page 7 .



sections is observed when going from the columns 235U to 2l+1Pu.

This, of course, is caused by the shape of the yield curves and the 

cross section properties of the fission products. Only at lower 

energies, where the resolved resonances of individual isotopes play 

a more prominent role, can certain irregularities in this trend be 

observed, i.e. in the groups 20, 24, 25 and 26, of which the last three' 

groups are unimportant in a fast reactor. In group 20, the isotope 

13^Xe contributes 50 to 65% to the cross section and is the cause of 

practically all irregularities mentioned; the isotopes 105Pd, 107Pd 

and 151Sm play a minor role. In the higher energy groups, the 

contribution of a single isotope is seldom more than 10% and, in general, 

there are more isotopes of near equal importance than at lower energies. 

In these high energy regions the cross sections of the individual 

isotopes are a rather smooth function of energy. So one does not expect 

an appreciable spectrum dependency of the pseudo-fission product cross 

sections on the neutron spectrum (perhaps the fact that the fission 

product yield distribution is a function of the energy spectrum in a 

fast reactor may also play a role) . Moreover, from the results it was 

seen that the burn-up effects in the fission product mixture are rather 

small; production and decay processes are more important. It was also 

found that small variations in the yield curves used had only a slight 

effect on the final pseudo-fission product cross section.

Intercomparison of different pseudo-fission product crosf oeetion sets 

(A.J. Janssen)

The time-dependent fission product concentrations in the SNR-300 obtained 

with the burn-up calculations were used to calculate pseudo-fission 

product cross sections. In Figs. 5 and 6, the spectrum averaged 

effective capture cross sections of the pseudo-fission products in the 

SNR-300, based on various cross section evaluations, are compared. The 

evaluations are:

(1) ENDFB-4 I 5 I ;

(2) JAERI evaluation of 28 nuclides |8 | supplemented by (1);

(3) CNEN evaluation of 22 nuclides |9| supplemented by (1);

(4) RCN-2 unadjusted, consisting of 20 RCN-2 evaluated nuclides, three 

CNEN evaluated nuclides (109Ag, 135Cs, and ll,9Sm), supplemented

by (1);



— :---------- >  b u r n  -  u p  s t a g e :

Fig. 5. Effective capture cross sections (barn/fission) in SNR-300 

of pseudo-fission products of 235U and 238U as functions 

of burn-up stage (units of 10.5 MWd. k g - 1 ), calculated with 

different cross section sets:

(1) ENDFB-4

(2) JAERI
(3) CNEN

(4) RCN-2 unadjusted

(5) "Recommended" set
(6) ABBN



-------- B U R N - U P  STAGE

Fig. 6. Effective capture cross sections (barn/fission) in SNR-300 
of pseudo-fission products of Pu isotopes as functions of 

burn-up stage (units of 10.5 MWd.kg- 1 ), calculated with 

different cross section sets:

(1) ENDFB-4 (5) "Recommended” set
(2) JAERI (6) AßBN
(3) CNEN (7) R C N - 1

(4) RCN-2 unadjusted



(5) "Recommended" evaluation; in this evaluation the RCN-2 cross sections 

'of (4) were replaced by their adjusted values;

(6) ABBN; here the lumped fission product cross sections of the ABBN 

library |6 j were used;

(7) RCN-1; here the cross sections of the old RCN-1 evaluation of 1973 

I ! 4 I were u s e d .

The contributions of the JAERI, CNEN and RCN-2 evaluated nuclides to the 

total capture rates of the pseudo-fission products amount to about 80%,

80% and 60%, respectively.

The following comments can be made on Figs. 5 and 6:

- Evaluation (5) is recommended because it largely consists of RCN-2 

evaluated cross sections improved by adjustments based on reactivity 

effects of individual nuclides measured in STEK and supplemented by 

other recently evaluated cross sections which are felt to be the most 

reliable ones at present.

- The remarkable difference in time behaviour of the effective cross 

sections of the CNEN evaluation is almost entirely due to the important 

mass chain 103 (1 03Ru 10'3Rh). Figure 4 shows that the CNEN evaluated 

cross section of 103Ru deviates a great deal from the ENDFB-4 evaluated 

value.

- The recent evaluations systematically give lower capture cross sections 

than the older (ABBN and RCN-1) evaluations.

- The effect of adjustment on the effective cross sections is in the 

order of only 2%.

- The "recommended" evaluation appears to give a capture cross section 

value lying just in between those obtained with the other recent 

evaluations. Deviations of the latter values from the "recommended" 

ones are at most 6%.

Integral measurements on lumped fission products 

(A.J. Janssen)

The reactivity worths of three samples containing mixtures of fission 

products were measured in STEK some years ago. Results and a comparison 

with calculate .is based on RCN-1 fission product cross sections were



Table 3. Ratio between calculated and experimental capture reactivity 

effects of integral samples in STEK.

STEK

core

integral

sample

R C N - 1 1^

Results obtained in 1976; 
calculations with various cross 

section evaluations experimental 

error (%)1973

ENDFB-4
JAERI 

+suppl.

CNEN 

+ s u p p l .
recommended

set

4000 H F R - 101 .94 .97 1. 02 1 .04 1.00 3.5

HFR-102 .88 .90 .94 .95 .93 6.0

KFK 1 .08 .98 1.03 1.03 1.01 2.6

3000 H F R - 101 .90 .94 1.00 1.01 .98 5. 1

HFR-102 .83 .85 .91 .90 .88 8.4

KFK 1.06 .99 1.04 1 .04 1.01 1.0

2000 H F R - 101 .88 .96 1.03 1.02 .99 6. 1

HFR-102 .76 .79 .85 .84 . .81 9.3

KFK 1 .04 .99 1.03 1 .03 1.00 1.5

1000 H F R - 101 .91 .96 1.03 1.01 .98 8.2

HFR-102 .81 .78 .85 .83 .80 14.6

KFK 1. 14 .95 .99 .98 .95 1.6

500 H F R - 101 1.08 1. 14 1.09 1.06 8.7

HFR-102 .79 .84 .80 .78 16. 1

KFK

1

.92 .95 .93 .89 6.5

Results as reported in 1973 |l4|; calculation with R C N - 1 cross sections.

See Page 24 for a description of these libraries, most of which having 
been supplemented by ENDFB-4 data.



published in 1974 |14|. A comparison with calculations based on recent 

cross section evaluations is made in Table 3.

It should be mentioned here that since 1973 a number of corrections 

has been made in the measured reactivity worths:

- A destructive analysis of the samples revealed some contamination by 

moisture. Consequently, a correction for the reactivity effect of 

moisture had to be made. For the HFR-101 sample, this correction 

was very small (<2%), for the HFR-102, the measured fission product 

capture effects had each to be increased by several per cent (up to 

11% in STEK-1000) and for the KFK sample, the correction ranged from 

+6% in STEK-4000 to +27% in STEK-1000.

- The measured normalization factor P q (the product of the apparent 

reactivity effect of a 252Cf source and the fission rate in 235U) has 

been re-examined. It had to be reduced by 0.6%.

Other factors affecting the comparison shown in Table 3 between the 

results of 1973 and those from recent calculations are:

- The STEK neutron spectra have been re-evaluated.

- The calculated normalization factor p has been re-evaluated.
o

- The cross sections for a number of stable isotopes (no fission products) 

in the KFK sample have become available from ENDFB-4.

- The experimental errors given in Table 3 comprise the statistical errors 

in the reactivity measurements of the samples and their reference samples 

as well as the uncertainties in the composition of the samples.

Table 3 reveals that:

- the recent evaluations give a good prediction of the reactivity effect 

of the HFR-101 sample;

- the agreement between measurement and calculation for the HFR-102 

sample has somewhat improved but remains in the order of one to two 

standard deviations;

- good agreement is found for the KFK sample, except in the harder spectra 

of STEK-1000 and STEK-500 where the reactivity effect is very sensitive 

to anj moisture contamination.



It must be emphasized that the results given in Table 3 cannot be 

considered as final for the following three reasons:

- The STEK neutron spectra and the normalization factor P q used in the 

calculations are still under study and may be eventually changed.

- Experiments are planned to obtain more accurate values for the 

uranium contents of the HFR samples.

- Flux distortion calculations have not been made for all samples in 

all STEK cores; in several cases corrections to the measured 

reactivity worths had to be made by extrapolation. More extensive 

calculations will have to be performed.

Whatever the results of these studies may be, it seems the experimental 

information obtained with the integral samples is not (and will not be) 

sufficiently accurate to bring about a considerable improvement of the 

recently evaluated fission product cross section sets. Figures 5 and 6 

and Table 3 show that the average capture cross sections of the recent 

evaluations do not differ by more than 6% from those of the recommended 

evaluation. Moreover, adjustments of RCN-2 evaluated cross sections 

using (much more accurate) reactivity worths of isotopic samples changed 

the average pseudo-fission product cross sections by only 2%.

%
The aforementioned results will be published in ECN ) reports.

îfe
) See footnote on Page 7.



II. FUEL PERFORMANCE UNDER OVERLOAD CONDITIONS 

(H. Kwast)

i. Canning failure experiments 

Out-of-gile

The transient tube burst tests have been continued with tubes of the 

materials DIN 1.4981 and 1.4988 at heating rates of 27, 72 and 110°C.s- 1 .. 

Additional experiments on Sandvik 12R72HV (DIN 1.4970) tubing were 

conducted at heating rates of 15, 50, 90 and 130°C.s_ 1 . A final report 

on the various transient tube burst tests is being prepared.

_l_12i_In-gile

The post-irradiation examinations of fuel pins R54-F35 and F39 have been 

completed. Some irradiation data is to be found in Ref. |15| and a 

summary is given in Table 4. Note should be taken that capsule F39 was 

equipped with a slotted shroud tube.

F35

As is indicated in Table 4, the midwall cladding temperature at the 

location of failure of fuel pin F35, viz. 740°C, is much lower than the 

maximum temperature measured, viz. 860°C. The location of the failure 

areas is very close to the top of the fuel stack and is indicated by A 

in Fig. 7a.



Fig. 7. (a) Î-Jeutron radiograph of fuel pin R54-F35

(b) and (c). Appearance of the fuel pin at the 

failure areas.

(d) and (e). Macrostructures of radial cross 

section A.

(f) Macrostructure of radial cross section B.



tC' 0.1 m m

Fig. 8. Detailed views of the canning of fuel pin F35 

For (a) see arrow in Fig. 7 (d); for (b) see 

arrow in Fig. 7 (e) and for (c) see arrow in 

Fig. 7 (f).



Fig. 9. (a) Neutron radiograph of fuel pin R54-F39.

(b) Macrostructure of radial cross section A.

(c) Macrostructure of radial cross section B.



Fig. 10. Detailed views of the canning of fuel pin F39.

For (a) see Fig. 9 (b) and for (b) see Fig. 9 (c).



Table 4. Data on SHOT experiments R54-F35 and F39

Experiment No. F35 F39

Effective pin pressure k g .cm 2 35 40

Midwall clad temperature:

- target

I )
- maximum

°C 850 1000

°C 860 985

- at location of failure ' ° c 740 965
2)

- effective ° c 884 994

Time-to-failure hrs 439.5 5 .5

(days) 18.3 -

Burn-up MWd.kg- ''- U 5.4 -

Max. diameter increase of 
cladding % 1 .85 3

Extent of central melting:

- maximum 7. - 35

- at location of failure 1 - 35

r 3)Location of

- max. sodium temperature % 50 58

- clad failure % 96 82

- max. clad diameter % 40 55

-• max. fuel melting % - 82

Based on measured sodium temperatures

^  Based on creep rupture relation: t, = B p n exp. (Q/RT) 

3)
Locations as percentage of the height of the fuel stack.



Figures 7 (b) and (c) show the appearance of the failure areas. The 

locations of the cracks shown in these Figs. 7(b) and 7(c) lie on 

opposite sides of the fuel pin. The location and appearance of the 

failure areas of fuel pin F35 are much the same as those of fuel pins 

F33 I 161 and F34 |17 1. It has been concluded that also in the case of 

experiment F35 the main failure mechanism is clad straining due to a 

differential expansion between fuel and cladding.

Figures 7 (d) and (e) show ground and polished macrostructures of radial 

cross section A. The presence of a very small central void together 

with the absence of columnar grain growth (Fig. 7(d)) illustrate clearly 

that this cross section is located almost at the top of the fuel stack. 

Detailed views of the canning at the failure areas are shown in Figs. 8 

(a) and (b).

Figure 7(f) shows a ground and polished macrostructure of cross section B. 

As can be seen, the gap between the fuel and canning has almost dis

appeared. The maximum diameter increase has been measured at this cross 

section B. Although the canning did not fail at this point, a severe 

crack can be observed (see a r row). A detailed view of the crack is shown 

in F i g . 8 ( c ) .

F'S9

As can be seen from Table 4, failure of fuel pin F39 did not occur at the 

location where the maximum sodium temperature and maximum clad diameter 

increase were measured, but at the location of the maximum amount of 

central fuel melting.

Figure 9(b) shows the macrostructure of radial cross section A. This 

macrostructure clearly shows a crack in the canning. A detailed view of 

the failure area is given in Fig. 10(a).

Fig. 9(c) shows the macrostructure of cross section B. The maximum clad 

diameter increase was measured at this cross section. The structure of 

the canning in this cross section is shown in Fig. 10(b).

From the results obtained so far it is concluded that failure mainly 

occurred in the form of creep rupture brought about by the internal gas 

pres sure.



III. ADVANCED FUELS

1■ Sintering properties 

(R.A.M. Wolters)

Sinter experiments using the prepared batches of mixed UC-UN powders are 

continuing. From the pellets produced so far a selection has been made 

to perform preliminary thermal diffusivity measurements. These will 

take place in the TUI at Karlsruhe.

An apparatus used for the preparation of the plane-parallel discs, needed 

for these measurements, has now been installed in our glove box at Petten. 

A number of samples has already been prepared with this apparatus. The 

thermal diffusivities of six samples were measured in Karlsruhe during 

the month of July.

The above-mentioned sinter experiments were started in Ar, Ar/I% N 2 and 

He atmospheres. It was found that the results in a He atmosphere are 

the best, viz. after 3 h sintering at temperatures between 1750 and 

1900 C, densities of 90-97% th.d. were obtained. Only in the case of 

pure UC are the densities somewhat lower.

These good sinter experiment results are obtained if the powders are

prepared at a reaction temperature (T_) of 550°C. If prepared at 750°C
K

the sinter results are very poor, as seen from Table 5.



Table 5. Sinter results

Mole fraction 

UN in U(C,N)
t r

surface area green density 3 h, 1900°C, He

0.45 550 1.11 m 2 .g ~1 51% th.d. 96Z th.d.

0.48 750 0.74 m 2 .g-1 561 th.d. 80£ th.d.

The difference in the sinter results cannot be explained by the given 

data on green density and surface area of the starting material alone. 

Further investigations on this subject are planned.

It is also planned to investigate the microstrueture of the sintered 

pellets, i.e. grain size, por<2 sise and second phase.



IV. RADIATION DAMAGE IN THE SNR CONSTRUCTION STEEL DIN 1.4948 

(B. van der Schaaf, M.I. de Vries)

1■ Specimens

A specimen for use in creep experiments has been designed according to 

the two DIN standards 50118 and 50125 and the ASTM standard E - 139-69, 

see Fig. 11a. Analyses and experiments are being carried out to discern 

if the design is adequate or if further improvements are necessary before 

embarking on the production of large quantities of specimens. The major 

differences with respect to the GRIM specimens previously used are:

- Screw heads are metric M—12; the reduced diameter results in a better 

temperature distribution during irradiation.

- The gauge length is twice as long (40 mm) permitting more accurate 

strain measurements.

- The gauge length is cylindrically-shaped so strain inhomogeneities are 

avoided.

The total length of the creep specimen is 78 mm which is almost equal 

to that of the GRIM specimen, viz. 77 mm. The gauge diameters are 

8.00 mm  and 8.80 mm, respectively. Since the screw head diameter is 

reduced from 16 to 12 mm, the number of specimens able to be irradiated 

in a NAST rig is increased by 30%. The creep specimen is intended for 

future research in the field of high temperature irradiation effects on 

stainless steels.



srw

Fig. 11a. Specimen for use in creep experiments.

Fig. lib. Specimen for diametral strain-controlled 

low-cycle fatigue experiments.



A specimen has also been designed for diametral strain-controlled low- 

cycle fatigue experiments, see Fig. lib. Elastic-plastic calculations 

show the accuracy of the strain control to be improved by a factor three. 

The specimen shown in Fig. lib can be tested at higher strain ranges 

than the GRIM specimen. The newly designed specimen is far less likely 

to buckle because of its compact shape.

2. Irradiations

Capsule NAST-9 was successfully irradiated in the High Flux Reactor on 

11th and 12th May. Thirty-three specimens remained within the temperature 

range of 803 to 843 K during 80% or more of the irradiation time and 37 

specimens within 799-847 K  for 80% or more of the time.

Capsule NAST-10 was successfully irradiated on 17th and 18th May. Here,

31 specimens remained within the temperature range of 703 to 743 K for

80% or more of the irradiation time and 33 specimens within 699-747 K

for 80% or more of the time.

Capsule NAST-11 was successfully irradiated on 22nd and 23rd June. Here,

31 specimens were within the temperature range of 803 to 843 K for 80%

or more of the time and 39 specimens within 799-847 K for 80% or more of 

the time.

Capsule NAST-7 was successfully irradiated on 22nd and 23rd September. 

Thirty specimens were within the temperature range of 703 to 743 K for 80% 

or more of the time and 40 specimens within 699-747 K for 80% or more of 

the time.

The four NAST rigs reached a nominal fluence of 102  ̂ n.m-2 (E > 0.1 MeV) 

in core position G-8. During their disassembly, several screw heads of 

the specimens were damaged due to a displacement of the specimen carrier

with respect to the outer tube of the rig. This was most probably due to

thermal expansion during irradiation.

The NAST irradiation programme has now been terminated. In conclusion, 

having overcome the many initial problems, the NAST rig has become a 

reliable tool suitable for the short-term constant temperature 

irradiations of large batches of specimens.



The TRIO rigs Nos. 12, 13 and the final rig 14 have been irradiated to 

satisfaction. The TRIO rig has proved to be an excellent and reliable 

instrument for long constant temperature irradiations.

Both types of rig will be needed for the specimen irradiation programmes 

planned in the near future.

3. Equipment

A design for an electric diametral creep strain meter has bee n  completed 

and the equipment fabricated. Next quarter, trial strain measurements 

will be made on base material. The meter was developed especially for 

measuring diametral dimension changes of welded joints. The axial strains 

are also recorded.

A study has been made of the electrical strain recordings of all creep 

machines in use. The accuracy of these recordings appears to be five 

times as high as that by mechanical clocks. This precision is necessary 

in measuring the small strains occurring in welded joints. The data 

handling is very direct,free from error-prone and time-consuming readings 

and from the transcription of mechanical clock values on punch cards.

The rate of taking measurements can be adjusted to the requirements of 

the experiment. Staff required for the weekends and holidays to supervise 

such strain measurements can be greatly reduced.

4. Testing

4_;_  Çreeg_ tes t ing

The results of the creep testing of base material and welded joints in 

reference condition are now available, see Fig. 12. These materials were 

heat-treated at 913 K for 2.5 h in accordance with the heating and cooling 

of the actual SNR-300 reactor vessel. Results are very similar to those 

of the "Minimal" and "Mittler" Programme. With these results the 

reference part of the "Kern" programme has come to a close. The heat- 

treated irradiated specimens will soon be tested and final results will 

be available next summer.



The said creep testing in the framework of the "Kern" programme also 

resulted in the rupture of one irradiated welded joint, stressed at 

151 MPa, after 8847.8 h. This more or less agrees with the rupture time 

of 8600 h predicted from nine results obtained in the "Mittler" programme.

Several creep tests were conducted on base material under constant 

stress condition at 823 K. The purpose of these experiments is to 

provide a better reference basis for the post-irradiation test results.

As the irradiated specimens rupture at low axial strain, when constant 

load creep tested, their stresses remain constant. During constant load 

testing of reference material, considerable deformation with consequent 

stress increases occur. This is corroborated by preliminary experimental 

results: specimens creep tested at constant stress live two to three 

times longer than constant load creep tested specimens. This is due to 

a considerable reduction in the primary and secondary creep rates. So, 

in fac t ,irradiation does not reduce the creep life of base material by 

a factor of ten |1 8 | but by a factor of about 25.

Furthermore, the fluence dependence of creep behaviour is being tested 

using specimens irradiated at 300 K  in the thermal fluence range of 

1015 - 1022 n.m- 2 . Post-irradiation creep testing is being carried out 

at a stress of 240 MPa at 823 K. It appears the steel is unaffected by 

thermal neutron fluences lower than 1019 n.m- 2 , in other words, when 

the helium content is below 10-10 atomic fraction.

Electron microscopy of irradiated specimens only revealed voids for 

high temperature irradiations at 823 K  and neutron fluences of 

5 x IO24 n.m-2 (E > 0.1 M e V ) . Most of the voids were found in 

precipitation-like order and low in density as shown in Fig. 13a.

Diameters ranged from about 50 to 100 S. Voids were further detected 

in grain boundaries but these were greatly obscured due to the grain 

boundary attack by the solutions used in thinning the E.M. samples, 

see Fig. 13b.

4_̂ 2_L_Cree£2fatigue interaction

The creep conditioning of reference and irradiated materials is in full 

swing.



Fig. 12. Initial creep stress versus time-to-rupture for reference 

base material and welded joints of DIN 1.4948

a. 0.3 Aim
I----------- 1

Fig. 13a. Voids observed by trans

mission electron microscopy 

in grains of DIN 1.4948 
after irradiation up to

Fig. 13b,

5 x 1021* n.nf2 (E > 0.1 MeV)

b.

Voids observed in grain 
boundaries of DIN 1.4948 

after irradiation up to 

5 x 1021+ n.m-2 (E > 0.1 MeV)



4_. 3j__Low- cZ cle_ f a t igue

LCF tests at 723 K have been performed on high-dose irradiated 

(5 x 1021* n.m-2 TRIO 05/06/07) and reference GRIM specimens. Test 

results are listed in Table 6. Irradiation does not appear to have any 

influence on the number of cycles-to-failure. The broken specimens will 

be metallographically examined during the next period.

Table 6. LCF results at 723 K.

Aef Nf values base Nf values welded

% Ref. I r r . Ref. Irr.

ft
654 1017 657 520

1.5
&

633 512 571 510
*

568 975 502 508

4430 3940 1645 1446

1.0 4000 3870 1550 1271

3720 3600 1200 1209

10630 10350 6732 9200

0.6 10185 9985 6254 5920

9925 9640 5200 4850

*

A£ 1
= 2.0%

Irradiation: 723 K - 5 x 1024 n.m-2 (TRIO 05/06/07) 

Reference : 723 K - 19 days heat treatment

The fracture surfaces of irradiated specimens, fatigue tested at 823 K, 

have been examined in the scanning electron microscope. The base 

material specimens showed local intergranular fracture restricted to a 

few places situated about 100 y below the outer surface of the specimens. 

These places consisted of only a few grains. Intergranular fracture 

was not observed on the fracture surfaces of the unirradiated reference 

specimens. It could be observed that for irradiated specimens with a 

reduced number of cycles-to-failure, the main crack leading to fracture 

originated from the intergranular locations. Metallographie observations 

of welded specimens did not reveal differences between irradiated and
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Fig. 14. Tensile ductility at 823 K  of irradiated (1 x  1023 n.m-2 - E > 0 . 1  MeV) and 

reference stainless steel DIN 1.4948.



Fig. 15. Tensile ductility at 823 K of irradiated stainless steel DIN 1.4948



Fig. 16. Tensile ductility of irradiated (1 x 1023 n.m 2 - E > 0.1 MeV) stainless 

steel DIN 1.4948, tested at 823 K and 923 K.



reference materials. Weld defects near the outer surface of the 

specimens could he observed on fracture surfaces of both irradiated 

and reference specimens with strongly reduced number of cycles-to- 

failure.

4.4._Tensile_tests_after low-cjrcle_fatigue

High strain rate tests at 723 K on high dose irradiated (5 x lO24 n.m-2 - 

TRIO 05/06/07) and reference specimens are in progress. There are no 

indications of irradiation bearing influence on the mechanical 

properties.

4^5._Tens ile_tes ts

Tensile tests at 823 K have been performed on high-dose (5 x 1024 n.m~2 - 

TRIO 04) and low-dose (1 x 102:5 n.tn-2 - NAST 6) irradiated specimens. 

Tests were made with GRIM specimens R = 100 (TRIO-04) and specimens of 

uniform gauge length L = 5D (NAST-6). High-dose irradiated specimens, 

tested at three different strain rates, showed a considerable reduction 

of tensile ductility at the strain rates 6 x 10“e s_1 and 3 x 10 4 s- 1 . 

Low-dose irradiated specimens, tested at six different strain rates 

ranging from 1 x 10~6 s" 1 to 6 s_ 1 , showed helium embrittlement at the 

lower strain rates of 6 x ]0-6 s_1 and ] x 10~5 s- 1 . Test results are 

shown in Figs. 14 and 15.

Tensile tests at 923 K were performed on low-dose (1 x 1023 n.m- 2 ) 

irradiated specimens at three different strain rates. Specimens of 

the uniform gauge length type were irradiated at 823 K in the NAST-6 

capsule. At this test temperature and already at the tensile strain 

rate of ê = 3 x lO-4 s_ 1 , helium embrittlement was measured (See 

Fig. 16).



V. AEROSOL RESEARCH 

(J.F. van de Vate)

During this period the SAUNA rig was used for a study of aerosol decay 

in condensing sodium vapour. The results confirm the validity of the 

MADCA model | 18, 19 | for condensing sodium vapour. Up to now, this model, 

describing aerosol behaviour in vessels containing a pool of heated 

fluid, had only been applied to aerosols in condensing water vapour.

1. Temperatures in the sodium-filled SAUNA rig

Figure 17 gives the temperatures at various positions in the SAUNA rig 

when filled with some eight litres of sodium. The floor temperatures 

appear to be considerably higher than those measured in the dry case,

1.e. without sodium |ll|. The maximum heating power available (3.5 kW)

is sufficient to obtain pool temperatures of 880°C or even higher, 

necessary for sodium boiling. By heating in addition the vertical walls, 

the sodium will certainly boil. Sodium boiling experiments are feasible 

in the SAUNA rig provided certain precautions are taken. Such experiments

are planned to follow the current series of experiments.

2. Aerosol behaviour in condensing sodium vapour

Figure 18 compares decays of aerosol mass concentration in SAUNA with 

and without sodium at almost equivalent floor heating powers. The



Table 7 . values calculated from the aerosol experiments performed 

in condensing vapour in various aerosol vessels, using 

Eq. (10) of R e f . | 1 9 | .

Aerosol

vessel

Q(W) G

(kg m - 3 )2 ^5 s_1

QV (W)
Qv
O21 x 100%

vapour/gas

ENAK 3 x 103 7.8 x 10-7 45 0.56 water/air

ENAK 4 x 103 5.5 x 10-7 18 0.45 IÎ

ENAK 2 x 103 4.0 x 10~7 8.5 0.42 11

ENAK I03 2.7 x I0-7 3.2 0.32 11

GRACE 600 3.0 x 10~6 2.8 0.46 II

GRACE 300 1.9 x 10~6 0.87 0.29 II

GRACE 200 1.6 x 10~6 0.57 0.28 It

GRACE 100 1.2 x 10"6 0.28 0.28 11

200 900 1.2 x 10~6 2.1 0.23 It

200 600 1.0 x 10-6 1.3 0.22 II

200 400 8.3 x 10-7 0.82 0.20 It

200 200 5.5 x 10-7 0.29 0.15 II

PERVEX 60 1.5 x 10-7 0.067 0.11 It

SAUNA 500 2.4 x 10_6 3.0 0.6 sodium/N2

SAUNA 103 10-5 1 10 1 1 11

SAUNA 2 x 103 1.8 x 10-5 480 24 tl



aerosols used were generated by exploding copper wires and blown together 

with ten litres of nitrogen into the SAUNA vessel. Aerosol mass 

concentrations were measured by filter techniques. As found earlier, 

in the case of water vapour (see Fig. 19 taken from Ref. | 20[), aerosol 

decay is strongly enhanced by the effect of condensing sodium vapour.

This means that for nuclear safety evaluation purposes | 2 0 1, a model 

describing aerosol behaviour in dry atmospheres can be readily used for 

L M F B R’s. As shown in Fig. 20, a plot of the two-fifth power of the 

aerosol mass concentration versus time yields straight lines. 

Consequently, the MADCA model |19] may be assumed to be valid for
Qy

condensing sodium atmospheres as well. The percentage —  x 100% of the

heat dissipated into the sodium pool, used for aerosol growth by the

condensation of sodium on it, is calculated from the decay curves.
Qv

Table 7 gives these —  values which have bee n  obtained from SAUNA data

as well as from water experiment results (A 8 1. It may be concluded
Qv

from this table that a minimum value of —  x 100 = 0.1% is also 

applicable in the case of sodium.

A separate experiment using gold aerosol did not show any significant 

aerosol material effects.

The. flame scintillation aei'sol spectrometer, VLAS |Ï 7 1» was used for

particle counting purposes. In this way, the decay was studied of the

sodium oxide aerosol formed by the impurity (< 1 ppm O 2) in the nitrogen

used in introducing the aerosol into the SAUNA vessel. This aerosol

formation and decay is fortunately a good simulation of that of an

aerosol formed by an HCDA in the impure atmosphere of an LMFBR inner

containment. A  plot of the VLAS data confirms the MADCA model is

also valid for pure sodium oxide aerosols in condensing sodium vapour 
2/5

(Fig. 21), viz. decays linearly with time.

3. Aerosol formation in containments holding a pool of boiling fluid

Recently, the question was raised, in relation to SNR-300, whether 

sodium boiling in the inner containment could produce important aerosol 

concentrations in the atmosphere above the pool of sodium. In principle, 

a study of this problem is feasible in SAUNA, at least, as far as the 

heating is concerned. An impression as to the importance of the problem



Fig. 17. Temperatures as a function of pool heating 
power Q at various locations in the SAUNA 

rig filled with sodium. Compare with Figs. 

8 and 9 of Ref. I I 1 I.



Fig. 18. Mass concentration decay cm  of 
copper aerosol in SAUNA rig 

with hot sodium on the floor 
(•), and under dry conditions.

Fig. 19. Mass concentration decay 
cm  (in mg m - 3 ) of gold 
aerosol in PERVEX vessel 
with water layer on the 
floor (•) and under dry 

conditions (o). (Taken 
from R e f . |2 0 |).



Fig. 20. Mass concentration decay cm  of copper aerosols in SAUNA rig for various heating power 

levels of sodium pool.



Fig. 21. Decay curves of number concentration of 

sodium oxide aerosols (arbitrary units) 
at two different levels of sodium pool 

heating power in SAUNA rig as measured 
by means of VLAS spectrometer.



Table 8. Observations on aerosol formation during the cyclic heating 

of a pool of water in GRACE.

Q

(watts)

Tpool
r c )

Observation

200 60 No aerosol

5 00 74 No aerosol

600 80 Few particles

700 81 Few particles, weak bubble production at the 

heater

1000 91 Increased aerosol concentration (< 102 cm- ^) 

some local boiling at the heater, collapsing 

bubbles

1500 100 Decreased aerosol concentration, quiet boiling

1600 102 Few particles, boiling

1800 - Very few particles, boiling

2150 - Very few particles, violent boiling

1400 - Increased aerosol concentration as with 1500 W

1000 92 More particles than at 1400 W

600 80 No particles

0 28 No particles



has already been gained by observing the aerosol formation by the 

boiling of water in GRACE | 2 11 . On peering obliquely in a moveable 

beam of light, occasional aerosol formations could be seen. Aerosol 

concentrations of a few particles per litre are easily detectable in 

this way. Table 8 gives the observations at various water temperatures. 

Although aerosols are present at sub-boiling temperatures they are of 

low concentration.

Any aerosol concentration observed is the net result of:

1) formation by boiling (bursting bubbles) of the pool of water 

and

2) the gravitational deposition of droplets after their condensational 

growth in the supersaturated atmosphere.

Both processes increase in intensity with increased pool temperatures. 

When heated at a power Q, in the neighbourhood of 1000 W (T = 91°C), the 

aerosol concentration in the GRACE vessel with a pool of water on the 

floor reaches a maximum value.



VI. HEAT TRANSFER AND HYDRAULICS

1. Single-phase heat transfer

(H.H. Boswinkel)

Thin-walled heaters are being fabricated,each containing four thermocouples. 

These are situated in the cladding and have an outer diameter of 0.25 mm. 

(See Fig. 22). Although the material and dimensions of the cladding are 

identical with those of the SNR-300 fuel pins, the results of local heat 

transfer measurements with the heaters are not directly applicable to the 

fuel pins.

The higher value of the circumferential heat conductivity of the heaters 

compared to that of the fuel pins necessitates a correction in the local 

heat transfer coefficients measured. An already existing computer code 

will be extended to deal with this.

A further difficulty in the extrapolation from experiment to application 

lies in the difference between the temperature reading of the thermocouple 

and the actual surface temperature of the cladding. This seems, however, 

to be solved by a calibration method wherein the cladding of the heater is 

temporarily surrounded by an electrolytically condensed copper layer 

provided with an additional thermocouple |ll| from which the real surface 

temperature can be obtained.



heater cladding 

thermocouple 

copper layer



2. Laser Doppler Anemometer measurements 

(J. Hoornstra, V. Vonka)

As mentioned in the previous quarterly report |11 | a serious time delay 

is being faced in reconstructing the test rig. It is now expected to 

become operational during the fourth quarter of this year.

The results of the last experiment with water flowing through a square 

channel |ll| have been further analyzed. Attention has been concentrated 

on error analyses.

As far as the demodulation system is concerned, two Thermo Systems 

Incorporated Frequency Trackers Model 1090 have been purchased. The data 

validation system of these trackers has been altered to match our optics.

The calibration of our new LDA set-up using a water flow through a square 

channel are being followed by acceptance tests. These tests were 

commenced at the end of the third quarter.

A system to record and process the LDA data is being designed.

3. Local boiling experiment in a 28-rod bundle (ECN/GfK)

(J.E. de Vries)

The single-phase experiments were completed in March of this year |11|. 

About 70 measurements were carried out in the first 60-degree bundle of 

28 electrically heated rods. These measurements were performed under 

liquid-phase conditions for the parameter study of the recirculation flow 

behind the 70% flow obstruction in the bundle. Parameters in these 

experiments were the sodium velocity (0.25 - 3.00 m .s-1 ), the heat flux 

(5-120 W.cm-2 ) and the temperature level in the bundle (250-600°C).

Aided by approx. 25 isothermal measurements, a number of corrections on 

the temperature signals were carried out. The accuracy of the temperature 

measurements could be increased in this way to ± 0.5°C (the resolution of 

the direct print-out of the digital data collection system). In general, 

the wake temperatures are normalized according to the formula:

T - - I ,
" - L <m) (1)AT/AZ



In this expression T^ are the wake temperatures, the calculated

temperature at the blockage position in the case of an undisturbed flow 

(i.e. before blockage in the bundle) and AT/AZ the axial temperature 

gradient in the undisturbed flow region and at a linear heating of the 

bundle. This normalization will be applied in parameter studies of the 

wake flow. Using the convection model of the wake flow described in 

Refs. I 22, 2 3 1, measurements with different coolants can be compared.

An analysis of the errors shows the maximum error in 0^ to be smaller 

than ± 3/AT/AZ. During the single-phase experiments the axial warming-up 

in the bundle was between 230°C.nf1 and 30°C.m_1 implying, for the 

normalized temperatures, an error of between 1% and 10% per 

measurement. The numerous measurements performed at various temperature 

levels have shown the normalized temperature profiles in the wake flow 

to be dependent on the sodium velocity and the temperature level.. This 

dependency can be unequivocally expressed by the Reynolds number which 

contains the temperature-dependent kinematic viscosity of the liquid.

The following general conclusions can be drawn from the liquid-phase 

measurements evaluated so far:

- The normalized temperature distribution in the recirculation flow 

depends on the Reynolds number.

- The maximum wake temperature is located immediately behind the flow 

blockage. The exact location depends on the Reynolds number but the 

value remains more or less constant.

- The temperature distribution at two axial measuring planes is dependent 

on the axial temperature gradient and is ascribed to elastic bowing of 

the pins. This bowing effect has been reduced in the 28-rod bundle by 

installing an extra grid 60 mm  behind the flow blockage. The maximum 

normalized temperature increases almost linearly with the axial 

temperature gradient AT/AZ and reaches a maximum value of

0.80 ± 0.08 (m) for AT/AZ = 230°C.nr1.

- A second temperature maximum has been measured just behind the main 

recirculation flow. Its normalized value depends on the Reynolds 

number reaching a maximum value of 0.76 ± 0.01 (m).

- That the normalized temperature fields in the sodium-cooled bundle and 

in a water-cooled mock-up (GfK) are the same cannot be proved directly



from these measurements because of the probable influence of the 

additional grid plus the Reynolds dependency.

An example of the isotherms measured in the sodium bundle is shown on 

the right in Fig. 23. The velocity field is illustrated on the left.

The direction of the vectors has been deduced from simulation 

experiments with an air flow whilst the magnitude of the vectors has 

been measured by cross-correlation of the thermal noise at different 

positions in the sodium bundle. The figure shows the two regions with 

high temperatures. The temperatures are normalized; the maximum 

temperature difference in the wake is about 250°C for LMFBR conditions.

The first series of two-phase experiments was carried out in the second 

quarter. The main purpose of these experiments is to study the two- 

phase phenomena in the sodium coolant behind the flow blockage under 

local boiling conditions and, in particular, the cooling capability 

of the boiling sodium. This will provide an answer to the question 

whether a melt-down of the fuel pins will occur as a consequence of 

possible dry-out of the cladding. Of interest is to know if such a 

dry-out will occur during local boiling or after transition from local 

to integral boiling. The latter may be caused by instable thermohydraulic 

performance of the two-phase sodium flow.

Another purpose of the boiling experiments is to test potential in-core 

boiling detection devices, e.g. probe-type EM flow meters, acoustic 

detectors and thermocouples for measuring temperature noise at the 

subassembly outlet. During the preliminary boiling experiments the 

experimental conditions were restricted to meet the requirement of the 

electrode temperatures of the electrical heaters not to exceed I075°C.

A review of these experiments is given in Table 9.

In most of the experiments, boiling has been initiated and sustained by

a slow, continuous pressure reduction. In the fifth column of the table

the pressure in the boiling region of the test bundle is given at the

onset of boiling and at the end of each experiment. The maximum sodium

temperature T at the onset of boiling corresponds with the saturation 
max

temperature of the sodium associated with P q at that moment. An 

important parameter for these boiling runs is the reduction of the 

saturation temperature with the consequent reduction of the maximum



sodium temperature ATmax during the boiling; it characterizes the

enlargement of the two-phase region or the intensity of the boiling.

In experiment No. 85, the boiling region is enlarged by a stepwise

reduction of the sodium flow. Here, AT is the difference between
max

the saturation temperature, which has a constant value during this 

experiment, and the theoretical maximum sodium temperature in the event 

of non-boiling, i.e. under the same experimental conditions but at 

higher pressure. (The different possibilities of running the experiments 

were tried out in 1975 during the commissioning tests of the modified 

500 kW sodium loop | 17 | ) .

Table 9. Review of preliminary boiling experiments

E x p . 

No. V° , 
(m.s

<P
(W.cm- 2 )

AT/AZ

(°C.m-1)
?o
(bar)

Tmax
(°c)

A^max
(°C)

69 1.5 99 380 0.45+0. 38 800 15

70 1.5 100 383 0.47+0.39 804 18

72 1.5 110 422 0.62+0.45 830 31

81 1.5 135 499 1.01+0.75 882 32

82 2.0 165 457 1 .05+0.83 885 24

83 1.5 124 458 0.74+0.57 848 26

84 2.0 160 443 0.67+0.61 838 10

85 1.57+1.43 135 447+523 0.96 875 45

Most of the 140 boiling signals are stored on digital nine-track tapes 

at a data rate of 55,000 digital 16 bits - words per second. In total,

1.18 x 108 digital words are registrated providing information on 

37.75 minutes boiling under various conditions.

In general, the integrated data collection system (DCS) and bundle 

protection system |16| worked satisfactorily. Sometimes, real as well 

as false alarms triggered off power shutdowns. However, adjustment of 

the protection equipment reduced the number of these occurrences.

A selected number of boiling signals have been stored on an analogue tape 

recorder to obtain a quick survey of the experiments. Signals from 

acoustic sensors and noise thermocouples contain high-frequency information 

and have been registered on separate analogue systems. Data of some of
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Fig. 24. Pressure pulses registered in the void region during local boiling 

under various conditions (for region 1 through 5 see Fig. 23).



the experiments are being processed and a first analysis has been made. 

The signals are of a rather complex nature as boiling occurred in two 

separate regions of the wake.

Under certain conditions, boiling started within the vortex behind the 

flow blockage and single-bubble boiling dominated. Figure 24 shows 

the void pressure measured under various conditions. Typical void- 

pressure pulsations are shown in the upper part of the figure. It 

also shows two acoustic pulses in the case of complete condensation of 

the void. Up till now, there has been no dry-out of the pins during 

local boiling in the vortex region.

Nevertheless, two electric heaters failed during the boiling experiments. 

Owing to the fact no second boiling region down stream the vortex was 

found in the supporting water experiments, the sodium bundle was hardly 

instrumented in that region. Most of the boiling instrumentation was 

installed in the vortex region. Consequently, dry-out in the second 

boiling region could not be measured but the possibility of its existance 

cannot be excluded. At the moment it cannot be said if dry-out was 

involved in the heater failure.

The two-phase experiments will be continued under more severe boiling 

conditions than hitherto.
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