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A review is given on the status of recent fast-capture cross sections 
for important fission-product nuclides; an intercomparison of 
evaluations for Eu-isotopes has been made and corrections have been 
applied to recent reported evaluations of neutron capture cross 
sections for Pd-isotopes. An outline of the evaluation procedure for 
the nuclides 58gco and 58mc0 is given; for 22ца а revision based upon 
recent Russian data is discussed and a new evaluation of cross sections 
for H^sn is reported. The evaluation of the cover-gas nuclides has 
been completed with additional results for ^"Ar and -^Ar. 
Some results of the last fuel failure experiments under simulated 
reduced coolant conditions, the so-called SHOT experiments, are given. 
The first irradiation experiments with the prototype irradiation 
facility HFR-TOP 01 are described. Results of neutron flux calculations 
on the BF3 test capsule are compared with former measurements. 
Neutron flux calculations have also been performed with the TOP loop in 
the poolside facility of the HFR to determine the dimensions of a flux 
depression plate to achieve a symmetric flux distribution inside the 
fuel during pre-irradiation. 

The progress in the thermochemlcal investigations on uranium compounds 
with liquid alkali metals and chlorine (+ oxygen) is reported. 
The creep investigations on various heats and welded joints of 
DIN 1.4948 have been finished; the main findings are reported. 
1000-hours creep strengths of DIN 1.4948 weld metal, heat affected 
zones, parent metal and complete welded joints are given; the first 
results of creep rupture tests of very low dose, high temperature 
irradiated specimens have been analyzed with respect to the helium 
embritdemerit. A first project on the low-cycle fatigue behaviour of 
DIN 1.4948 has been completed; the main results of this work are 
summarized. Some results of FCP-test3 at constant load-amplitude are 
given and the progress in developing suitable measuring techniques for 
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FTT-testing of irradiated samples at elevated temperatures is reported. 

A three-dimensional finite element analysis has been performed on a 

compact tension test specimen having a curved crack-front due to 

crack-tunneling. 

A code version of the VITESSE computer code has been developed to 

predict the thermohydraulic behaviour of distorted bundle geometries. 

The code version to predict developing turbulent flows has been 

improved numerically. Results from the LDA measuring programmes in the 

different test sections with respect to the secondary flow velocities 

are reported. The final report on the common ECN/KfK experiments on 

local boiling has become available in a preliminary version; a summary 

of the findings is given. Noise measurements in an unblocked 60° 

reference bundle have been performed. 
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GENERAL 

This progress report summarizes the fast reactor research carried out 

by ECN during the period covering the year 1982. 

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 Df under

standing signed by the research centres. 

The ECN research is mainly concerned with the cores of sodium-cooled 

breeders, in particular the SN3-300, and its related safety aspects. 

It comprises five items: 

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

and nuclides in the primary cooling circuit; 

- 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 effect of neutron irradiation on the mechanical 

properties of austenitic stainless steel DIN 1.4948, which has been 

used in the manufacture of the reactor vessel and its internal 

components; 
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- Studies on heat transfer to gain accurate knowledge of the heat 

transfer phenomena under sinlge-phase and two-phase conditions in 

a sodium-cooled fast reactor core. 
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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). 

Additional ECN programmes include fission-product data for thermal and 

advanced pressurized water reactors upon request of KfK and nuclear data 

for fusion reactors. Work on the last mentioned project is reported 

in Ref. |l and 2|. 

FPND 

The progress with regard to the fission-produet programme is reported 

in section 1: a review has been written on the status of recent fast-

capture cross-sections for important fission-product nuclides |3|; 

an intercomparison of evaluations for the Eu-isotopes was made as a 

contribution to the Joint Evaluated File (JEF); corrections have been 

applied to a recent report on the evaluations of neutron capture cross 

sections for the Pd isotopes |4| and a revision was made of the 

CAVECN code. 
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CPND 

During the past period the corrosion-product programme has been concluded. 

In section 2 an outline of the evaluation procedure for the radioactive 

nuclides Co and Co is given; for Na a revision based upon recent 

Russian data is reported and a new evaluation of cross sections for 
1 1 2 . 

Sn is discussed. A final report on this project has been presented 
at the Antwerp Conference |5|. 

Others 

The evaluation of the cover-gas nuclides has been completed with 
36 38 

additional results for the argon isotopes Ar and Ar. This is 

reported in section 3, together with seme improvements in model codes. 

1, Fission-product nuclear data 

l.l._Status of recent fast-capture cross section_evaluations 

(H. Gruppelaar, h.A.J. van der Kamp and K.Ch. Rieffe) 

A contribution 3 has been prepared for the NEANDC/NEARCP Specialists' 

Meeting on Fast-neutron capture cross section at Argonne, 20-23 April 1982, 

in which a comparison has been made between recent evaluations of fission-

product cross sections given in the CNEN/CEA, ENDF/B-IV, ENDF/B-V, JENDL-1, 

RCN-2 and RCN-3 data libraries. The intercomparison was restricted to 

24 important fission-products in a fast power reactor. 

Some conclusions of this paper are summarized as follows: 

(1) Theroretical models and methods used to predict capture cross sections 

of fission-product nuclei in the MeV range need to be re-evaluated. 

Particular attention is needed for the description of spin- and 

parity distributions of target levels in the continuum. There are 

significant differences between various evaluations in the MeV range. 

(2) Serious discrepancies between the recent capture cross section 

evaluations occur in the resolved resonance range. Many new data 

should be inserted in these- evaluations. This applies in particular 

to ENDF/B-V. 
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(3) Recent differential capture cross sections in the smooth energy range 
have been considered only in the newest versions of the nuclear data 
files (e.g. ENDF/B-V). 

(4) Integral data have successfully been used to adjust the ENDF/B-V and 
RCN-2A, -3 data libraries. Other recent evaluations have been revised 
as a result of integral data tests (CNEN and JENDL updates). One-group 
cross sections of ENDF/B-V and RCN-2A are in quite good agreement. 

(5) Lumped fission-product capture cross sections calculated from 
CNEN/CEA, ENDF/B-V, JENDL-1 and RCN-2A, -3 are in very good agreement 
The average capture cross sections in the SNR-300 spectrum agree 
within about 1%. 

(6) Discrepancies between experimental data indicate problems for a large 
number of cases. Only a combination of model calculations, differential 
data and integral data leads to acceptable results. 

(7) Some requests for new measurements refer to gaps in the nuclear data 
for stable nuclei. For long-lived unstable nuclei only very few data 
are available. Sample problems could prevent differential measurements; 
integral (irradiation) measurements in intense neutron fluxes are 
recommended in these cases. 

i^i_Contributions_to_JEF 

(H. Gruppelaar, H.Ch. Rieffe, D. Nierop) 

A comparison of existing evaluations of neutron cross sections for 
Eu and Eu was made. This study has been presented at the meeting 

of the scientific coordination group of the Joint Evaluated File (JEF) 
in Paris on March 30th, 1982. 

Another contribution to this meeting was a comparison of recent 
experimental |б| and our calculated (RCN-3) values for thermal capture 
cross sections and capture resonance integrals. These data are given 
in Table 1. Underlined values differ more than 1 standard deviation 
from the newest recommended experimental values |б|. For the thermal 
cross sections this occurs only in two cases, where the experimental 
uncertainty is very small (natural Mo and La). More inconsistenn,es are 
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found for the resonance integrals, indicating that adjustments may be 
needed in the resolved resonance range. We note that in the RCN-3 data 
file adjustments to integral data (STEK, CFRMF) have usually been 
applied to the smooth energy range only. In this respect the adjusted 
group cross section file RCN-2A is somewhat better: the inconsistencies 
* 103D, 133. 150„. 147. . 150_ t Tk . , . 
for Rh, Cs, Nd, Sm and Sm are absent. It is recommended 
to adjust the cross sections to fit experimental capture resonance 
integrals in future updatings of the evaluations. 

1.3. Evauations for Pd-isotoges 

(H. Gruppelaar) 

In Ref. |A| our evaluation of neutron cross sections for the stable Pd 
isotopes has been discussed. A large discrepancy was found between model 
calculations based upon resolved resonance parameters measured at Geel 
(unpublished |7|) and the corrected data of Macklin et al. |8[ for the 
even-mass isotopes. Meanwhile, it was found that the capture widths of 
the Geel riieasurements for even-mass Pd-isotopes need to be increased 
191 •> This could remove the discrepancy mentioned above. The average 
capture measurements for Pd recently performed at Ceel |l0| seem to 
confirm this. Since our evaluation |4| was adjusted to fit integral data, 
no large modifications are required in the smooth energy range. However, 
corrections to the resolved resonance range could be significant. So, the 
evaluations will be revised for the neutron cross sections of even-mass 
Pd isotopes aft^r publication of the CBNM data. No revisions are needed 
, 105,,, . 107nJ for Pd and Pd. 

(H. Gruppelaar) 

In the previous progress report 11 I[ the evaluation of average parameters 
using the code CAVECN was discussed. Some preliminary results were shown, 
indicating that the use of Я-assignments of resolved resonances are 
helpful. Recently, this code has been improved further, using a revised 
expression for the probability to detect a resonance with given width 
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Table 1• Characteristics of neutron capture cross sections of the RCN-3 

data file: thermal cross sections and resonance integrals. 

Nucleus 

93Nb 

Ho 

"ic 

,03Rh 

'02Pd 

'04Pd 

'05Pd 

,06Pd 

,07Pd 

'08Pd 

,,0Pd 

Ag 
109. 

Ag 

Ag 
,27I 
129 

'33Cs 

139La 

,4,Pr 

lu2Nd 

U 3Nd 

'44Nd 

U 5Nd 

U 6Nd 
l47nd 
,48Nd 

'50Nd 

Nd 
147„ Pm 

Sm 

148.. Sm 

l49Sm 
,50sm 
, 5 , s m 
, 5 2 s m 

'54Sm 

Sm 

'"ï 

Eval. 

1.15 

2.68 

19.0 

147 

3.43 

0.315 

22.04 

0.300 

1.86 

7.36 

0.230 

37.6 

90.0 

62.8 

6.22 

27.1 

29.0 

9.01 

11.5 

18.7 

326 

3.59 

42.2 

1.40 

504 

2.47 

1.17 

49.6 

181 

64.0 

2.53 

4I.OX103 

109 

15.2xl03 

206 

5.51 

5732 

(Ы 

Exp. 

1.15 + 
2.55 • 
20 + 
145 • 
3.4 • 

-
22.0 • 
0.3O5+. 

-
7.36 • 
0.227* 
37.9 • 
91.0 + 
63.3 + 
6.2 + 
27 + 
29 • 
8.93 • 
11.5 + 
18.7 + 

325 • 
3.6 • 
42 + 
1.4 • 

440 • 
2.5 • 
1.2 * 

50.5 • 
181 • 
64 • 
2.7 + 

(41.0 * 

102 • 
(15.0 • 
206 + 

5.5 * 

5800 + 

a> 

0.05 
0.05 
1 

0.3 

l . . b ) 

0.031 

0.4b> 

0.036 
1.3 
1.0 
0.4 
0.2 
3 
1.5 
0.04 

0.3 
0.7 
10 
0.3 
2 
0.1 

150 
0.2 
0.2 
2.0 
7 
5 
0.6 
0.2)xl03 

5 
I.8)xl03 

6 
1.) 

100 

I 

Eval. 

8.84 

24.5 
354 
1047 

13.6 

13.7 

102 
6.27 

105 
219 

2.50 
107 

1469 

763 
147 
30.2 

406 
II.1 
'.7.7 

5.43 

125 
4.20 

237 
2.78 

7540 
20.5 

18.6 
40.1 

1263 
788 
36.7 

3590 
332 

3455 
3072 

32.0 
1449 

(b) 
• 

Exp. 

8.5 * 0.5 
24 * 2 

340 • 20 
1 100 + 50 

-
-

5.73+ 0.57 
-

244 + 4 
3.1 • 0.5 

101 • 5 
-

756 • 20 
147 • 6 
36 + 4 

437 • 26 
11.8 + 0.8 
17.4 + 2.0 
34 + 1 1 

-
-

24" + 35 
3.2 + 0.5 

-
14 • 1 
14 + 2 
45 + 5 

2300 + 300 
714 + 5 0 
27 + 14 

-
310 + 15 
3300 • 700 
3000 • 200 

-
1400 + 200 

a) Recommended experimental data from BNL-325 (4th ed.) |б| or BNL-325 
(3rd ed.) except those with footnote b). 

b) Recent measurements of Corvi et al., CBNM (private communication). 

c) Underlined numbers indicate that the RCN-3 value differs more than 
one standard deviation from the experimental value. 
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Fig. 1. Range of possible parameters E and Гп of a resonance in 58g Co. 
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by assuming that above a certain threshold all resonances have assigned 
values of the orbital angular momentum I. This expression was communicated 
to us by Dr. M. Stefanon, ENEA |l2|. The results of calculations with the 
revised code confirm our previous conclusion that the ^-assignments of 
resolved resonances are useful in the process of determining average 
parameters from resolved resonance parameters. 

2. Corrosion product nuclear data 

2.1. Neutron cross sections_for radioactivg_nuclides 

(H.A.J, van der Kamp and H. Gruppelaar) 
r ö _ gr O 

The radioactive nuclides Co and Co both have a very large thermal 
absorption cross section о and a very large resonance integral I 

3 3 
whereas much further information is not available (see Table 2). The fact that о is so large suggests that one resonance dominates the absorption, a 
Furthermore, since I » a the resonance is most likely located just 

3 3 
above the Cd cut-off energy at about 0.5 eV. This means that it is very 
difficult to analyse the measured data, particularly the resonance 
integrals. There are quite large discrepancies in the reported values 
for 58mCo (see Table 2). 
In order to estimate the parameters of the resonance, that is responsible 
for the high values of о and I , the resonance parameters (E , Г , Г ) 

ла г г а 
of a fictitious resonance have been varied. This process is illustrated in 58g Fig. I for Co, which shows the range of possible values for E and 
Г (Г - 0.5 eV), leading to the experimental values a > 1.88 + 0.12 kb п а o r а 
and I = 7 + 1 kb. The adopted resonance parameters (bottom part of 

3 ~ 58m 
Table 2) are certainly not unique. For Co the same procedure failed: 
no solutions were obtained, unless it was assumed that I could be 

a 
lower than reported |I4-I6| or when Г was lowered. 
It turned out that the combination of very high о and I with the 

3 3 conditions I » a was only possible for E close to 0.5 eV and Г = Г + Г a a r n a 
less than Er - 0.5 eV. 

For Co Г » 0.5 eV was adopted, leading to о - 136 kb and Ia = 182 kb 
(measured values range from 250 to 550 kb; Refs. |l4-16|). For 8Co and 
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Co the division between radiative capture and the (n,p) process 
is based upon a statistical-model estimate. 

The calculations performed at higher energies are based upon the 
optical [17, 18[ and statistical models, with parameters mostly 
obtained from theory or systematics (Table 3). These calculations 
showed the importance of (n,p) reactions at the lowest energies. In 
Figs. 2 and 3 the results of some of the calculated cross sections 

S8tn for Co are shown. The model calculations are performed above 
20 and 0.5 keV, respectively. 

For the calculation of the cross sections of metastable targets the 
codes have been modified slightly. One interesting feature is that 
neutron scattering to the ground state is possible at the lowest 
thermal neutron energies. These inelastically scattered neutrons gain 
an energy of 25 keV. A rough estimate leads to a thermal inelastic 
scattering cross section of 1.7 kb. This is shown in Fig. 3. The sharp 
threshold at 28 keV refers to scattering from the metastable state at 
24.9 keV to the second-excited state at 52.8 keV. All inelastic 

5 go scattering below 38 keV goes exclusively to Co. 

Finally we note that these evaluations are rather speculative and that 
the applied models are near or beyond their validity limits. 

22 2.2. Neutron_cross_sect^ons for_ Na_^revision2_ 

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

22 The radioactive product Na (t, - 2.601 a) is produced in a fast flux 
23 22 by the reaction Na(n,2n) Na. It contributes to the radioactivity of 

the sodium coolant in a fast power reactor. However, as a result of the 
22 very high thermal and epithermal cross sections of Na, a significant 

part of the produced isotope may be transmuted into stable nuclei by 
means of capture reactions in the cooling circuit. 

22 Recently the neutron cross sections for Na was evaluated based upon 
model calculations, nuclear systematics and some scarce experimental 
darn 1б|. Meanwhile, an important piece of information has become 
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Table 2. Thermal data and fictitious resonances for radioactive nuclides. 

Quantity 

a (exp) 

a (fit) a 
с (guess) 
7 
о (guess) P 
о (guess) 

о ,(calc.) el 
o. (guess) in 
I (exp) 

I (calc.) a 

E 
r 
g 
Г a 
Г n 
R' 

Unit 

kb 

kb 

kb 

kb 

kb 

kb 

kb 

kb 

kb 

eV 

-

eV 

eV 

fm 

58*Co 

1.88+0.12a 

1.88 

0.17 

1.7 

-

0.055 

-

6.893 

6.69 

9.0 

0.5 

0.5 

0.412 

6.5 

58mCo 

136+10a 

136 

101 

35 

-

6.38 

1.7 

250-550b 

182 

1.09 

0.5 

0.5 

0.161 

6.5 

a) Recommended value of Ref. |l3|; Ref. |б| gives (almost) the same 
value (these values are denoted by о in Refs. |б, 13|). 

b) Refs. |l4-16|; recommended values not given in Refs. |б, I3|. 

Table 3. Average resonance parameters for radioactive nuclides. 
Quantity 

D 
0 

<r > 
<r > 

Unit 

keV 

eV 

eV 

54o 
I.17a) 

0.5b) 

0.5b) 

54o 
i.ooa) 

0.5b> 

0.5b) 

a) From a = 7.4 MeV , obtained from systematics. 
59 

b) Guessed value, valid for Co. 
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available: a measurement of the resonance that is responsible for the 
observed high thermal absorption cross section, by Gledenov et al. |'7|. 
The present revision is based upon this new information; the modifications 
are restricted to the resolved resonance range. 

The available experimental information on thermal absorption cross 

sections and resonance integrals has been tabulated in Table 4, 
together with the values which have been recommended in |б[ and |s(: 
0 = 29 + I kb. Note that in Ref. |б| this cross section is denoted by 
a , indicating that it is due to radiative capture. However, the values 
that Ehehalt |18| and Kvitek [l9J give for о are values for the (n,p) 
cross section о . That means that a consists mainly of о . P а р 

The values of the absorption resonance integral vary from I = 100 + 10 kb 
to 190 + 25 kb. The BNL compilation recommends 200 + 50 kb |б|. However, 
this value seems to be quite high, compared to the more recent data. 
In our previous evaluation 13f it has been argued that it is roost likely 
that the resonance integral is much lower; our previously recommended 
value was 50__„. kb |5|. 

Cledenov et al. have fitted their (n,p) cross section data (measured from 
1 eV up to I keV) by a resonance with the parameters E = 1 4 5 + 1 1 eV; 
gr ° = 1.6+0.2 eV ; Г = 114 + 20 eV (proton radiation width) and g » 4/7. 
The authors mention that they have normalized their measurements to fit 
the thermal value о = 30.6 kb Il9|; they "estimate" I = 25 kb. 

P i i J p 
Our own calculations with these parameters yield a = 33.6 kb and 
I =17.0 kb. 
P 
Recently the authors have confirmed these last-mentioned values (private 
communication). 

In order to use this new information the following changes have been 
made: 
a) Addition of Г and Г to obtain Г (absorption width). 

Y а а 
b) Renormalization of Г to fit the recommended value of о • 29 ± I kb |б[. 

n a 

In the paper Г • 1.6 ± 0.2 eV is given: in our opinion this should be 
interpreted as gf to match the thermal capture cross section. 



- 1 9 -

""* "•* • ' • • — • < • • • • — • ! - I . . . . . . J i i . . . . J . . . . . . . f 

O -

o-

o-
T : 
О 

IjrtBW IJIIHI1 M I I I H LIIIIMI ММ11Я LI МНИ LI МНЮ 1.П1НЯ LI МНЯ LI HUH Lllllllll , 
10"* 10* Л0"' 10* 10* 10* ЛОТ 10' 10* 10* W 10' 

E (EV) 
Fig. 2. Calculated cross sections for Co based upon one fictitious resonance at 1.09 eV and •odel 

calculations above about 0.5 keV. The total cross section is indicated by a full line. 
The dashed and dotted curves represent the absorption cross section and the (n,t) cross section, 
respectively. 
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Fig. 1. Calculated cross sections for itmCo based upon one fictitious resonance at 1.09 eV and aodel 

calculations sbove about 0.5 keV. The total cross section is indicsted by a full line. 
The dotted curve represents the inelastic scattering cross section, which contains a significant 
contribution at thermal energie». 
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From a statistical-model calculation <Г > = 1 eV was found, a value 
that seems not unreasonable. From these calculations it is also con
cluded that there is a contrbution of a„ in the thermal region. 

— 3 Ehehalt et al. Ï18! estimate Г Л/Г , < 10 , which does not contradict 
1 1 a0 pi 

the measurement of Gledenov et al. Il7|. Therefore, T = 0.11 eV has 
ii ' a . 

been adopted, which in fact is an upper limit. From this Г = 113.9 eV, 
P 

Г =0.11 eV, Г = 1 eV have been found, which sum to Га ~ 115 eV for 
the resonance at E = 145 eV, of which the spin is most likely J* = 7/2 
|l7[. Using these parameters gr was adjusted to obtain the recommended 
value of the absorption cross section a = 29 • 1 kb [б|. This gives 
gr ° = 1.37 eV or Г = 28.9 eV (see Table 5). n n 

The calculated absorption resonance integral I = 14.7 kb is much smaller 
Э 

than any of the experimental values (see Table 4). An uncertainty of 
at most ± 20% in I , based upon the uncertainties in the resonance 
parameters is guessed. 

The above-mentioned parameters have been used to recalculate the Arpture 

cross sections a , a and a in the resolved resonance range. The np net ny 
results are shown in Fig. 4. The (n,p) curve is in agreement with the 
relative measurements of Cledenov et al. (not shown) and the measured 
upper limit of 11 b at 2 keV |l9[. The (п,у) and (n,o) cross sections 
are much smaller; their evaluation is quite uncertain. For (n,ot) the 
present evaluation is in fact an upper limit, based upon the value of 
Ehehalt et al. |)8(. At energies above 15 keV the previous evaluation 
| 5| has been followed. In this energy range the results are quite 
speculative, since the adopted models are beyond their usually accepted 
limit of validity. 

112 ^J^Neutron^ros^sections^for Sn 

(H.A.J, van der Kamp and H. Cruppelaar) 

For the calculation of the radioactive inventory of the sodium coolant 
of a fast power reactor the activation cross section of the impurities 

112 are renuired. One of these impurities is Sn, leading to the long-
I i3g 

lived radioactive product Sn (115 d). 
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Table 4. Thermal cross sections and resonance integrals for Na. 

Reference 

Farinelli et al.|20| 
Werner et al. |2l| 
Ehehalt et al. ]18| 
Sims f 221 
Elgart et al. |23| 
Kvitek et al. |19| 
Gledenov et al. |l7|: 
- recommended |б[ 
- previous evaluation \b\ 

Adopted (absorption) 
Adopted (n,Y) 
Adopted (n,p) 
Adopted (n,a) 
Adopted (elastic) 

o (kb) a 

90 + 10 
28.3 + 0.6 
40 + 20a) 

35.9 + 1.2 
51.1 + 3.1 
30.6 + 0.6a) 

29.0 + 1 
29.0 + 1 

29.0 + 1 
0.252 
28.7 
0.0287 
0.0725 

I (kb) a 

191 + 25 
100 + 10 
-25, 17a) 

200 + 50 
50+*° -25 

14.7 + 3 
0.128 
14.6 
0.0145 

a) The value refers to the (n,p) reaction. The value of I ; 25 kb 
P 

is an estimate |l9J; the calculated value amounts 17 kb. 

Table 5. Adopted resolved resonance parameters. 

Quantity 

E 
г 

j ' 
Г а 
Г Р 
Г а 

Г п 
R' 

Value 

145 +11 eV 
7/2+ 

115 +20 eV 
113.9 + 20 eV 
0.11 eVa) 

1 0+,'° eV '• -0.5 e V 

28.9 + 4 eV 
5.7 + 0.1 fm 

a) Upper .imit jI8|. 
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There is also neutron-capture into the metastable state Sn (21 m), 
that decays for 91.1% to the ground state. The total capture cross 
section has been evaluated. This cross section is quite close to the 
"cumulative"T activation cross section of 8Sn. For instance, at 
thermal energies о C = 0.73 ± 0.1 b and о C(115 d) = 0.71 + 0.1 b |б|. 

In our evaluation the above-mentioned value of о is reproduced from 
the available resolved resonance parameters [б| and a fitted negative 
resonance at E = -20 eV. The calculated resonance integral is in 
excellent agreement with the measured value I (115 d) = 29 + 2 b |oj. 

At energies above 1.5 keV optical-model and statistical-model calcu
lations have been performed. Л slightly modified version of the para
meter set of Igarasi et al. 122[ was used to obtain the optical model, 
fitting a (of natural tin) quite well from 150 keV to 20 MeV; at 
lower energies the s- and p-wave neutron transmission coefficients 
were replaced by expressions based upon the strength functions 
SQ = (0.30 +0.1) x I0~4 |6[ and S} = 2.7 x 10~4. 

These and other important parameters to calculate the radiative capture 
cross section are given in Table 6. The average radiation width for 
s-wave neutrons has been taken from the experimental value of the 95 eV 
resonance: <Г > = 110 + 17 meV; the p-wave value is based upon a 
calculation. The value of the s-wave level spacing has been adjusted to 
a value of D . = 331 eV in order to fit the only experimental value of 
an , measured at 24 keV (228 + 25 mb |25|). This value of the level 
spacing is close to that derived from the observed s-wave resonances 
(D . » 260 eV). obs 

t oy
c (115 d) - o y

8 (115 d) + 0,91 oy
m (21 m) 



- 2 3 -

• . . . L m . . L L n . . . L n . . . L L . M . J ^ Ц . . . L n n U n m 

f ' « 

< ; 

i л 
ƒ 

I 
I 

I 

1 

CM 
CM 

< 
z 

ro 
< 
z 
CM 
03 

z 
o Ш 

1 
1 

1 

o. 
z 
CM 
00 
3E 
u Ш 

1 
1 

IO t— 
o o z *-
CM CM 
0Э 0 0 

z z 
u o Ш U I 

1 1 
i 1 

or 

-к 

» 
I 
I 
I 
I 
I 
I 

f 
• \ 
• 1 
• 1 

/ 
% » 1 

1 
1 
1 

HM Will i 'Willi I 'Mill I I Willi I WHIM НИИ! Willi I НИИ) I Willi I I 
,0 Lr

 t0 Г ,0 lr %0 f ,0 Г ,.0 lr f.O Гc.O f¥m0 f f.O 
(8) VWO IS 

о > 

и 
ai 

> о 
с 
Ф 

о.-о 
с. 
3 

> ш Л 
см 
4J 
СО 

•V 
с 
cd 

> Ф 

со 
ю 
см 
о 

• 
о 
4-1 

0) 
•—t 

U 
«4-1 

о 
«а 
4-1 
се 

•о 
^ - ч 
о. 
* с 

• » * ^ 

4J 
с 
Ф 
о 
ш 
м 
ф 

Л 
< Н 

. . 
г vo 

см — 
CN 

С 
м о 
О •ч 

<ы 4J 
и 

> ф 
Ф in 
*— се 
О со 
CN О 

VI 
о и 4-1 

с 
> о 
ф -н 
В « 

о. 
— U 

о 
6 и 
О Л 
»- се 
Чч 

•о 
?-Ф 
с о 

о с 
0) 

ТЭ Б 

с I ев 0 
и 

« 01 г 
D 0! 

X. 
* 4-> 

Cv 
С ся 

D V 
4-> 

« О 
4J С 

D Ф 
-О 

I M 
о . * 

СП 
С -н 
О W 
И ф 

• И 4J 
М (0 
ев со 
0. 
В Ф 
О Л 
о н 

. 
<т> 
~̂ 
* 0 0 

•— 
ся 
с 
о 

•1-1 
4-1 
и 
ф 
ся 
ся 
СП 
с 
и 
и 

У Ч 
о. «к 
с 
-̂̂  

тз 
с 
СО 

*-̂  в * 
e ^ и ' 

Ф С 
л з 
4J О 

Л 
J - СЯ 
о Чч 4-1 

о 
*и с 
с 
Э ф 
о >-

и-* се 
ф — 
ц> г» 
ф — 
3 

со • 
4-1 г- ) 

•r4 CB 
6 

• Н 4J 
г* Ф 

• 
ОС 

•н 
Ьи 



-24 -

—-. i i» 

о 
m 

I.É.J . .1..I.J • • • • • • J i . . . . . . J . . . . . . . J . J J . . . . . . .J . . . . . . J . . . . . . J 

• 

SN 112 

ECN 82 
ECN 82 
BNL 79 

AB2 
AB2 
NGS 

E (EV) 
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Fig. 6. Comparison of calculated Curve for on,2n w i t h corresponding experimental results fro» 10 MeV 
to :o M«V for " - s n . 
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Table 6. Adopted average resonance parameters in the statistical-model 
1 12 calculation of the Sn(n,Y) activation cross section. 

Quantity 

SQ CO" 4 eV"b 

S, (10~4 eV_b 

a (MeV~') 

<rY°> (meV) 

<Г '> (meV) 

112. , чI13_ Sn(n,y) Sn 

0.30 + 0.1 |6| 

3.7 + \Л
Ъ (syst.) 

15.05 b ) (adj.) 

331 b ) (adj.) 

110 + 17 |6| 

145 + 22 (calc.) 

a) This is the value of D . at the neutron binding energy. 
b) Adjusted to fit a = 228 + 25 mb |25[ at 24 keV; the parameters used 

are given in this table. 

The final result for the radiative capture cross section is shown in 
Fig. 5, together with the experimental point at 24 keV and average 
(group) cross sections (histogram). From the trend of the histogram in 
the resolved resonance region it follows that it is unlikely that much 
y-ray strength has been missed. 

The other reaction cross sections that are important upto 20 meV have 
been evaluated also. Fig. 6 shows the (n, 2n) activation cross sectiont 

leading to Sn (35 m), together with experimental data. This nucleus 
eventually decays to In (2.8 J), that is also produced from the 
(n,np), (n.pti) and (n,d) reactions. However, the calculated value for 
these "prompt" activations is quite small at 14.5 MeV (29.7 mb), compared 
to the value of 1275 + 100 mb measured for the (n, 2n) reaction |2б'. 
Activation measurements of the prompt activation component give higher 
values than calculated. Since thes? experimental values are quite uncertain, 
due to the interference with the (n, 2n)-reaction, the calculated values 
have been used in our evaluation. Also for a and о the calculated 

np na 
values a - 48 mb and a = 27 mb a t 14.5 MeV have been adopted. 

np na r 

The most important cross sections: о . a ., a ,, о „ and о . • v t el nn' n2n abs 
a + a + a + о , + о have been plotted in Fig. 7 in the energy ny np ro nd npp ' 
ranpe f m m 2 keV to 20 MPV. 
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3. Others 

3. К Cover-gfs nuclides 

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

In the previous progress report [1Ï[ the neutron cross section 
40 

evaluation for Ar has been discussed. This year the evaluation of 

neutron cross sections for Ar and Ar have been completed. 

3.1.1. Resonance range 

36 
For Ar some measurements of the total cross section a in the energy 

range from 0.1 to 7 keV have been published by Chrien et al. |27|. These 

measured data have been renormalized to the more recent value of 

о = 78.7 b at 0.0253 eV by Mughabghab and Magurno |26|. The thermal 
capture cross section at 0.0253 eV amounts to about о - 5 b |б|. 
Mughabghab and Magurno have fitted a strong negative resonance at -10 keV 
with Г - 92.3 eV and Г =1.26 eV. Slightly different parameters have been 
adopted by us, because we have assumed one additional positive (hypothetical) 
s-wave resonance at E =20 keV. which is one level spacing D , from the 

Y r e Qks 
negative resonance. The value of D , has been derived from the paper of 
Beckermann |29|. The value of Г of the positive resonance is an average 

П . 40 
value derived from the s-wave neutron strength function (value for Ar). 
The value of Г of the positive resonance has been obtained from a statisti-

Y 
cal-model calculation based upon the Brink-Axel hypothesis, using global 
systematics for the giant dipole resonance parameters and a renormalization 
factor obtained from the analysis of о of Ar [ill. The calculated total 

7 ny • ' 
and radiative capture cross sections using the two assumed resonances are 
shown in the upper parts of Figs. 8 and 9. No explicit direct capture 
component has been accounted for, although its contribution could be 
significant for these isotopes |6j. 

38 For Ar a negative and a positive resonance have been postulated in a 
similar way. The only experimental information available was the value 
of the capture cross section at 0.0253 eV (a * 0.8 b |б|). A negative 
resonance at -5 keV with average values for Г and Г fits a at 0.0253 eV. 

n у Y 
The next s-wave resonance is expect ' to be located appreciably higher, 
at 135 keV, giving a very small contribution to the thermal capture cross 
section. The calculated capture cross section is shown in Fip. 10. 
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3.1.2. Smooth energy range 

In the energy range above the positive resonance model calculations 
have been performed using s- and p-wave neutron strength functions 
for Ar, level spacings derived from Beckermann |29| and theoretical 
values of s- and p-wave capture widths, obtained as described in 
Sect. 3.1.1. 

40 Above 1.2 MeV the optical model (the same as for Ar) was used to 
calculate the neutron transmission coefficients 'see Fig. 8, lower part). 
The statistical model was used to obtain the various reaction cross 
sections. At energies above 10 MeV a direct and collective contribution 
has been added to о with a maximum value of about ! nib at 18 MeV. The 
calculated capture cross sections of Ar and Ar are shown in the lower 
parts of Figs. 9 and 10, respectively. 

3.2. Improvement of model_codes 

(H. Gruppelaar, C. Costa, H.A.J, van der Kamp and D. Nierop) 

The PRANG code system, developed at ECN [30[ calculates double-
differential cross sections including precompound effects. A basic 
approximation in this code is the neglect of quantum-mechanical 
conservation of angular momentum and the continuum treatment of low-
lying states. Furthermore, the model needs to be extended with an 
option to calculate y-ray emission competition (to be introduced in 
the near future). 

On the other hand, the usual statistical-model codes of the Hauser-
Feshbach (HF) type neglect precompound effects. Introduction of pre
compound effects is usually performed in an approximative way, without 
taking into account angular-momentum conservation for the precompound 
emission or without solving the full master equation. 

In order to improve this situation the relation between the two models 
has been studied by: 
a) Introducing equivalent level-density formulas in the two models. 
b) Renormalizing the Q(n)-factor |3l| to exactly I at the equilibrium 

exciton number n and assuming Q(n) « 1 at higher values of n. 
(The Q-factor accounts for the fact that in the initial phase of thp 
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reaction there is an increased probability to emit the projectile), 
c) Introducing preequilibrium effects into the HF code. 

The last-mentioned point was achieved by replacing the level-density 
of residual states (characterized by spin J, parity ir and energy U) by 

p(J,7r,U) -» Zp(n) p(n,J,ir,U), n 

where p(n) is a weight factor and p(n,J,ir,U) is the level density of 
exciton state n. At equilibrium all weights are equal to unity and 
p(J,w,U) * E p(n,J,it,U). The weights are obtained from the PRANG code n 
and are defined as follows: 

P(n) *(n,E) ' u<n,E) 

where т(п) is the mean life time and ь(п,Е) the state density of the 
composite nucleus at exciton number n and energy E. When precompound 
emission is important, the weights for low values of n are quite high, 
leading to enhanced emission to states with simple configurations. At 
n = n the weight equals unity; also at higher values of n the weights 
are close to unity, since т(п)/ц(п,Е) becomes independent of n. 

These changes in the codes are a step towards unification of the HF and 
precompound models. Some of these modifications are close to those 
proposed by Fu |32[. The main approximation, still in the codes, is the 
assumption that the weights are independent of the spin I of the composite 
nucleus, meaning that the equilibration process does not change the spin 
distribution of the composite nucleus. The validity of this approximation 
will be checked in the near future. 

Some preliminary results of the intercomparison between the two models 
are given in Table 7. The results are calculated with the (modified) 
PRANG code and the code PERINNI, that is the ERINNI code |33| with a 
precompound option, introduced at ECN. The PERINNI code reads the weights 
p(n) calculated by PRANG at each incident energy and for each first-
emitted particle (n, p or a). These first results are quite satisfactory, 
except for a-emission (this needs a special treatment) and secondary-
neutron emission at 10 MeV (-y-ray competition needed in P^ANG). At higher 
energies excellent agreement is obtained. Since the computer costs of the 
PEP.INNI code are at least a factor of 10 higher than those of FRANG, this 
is an important observation, that encourages further development and use 
of the latter rode. 
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Table 7. Preliminary comparison between PRAI'G and PERINNI codes (with 
93 preequilibrium) for neutron-induced reactions on Nb (cross 

sections in mb). 

Quantity 

о nnx 
о npx 

o t nn 

n2n 

n3n 
0 
nnp 

0 
np 

a npn 

0 
n,nem 

0 
n,pem 

E = 10 MeV 

PERINNI 

1800 

17.1 

1414 

386 

0 

0.1 

17.1 

0 

2185 

17.3 

PRANG 

1803 

16.7 

1296a) 

507a) 

0 

0 

16.7 

0.02 

2310a) 

16.7 

E = 14.6 MeV 

PERINNI 

1692 

53.0 

355 

1332 

0 

1.8 

42.0 

10.6 

3046 

54.8 

PRANG 

1701 

47.7 

369 

1340 

0 

1.5 

33.4 

13.4 

3057 

49.2 

E = 20 MeV 

PERINNI 

1567 

97.1 

191 

1092 

256 

18.2 

37.5 

58.8 

3235 

116 

PRANG 

1579 

90.0 

202 

1086 

273 

16.7 

34.5 

55.2 

3276 

107 

E = 25.7 MeV 

PERINNI 

1465 

138 

128 

449 

810 

17.6 

29.0 

77.0 

3723 

199 

PRANG 

1470 

134 

135 

473 

804 

21.3 

25.4 

82.5 

3727 

191 

No "y-ray competition is included as yet. This leads to enhanced multi-
particle emission, in particular at low energies. 
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II. FUEL PERFORMANCE UNDER OVERLOAD CONDITIONS 

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

concern some failure experiments with single fuel pins in a sodium 

environment under simulated reduced coolant flow conditions, the 

so-called SHOT experiments, and under simulated loss of coolant flow 

conditions, the LOC experiments, in the pool side facility of the HFR. 

Meanwhile the experimental programme of both projects has been 

terminated. A final report on the last series of SHOT experiments with 

pre-irradiated fuel pins has been prepared and a brief summary is given 

in section 1. On the LOC experiments L01-L19 the final report has 

become available |34|; a final report of the experiments L20-L24 is in 

preparation. 

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. 

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 2. 
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1. SHOT experiments F37, 44 and 45 with pre-irradlated fuel pins 

The aim of these experiments mas to study the behaviour of pre-

irradlated fuel pins tested at a aidvall canning temperature of about 

1000°C and to compare time, mode, mechanism and location of failure 

with those of the fresh fuel pins, which have been reported in 

Ref. |3S{. 

The fuel pins have been irradiated in sodium filled capsules at an 

average linear power of about 600 W.cm-1, which is adjusted by 

moving the capsule slowly towards the reactor core on a remotely 

operated trolley mechanism in the Pool Side Facility (PSF) of the High 

Flux Reactor (HFR). 

The reduced coolant flow condition was simulated by maintaining a 

stationary high sodium temperature. In fact this represents a condition 

of insufficient cooling as caused by a reduction in the coolant flow. 

The temperature could be adjusted by varying the ratio of He and N2 

in the gas gap around the sodium containment. Both the power and the 

temperature were kept constant throughout the experiments. After the 

power and the temperature have reached the specified values the fuel 

pin was pressurized. The experiment started at the moment the 

experimental pressure is adjusted. During the experiments the sodium 

temperature is measured at 5 axial positions along the fuel pin. The 

pressure is measured in both the fuel pin and the sodium containment. 

The pressure inside the fuel pin is higher than in the sodium contain" 

ment. Pin failure can therefore be detected by a pressure drop in the 

pin and by a pressure increase in the containment. The experiments are 

terminated by a reactor scram triggered by the pressure signals. 

The experimental programme with pre-irradiated fuel pins consisted of 

only four experiments. Unfortunately, fuel pin F38 failed during pre-

irradiation, which was the reason to change the pin pressure of F45 

from 64 to 25 bar. 

The SHOT fuel pin consisted of a stainless steel tube filled with 

enriched UO2 pellets. The top plug was provided with a minitube to 

pressurize the pin and to measure the pressure during the experiment. 

The empty space In the pin, aproximately 0.3 ca3, «as filled with 

helium. The total gas volume of the pin and the connected gas system 
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up to an electric operated valve amounted appr. IS cm3, which equals 

the gas volume of a SNR-300 fuel pin. 

The fuel pins were surrounded by a closed shroud tube (~ 10/11 mm). An 

exploded view of the capsule construction Is shown In Fig. 11. Details 

of the fuel pin data are given In the table below. 

Table 8. Fuel pin data of experiments F37, 44 and 45. 

Fuel pin data 

Fuel length 

Fuel weight 

Stack density 

Smear density 

Average pin diameter 

Total pin length 

Unit 

«. 

g 

g.cm-3 

X TD 

g.cm"3 

X TD 

— 

mm 

F37 

80.1 

16.301 

9.96 

90.9 

9.44 

86.1 

6.00 

133.9 

F44 

80.27 

16.288 

9.94 

90.7 

9.41 

85.9 

5.99 

134.1 

F45 

80.43 

16.305 

10.01 

91.3 

9.40 

85.8 

5.98 

134.1 

The times to failure of the experiments F37, 44 and 45 are presented In 

Table 9 together with the effective pin pressures and the calculated 

maximum canning temperatures. In this table also the main experimental 

data are given such as: burnup and type clad material. 

The times to failure of F37 and F44 are also plotted in Fig. 12. This 

figure gives the failure times as a function of Internal pin pressure 

of fresh fuel pins. The drawn lines are based on out of pile burst 

tests |36}. 
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Table 9. Experimental data and results of F37, 44 and 45. 

Experimental data 

Type clad material 

Burnup 

Effective pin pressure 

Initial clad stress 

Max. midwall clad temp. 

Tine to failure 

Location of max. temp. 

Unit 

NWd/kg U02 

bar 

MPa 

°C 

min. 

z i) 

F37 

1.4970 

30 

64 

43.2 

1000 

10 

50 

F44 

1.4970 

10 

25 

16.9 

1005 

37 

50 

F45 

1.4981 

30 

25 

16.9 

1002 

144 

50 

1) As percentage of the fuel stack height. 

The measurement of the p m pressure during the experiment enables 

direct determination of the time-to-failure of a fuel pin being one of 

the objectives. However, the mode, the mechanism and the location of 

pin failure have to be determined by post-irradiation examination, both 

destructively and non-destructively. 

The non-destructive post-irradiation examination consisted of: 

- neutron radiography 

- gamma scanning 

- visual inspection 

- diameter measurements. 

After the non-destructive testing the fuel pins have been transported 

to the lead shielded hot cells for more detailed examination. To this 

end the pins are cut radially in sections of 5 mm. Occasionally axial 

cross sections were made. 

The destructive examination consisted of: 

- microscopy on cross sections 

- diameter measurements 

- burnup analysis. 

The diameters of the canning, the fuel and the central void have been 

measured from the radial cross sections. 

The appearance of the failure area of fuel pine F37, 44 and 45 are 

shown in Fig. 13. As can be observed from this figure the canning 
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failed by 

- brittle fracture (F37) 

- some small cracks and melt through (F44) 

- extensive melting (F45). 

The lengths of clad failure and the locations of failure are 

indicated below: 

Length of clad failure, mm 

Location of failure, Z 

F37 

12 

84-99 

F44 

8 

88-98 

F45 

28.5 

64-99 

Radial cross sections at the failure locations of the fuel pins F37, 44 

and 45 are given in Fig. 14. At these positions the fuel stacks 

remained Intact even in case of F45 where the canning disappeared 

completely. In addition, in some of the cross sections central fuel 

melting occured. The canning of F37 and F44 show differences in thick

ness. Some detailed views of the canning are shown in Figs. 15 and 16. 

These indicate that the canning reached or approached locally very 

close the melting temperature, even in F37. 

From the measurements during the irradiation and the post-irradiation 

examination the following conclusions can be drawn: 

- In comparison to fresh fuel pins the pre-Irradiated fuel pins showed 

considerably shorter times to failure, see Ref. J34 and 35|. 

- Contrary to the fresh fuel pins with canning material 1.4970, tested 

at an effective pin pressure of 64 bar, no violent rupture did occur 

in the experiment with a pre-Irradiated pin, F37, performed under the 

same conditions. As a consequence gas blanketing did not occur and 

hence the extent of failure was much less for the pre-irradiated fuel 

pin. 

- Failure always occurred at the top of the fuel pins, see the table 

above with the locations of failure. 

- The stack length Increase and the maximum measured canning and fuel 
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diameter increase amounted: 

Increase of: 

Stack length, Z 

Max. clad diameter, Z 

Max. fuel diameter, Z 

F37 

1.1 

1.5 

3.6 

F44 

0.2 

1.6 

3.5 

F45 

2.4 

2.1 

5.1 

- The failure mechanism of pre-irradlated fuel pins tested at about 

1000°C at effective pin pressures of 64 and 25 bar is probably clad 

strain due to differential expansion of fuel and canning. 

- The failure mechanism of the pre-irradiated pin with an effective 

pressure of 64 bar therefore differs significantly from that of the 

fresh pins. The latter failed mainly by creep rupture. 

- The much shorter failure times of the pre-irradlated pins are apart 

from other reasons also caused by temperature increase of the canning 

due to contact with the fuel. 

- No significant fuel relocation occurred in the three experiments with 

a pre-irradiated fuel pin. 

2. Transient overpower experiments 

(J.E. de Vries et al.) 

This year some irradiation experiments on the prototype HFR-TOP 

irradiation facility have been performed in the pool side facility of 

the High Flux Reactor at Petten, with the objection to test the inte

gral test-equipment ln-plle. Special attention has been given to the 

heat-balance of the test-rig and the performance and the calibration of 

the fuel pin Instrumentation. 

In HFR-cycle 82-05 two short irradiation experiments at half nominal 

power were executed for a first testing of the transient power control 

system. One of these experiments was terminated by a reactor scram 

initiated by running a simulated overpower transient on the data hand

ling system. These experiments provided a lot of Information on the 

behaviour of the various transducers in the facility like the fuel and 
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clad elongation measuring devices. 

In HFR-cyde 82-07 irradiation experiments have been carried out to 

check the sodium flow calibration at different temperatures and to 

irradiate the capsule at the nominal power level of 480 W.cm~l. 

Furthermore two transient experiments from \ P •+ P , 
nom nom 

without reactor scram, have been performed to study the BF3 power 

control system. The first one concerned a blow-down, as fast as 

possible, and the second one a controlled blow-down of the BF3 gas 

from 15 •*• 0 bar in 8 seconds using the signal of one of the cobalt-

collectrons as the pilot-signal. The blow-down rate in both transients 

appeared to be much slower than expected from the results of the tests 

with the 1 : 1 scale model of the BF3 power control system. This 

should be described to a too high flow resistance in the connection 

between the shield and the blow-down line with respect to the scale 

model. 

It was planned to conclude these experiments with a transient from 

P - 14 kW to 3.75 P by decreasing the BF3 gas pressure from 

35 bar to about 9 bar within 1 second and to terminate the transient 

after 1.2 seconds by a reactor scram. The back-up valve of the BF3 

system, however, failed to open properly and therefore only a power 
level of 1.4 P was reached at the moment of scram, 

nom 

A histogram of the tests performed with this prototype irradiation 

facility TOP01 is given in Fig. 17. 

The generated power during the transient test on September 9 is given 

in Fig. 18. It is shown that the thermal power In the test section, 

Including the fission power as well as the Y-heating, increased to 

appr. 12 kW when the rig was moved up to about 13 cm from the core box 

wall. The total generated power was reduced to about 4 kW then by 

filling the shield with the neutron absorbing BF3 gas up to a 

pressure of 35 bar. Moving the rig again in the direction of the core 

box wall the pre-transient condition, e.g. the nominal power level 

under these circumstances, was attained at a distance of appr. 5 cm 

from the core box wall. It Is shown that when the BF3 gas is released 

from 35 to 0 bar then a power increase of about 4 times the nominal 

power is feasible. (The relevant broken lines in Fig. 18 give the 

extrapolated power production curves in the test section as function of 

the distance to the core box wall at zero BF3 pressure, based on 
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calculated neutron flux distr ibutions in the pool side f a c i l i t y ) . 

The outcome of the transient t e s t s on August 30 and 31 i s given in Fig. 

19. The p i lo t cobalt-col lectron signal and the control l ing valve-

current are given as function of time. During the f i r s t small transient 

(a fast blow-down) the slope of the curve from the risetime of the 

selfpowered neutron detector signal was larger than expected from 

ear l i er out-of -pi le t e s t s with the fu l l scale model of the BFj power 

regulating system | l l | . The action of the BF3 valve i s shown in the 8 

second transient. After opening of the control valve ( fas t increase of 

the current) the pressure in the shield drops and neutron flux, 

pin-power and col lectron signal increase. After closure of the valve , 

however, the signal s t i l l r i ses as a consequence of a delayed 

settlement of the pressure due to the flow resistance in the connection 

between the shield and the blow-down l i n e . 

Measurements with the cladding elongation transducer during the t e s t s 

in the HFR cylee 82-05 and 07 are given in Fig. Z0. The measured 

elongations are compared with the averaged cladding temperature, which 

has been calculated from the measured sodium coolant temperatures. As 

shown the expansion of the clad can be measured accurately with the 

applied d i f ferent ia l transformer type transducer. From the slopes of 

the curves the l inear expansion coef f i c ients of cladding has been 

deduced. The results approach the s ta in le s s s t ee l value from l i terature 

within 20*. 

The behaviour of the s c i e n t i f i c instrumentation in this prototype test 

rig can be summarized as fol lows: 

- The cladding and the fuel-stack elongation transducers behaved as 

well as could be expected. The failure of one of the c o i l s in the 

cladding elongation transducer was caused by an excessive high 

temperature. This w i l l be prevented in future irradiation f a c i l i t i e s 

by reducing the thermal contact between transducer and fuel pin. The 

s ens i t i v i ty and the l inear i ty (< 1%) of the transducers over the 

desired range met the requirements for these experiments. 

- The WRe5-WRe26 high-temperature thermocouple, embedded in the third 

20% enriched fuel pe l l e t from the top, behaved well upto a tempera

ture of 2200°C. As expected, i t fai led as i t reached higher tern-
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peratures. 
- The short term linearity of the self powered cobalt neutron detectors 

is excellent. The long term stability under stationary irradiation 
condition is less than 0.r% per 24 hours. There is some temperature-
and gamma-sensitivity, but it appeared that these effects can be 
neglected at neutron flux levels < 10^ n.cm~2.s~l. Also their 
prompt response to neutron flux changes makes these collectrons a 
simple, cheap and useful device for the overpower control system. 

Based on the experiences gained with this prototype some changes have 
been carried through in the design of the future irradiation facili
ties: 
- the position of the cladding elongation transducers has been 

rearranged in order to reduce the operating temperature 
- the BF3 back-up valve has been replaced by another type which is 

less sensitive to filthiness and corrosion 
- the sodium pressure transducer has been removed 
- three pairs of thermocouples have been added to improve the measure
ments of the increase of the cooling water temperature with the aim 
to improve the precision of the heat- ч -*»ce and power calibrations. 

2̂ 2j. Pogt-irradiatlon examinationofJTOP01 

TOPOI has been disconnected from the out-of-pile equipment during the 
reactor stop of October 5 and 6. After having made the neutrographs of 
the test section the facility has been transported to the HFR 
dismantling cell and cut into transportable parts. The fuel pin section 
has been shipped then to the hot cell laboratories for futher 
dismantling and post-irradiation examination (PIE). None of the 
transport activities delivered any serious handling problems. 
The non-destructive examination of T0P01 has been completed. A gamma-
scan of the Zr/Nb-95 activity is given in Fig. 21. The maximum activity 
of these fission-products was found at approximately 65% of the 20% 
enriched UO2 fuel column height. The gamma activities at the bottom 
and the top are 82? and 93% respectively of the maximum value. The mean 
activity is about 93% of the maximum value. During the irradiation 
tests a value of 91% has been applied for the power shape factor. A 
value, which was based on the calculated flux distribution of the 
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thermal neutrons in the PSF. Except in the upper few centimeters of the 
enriched zone of the fuel column, the positions of the fuel pellets are 
indicated by the sharp dips in the activity level. 

In Fig. 22 a rotational gamma-scan is given of the BF3 shroud from 
TOP01. The Co-60 activity shows a clear peak at the core side (90°) 
indicating that the pre-conditioning of the fuel has taken place in a 
asymmetric flux distribution of the thermal neutrons. The maximum-
minimum ratio amounts appr. 1.4. In future experiments this asymmetric 
flux pattern will be smoothed using a flux depression plate. 

2^3. Neutron_flux_calculatlgns_and_measurgments 

For the development of the HFR-TOP irradiation facility a special test-
rig has been constructed, called the BF3 test capsule, see Ref. |37|. 
This capsule has been used to investigate the applicability of BF3 
gas as a gaseous neutron shield, necessary to realise the overpower. 
Also the flux depression inside the fuel has been measured in this 
capsule. This information has been obtained from small uranium metal 
needles inserted in holes in each fuel pellet |38| and from small 
pieces of the irradiated pellets. The counting results have been 
converted to specific fission rates. These figures have been compared 
with the results of reactor-physics calculations performed this year on 
the same BF3 test capsule. The calculated results for the tests with 
8, 20 and 50Z enriched fuel pellets, at which the surrounding shield 
has been filled with nitrogen (4 bar) and BF3 (80 bar) respectively, 
are given in Fig. 23. The effects of fuel-enrichment and BF3 gas in 
the surrounding shield, especially upon the thermal flux (ед) are 
clearly shown. From these data the fission rates and the thermal power 
production inside the fuel are deduced. In Fig. 24 the relative values 
of the calculated and measured fission rates are given as function of 
the radial position In the pellets. A rather good agreement has been 
obtained between the experimental results and the calculated ones when 
no BF3 gas was present. In the case that BF3 gas was present In the 
shield the calculated flux depression was larger than the measured 
value. 

The calculations have been continued for the actual HFR-TOP irradiation 
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facility. Fig. 25 illustrates the thermal fluence-rate depression in 
the PSF due to the presence of the irradiation facility at three 
different distances from the HFR-wlndow (the sharp dips In the flux 
pattern). The bottom figure shows that at appr. 12 cm from the HFR-
window (the pre-irradiation position for these experiments) an 
asymmetric flux pattern exists for the thermal fluence-rate. The 
calculated ratio between the east- and the west-side (core-side) of the 
fuel pin would amount appr. 1.09. This asymmetric flux pattern within 
the fuel Is inadmissible high for the future experiments. Calculations 
have shown that this imperfection can be smoothed by placing a flux 
depression plate between the facility and the core, see Fig. 26. A 
stainless steel plate with a thickness of 16 mm will assure almost 
symmetrical conditions for the pre-irradiation of the fuel pins. 
Results of future experiments will be compared with calculated 
predictions in order to adjust the thickness of this flux depression 
device. 

2.4j, Fuel_fabrication 

A batch of fuel pellets has been fabricated in the third quarter of 
1981 |ll|. The grains of the sintered UO2-pellets had a rather fine 
structure (4-10 microns) and were distributed very homogeneously. At 
the turn of the year resinter-tests showed that the fabricated fuel 
pellets behaved beyond the thermal stability limits specified for the 
TOP-fuel. It was decided to restart the fuel fabrication development 
work with the aim to improve the thermal stability properties of the 
UO2 pellets. Detailed research on the influence of powder additives, 
the calcination-, reduction-, pressing- and sinteringconditions has 
been carried out since. The Investigations with natural uranium 
resulted in some trial batches of UO2 pellets having excellent 
thermal stability properties. In the course of the second quarter a 
small batch of 20% enriched fuel pellets has been fabricated. 
Reslntertests on some specimens at 1700°C have shown reproducable 
porosity decreases less than the required value of 10%. 

2л5^_Всоег1теп!_ТОРОЗ 

The disapproval of the fuel fabricated in 1981 led to the interruption 
of the assembly of the T0F02 Irradiation facility which had been filled 
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In the meantime with a fuel pin containing this fuel. So, the 

irradiation facility T0P03 with the new fabricated fuel was completed 

first. After that, the pre-irradiation of TOP03 could be carried 

through In the HFR cycle 82-11 at the end of this year. 

Some recorded signals are given in Fig. 27. In Fig. 27a it is shown how 

the pin power has been taken in some steps to its nominal power of 11.4 

kW. At 70% of the nominal power the central fuel temperature amounted 

appr. 1900°C, roughly 300°C higher than expected (Fig. 27b). In 

order to save the tungsten-rhenium thermocouple the fuel was allowed to 

settle at the 70% power level for 20 hours. The fuel temperature 

decreased to appr. 1750°C and the fuel elongation transducer 

indicated an axial shrinkage of 0.5 mm in this period (Fig. 27c). When 

the fuel power was brought to the required level the fuel temperature 

reading reached 2095°C and decreased to 1800°C in the following 

hours. After that it failed. After a successfull pre-irradiation of 10 

days at full power the trolley was withdrawn from the HFR core box wall 

on December 20. A first attempt to perform a power-transient In the 

same reactor operating cycle did not succeed. 
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III. ADVANCED FUELS 

For the further development of fuel technology and the improvement of 

reprocessing methods It is neceaseary to have an accurate knowledge of 

the inherent chemical processes. However, the thermodynamic properties 

of the involved nuclear materials either are not completely known or 

not with a sufficient accuracy. Until recently, therefore, the research 

at ECN was directed mainly to the investigation of the uranium 

compounds which are of interest in the nuclear fuel cycle of LMFBR's. 

In the year under review this policy had to be changed, and the work in 

this field had to be diminished considerably because of other tasks. 

The research Includes thermochemical investigations related to nuclear 

fuels and concerns mainly the investigations of the X-U-0 system, in 

which X can be a fission product element or an element from surrounding 

material in an LMFBR core. 

Another category of compounds is formed by the uranium halldes and 

oxyhalides, which are of interest at different stages of the nuclear 

fuel cycle. The thermodynamic data of these compounds have become 

obsolete and as some of these data are used as :"key values", this 

system has been re-evaluated. 

The progress of the work of both categories is reported in section 1. 
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1. Thermochemical investigations related to nuclear fuel 

(E.H.P. Cordfunke and G. Prins) 

l.K Uranates 

The results of a short investigation (reported before) on some thermo

dynamic aspects of lithium uranates have been published |39|. 

ii2_._The U-O-Cls^stem 

The enthalpy of formation of U0C1 has been determined by means of 

solution calorimetry and the composition and structure of an oxy-

chloride resembling U3O8 has been investigated. The experimental 

work on the various oxychlorides has been completed and the results of 

the determination of their enthalpies of formation have been published 

|40|. A short note on the stability of UCI5 and UClg has also been 

published |4l|. 

An assessment of all the published thermodynamic data of the compounds 

in the U-0-C1 system has been undertaken in collaboration with Prof. 

0. Kubaschewskl of the Technical University of Aachen. The results have 

been reported in a publication |42|. These results allow the 

calculation of the phase relatione and equilibria in the system. 
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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 the stainless steels DIN 1.6770 and 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 DIN 

1.4948. As a consequence of these results It has been found necessary 

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

experiment. 'ata* 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. 

- 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 temperture range, the strain rates and 

the strain range. This project has been completed now; the summary 

and conclusions of the final report are given in section 3. 

- the third project includes the investigation of the helium 
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embrlttlement of heat No. 231861 due to the thermal neturon doses. 

Although considerable embrlttlement «as 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 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. The work comprises three items, viz.: 

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

+ fatigue crack propagation (FCP) to be measured under normalized and 

programmed loadings. 

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

initiation by fatigue. 

Some results and new developments are repotted 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-plastlc region 

three dimensional elasto-plastlc 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. In this period a three-dimensional finite element 

analysis has been performed on a compact tension test specimen, 

having a curved crackfront due to cracktunneling. Some results are 

discussed in section 5. 

1. Heat-to-heat variation of post-lrradlation creep and tensile 

properties of DIN 1.4948 austenitic stainless steel 

(B. van der Schaaf) 

The final creep tests of the experimental programme on the heat-to-heat 

variation of DIN 1.4948 have been finished. All creep curves have been 

analyzed. The final rupture times do not affect significantly the 

10,000 hrs rupture strengths predicted on the basis of the "short time" 

results available last year. The main results on heat-to-heat 
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variation of irradiated DIN 1.4948 have been presented in a paper for 
the Eleventh International Symposium on Effects of Radiation on 
Materials |43|. The detailed final data report on the subject will 
appear in the course of next year. 

The variation in ultimate tensile strength of six heats of plate and 
forgings is unaffected by irradiation. Both tensile and creep strength 
are reduced by irradiation due to a decrease in ductility. Post-
irradiation strengths of three types of welded joints are equal to 
those of the parent metal they are connecting. The 10,000 hrs creep 
strength at 823 К and 873 К can be predicted from the ultimate tensile 
strength of the particular heat or welded joint in unirradiated and 
Irradiated condition, Fig. 28. The irradiation effect is attributed to 
helium enhanced intergranular crack growth. 

Transmission electron microscopy has shown that the most remarkable 
result is the absence of helium bubbles both in the grains and on the 
grain boundaries. One of the strongest heats, A, showed coarsening of 
carbide precipitation with increasing Larson-Miller parameter. The 
coarsening was not very significant for other heats. In Fig. 29 the 
mean diameter of carbide precipitation has been plotted versus the 
Larson-Miller parameter. The correlation factor for heat A is 0.86; for 
heat С the factor is 0.80. 

The long term creep tests performed in close cooperation with KfK are 
delayed duv. to late design of telemanlpulation equipment. 

The irradiations of DIN 1.6770 will be completed in February next 
year. The determination of the mechanical properties will *>tart in 
.Summer 1983. 

2. The effect of helium on the creep properties of austenitic 
stainless steel plates and weldments 
(B. van der Schaaf) 

In Table 10 the 10,000 hrs creep strengths at 823 К are given for weld 
metal, different locations in the heat affected zone, the parent 
metal and a complete welded joint in Irradiated and unirradiated 
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condition. 

Table 10. Comparison of the 1,000 hrs creep strengths at 823 К of 
weld metal, heat-affected zone (HAZ), parent metal and welded 
joint. 

Weld metal 
HAZ, 100 ym from 
root weld bead 
HAZ, 100 pm from 
cover bead 
HAZ, 500 ym from 
cover bead 
Parent metal 
Welded Joint 

Irradiated condition 
[MPa] 

205 

165 

165 

174 
195 
194 

Reference condition 
[MPal 

205 

209 

226 

229 
238 
224 

Difference 
[MPa] 

0 

44 

61 

55 
43 
30 

The irradiation effect on heat-affected zones is larger than on weld 
and parent metal. The welded Joints have higher strength than the 
heat-affected zone. This phenomenon requires a more detailed study on 
stress and strain distributions in a welded Joint. From finite element 
calculations the quantitative explanation will hopefully be generated 
in 1983. 

The creep deformation behaviour of the five materials in unirradiated 
condition is quite different, which is illustrated in Fig. 30. The 
creep life of the weld metal and root weld bead heat-affected zone is 
much shorter than that of a complete welded joint. The creep ductility 
of the welded joint is considerably lower than that of the weld metal 
and parent metal stressed to the same value. 

The teste on weld metal are nearly coaplete. Only one additional 10,000 
hrs rupture time can be expected in March 1983. The effect of 
irradiation on both the creep strength and ductility of weld metal is 
limited as was reported before |44|. In the meantime it appears that 
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the creep extension of weld metal decreases rather strongly with 
increasing time to rupture, which is shown in Fig. 31. The weld metal, 
either as-received or stress relieved, in reference as well as in 
irradiated condition shows a drop in creep extension. In the stress-
relieved condition the creep extensions are still over 2,5Z at 10,000 
hrs rupture time, whereas in as-received condition the creep extension 
comes down to values of about 0,7Z. A significant irradiation effect on 
both creep strength and ductility of weld metal has not been observed. 

In Fig. 32 a full creep curve Is shown of a specimen in as-received 
condition, tested after irradiation to a thermal neutron fluence of 
about 102* n.m-2 at 823 K. From this curve it is clear that the 
creep ductility is mainly limited to the secondary-tertiary transition 
strain of about 0.3Z. The remaining 0.4Z creep plasticity is available 
only near rupture time. 

The first results of creep rupture tests of very low dose, high 
temperature irradiated specimens of heat К have been analyzed. Even at 
a thermal neutron fluence of 3 * lO2^ n.m-2, equivalent with a 
helium content of about 2 * 10~3 appm., the creep extension in 
reference condition of about 35Z, is reduced to about 9Z. In Fig. 33 
the trends for five different irradiation conditions are given together 
with the unirradiated condition. All trends are based on specimens 
irradiated and creep tested at 823 K. At the lower neutron fluences the 
maximum rupture times have reached 3,000 hrs. For the other conditions 
10,000 hrs rupture times are available. From the Fig. 33 it is evident 
that the 10,000 hrs creep strength for thermal fluences over 
1022 n.m"2 has reached a value of 150 MPa, which is more or less 
constant until 3 * 1 0 " n.m.~z. Below fluences of 1022 n.m_z 

there is a gradual increase of the rupture strength to the reference 
value of 200 MPa. In 1983 additionally specimens will be Irradiated to 
a fluence of about 10l' n.m"2. This is only feasible at the 
reactor cooling water temperature of 325 K. On the basis of the 
post-irradiation creep experiments it will be decided whether to 
irradiate at an even lower neutron fluence. 

An experimental pre-study of the creep damage effects on tensile 
properties at different rates has resulted in the decision to start 
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creep conditioning in the main programme at 823 К with a stress of 
155 MPa to a maximum creep strain of 2Z in both irradiated and 
unirradiated condition. In the irradiated condition rupture would occur 
after about 5,000 hrs, in reference condition rupture would occur after 
about 100,000 hrs. By applying similar creep strains in both conditions 
a realistic comparison of creep damage is possible. A previous study on 
creep-fatigue has learned that strain is a more relevant parameter than 
time fraction. 

The irradiation of D1N0SAURE in PHEN1X lasts longer than required for 
the DeBeNe specimens. Therefore, the post-irradiation testing will 
start in 1984 or 1985. 

3. Low-cycle fatigue behaviour of DIN 1.4948 austenitic stainless 
steel 
(M.I. de Vries) 

The first project on low-cycle fatigue behaviour of stainless steel 
DIN 1.4948 has been completed. The fatigue properties of unirradiated 
and irradiated (5.10** n.m.-*) material have been measured at 
temperatures ranging from about 300 to 1000 K. The tests have been 
performed with a constant strain-rate of З Л О - 3 s"1. Additionally 
lower strain-rates ranging from 10~6 to 10"^ s~* have been applied 
at 823 and 923 K. The main results have been presented at the Eleventh 
ASTM Conference on Effects of Radiation on Materials in Scottsdale 

1*31-

The unirradiated stainless steel DIN 1.4948 exhibited severe cyclic 
strain-hardening due to the formation of dislocation substructures. Up 
to 823 К the stable dislocation cell structure and the cyclic 
saturation stresses were almost temperature independent, aa shown in 
Fig. 34 for the cyclic stress at constant strain-cycles of 1.0%. At 
823 К the cyclic stresses were slightly strain-rate dependent (about 20 
MPa) due to dynamic hardening, attributed to the formation of small 
precipitates as observed along the dislocation cell walls. At the 
higher temperatures the fatigue mlcrostructures and the cyclic stresses 
were temperature and strain-rate dependent, the cyclic stresses 
increased with increasing temperatures and decreasing strain-rates. 
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The fatigue life of stainless steel DIN 1.4948 was strongly temperature 
dependent. Fig. 35 shows for 1.0Z strain-cycles a steep fall of Nf in 
the temperature range above 623 K. The fatigue life at 823 and 923 К 
has been reduced furhter in some additional tests by applying lower 
strain-rates. 

Irradiation at temperatures up to 623 К caused significant hardening 
due to displacement damage in the form of the well known "black dot" 
defect precipitation. During fatigue cycling mobile dislocations 
interact with the point defect clusters. With progressive number of 
cycles the "black dots" are removed by this channeling mechanism and 
consequently cyclic softening continues until at about ^Nf.The cyclic 
stresses of irradiated an unirradiated material are the same. 

After irradiation at the higher temperatures (723, 823 and 923 K) there 
was no irradiation hardening due to absence of black dot damage 
resulting from the displacements and the simultaneous annealing at the 
high temperatures (Fig. 36). As a consequence the cyclic stress-strain 
behaviour at those temperatures was not significantly changed. 

UNIRRADIATED 

IRRADIATED AT 623 К 

IRRADIATED AT 333 К 

4 

IRRADIATED AT 723 К 

Fig. 36. Microstructure of DIN 1.4948 in reference and irradiated 
condition after irradiation at different temperatures. 
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Irradlatlon did not affect the fatigue life at temperatures up to 723 V . 

Irradiated as well as unirradiated specimens failed at this temperature 
by the same transgranular fatigue fracture mechanism. However, at 
higher temperatures, irradiation did affect the fatigue life 
significantly. For the temperature range of 823 to 1023 К and for the 
strainrate interval of 10~6 to 10~3 s-1, all the classical 
stages of the fatigue failure process, from microcrack initiation to 
final overload-fracture, were reduced. With increasing temperature and 
decreasing strain-rate there was a complete transition of the 
controlling failure mechanism from transgranular to fully intergranular 
fracture. This irradiation effect can be attributed to helium enhanced 
intergranular crack formation. 

From this work it could be concluded that the fatigue life reduction 
factors resulting from fatigue analyses on low fluence neutron 
Irradiated stainless steel DIN 1.4948, are temperature and strain-rate 
dependent (Fig. 37). In fatigue life predictive models helium 
embrittlement has to be incorporated for taking Into account low 
thermal fluence neutron irradiation. The empirical Fraction 
Modification Method predicts the lower curve of the fatigue life due to 
helium embrittlement with the restriction that tensile data at the 
right ( 1 0 V 1 ) strain-rate are used (Fig. 38). 

The LCF-work has been continued with variable strain-cycles. To measure 
the effect of one type of disturbance on the fatigue life at constant 
strain-cycles, two-level LCF-tests have been performed at 823 and 923 К 
with a constant strain-rate of 1.10"3 s"*. The effects of the 
disturbance (AEt being 0.5% and 2.2%) strongly depended on the 
sequence: the high-low sequence affected the fatigue behaviour more 
than the low-high sequence. The number of cycles to fracture were for 
the high-low sequence below, and for the low-high sequence always above 
those predicted by the linear damage rule. 

4. Fatigue Crack Propagation (FCP) 
(M.I. de Vries) 

This work has been continued with experiments at constant load-
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aaplitude. The main conclusions from the experiments so far, have been 
reported at the Eleventh ASTM Conference on Effects of Radiation on 
Materials in Scottsdale |46|. 
From the tests on irradiated and unirradiated CT-speciaens at 
temperatures ranging from 298 to 823 К it could be concluded that the 
fatigue crack growth rate of stainless steel DIN 1.4948 increases with 
increasing temperature. This temperature effect for unirradiated 
material is illustrated in Fig. 39. Besides an irradiation effect is 
demonstrated for the temperature of 523 K. Irradiation at the lower 
temperatures (573 К and below) appears to cause an Increase of the 
resistance against fatigue crack growth due to radiation hardening as a 
result of displacement damage. With respect to this irradiation effect 
it has to be considered that the FCP-tests are performed under linear-
elastic loading conditions, which results in limited local plasticity 
around the crack-top only. The LCF-tests, which did not show an effect 
from displacement damage on the fatigue life, however, were performed 
under fully elasto-plastic conditions. 
Irradiation at the higher temperatures did not affect the FCP resulting 
from the tests at the high frequency of 10 Hz. But, at 823 К the FCP-
resistance did decrease with decreasing frequency due to enhanced 
intergranular crack formation. This is in accordance with the observed 
reductions of the classical stages of the LCF fatigue failure process 
due to the same mechanism of enhanced intergranular crack formation. 

5. Fracture Toughness Tests (FTT) 
(M.I. de Vries) 

The preliminary experiments at roomtemperature, to develop suitable 
measuring techniques for the testing of irradiated specimens at 
elevated temperatures, have been completed. Crack length measurements 
by means of the compliance method appeared to be not successfull due to 
the Inaccuracy of the measurements caused by the large rotations and 
large displacements from the crack-tip plasticity. It was concluded 
Chat the electrical potential method can be used to measure the crack 
length, although corrections have to be applied for plasticity and 
local contraction at the crack-tip. Fig. 40 shows that for 
crackextension values > 1.0 mm the uncorrected potential data are 
within the ASTM 15%-limits for correspondence with optical measurements 
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Fig. 41. Curved crackfront. 

Fig. 42. Element Lay-out. 
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after heat tinting. 

6. Fracture Mechanics 
(J. Prij) 

In fracture mechanics tests with a monotonie loading such as a J test 
one often observes that the crack-growth in the specimen is not uniform 
along the crack-front. These observations can only be understood if the 
three dimensional character of the specimen is taken into account. To 
get an impression about the significance of experimentally determined 
crack growth parameters three-dimensional finite element analyses have 
been executed on pre-cracked compact tension specimens (CTS) 
(W • 40 mm, and ao - 27.5 mm and 28.6 mm and thickness В - 25.4 mm). 
Some results of the finite element analyses together with the 
experimental aspects of unloading compliance J tests have been 
presented in two papers on an OECD-CSNI workshop |47, 481. 

Using the program MARC |49| an elastic analyses has been performed on a 
CTS having a curved crackfront due to cracktunneling. In Fig. 41 a 
symmetry part of the specimen is given. It can be observed from this 
figure that the real a - 2.5 mm. The element lay-out in the plane of 
the specimen is given in Fig. 42. All elements used are three 
dimensional isoparametric quadratic elements. The geometry is modelled 
with 4 elements across half the tbi .knees, having thickness ratio's 
1:2:3:4. The crack-tip elements have a radial dimension oi 1.25 mm. 

Energy release rates are calculated using a virtual crack extension 
technique. In fig. 43 the elastic results .-~e given. The local energy 
release vate J(a) for the curved front is calculated with the relation: 

T - о fiUj 

where £Uj is the energy release due to the virtual '.rack extension 
5Aj around nodal point j. From this local J values a mean value 3 is 

derived. 

EJ.6A. E6Uj 

J m 2 - 2 J-
<5A 



-82-

In fig. 43 this value is indicated with J(a). From a three-dimensional 

analysis of the specimen with a straight crack-front and a crack of a 

length equal to the average a of the curved crack this J value is 

calculated also. In the figure this value is indicated with J (a). It 

appeared from the analysis with straight crack-fronts that J (a) is 

exactly the jame as the energy release rate belonging to a constant 

virtual extension of the complete crack-front. Whether this also holds 

for a curved crackfront Is uncertain at this moment. 

From a comparison of J(a) and J(a) it can be concluded that the 

influence of the crack-curvature on the calculation of a global J value 

is not very high and might be neglected for practical purposes. Having 

calculated the local J values it is po3slble to give an estimation of 

the crack-growth behaviour of the crack if one assumes that the local 

crack-growth is an increasing function of the local J values. 

As a result the crack grows at the location with the highest J. Based 

on this assumption only it is not possible to predict the direction of 

the crack-growth. For this purpose it might be possible to use a strain 

energy density concept. Nevertheless as a result of the crack-growth 

assumption the crack grows to a shape with a less pronounced curvature. 

This is also observed in the laboratory if the specimen is unloaded and 

loaded again In a fatigue mode. If one, however, does not unload the 

specimen but continues the loading by means of a prescribed displace

ment the crack-growth is different. For some materials the crack 

tunnels further while other materials show a crack-growth lead: ng to a 

lees pronounced curvature, rhls is in correspondence with the earlier 

observation that some materials show crack-tunneling and others do 

not. 

It is obvious that for a better understanding more research is needed. 

It can be assumed, however, that the state of stress along ":he crack 

front has an influence on the tunneling behaviour. Some details of this 

stress state can be obtained from Fig. 44, where the equivalent stress 

according to Von Miees is given. It can be seen that the distribution 

of ae„ along the crackfront is almost similar to the distribution 

of J. Based on this distribution one can imagine that a complex state 

of residual stresses due to unloading or plastic deformation will 

develop as a function of the hardening behaviour of the material. 
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From the calculatlonal results the compliances are calculated and given 
in table 11. 

Table 11: Elastic compliance L L 

P 

Method 

3D elastic analysis 
Standard form |50| 

straight crackfront 
a/W » .55 
(*o - 27.5) 

47.02 
48.04 

curved crackfront 
a/W - .6015 
(a - 30) 

57.27 
64.06 

Based on the compliances it is common practice to estimate the crack 
growth. For this curved crack this procedure leads to the following 
result: 

Compliance |50| 

47.02 
57.27 

a/W 

.5460 

.5819 

a [mm] 

27.3 
29.1 

This means that the estimate for the crackgrowth Лa based upon the 
unloading compliance equals 1.8 mm. Realising that, the real Д а * 2.5 mm 
it must be concluded that the method of the partial unloading 
compliance gives an underestimation of about 40Z in this case. 
This is also confirmed by experiments |48|. 
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V. 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. With this intention the ECN 

research in this field is devcted to the items 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. 

Since non-nominal bundle geometries are frequently encountered in the 

thermohydraulics of fuel rod bundles and heat exchangers a code 

version has been developed to predict the thermohydraullc behaviour 

of distorted bundle geometries. Furthermore, the code version to 

predict developing turbulent flows has been improved numerically. The 

progress is discussed in section 1. 

- The hydraulic part of the VITESSE code versions will be verified with 

experimental results of another ECN project concerning the measure-
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ment of hydraulic transport phenomena in simulated fuel rod bundles. 

In order to achieve the needed hydraulic transport data dad 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 complicate channel geometry of limited dimensions is Almost 

impossible without causing flow disturbances, this opt . method has 

been prefered for the measurements. The measurements art carried out 

in different transparent test sections simulating fuel rod assemblies 

in which fully developed and developing turbulent flow situations can 

be generated. 

This period measuring programmes have been performed in the 

rectangular channel |ll| and in the four-rod bundle test section |44, 

511. Some results are reported in section 1. 

The ECN work on Boiling Experiments concerned the common project of 

ECN and KfK on Local Boiling with the aim to gain information on the 

consequences of postulated flow blockages in a fuel element of the 

SNR-300 Mark 1A core. The final report on this common effort has become 

available in a preliminary version; a summary is given in section 2. 

During the execution of the local boiling experiments, mentioned above 

at ECN, KfK has performed temperature noise measurements in the outlet 

of both partially blocked bundles. For the interpretation and 

verification of these measurements, it was found necessary to perform 

such measurements in an unblocked 60°C-reference bundle of the same 

dimensions. By order of KfK, ECN has built up a new test section and 

performed a measurement programme (see section 2.2.). 

1. Code De-̂ r, >pment 

(W. Slagter, H. Koning) 

In thermohydraulice of fuel rod bundles distorted geometries due to 

swelling, bowing etc. are frequently encountered. Therefore, attempts 
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have been made to develop a VITESSE-code version predicting the thermo-

hydraulic behaviour of non-nominal bundle geometries. For this purpose, 

isoparametric finite elements are introduced. The term "isoparametric 

element" refers to the construction of formulation wherein the geometry 

of the element is described by means of the same (iso) parameters as 

used in the description of the element behaviour. The Important 

advantage of isoparametric representation is demonstrated by the ease 

with which it can be used to describe curved boundari - by means of 

quadratic or cubic shape (interpolation) functions. 

Isoparametric representation depends upon a particular manner of 

description of the element shape function. 

From computational point of view, the nine-noded finite element as 

shown in the figure below is of particular interest. 

•L—~X it 
a. Non-dimensional 

co-ordinates 
b. Physical 

co-ordinates 

Fig. 45. Quadratic isoparametric element 

The element is described in terms of the non-dimensional coordinates r, 

and n (note that r, and n are defined as -1 * n , r, * 4-1) which have 

their origin at the centroid of the unit square. By use of the shape 

function transformation the reference element (the unit square) is 

mapped uniquely into the new, curved, element. It is part of the real 

physics and it is described in the physical coordinates x and y. Since 

the shape functions defining the geometry and the unknown are the 

same, the elements will be called isoparametric. 
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Fig. 46a. Cross section of the rectangular 
channel with the four rods in line. 
The shaded area represents the wall 
subchannel. 

Fig. 46b. Finite element mesh of quadrilateral elements. 
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The bi-quadratlc isoparametric element is perhaps the most popular of 

this class of formulations. It generally enables adequate 

representation of curved boundaries for the size of mesh employed. 

The actual analysis of turbulent flow and heat transfer in non-nominal 

bundle geometries by the VITESSE-code will be based on the quadratic 

isoparametric representation. The relevant subroutines of the 

VITESSE-code for this analysis are being developed and will become 

available in due time. 

As an example, the fluid region of a four rod bundle is considered. The 

cross-rfactional area of the test section is schematically shown in Fig. 

46a and consists of a rectangular flow duct with four parallel rods 

into line. This experimental set-up is used for instance by Rehme for 

the hydraulic research of rod bundles carried out at KfK. The shaded 

area represents a wall subchannel and is subdivided into nine-noded 

isoparametric quadrilaterals as shown in Fig. 46b. Both the 

non-uniformity in geometry of this subchannel and the required mesh 

refinement close to the walls are easily met by the use of these 

quadrilateral elements. 

In conclusion, the irregular flow domains in rod bundles and 

partltularly in non-nominal bundle geometries can accurately be 

described by employing quadratic isoparametric representation. 

The finite element mesh is generated by a PDA/PATRAN-G system 

operational on a VAX-11/750 computer at ECN. This PATRAN-G system is a 

pre- and postprocessor for various classes of finite element analyses. 

It is capable to generate the input data consisting of nodal quantities 

(e.g. co-ordinates, boundary conditions) and element quantities (e.g. 

material properties, connection data etc). The input data are partly 

checked by plotting of the finite element mesh and the computed results 

can be interpreted by producing velocity and temperature plots. All the 

plotting facilities are available in an interactive manner. 

li2i_Predictione-of^the_VITESSE2Code-on_developln 

(W. Slagter, H.A. Roodbergen) 

The VITESSE-code versior. to predict developing turbulent flows has 
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been improved numerically and applied to analyse the flow in well 

defined testproblems. This version of the VITESSE-code is based on the 

velocity-pressure formulation using triangular and quadrilateral 

elements. Both velocity and pressure are approximated in the elements 

by polynomials which are continuous across the element boundaries. 

Since the pressure-integrated form of the finite element equations is 

used, the natural boundary conditions are in terms of tractions 

(stresses). 

The resulting set of nonlinear equations for the nodal parameters are 

linearized by either the Newton-Raphson or the Picard method and solved 

by the frontal solution technique. The iteration procedure is stopped 

when the relative difference between the Euclidean norms of two 

successive solutions become less than a specified limit. 

The approach was based on elements employing biquadratic velocity and 

bilinear pressure approximations which are continuous across the 

element boundary. The elements investigated are denoted by the shape of 

the element and the number of velocity-pressure nodes (e.g. triangular: 

Tria 6-3; quadrilaterals: Quad 8-4 and Quad 9-4). 

In case of turbulent flows with a very fine mesh close to solid walls, 

it turns out that results obtained from the quadrilaterals are more 

accurately compared with the triangular results using the same mesh. 

Especially in the wall region where large gradients exists, the 

differences in the computed results are most pronounced. 

Both quadrilateral elements 8-4 and 9-4 are applied to predict the 

laminar velocity and pressure fields of a flow over a downstream facing 

step in a parallel plate channel for Re • 150. The computations were 

carried out for two finite element meshes, a coarse mesh of 120 

elements and a fine mesh of 352 elements; the former is shown in 

Fig. 47 for Quad 9-4. Plots of the numerical results showing the 

velocity vectors are given in Fig. 48 for Quad 8-4 and Fig. 49 for Quad 

9-4. 

In all cases the calculated velocity field at the outlet agreed with 

the analytic answer to four or five significant figures. The pressure 

fields obtained from the 8-4 and 9-4 had the same sort of accuracy and 

is presented in Fig. 50 at the Indicated lateral positions. 
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Fig. 49. Velocity vectors obtained with Quad 9-4. 
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After all, the results obtained gives confidences that the finite 

elements 8-4 and 9-4 are giving an accurate presentation of the actual 

flow. 

(V. Vonka, J. Hoornstra, P. Boersma) 

The measuring programme in the rectangular channel concerned 

measurements of the secondary flow velocity components. This programme, 

within the scope of the Wl measuring programme earlier performed in 

this channel |ll|, was carried out to test the abilities of our LDA 

measuring technique and evaluation procedures in the case of >v curing 

secondary flow velocity components. These small velocity components 

exist in non-circular channels, like for instance the rectangular 

channel and the subchannel of a rod bundle geometry, and give rise to 

vortices in the plane perpendicular to the main direction of the flow. 

After these final measurements in the rectangular channel a measuring 

programme in the four-rod bundle (the S3 test section |44, 51|) has 

been started. The start was behind schedule due to maintenance and 

repair operations on the apparatus, computer and loop system. 

This programme implies the measurement of turbulent flow 

characteristics in a nominal and a non-nominal geometry in order to 

support the VITESSE code development. 

In the non-nominal geometry case (the so-called displacement measure

ments) one of the four central rods has been displaced in the direction 

of the centre of the test section causing a momentum transport between 

the different subchannels. Both programme parts have not been finished 

completely during the year under report and will be continued in 1983. 

2_.^_Heasurements of_the_secondar^_flow_in_a_rectangular_channel 

Since the secondary flow velocities are only a few per cent of the 

centerline mean velocity special methods and techniques have been 

searched to improve the accuracy of the measurements and the evaluation 

procedures. 

One of the existing uncertainties using the two component LDA set-up 

concerns the adjustment of the position and the orientation of the 

measuring volume with respect to the channel walls. 
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A difference of 1° for instance between the desired and the actual 
alignment will result in an error of more than 100Z in the resulting 
secondary velocity component. Since the accuracy of the alingmtnt is 
some + 0.5° a method based on statistical treatment of the measured 
data is employed to calculate and compensate for the misalignment 
angle. 
In Fig. 51a the resulting normalized secondary velocity components are 
shown. The measurements have been performed under fully developed flow 
conditions at 54 hydraulic diameters from the inlet of the channel. The 
Reynolds number was Re - 105,000 at an average bulk velocity of 
UB « 3.0 m.s-1. 
The actual misalignment error was found to be AY " 1.0°, and is used 
in evaluating the secondary flow velocity components. The eight 
vortices appear very symmetrical across the cross section, indicating a 
transport of fluid within the smallest symmetry sectors towards the 
corners and away from the midpoints of the walls. 

The influence of an extra misalignment of 0.5°, so a Ay * 1*5°, is 
demonstrated in Fig. 51b, where no secondary flow pattern can be 
distinguished at all. 
The results, which have also been reported in |52|, show that a 
misalignment error can be taken into account in evaluating the measured 
data and calculating the small secondary flow velocity components. 

2. Boiling experiments 

2jib_lECN3KfK_Local_Boiling_Exoeriments2 

(.Т.Е. de Vries, В. Dorr*, J.R.C. Maarleveld) 

The single-phase experiments have delivered a detailed Insight in the 
flow structure and heat transfer properties of the wake downstream of 
the flow blockages. Under the proces conditions of interest, the flow 
structure behind the flow obstructions was characterized by flow 
separation and recirculation. Identification and quantification of the 
ruling thermohydraulic processes was possible with the help of a 
semi-empirical model which has been developed in parallel to the 
analysis of the experiments. This model on recirculating flows in 

* KfK 
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pin-clusters was based on the results of the 60-degree bundle 

experiments and the observations in test bundles with water and air as 

flowing medium (KfK and ECN respectively). 

It has experimentally been proven by present investigations that the 

temperature rise in the recirculating flow depends on the Reynolds 

number of the coolant flow, which could be explained quite well with 

the semi-empirical model. It has been shown that for high powers and 

lower flow rates the recirculating flow is sensitive to buoyancy 

especially in case of small blockages. Pin bowing occurs due to the 

large radial temperature gradients and its effect upon the coolant 

temperature rise behind the 3A.5Z and 68.SZ blockages amounted up to 

30X at the maximum. 

It has been tried to uncover the effects of the small leakage flow 

through the 34.5% blockage by incorporating this effect in the semi-

empirical model. The calculations showed that the recirculating flow 

rate decreases and the temperature rise increases due to small leakage 

flows. 

Especially the analysis of the 68.5Z blockage experiments provided a 

detailed insight in the effect of spacers upon the recirculating flow. 

A remarkable influence of the spacers upon the wake temperatures was 

predicted. The complexity of the various phenomena acting upon the 

recirculating flow made that extrapolation of the experimental results 

to reactor conditions or a comparison with the earlier water 

experiments was only possible with model calculations. 

An extrapolation of the measurements in the 60-degree bundles to a SNR-

subassembly is given in Fig. 52. The development of wake length and 

temperature rise of the coolant is given as a function of blockage 

size. 

It can be shown that under normal reactor operating conditions sodium 

boiling can be expected behind planar (leaktight) flow obstructions, if 

they have a radial extension exceeding ~ 30% of a subassembly cross 

section. 

The earlier analytical studies on the consequences of local boiling 

were based on a single bubble model, taking into account large 

incipient superheats in considerable amounts of liquid sodium. 

Local boiling in the 60-degree bundles appeared to be a rather benign 

proces. Superheats have been detected, but were always below 30 °C 
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and «ere restricted to very small amounts of coolant: violent 

vaporization with rapid expulsion of coolant out of the test bundles 

never occurred. Boiling experiments have been performed also under 

extremely low values of subcooling of the bulk flow and small pressure 

differences over the test bundles. Even under such pessimistic 

circumstances the bulk flow appeared to be stable and boiling remained 

restricted to the disturbed flow area downstream of the blockages. As a 

consequence, a boiling transition from local boiling to subassembly 

boiling under normal reactor operating conditions is considered to be 

improbable. 

Sodium boiling behind the blockages practically always differed 

strongly from the earlier assumed single bubble boiling model. During 

the tests local boiling started as subcooled nucleate boiling in a few 

subchannels without measurable disturbances of the bulk flow. Only at 

low boiling intensities, when some cm^ of the sodium coolant reached 

saturation conditions more or less complete condensation of separate 

vapour bubbles has been observed. 

At higher boiling intensities a permanent vapour cavity was present in 

the boiling region, and the vapour volume was either constant or varied 

in time (steady or oscillatory developed boiling). 

Depending on the test conditions, the boiling frequencies varied from 

~ 5 Hz to ~20 Hz. Boiling frequencies as well as vapour pressure 

oscillation amplitudes depended on blockage size, coolant mass flow, 

power to flow ratio and boiling intensity but appeared to be very 

sensitive to the boiling pressure. A consistent relation existed 

between the oscillation amplitudes and frequencies and the time 

averaged proces parameters. With the help of a one-dimensional equation 

of motion for the liquid up- and downstream of the boiling zone, the 

essential dynamic properties of oscillatory boiling could be derived 

from the measurements. 

Based on the same equations analytical parameter studies have been made 

on oscillatory boiling (boiling calculations). The vapour history was 

calculated from the experimentally obtained two-phase temperture 

fields. The calculation results fitted quite well to the relations 

deduced from the boiling experiments. 

The observed transitions between oscillatory and steady boiling 

appeared to depend mainly upon blockage size, coolant flow rate and 
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boiling pressure (saturation temperature). Applying the results from 

the analysis of the boiling oscillations (frequencies, vapour 

pressures) and the single phase analysis of the (steady) pressure and 

flow structure of the coolant behind the blockages, the boiling 

transitions could be explained in a semi-empirical way. Further a 

relation between a "transition boiling temperature" and blockage size 

and sodium flow rate has been obtained. 

The conditions for the boiling-transitions are presented in Fig. S3 for 

the 68.5X and 34.5X blockages and are compared with the parameter 

fields of the boiling tests with both test bundles. It shows clearly 

why oscillatory boiling dominated in the second test bundle and steady 

boiling as well as oscillatory boiling occurred during the testruns in 

the first test bundle. 

Oscillatory boiling preferably occurs behind smaller blockages, at 

smaller flow rates and higher pressures. Combining the temperature 

calculations with the semi-empirical model on recirculating flows, pre

dictions have been made on the boiling mode to be expected behind 

planar blockages in subassemblies. 

The progression of boiling could be predicted quite accurately from the 

single-phase temperature distributions and the actual saturation 

temperature in case of steady boiling; the coolant flow patterns in the 

liquid surrounding the vapour cavity obviously were influenced only 

weakly by boiling. The moving liquid vapour boundary during oscillatory 

boiling promoted turbulence and heat transfer between the partially 

saturated wake and the surrounding subcooled fluid and consequently 

caused a reduction of the time averaged void volume. A significant 

upset of the recirculation flow has never been observed. The analysis 

of the two-phase temperature fields resulted in a convective boiling 

model allowing predictions on vapour quality distribution and vapour 

flow rates. In the earlier analytical studies of boiling behind flow 

obstructions, overheating of the cladding due to dry-out depended on 

thickness and vaporization rate of the liquid film left on the pin-wall 

during the growth phase of the bubble and the bubble life time. 

However, the experiments have shown that under certain conditions the 

pins remain coolable during boiling, also when parts of the wake are 

voided permanently. 
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The occurrence of pin dry-out has been investigated in a wide range of 
test conditions. Especially froa the influence of pin-power and boiling 
pressure (the vapour density has been varied by a factor 10 in the 
experiments) it has been deduced that the onset of pin dry-out was 
connected primarily to the integral volumetric sodium vapour production 
rate in the boiling region. Applying the convective boiling model, the 
local vapour flow rates have been estimated for the positions where 
dry-out has been detected. At the onset of dry-out vapour flow rates of 
approximately 120 m.s-1 have been estimated for tests in the low 
pressure range, and values below 80 m.s"1 for tests in the higher 
pressure range. The vapour flow rates needed to generate entrainment of 
liquid sodium from the pin walls to the vapour flow in the core of 
subchannels have been calculated. These estimations were based on 
experiments elsewhere on the mechanical interaction between gas flows 
and liquid flows 111[. Within the parameter range of the boiling 
experiments these values agreed with the estimated vapour flow rates at 
the onset of dry-out. Consequently break up of the liquid film at the 
pin-walls by the fast flowing sodium vapour and liquid entrainment is 
believed to be the mechanism responsible for the onset of pin dry-out. 

With help of the knowledge of the coolant flowstructure, temperature 
evolution, boiling properties and dry-out mechanism it was possible to 
explain the termination of the boiling experiments performed. An 
example is given In Fig. 54. It is shown in the upper figure how 
boiling progresses axially during testrun no. 230 when the coolant 
pressure has been reduced gradually from 1.3 to 0.3 bar. In the middle 
figure the development of the vapour flow-rate in the wake is given as 
well as the calculated values which are needed to cause entrainment сf 
liquid from the pin wall to the flowing sodium vapour In the bundle 
subchannels. As shown, during the onset of dry-out (D.0.) the vapour 
flow rate coincides with entrainment criterion for a film Reynolds 
number ~ 3000 (-), which is an acceptable value. In the bottom figure 
the gradual reduction of the vapour pressure oscillation amplitudes are 
given. The calculated values (local boiling model) agree excellently 
with the measured values. Only at the lowest boiling pressure these 
values reach the calculated fluid pressure difference over the wake, 
which is calculated with the semi-empirical model on recirculating 
flows. The last explains why oscillatory boiling is predominant during 
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this testrun. 

The experiments with gas injection have shown, that permanent gases, 

released in the coolant, can be captured in the recirculating flow 

prior to boiling as well as during boiling. Release of gases (for 

instance from defective fuel pins) upstream of the flow obstruction or 

in the wake can lead to blanketing and subsequent local overheating of 

the fuel pins within the disturbed flow region. It was shown, that gas 

collection depends on the gas release rate and recirculating flow race, 

so on the bulk flow rate and blockage size. Released gases in the 

coolant reduce the margin to dry-out. 

Relatione have been obtained between for instance the temperature rise, 

boiling progression, boiling mode, boiling frequencies, dry-out and the 

operating conditions and blockage size. Based on this knowledge and 

applying the semi-empirical model on the liquid phase properties of 

recirculating flows, the observed phenomena have been extrapolated to 

subassemblies. The temperature rise and axial boiling extension have 

been calculated as function of size of the flow obstruction and its 

axial position in a subassembly using the obtained knowledge on boiling 

progression. It is for Instance expected that under normal reactor 

operating conditions oscillatory boiling will dominate in a MK-Ia 

subassembly of the SNR-300. Without the presence of permanent gases in 

the sodium coolant and disregarding the possible influence of 

pinbowlng, pin dry-out is only expected to occur downstream of plane 

type central flow obstructions which are even larger than the 

unreallstically large blockage investigated in the first 60-degree 

bundle. 

The recognation and identification of blockage formation and local 

boiling in subassemblies has been investigated. 

Acoustic noise as well as temperature noise and coolant flow at the 

bundle exit have been monitored during the experiments. Noise analysis 

of coolant outlet temperatures appeared to be a sensitive method for 

blockage detection prior to boiling. Monitoring of acoustic noise and 

outlet flow seemed appropriate methods for boiling detection. The 

methods are in a developing state. The applicability for LMFBR's was 

beyond the scope of present work and is investigated In an extensive 

research programme which Includes also in-plle measurements in research 

reactors. 
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(J.R.C. Maarleveld) 

Monitoring of subassembly outlet temperature noise is considered to be 

one of the potential surveillance methods to detect timely local faults 

in LMFBR's. KfK (IRB) developed a noise analysis method and performed 

numerous experiments in the previous 28 rod bundles no. I and II with 

internal flow blockages (section 2.1.). The influence of the bundle 

operating parameters and outlet flowmixer upon the RMS-profiles, power 

spectral density and time averaged temperature profiles has been 

investigated. |54|. 

This work has been continued with the unblocked 28 rod bundle nr. Ill 

which has been constructed of used bundle components and partially 

newly fabricated fuel pin simulators. The objectives of the extended 

measurements at the ECN 500 kW sodium loop were: 

- Reference measurements with respect to the results obtained from the 

experiments in the partially blocked bundles. 

- Simulation of different blockages by inhomogeneous power 

distribution. 

- Comparison of the simulated and real blockages in the first and 

second test bundle (68% and 34% resp.). 

- Study of the effects of gradual load in a non-blocked bundle. 

- Investigation of blockage detection at transient LOF-conditions (with 

and without gradual loading). 

According to the experimental demands the heaters were divided into 

four groups, which could be fed separately. New software for data-

acquisition was developed for the newly installed PDP 11/34 processor. 

The experiments were executed in four series and time periods. 

1. The first period Involved experiments with equal heating of the 

electrical heaters at levels between 5 and 120 W.crn"2, sodium 

coolant velocities 0,25 - 4,0 m.s"* and sodium Inlet temperatures 

of 450 and 575 degrees C. Moreover, a 34% flow blockage was 

simulated by inhomogeneous heating (80 an 17,8 W.cm"2, reep. 60 

and 29 W.cm'2 at the simulated blocked and unblocked section). 

2. The second period was devoted to control measurements, e.g. equal 

experiments but with other values for the parameters velocity and 
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power. In addition the first experiments with gradual loading were 

executed. 

3. In the third period, beside isothermal, reference and control 

measurements, supplementary blockage simulation tests were executed 

(small blockage simulation by heating of three heaters). Thereafter 

gradual load tests and the transient experiments were performed. 

A. In a fourth period, not involved in the original agreements, an 

extended programme was executed. The attention was especially 

directed towards small blockage effects (heating 3 and 6 pins) at 

sodium velocities of 1 and 2 m.s~'-, gradual loads and transient 

flow conditions from 3 to 1 m.s~*. Also combinations of the 

different conditions were simulated during this programme part. 

Apart from some unimportant derangements of the techniqual equipment, 

which could be repaired easily, the test bundle with the electrical 

heaters, the sodium circuit and the electronic systems behaved 

excellently. The entire programme was executed smoothly and in good 

order. After termination of the programme, the noise-amplifiers and 

recorders have been removed and shipped back to KfK. 

The experiments have delivered detailed information on the temperature 

noise characteristics of the sodium coolant under realistic LMFBR-

condltions. The results, analysed by KfK (IRB) J55|, contributed to the 

development of an in-core surveillance system for LMFBR's. 
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