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ECN- 95

The accuracy requirements and the status of the evaluated fission-

product cross sections for fast reactors are reviewed; the work on

calculating the sensitivity of the sodium void effect to fission-

product cross sections is described; some results of the intercomparison

of adjusted data sets for capture cross sections of fission-products

(RCN-2A and CARNAVAL-IV) are discussed; the applicability of the

maximum-likelihood method for the analysis of resolved resonance

parameters for a large class of fission-product nuclides is demonstrated;

the neutron cross sections for corrosion product ^^Ni are evaluated.

Some results of post-irradiation examination of a loss-of-cooling

experiment are given; the progress in testing the equipment and

instrumentation for transient-overpower experiments is reported.

The proceedings in the thermochemical investigations on uranium

compounds with some fission-products are described.

The creep behaviour of a heat of DIN 1.4948 parent metal is investigated

with respect to the changes in strain with different test temperatures.

Sodium smoke aerosols have been produced and analysed with respect to

their aerodynamic behaviour and morphology.

The two-phase local boiling experiments have been analysed to find

criteria for the occurrence of different boiling regimes with the

objection to deduce general dryout correlations.
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GENERAL

This progress report summarizes the fast reactor research carried out

by ECN at Petten during the period covering the fourth quarter of 1979.

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

research and development programme also in progress at the national

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

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

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

standing signed by the research centres.

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

cooled breeders (SNR) and related safety aspects. It comprises six

items:

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

corrosion-products;

- A fuel performance programme comprising in-pile cladding failure

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

overpower;

- Basic research on fuel;

- Investigation of the changes in the mechanical properties of

austenitic stainless steel DIN 1.4948 due to fast neutron doses; this

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

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

accident and their progressive behaviour on leaking through cracks in

the concrete containment;

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

fast breeders operate at high power densities, an accurate knowledge

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

conditions is sought.
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I. NUCLEAR DATA FOR REACTORS

(H. Gruppelaar)

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

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

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

fast breeder reactor (FPND).

2. Evaluation of neutron activation cross sections of corrosion products

and other nuclides in the primary cooling circuit of a fast breeder

reactor to evaluate the radioactive inventory of the coolant (CPND).

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

reactors is the study of pre-equilibrium models to predict spectra and

angular distributions of particles emitted at neutron energies above

10 MeV.

FPND

Attention was given to prepare papers for the "Specialists' Meeting on

Neutron Cross Sections of Fission Product Nuclei", which was held at

Bologna in December 1979. Four papers were presented |l-4|. An outline

of the first paper was already given in the previous report |5|; reviews

of the other papers are given in the sections 1.2 to 1.4 of this

progress report. One of the conclusions of the above-mentioned

specialists' meeting was that at present integral data, in particular

the Dutch STEK data, have been used in various cross section evaluations

performed in Petten |2|, France |2|, USA |6| and Japan |7|, such that

the major fission-product libraries are partly based upon these data.
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CPND

Neutron cross sections for nuclides in the primary cooling circuit of

fast power reactors have been evaluated at ECN for 61*Zn, 50Cr, 5l+Fe,
6I*Ni and G2Ni. Some results for 61*Ni are given in section 2.1.

models

In the previous progress report |5| some results of a study with

pre-equilibrium models were presented. A paper on the angular

distribution of emitted neutrons in 14 MeV neutron-induced reactions

has been submitted to a journal |8|.

1. Fission-product nuclear data

KJ_ •_§tatus_of_gseudo_fission-groduct_cross_sections_for_fast_reactors

(R.J. Heijboer and A.J. Janssen)

In Ref. |l| the accuracy requirements and the status of the evaluated

capture cross sections of the nuclides, which together make up the

total fission-pioduct mixture in a fast power reactor, are reviewed.

The accuracy in the prediction of reactivity effects of bulk fission-

products was requested previously to be less than 10% |9|. In more

recent French papers (e.g. in Ref. }10 j) more thight requests of about

± 5% (one standard deviation) have been mentioned. Calculations, carried

out in the Netherlands and in France suggest 'nat at present an

uncertainty of ?bout ± 7% or 8% has been reached. However, preliminary

results of experiments with irradiated fuel from PHENIX show dis-

crepancies of about 15%; these outcomes are in contradiction with Dutch

experiences with irradiated (thermal fuel) samples, which show good

agreement with calculated values. Therefore, further work is needed to

resolve the discrepancies mentioned above.

The most important available recent fission-product cross section files

ENDF/B-IV, RCN-2A (adjusted to integral data), JENDL-1 and CNEN/CEA

(see references in Ref. |l|) have been used to calculate pseudo fission-

product cross sections representing the fission-products of 2^9Pu in a

fast breeder reactor. The results expressed in one-group capture cross

sections in a fast reactor spectrum are: 0.451, 0.497, 0.500 and 0.496

barn per fission respectively. The last three numbers are almost the



-11-

same; the ENDF/B-IV value is about 10% lower |l|. From information

given in Ref. |2| it follows that the French adjusted data file

(CARNAVAL-IV) gives 5% higher values than the Dutch adjusted data file

(RCN-2A). Although these results seem to be quite satisfactory, it has

to be noted that the capture cross sections of some important fission-

products, in particular the long-lived unstable nuclides, are very

uncertain. For instance the difference between RCN-2A and CARNAVAL-IV

pseudo fission-products can be ascribed mostly to discrepancies for
151Sm and ^^Pd. Therefore a continuous effort is needed to try to

improve the data files with special emphasis to cross sections of

important radioactive nuclides.

I^2^_SensitivitY_of_the_sodium_void_effect_in_fast_reactors_to_fission-

(A.J. Janssen and R.J. Heijboer)

At the 1977-Petten FPND meeting a target accuracy of 30% for the effect

of fission-products on the sodium void reactivity effect was formulated,

giving an uncertainty contribution to the central void term of about 3%

and to the total core voidage of about 7% |9|. In order to translate

this target into fission-product cross section target accuracies, a

sensitivity study has been conducted which basically consisted of a

series of zero-dimensional 26-group reactor calculations with perturbed

fission-product cross sections in each of the 26 energy groups. The

results of this study can be found in a contribution to the 1979

Specialists' Meeting |l|.

In this preliminary study it was found that the calculated sodium void

effect is rather sensitive to the capture cross section a of fission-

products in the energy region between 200 eV and 5 keV. In this region

a should be known with an accuracy of at least 10 to 15%. However, this

target should be used with some care because of the many approximations

applied in the calculations of this study. Therefore it was recommended

in Ref. | 1 | to conduct further calculations using more realistic reactor

models. One of the additional results of the study was that the

calculated sodium void effect is surprisingly sensitive to the capture

cross sections of the complete reactor material mixture, to which the

fission-products contribute at most 10 to 20%.
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^.3^_Intercomgarison of_adjusted_data_sets_for_ca£ture cross sections

of_fission-groducts

(H. Gruppelaar, P. Hammer *) and L. Martin Deidier *))

In the DeBeNe cooperation with France/Italy an ad-hoc working group has

been formed to intercompare the adjusted group cross section sets for

fission-products (RCN-2A and CARNAVAL-IV) which are used in the DeBeNe

area and France respectively. Some preliminary conclusions of this

intercomparison as reported at the 1979 Bologna meeting |2| are given

below.

Both at ECN (Petten) and at CEA (Cadarache) fission-product capture

cross sections were adjusted to fit integral data, in order to meet the

± 5% design target accuracy |lO| in the global capture effect of

fission-products in a fast reactor. Such an accuracy cannot be achieved

by using evaluated data only (this uncertainty was estimated to be

± 15% for the unadjusted CEA data). It is shown in Ref. |2| that the

adjusted sets RCN-2A and CARNAVAL-IV are consistent with regard to the

lumped fission-products within ± 5%. This is in agreement with the

estimated accuracy of ± 8%. Nevertheless, significant differences were

observed for some individual fission-product isotopes, which need

further consideration.

At both sides the available STEK (ECN, Petten) and CFRMF (Idaho, USA)

integral data have been used. Additional French data were used at CEA

only. In particular the French irradiation data lead to smaller

uncertainties in adjusted capture cross sections than the reactivity

worths, which were affected by self-shielding and scattering

contributions. So far, the recent EBR-2 (Idaho, USA) irradiation data

have not been used.

Some differences in the data analyses applied at CEA and ECN concern

the calculation of flux and adjoint flux spectra and the treatment of

corrections to the data, e.g. for self-shielding. The adopted multi-

group cross section adjustment procedures are also quite different, in

particular with regard to the role of the a-priori capture cross

sections and their (co)-variances, which are given much less weight at

*) Centre d'Etudes Nucleaires de Cadarache, B.P. No. 1, 13115 Saint-
Paul-lez-Durance, France



-13-

CEA than at ECN. For this reason it is expected that the adjusted French

CARNAVAL-IV data are much closer to the integral data than the adjusted

Dutch RCN-2A data. Another important difference is that at ECN self-

shielded data in various dilutions and isotopic concentrations were

introduced in the adjustment calculations. In summary: deviations

between the two adjusted data sets could be ascribed to various origins,

such as differences in: the adopted integral data, methods of analyses,

a-priori cross sections, estimation of (co)-variances of the data and

adjustment techniques.

A complicating factor in the intercomparison of the CARNAVAL-IV and

RCN-2A data sets is that different group structures were used. For this

reason a first comparison was made by calculating average (one-group)

capture cross sections in a representative fast reactor spectrum. The

preliminary results of this intercomparison are given in Table 1 which

was taken from Ref. |2|. The differences between the one-group cross

sections of the two adjusted sets exceed one standard deviation in the

results for 18 of the 38 nuclides; for 10 of these nuclides the

differences are even more than two standard deviations.

From the ten most important fission-products listed in Table 1 there

are discrepancies for 105Pd, 151Sm and 11+7Pm. For the last two

mentioned nuclides more high-quality integral data are required with

improved sample material. Differential measurements would also be very

useful for these nuclides. The discrepancies for 105Pd are still under

investigation at CEA and ECN.

Of the next ten important fission-products in the intercompared data

sets discrepancies have been found for 109Ag, lottRu, llt3Nd, 95Mo and
100Mo. For three of these nuclides (i.e. 1Q1+Ru, 143Nd and 100Mo) the

reactivity worths in the hardest spectrum cores are quite uncertain due

to large scattering corrections, which could explain part of the

differences. For the most of these nuclides (except for llt3Nd) the shape

of the a-priori cross sections is not well-established. For this reason

more high-quality differential data are needed for these nuclides in

the unresolved resonance range. New integral activation or irradiation

measurements would be useful for 109Ag and llt3Nd.

More detailed intercomparisons will be made in the near future, in order

to remove most of the discrepancies. At CEA the main effort will be to
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Table 1 Preliminary results of the intercomparison of adjusted data

sets for capture cross sections of fission-products.

Nuclide

10 5pd

1 0 3Rh
99 T c

107pd

l51Sm
^ S m
^ 7 P m

lu5Nd
133Cs

10 9A

102 R u

^ R u
143Nd

«Mo
iooMo

lHl P r

98Mo
108 p d

10Gpd

12 9 l

1<52Sm
114 6Nd
127 X

148Nd
11(7Sm
150Nd

l l ( l lNd
1 5 0 S m
ls''Sm
io^ P d

noPd
q6Mo

1 N 8Sm
^ 7Ag
>'»2Nd c

pseudo

Unadjusted

RCN-2
0)

(26 groups)

653.
536.

507.
425.
791.
1526.
1662.
779.
238.
347.
393.
552.
168.
139.
247.
239.
80.
90.
65.
145.
151.
254.
322.
80.

396.
24.
108.

1003.
140.
60.

331.
163.
146.
138.
66.

228.
505.
50.

392.

2

6
7

6

5

8

9

5

(16)

(16)
(9)
(16)
(55)
(9)
(15)
(24)
(17)
(9)
(12)
(12)
(37)
(30)
(8)
(18)
(27)
(12)
(9)

(84)

(61)
(25)
(12)
(15)
(9)

(16)
(11)
(19)
(10)
(14)
(16)
(20)

(61)
(88)
(44)

(4 1)
(14)
(17)

Adjusted

RCN-2A

(26 j

704.
527.
510.
463.
761.

1 303.
1659.
964.
238.
361.
374.
590.
129.
109.
228.
T22.

55.
87.
66.
132.
176.

251.
341.
78.

431.
23.
107.
91 1.
129.
59.

413.
142.
157.
56.
45.

220.
529.
39.

389.

o)

groups)

2
5
3

2

8

0

8
7

0

(7)
(8)
(6)
(6)

(10)
(14)
(9)
(7)
(9)
(7)
(6)
(6)
(8)
(7)
(7)
(8)
(8)
(7)
(6)

(17)
(12)
(8)
(5)
(9)
(7)
(7)
(8)
(9)
(9)

(14)
(9)
(6)

(21)
(44)
(27)
(15)
(10)
(20)

(6-9)

Adjusted

CARNAVAL-IVc;

(25 groups)

822.
522.
525.
471.
752.

2897.
1672.
781.
231.
344.
404.
693.
132.
128.
175.
194.
73.
89.
64.
127.
223.
318.
260.
86.

458.
28.
101.
797.
101.
65.
359.
202.
318.
33.
62.
177.
577.
63.

410.

(

6
4
9

2

3

0

5
7

2

(4.5)
(4.4)
(4.2)
(4.9)
(7)
10)
(4.5)
(6)
(4.5)
(5)
(5)
(7)
(6)
(6)
(6)
(5)
(6)
(7)
(6)
(5)
(9)
-
(9)
(8)

(12)
(7)
(6)
(15)
(8)
(6)
(10)
-

(11)

-

-
(4-5)

Unadjusted

CNEN/CEA

(26 groups)

688.
592.
504.
424.
637.
1491.
1272.
800.
217.
272.
385.
515.
ISO.
147.
254.
214.
64.
91.
81.
155.
167
-
312
59
-
21
1 17
743
169
73

277
-
237
84
-
-
-
-
389

2
3
0

8

7

.4

.3

2A-IV
2A

(%)

- 16*
+ 1

- 3
2

+ 1
-122**
- 1
+ 19**
+ 3
+ 5
- 8
- 17**

2
- 17*
+ 23**
+ 13*
- 33**
- 2
+ 2
+ 4

- 26*
- 37**
+ 23**
- 10
- 6
- 19*
+ 6
+ 13*
+ 22*
- 10
+ 13*
- 60**
-100**
+ 41
- 37
+ 20
- 5
- 62**
+ 5

a)
, * In order of importance with respect to fast reactor reactivity effects,

Uncertainties in <o > have been assumed to be the same as those for
, SNR-300 and are giveX as standard deviations in % in parentheses.
Uncertainties (1 standard deviation) from Lenglet and Martin-Deidier

d ) I 1 1 I -
One or two asterisks mean a discrepancy of more than one or two
standard deviations. In case the uncertainty for CARNAVAL-IV was not

. given, the same uncertainty as for RCN-2A was assumed.
Pseudo fission-product of 2 3 9Pu at a burn-up of 41 MWd/kg, as defined
in Ref. I12|.
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improve the adjustments, where necessary, through a more refined

analysis of the available experimental data and the use of recent

differential data. These results will be included in the CARNAVAL-V

system. At ECN more integral data (PHENIX, ERMINE, EBR-2) will be used

in the adjustment process and the number of nuclides in the RCN-2A

library will be increased. In addition the differential data reviewed

at this meeting will be utilized. Furthermore, the results will be

presented in a more general form by including adjustments in a point

cross section file. This has been achieved for 20 nuclides (RCN-3 file)

so far. The new ENDF/B-V fission-product data file is also partially

based upon integral data |öj.

K4. Maximum-likelihood analy_sis_of_resolved_resonance_£arameters_for

some fission-p_roduct_nuclides

(G. Delfini and H. Gruppelaar)

The maximum-likelihood method of Coceva and Stefanon |l3| for the

determination of the average resonance parameters D , S_ and S. was

slightly extended and used for the analysis of resonance parameters of

the large number of fission-product nuclides in the RCN-2 evaluation.

The extension to target nuclides with a spin larger than zero is

discussed in Ref. J31- For target nuclides with high spins the

assumption that <gr > and <gr > are independent of the compound-state

spins is not valid. This means that in particular the adopted estimation

of <gF > becomes doubtful. For this reason the method mentioned above
n

can be applied only in those cases where the number of p-wave resonances

is a small fraction of the resonances above the threshold.

In the determination of the threshold functions n(E) for such a large

class of data a standard procedure was followed |3|. By varying n(E)

with a factor t the dependence of the average parameters on the

threshold was investigated. The final results were adopted at values of

t for which D , and S_ could be assumed to be constant,
obs 0

The limitations of this method are also discussed in Ref. |3|. In

general, high-quality data are required to obtain good results; never-

theless, the determination of Sj is often quite difficult and it is

recommended to use additional experimental data to find S\, e.g. s- and

p-wave discrimination, or optical-model analysis of total cross sections.



T a b l e 2- Summary of results obtained from maximum-likelihood analysis of resonance parameters for 18 fission
product nuclides.

Nuclide

Nb93
Mo 9 2
Mo95
Mo 9 8
RhlO3
AgI07
AglO9
1127

Csl33
Lal39
Xdl42
N!dl43
Ndl44
Ndl45
N'dl48
Ndl50
Sml47
Sml49

Nobs

94
43
55
122
280
81
69
189
165
77
61
49
50
113
74
63
85
63

AE
(keV)

0-3.0
0-32
0-2.25
0-53
0-4.0
0-0.9
0-1 .0
0-2.0
0-3.5
0-10
0-22.5
0-2.5
0-11.5
0-2.25
0-8
0-10
0-0.6
0-0.16

I

9/2
0
5/2
0
1/2
1/2
1/2
5/2
7/2
7/2
0
7/2
0
7/2
0
0
7/2
7/2

a

5.3
5
5.5
5.3
6.0
6.1
6.1
6.3
6.4
5.9
6.2
6.4
6.3
6.5
6.5
6.5
6.8
7.0

Initial
Dobs
(eV)

100±10
3920+800
87±10

1080±200
26.1±0.8
19 ±4
16.3+1.5

13.3±1.0
24.2±2.0
286 ±25
680 ±130
35 ± 4-

450 ±110
19.0±2.0
170 ±35
160 ±20
6.3±0.7
2.0±0.3

S.xlO^eV-2-)

O.36±O.O6
0.65±0.25
0.48+0.1
0.44±0.12
0.47±0.07
O.37±O.10
0.64+0.16
0.80±0.09
0.8 ±0.1
0.64±0.15
2.0 ±0.4
2.7 ±0.5
3.0 ±1.0
3.3 ±0.9
2.7 ±0.8
2.7 ±0.6
4.3 +1 .3
5.1 +0.9

S] (

(xl0+1+eV-2)

5.16±2.4
3.3 ±1.1
5.9 ±1.8
6. 1 ±2
6.5 ±2.0
3.8 ±0.6
3.8 ±0.6
3.4 ±1 .4
3.9 ±1.0
2.0 ±1 .0
I.0 ±0.4
1.2 ±0.5
0.9 ±0.5
0.86±0.4
O.fa ±0.2
0.88±0.5
1.8 ±0.6
1.8 ±0.6

Final
Dobs
(eV)

90±20
3600±700

9I±1 1
1 180±200

31 + 3
25±3

18.7±1.3
14.5±0.6
22.7±2.9
283 ±50
663 +70
36.5±4.0
432 ±70
17.0±l.6
167 ±21
164 ±17
4.7±1 .2
1.9±0.3

(xlO+ eV 2)

0.4 ±0.1
= 0.34
0.38±0.13
= 0.32
0.53+0.05
0.40±0.18
0.68±0.22
0.8 ±0.1
O.67±O.2O
0.66±0.22
1.2 ±0.3
2.7 ±0.8
5.1 +1.6
3.3 ±0.6
3.2 ±0.9
3.0 ±0.7
4.7 ±1 .5
7.5 ±2.2

S|
(xl0+ueV-5)

_

= 6.3
= 1 1
= 3.9
= 9
-

= 3.2
= 3. 1
-

= 1 .2
-
-
-
-
-
-
-
—
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A survey of the obtained results is given in Table 2, taken from

Ref. |3|. In most cases a good consistency between initial (mostly

adopted in RCN-2) and final values of average parameters was obtained.

The values of S^ could only be estimated for five odd-mass nuclides and

two even-mass nuclides. Some additional uncertainties in the results

are due to so-called "non-statistical effects", e.g. for 98Mo and 142Nd.

Typical uncertainties in D , and S_ are about ± 10% and ± 30%JV obs 0

respectively. The most accurate results were obtained for * 2 7I, i.e.

± 4 % in B , and ± 12% in S^. For many other nuclides given in the

RCN-2 file no satisfactory results could be obtained due to poor

quality of the data.

For some of these nuclides better measurements are already available;

for many other nuclides high-quality data are still needed (particularly

for a few long-lived fission-products like 1°7Pd, 151Sm and ll*7Pm). In

general significant improvements could be obtained when good data are

available; for some nuclides, however, a statistical analysis can

hardly yield good results because of more fundamental reasons such as

"non-statistical effects" or strong mixture of s- and p-waves.

2. Corrosion product nuclear data

2.J[_1_Neutron_cross_sections_for_corrosion_2roduct_
6^Ni

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

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

evaluation of Fröhner |l5| was followed. At high energies optical-model

|l6| and statistical-model calculations have been performed. In Fig. 1

the radiative capture cross section of 51*Ni is shown at energies from

10 keV to 20 MeV. The solid and dashed curves correspond to the present

(RCN-2) and Japanese (JENDL-1 |l7|) evaluations. Below 300 keV group

cross sections have been plotted, together with the btatistical-model

extension (dashed-dotted line). Appreciable differences in the group

cross sections result from the use of different values of T for the
Y

resolved resonances, which are not known experimentally. Above 300 keV

the curve has been adjusted by varying <r > for £ > 0 to fit the data

points of Grench |l8|. Above 10 MeV the differences between the JENDL-1

and RCN-2 evaluations result from the neglect of a direct and collective

capture contribution in the Japanese file.



Fig. 1 Radiative capture cross section of 6l+Ni from 10 keV to 20 MeV.
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II. FUEL PERFORMANCE UNDER OVERLOAD CONDITIONS

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

concern some failure experiments with single fuel pins in a sodium

environment under simulated reduced cooling and loss of cooling

conditions. The experiments are followed by post-irradiation

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

at

- stationary high temperatures and internal pressures (SHOT) and

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

(LOC).

The experimental programme of the SHOT-project has been finished. A

begin has been made with the post-irradiation examination of the last

capsule.

Work on the LOC-project is reported in section 1.

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

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

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

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

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

programmed and relatively moderate overpower transients. Special

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

- to use the experimental results for the development and verification

of computer models currently used in accident codes.

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

progress is described in section 2.



Fig. 2 Schematic drawing and neutron radiograph of capsule R63-L15.
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1. Loss-of-cooling experiments

(H. Kwast)

During this quarter the post-irradiation examination of experiment

R63-L15 has been completed. Fuel pin LI5 was surrounded by a closed

shroud tube and pre-irradiated to 60 MWd/kg UO2. The total LOC time

was 17.5 s.

One of the objectives of this experiment was to determine the effect

of high burn-up fuel on the failure behaviour.

The appearance of the fuel after the transient is shown in the neutron

radiograph in Fig. 2. The fuel stack failed over a considerable part

of its length almost down to the lower end of the stack. In the failure

region the canning disappeared completely by melting. The upper part of

the fuel stack, above about 75% of the stack height, remained intact

and here the canning melted only locally. The failure of the fuel stack

occurred by extensive bulging up to the inner side of the shroud tube,

what means that the fuel diameter increased to about twice the original

diameter of 5.1 mm.

Several radial cross sections have been made to observe the fuel in

more detail and to see whether the shroud tube was affected by the fuel.

Three cross sections are shown in Fig. 3. The locations of these cross

sections are given as percentage of the fuel stack height and are also

indicated in the neutron radiograph in Fig. 2.

Cross section A has been made at 88% of the stack height where the fuel

stack remained intact. The fraction of the fuel which has been molten

was about 33%. The measured average diameter was 5.50 mm which means an

increase of 8%. The diameter of the canning has been increased by

about 6%.

Cross section B, at 32% of the stack height, shows that at this location

the fuel has been pressed to the inner side of the shroud tube. The

structure indicates that most of the fuel reached the melting temperature.

However, there was still some unrestructured fuel which is indicated by

an arrow and shown in more detail in Fig. 4a. Fig. 4b shows a detail of

the shroud tube at a position of close contact with the fuel.

Cross section C has been taken at about 7% of the fuel stack height.

Despite this cross section was located near the lower end of the fuel

stack an extensive bulging can be observed. Some unrestructured fuel



Fig. 3 Radial cross sections of fuel pin L15. The locations are given

as percentages of the fuel stack height. They are also indicated

in the neutron radiograph in Fig. 2.



?ig. 4 Details of cross section B at positions indicated in Fig. 3B.



Fig. 5 Capacity of the HFR-TOP heat exchanger.
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has been remained close to the lump of solidified canning material.

Apparently this solidified canning material has acted more or less as

a heat sink.

Some fuel relocation has taken place at the lower 20% of the fuel stack

height. No fuel has been found in the lower part of the capsule.

In none of the cross sections failure of the shroud tube could be

observed.

2. Transient overpower experiments

(A.M. Versteegh)

After the annular linear induction pump now another main component of

the HFR-XOP irradiation facility, namely the heat exchanger, it tested

in the component test facility |5|. The first results of some tests

with this sodium/water heat exchanger are given in Fig. 5. The heat

exchanging capacity is given as a function of the outlet sodium

temperature with respectively He, a 30% He-70% N2 mixture and N2 in the

annulus between sodium and water. The power during irradiation at

stationary operating conditions will be about 11 kW and the sodium

temperature at the heat exchanger outlet will amount about 380°C. This

temperature will be kept on this level even during the transient, when

the power in the test section will rise a factor 3 to 4, causing a

temperature rise of the sodium at the inlet of the heat exchanger. The

tests will be continued with the emphasize on the behaviour of the heat

exchanger under transient conditions.

The irradiation of the Instrumentation Test Capsule |5| has been

started during the last reactor period of the HFR in 1979. Various

kinds of instrumentation and containment penetration techniques are

installed in this capsule to gain knowledge about future operation of

these components in the HFR-TOP irradiation facility.

The following instrumentation is tested:

- two types of linear displacement transducers,

- two types of pressure transducers,

- four metal sheated heating wires,

•v three neutron sensitive coax wires,

- several lead penetration techniques,

- several types of thermocouples.
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Furthermore activation monitors and neutron radiograph standards have

been mounted in the capsule. During the first reactor period no problems

occurred.

A literature study has been made to evaluate the consequences of using

UO2 fuel instead of mixed oxide fuel in the HFR-TOP experimental

programme.

The fuel and canning material has been specified and ordered.
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III. ADVANCED FUELS

The ECN-research on advanced fuels is directed to the investigation of

the chemical stability of fuels with respect to their behaviour to

fission-products produced in fast reactor fuel pins. The research on

this subject comprises two projects:

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

scope of this project is mainly concerned to the investigation of the

X-U-0 system (where X is mainly Na and Cs) to determine the

circumstances of formation of these compounds during fast reactor

operation. The fission-product cesium for instance may play an

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

up and possible consequent pin failure. The progress of this work is

reported in section 1

2. Thermochemical investigations on intermetallic uranium compounds of

the type UMe3 * ) . The noble metals Ru, Rh and Pd produced during

fission form intermetallic compounds with uranium and plutonium

present in the nuclear fuel. These compounds possess an exceptionally

high thermodynamic stability and may cause a substantial loss of

plutonium during reprocessing. The thermodynamical properties of these

UMe3 compounds may give a good insight in the behaviour of uranium

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

period is reported in section 2.

*) Me = Ru, Rh and Pd
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1. Thermo chemical investigations related to nuclear fuel

(E.H.P. Cordfunke)

In this period the composition and thermodynamic properties of

have been investigated. Cs2U0i+_x is a non-stoichiometric cesium-uranate

which is formed in the fuel of an operating fast breeder reactor at

very low oxygen-potentials. The value of x appears to be about 0.5 and

the density calculated from indexing the X-ray diagramme amounts to 5.2,

so that in case this compound is formed a considerable swelling can be

expected (the molar volumes of Cs2U0i+_x and UO2 amount to respectively

108 and 24.7 cm3).

Also some other uranates have been investigated in this period. These

uranates might be of interest to fuel cycle calculations, for instance

to safety evaluations. Based on some calorimetric measurements the

thermodynamic properties of NaU03 and CaU207 have also been established.

2. Thermochemical investigations on intermetallic compounds of the

type

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

Good progress has been made in investigating the very stable uranium

alloys with the noble metals Ru, Rh and Pd. In collaboration with the

Argonne National Laboratory, USA, one of our employees has measured

there the heats of formation of UPd3, UF4, UF3 and PdF3. The heats of

formation of UF^ and UF3 were needed to interprete the results

about the thermodynamic stability of URu3 and URh3 obtained in Petten

before. The results are of interest in obtaining insight in the develop

ment of insoluble intermetallic rests during reprocessing the fuel of

fast breeder reactors.
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IV. SNR CONSTRUCTION MATERIALS

The ECN research on construction materials is concerned with the

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

components. For that purpose the research aims to investigate the

changes in mechanical properties of austenitic stainless steel

DIN 1.4948 due to fast neutron doses.

In earlier experiments serious radiation damage has been observed in

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

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

necessary to have more data available about the irradiation effect.

In order to achieve these data five projects have been mapped out,

viz.:

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

various heats and actually those 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 the internal components.

- the second project concerns the low-cycle fatigue behaviour of the

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

earlier performed experiments the fatigue testing programme has been

extended in the irradiation temperature range, the strain rates and

the strain range.

- the third project includes the investigation of the helium embrittle-

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

considerable embrittlement was observed before, more information is
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needed especially on the embrittlement under operational conditions

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

the helium content and helium distribution in the microstructure of

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

additional data of the embrittlement will come available from creep

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

investigation of weld structures will be conditioned by means of a

weld simulator according to the specifications of the welding

procedure used in constructing the vessel.

- the fourth project concerns the investigation on lifetime simulation

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

achieve more up-to-date information as was provided by the research

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

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

with unsatisfying results. The work of this project comprises three

items, viz.:

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

+ Fatigue crack propagation to be measured under normalized and

programmed loadings.

+ Fracture-toughness testing to be performed after crack initiation

by fatigue.

- the fifth project has the objective to develop reliable calculation

methods for stress analyses based on finite element techniques taking

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

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

three dimensional elasto-plastic fracture mechanics concepts should

be used. Crack-growth parameters have to be evaluated by which the

crack and its surrounding stress- and strain-field are characterized.

Furthermore experiments should be designed and executed to verify

the developed calculation methods. For that purpose a strong

relationship exists between this and the fourth mentioned project.

Although good progress has been made in each of the mentioned projects

during this quarter, only some relevant results became available on

the investigation mentioned in the first project.
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1. Heat-to-heat variation of the creep properties of DIN 1.4948 base

metal

(B. van der Schaaf)

The conclusions made after the third quarter |5| are supported by the

results obtained in the fourth quarter. The creep data from tests at

773 K are in line with those from tests at 823 K and 873 K data when

represented in the Larson-Miller mode.

The strain versus time curves obtained differ in character dependent

on the test temperature. It has been observed that the creep extensions

increase with increasing test temperature. This is valid for most

of the heats investigated in both the irradiated and the unirradiated

condition. Irradiated specimens have creep extensions which are about

one fifth of those of unirradiated specimens. In Table 3 the

relevant creep data have been summarized for one heat in unirradiated

condition, tested at three different temperatures and stresses and

resulting in times to rupture of about 3000 h.

Table 3 Creep test data of one heat tested at three different

temperatures

Temperature

[K]

773

823

873

Stress

[MPa]

260

190

113

Rupture
time

[h]

3056

2443

4360

Initial
strain

[%]

12.7

6.6

0.7

Creep
extension

[%]

7.2

21.6

47.8

Total
strain

[%]

19.9

28.2

48.5

The three complete creep curves are shown in Fig. 6. The loading strains

of the three specimens differ considerably due to the different creep

stresses. But the general appearance of the curves changes from an

almost pure linear strain/time dependence at 773 K to a pure

"exponential" strain/time dependence at 873 K. The contribution of

initial strain and temperature to the observed secondary creep stages

could not be separated uptill now. This is possible when the complete

data sets per temperature have become available. It is expected that with

increasing temperature the grain deformation forms an increasing
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Fig. 6 The strain/time diagram of creep tests with three different test temperatures.
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constituent to the "early in life" creep extension. At lower creep

temperatures crack opening has an important effect on creep extension.
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V. AEROSOL RESEARCH

(J.F. v.d. Vate)

This ECN research, pertaining to the safety of an LMFBR, aims to ensure

a safe assessment of the aerosol release from containment buildings. In

the scope of this project experimental work is being performed to study

the aerosols which could be formed after a Hypothetical Core Disruptive

Accident (HCDA) and the transport of aerosol particles in the concrete

containment and their leakage through cracks and along penetrations in

the walls.

One of the important aspects to be studied is the behaviour of aerosols

in containment atmospheres. During this quarter the investigations on

the aerodynamic behaviour of sodium oxide aerosols have been continued.

Clear evidence has been obtained of the solid-aggregate nature of

sodium smoke under dry conditions. Both the derived relation between

the dynamic shape factor K of the sodium smoke particles and its

microstructure as well as the results of morphological investigation

(electron microscopy) undoubtly prove the similarity between sodium

smoke and other metal oxide aerosols in these respects (section 1).

Preliminary experiments on the penetration of sodium smoke through steel

capillaries indicated high particle penetrations. This work is reported

in section 2.
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1. Characterization of sodium oxide aerosols

J..1J..i_E
xp_erimental

Sodium oxide aerosols have been produced by the Exploding Wire technique

in vessels containing dry air (0.5% R.H. = - 40 C dew point). Such

conditions are realistic for the formation of sodium oxide aerosols in

an enclosure where a sodium fire takes place, also with respect to the

temperature increase (60 - 90 degrees) of the atmosphere |l9|. The

aerosol vessel used (2 m x 1 m x 0.5 m) contained HEPA-filtered air

conditioned by means of soda lime treatment. Wires of about 20 mg of

sodium have been exploded each experimental run.

The mass concentrations have been measured analyzing the sodium content

of filter loadings by means of AAS. To measure the number concentrations

(c ) an optical particle counter has been used for the c -range below

103 cm"3; higher concentration data have been obtained from particle

counting of electron micrographs of samples taken by means of point-to-

plane electrostatic precipitation |201 . The results of counting these

samples and analyzing the sodium content of the spiral centrifuge

samples'yielded the number density distributions and the sodium mass

density distribution respectively as a function of the aerodynamic

diameter d determined by means of the Stöber centrifuge.
3.

The obtained aerodynamic diameter distributions appeared to be nicely

lognormal (correlation coefficient r2 ^ 0.99 for 10 measurements). The

geometric mean aerodynamic diameter varied with time and reached a

maximum after about 25 hours; values obtained after 5, 25 and 50 hours

were respectively 0.73, 0.95 and 0.83 um. The geometric standard

deviation (cr ) in the aerodynamic diameter amounted to 1.3.
3.

The primary particle size distributions have been measured in various

runs and at various degrees of aging of the aerosol in the vessel. This

distribution was also perfectly lognormal (correlation coefficient

r2 £ 0.996 for n = 100-200) with a geometric median diameter (dig) of

about 85 nm and a geometric standard deviation of 1.5.

Samples of sodium smoke taken by means of the point-to-plane electro-

static precipitator and the Stöber spiral centrifuge have been studied

by electron microscopy (EM). A difficulty has been met in the fact that
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the time for transport of the samples to the electron microscope,

immediately after they have been taken, must be kept very short in view

of attack of the aerosol particles by moisture from the atmosphere.

Very often samples showed a serious deterioration before they could be

studied by EM. Only those samples showing solid aggregates have been

accepted as succesful.

Figs. 7 and 8 show electron micrographs of sodium smoke particles with

different magnifications. Applying palladium shadowing the three-

dimensional nature of the aggregates is visualized in Figs. 9 and 10.

Compared to the previously studied metal oxide aerosols (e.g. U3OQ and

Cu-oxide |2l| and Fe-oxide |22|), the height of the aggregates is

relatively small. This could be due to superficial wetness of the

primaries from local reactions decreasing the rigidity of the aggregates,

When the samples are exposed to the humidity of human breath the

aggregates are destroyed and converted into a droplet-like deposit

(Fig. 11) in which residues of the primaries are visible. Similar

observations were made in those cases in which samples were attacked by

humidity during sampling or during the transport to the EM afterwards.

Closer examination of high magnification electron micrographs of the

primaries revealed various degrees of "foaming" (Fig. 12) which could

be an indication of reaction of the aggregate material (50% Na20 and

50% Na 2O 2 I 19, 23, 241) with moisture giving rise to the production of

oxygen. In a few cases some clusters of needles have been observed on

aggregates (Fig. 13) which might be formed by reaction of e.g. C02 with

the aggregate material or by formation of Na2O2.8H2O.

It has been observed furthermore that prolonged electron bombardment in

the EM caused the melting of the aggregates. This may make clear that

electron microscopic examination on sodium smoke aerosols should be

applied with sufficient care to prevent the melting of the aggregates

which results in the loss of their chain-like structure.

As far as can be concluded from the limited literature on this subject

this is the first time that chain-like aggregates of sodium smoke are

reported. Sodium smoke particles are often described in terms of

spheres of 1 ym diameter or larger (e.g. in Ref. |l9|).

1.3. Aerodynamics

The sodium mass concentration decay curves were nearly exponential with

an average half-life of about 10 hours which is in good agreement with
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• i i. &

Fig. 7 Sodium smoke particles as sampled by means of

a point-to-plane electrostatic precipitator.

* . i

Fig. 8 High-magnification electron micrograph of a

sodium smoke aggregate.
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Fig. 9 Palladium shadowed sodium smoke aggregates;

low-magnification.

Fig. 10 Palladium shadowed sodium smoke aggregates;

high-magnification.
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the sodium mass density distribution as a function of d measured with

the Stöber spiral centrifuge giving a d =0.95 ym. The number

concentration decreased also exponentially in the low c range (where

coagulation has lost its dominance). A half-life of about 17 hours

(decay constant = 1.1 x 10~5 s *) results, leading to an aerodynamic

diameter d =0.78 ym. The discrepancy with the d -value of 0.96 ym
3. 3.

mentioned above can be explained from the different distributions to

which the d -values are related. According to Hatch |25|
3.

In cmd = In mmd - 3 In2 a.
'g

(1)

where: cmd = count median diameter

mmd = mass median diameter

a = geometric standard deviation

Taking mmd = 0.95 ym and a =1.3 the equation yields a cmd = 0.77 ym

which fits the d -value from the c -decay very well.
a n J 3

The centrifuge results have been used for the calculation of the dynamic

shape factor K in the same way as given in previous progress reports

(|2l|, |26|). Table 4 summarizes the results of these calculations.

Table 4 The relation between the dynamic shape factor K of sodium smoke

particles and their microstructure

d
a

(ym)

0.49

0.57

0.57

0.68

0.80

0.80

0.92

0.92

1.10

m

(Pg)

0.10

0.18

0.20

0.38

1.3

0.83

2.2

2.3

3.5

n

61

107

121

224

no
492

1290

1340

2070

F(de)

1.39

1.32

1.31

1.25

1.17

1.19

1.14

1.14

1.12

K

2.0

2.1

2.3

2.1

3.7

2.9

4.0

4.1

3.9

" n"1/3

F(de)
 n

0.36

0.34

0.35

0.27

0.35

0.30

0.32

0.33

0.27

F(d ) = the slip correction factor of a particle with a mass equivalent

diameter d .
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log

t

n

Fig. 14 The dynamic shape factor (K) as a function of the number

of primaries per aggregate (n) of sodium smoke, copper

oxide and uranium oxide. The solid line shows the best

fit of the proportionality between
F(.d

and n
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Obviously the ratio of K to F(d ) is almost proportional to the third
e

power root of n, the number of primaries per aggregate. The average
K —I /

ratio , < .n '3 equals 0.321 ± 0.034 which is almost idential with

the ratios found for U3O8 and Cu-oxide (0.317 ± 0.015, derived from

9 observations). This is surprising since it can be learned from Kops'

work 1221 that this ratio should increase with increasing particle size.

This discrepancy requires further investigation. Fig. 14 illustrates

the nice fit between the sodium smoke data and the previously obtained

results for U3O8 and Cu-oxide.

So it can be concluded that the sodium smoke particles behave

aerodynamically like the well-studied solid aggregates of the aerosols

of U3O8» Cu-oxide and Fe-oxide. This conclusion is also in agreement

with the morphological observations reported above.

2. Penetration measurements

Penetration studies of sodium smoke particles have been performed on

three types of model leaks:

- a stainless steel minitube with an internal diameter of 1 mm and a

length of 10 cm.

- 4 parallel stainless steel minitubes with an internal diameter of

0.6 mm and a length of 10 cm each.

- 13 parallel stainless steel minitubes with an internal diameter of

0.2 mm and a length of 1 cm each.

These model leaks have been connected to the aerosol vessel which has

been pressurized up to various levels. The penetration values have

been determined by measuring the number concentrations inside the

vessel and at the outlet of these model leaks. The leak rate

characteristics of these model leaks have been determined by means of

the leak flow rate system described in the previous quarterly report.

These leak rate characteristics are presented in Fig. 15. For comparison

the leak rate characteristic of an artificially cracked concrete

cylinder used previously for aerosol penetration measurements |27| is

shown. It was intended to get model leaks with leak rate characteristics

similar to that of the concrete cylinder. The maximum capacity of about

100 cm^ s""1 of the leak flow rate system limited the choice of model

leaks so far.
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Fig. 15 Gas flow rate (q) as a function of the pressure drop

(Ap) across the model leaks (1-3) and the concrete

cylinder with an artificially made crack (4).
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Th e penetration measurements of sodium smoke through the model leaks

resulted in penetrations of almost 100%; hence, no significant particle

loss occurred in the minitubes. The penetration measurements of

polystyrene spheres with a diameter of 0.8 um through concrete cylinders

performed earlier under similar conditions showed penetrations of about

20%. The great difference in penetrations cannot be explained by the

different aerosol particles, nor qua size, neither qua shape, as the

relevant particle sizes (the aerodynamic diameter) are almost identical

and as the sodium smoke particles have considerably larger spatial

dimensions which should have led to lower penetration values through

the model leaks. The conclusion could be that the properties of the

surface of the leak channels through the concrete cylinder are much

more appropriate for the removal of aerosol particles, probably because

the degree of turbulence as wel as the surface area available for

deposition is larger in the case of the cracked concrete cylinders.
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VI. HEAT TRANSFER AND HYDRAULICS

For the design of a safe and economical fast breeder reactor it is

necessary to dispose of an accurate knowledge of the heat transfer and

hydraulic phenomena in fuel rod bundles. The ECN research which aims

to obtain this knowledge is therefore devoted to Code-Development and

Boiling Experiments.

The Code-Development comprises two projects:

- A project concerning the development of a thermohydraulic computer

code (VITESSE), based on a local approach, to determine 3-dimensional

temperature and flow fields of incompressible fluids in fuel rod

bundles under turbulent flow conditions. The VITESSE code is based on

the finite element technique and aims to predict temperature and flow

patterns in ungridded i.e. bare bundles (fully developed flow) and in

gridded bundles (developing flow). The developed models are validated

and verified by experiments at ECN and KfK.

In this period soft-ware has been developed to solve the Navier-Stokes

equations at turbulent flow conditions. The definition of a flow-field

problem results in a set of non-linear algebraic equations. These have

been solved succesfully by applying two iteration methods: the

successive substitution and the Newton-Raphson method. Numerical

solutions have been obtained for a stationary turbulent flow field

between parallel plates. This work will be continued.

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

with experimental results of another ECN project concerning the
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measurement of hydraulic transport phenomena in simulated fuel rod

bundles. In order to achieve the needed hydraulic transport data and

to ameliorate the current knowledge in this field hydraulic experiments

are being performed in well defined geometries using the high

resolution Laser Doppler Anemometry. The measurements will be carried

out in different test-sections simulating fuel rod assemblies in which

fully developed and developing turbulent flow situations can be

generated.

A new test-section with a rectangular channel has been installed in a

water-loop and a start has been made to test the performance of this

test-section. Experiments will be performed to measure the development

of the turbulent flow starting at the inlet of the test-section as

well as the flow distribution in the neighbourhood of an obstruction

in the channel.

The ECN work on Boiling Experiments concerns the common project of ECN

and KfK on Local Boiling. The aim of this project is to gain information

on the consequences of postulated flow blockages in a fuel element of

the SNR-300 Mark 1A core. The presence of flow blockages of sufficient

size causes flow reduction and thus a reduced cooling of the fuel pins

and may lead to local boiling dependent on the circumstances. As a

result dryout of the cladding and possible subsequent fuel pin damage

and damage propagation in the fuel subassembly may occur. It is

therefore considered necessary to be able to detect flow blockages and

local boiling in an early stage during reactor operation. The

experiments have been carried out in two 60-degree testbundles, each

simulating a sixth part of a fuel element having a flat, central and

non-heat generating flow blockage of resp. 68.5 and 34.5%. The results

of the local boiling experiments at various different circumstances are

compared with model-calculations.

1. ECN/KfK Local Boiling Experiments

(J.R.C. Maarleveld, J.E. de Vries)

During a number of two-phase experiments performed in both testbundles,

boiling of the sodium coolant has been allowed to progress to the

onset of dryout. In all cases a certain margin from start boiling to
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dryout has been observed. This margin depends upon the thermohydraulic

conditions like pressure, flow-rate and heat-flux and also upon the

momentary prevailing boiling regime. Apart from the "subcooled-

nucleate-boiling" regime with low void fractions in the boiling

coolant (under mild boiling conditions), two main boiling regimes have

been observed. During the "oscillatory-boiling" regime the vapour

volume oscillates with a certain frequency and during the "steady-

boiling" regime the vapour volume stays more or less constant.

The boiling mode depends again on the thermohydraulic conditions

mentioned above. In general it has been found that the oscillatory

motions of the boundaries between the two-phase mixture and the

surrounding liquid coolant cause to increase entrainment of the sub-

cooled liquid into the disturbed flow area and that the oscillations

tend to increase the margin to dryout. This remark may make clear that

it is desirable to find criteria by which the boiling regimes are

governed in order to deduce general dryout correlations from the

experimentally obtained dryout data.

In this quarter attention has been given to the dryout margins

obtained from experiments in the second test bundle with the 34.5%

blockage.

Assuming that no mass flow redistribution occurs in the disturbed flow

area by voiding, the vapour quality and axial length of the two-phase

flow can be calculated approximately. Due to the high value of the

density ratio of liquid sodium to its saturated vapour the two-phase

flow is dominated by annular flow under dryout conditions. Applying a

"one-dimensional convective boiling model", relatively high vapour

flow rates up to 200 m.s"1 have been calculated for dryout conditions.

The vapour flow rate is calculated from:

a .% ,.<f>"
v vap p .a .

vap c
(m.s-1) (2)

where a = the pin surface area per unit of volume

£„ h = the axial length of the two-phase zone

<i>" = the heat flux at the pin surface

p = the density of the coolant vapour

a = the coolant volume per unit of volume

h = the latent heat of vaporization per unit of coolant-mass
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Examining the calculated vapour flow rates during all the two-phase

experiments at maximum boiling intensity, it has been found that

dryout occurred mostly when the vapour velocities exceeded the value

of approximately 100 m.s"1.

Based upon the experimental work of Kutateladze |28|, Fauske postulated

that different kinds of disturbancies (stable versus unstable) in

liquid metal separated flow systems can be predicted by a stability

constant representing the ratio of the dynamic interfacial forces and

the surface tension forces |29|. When this is applied to the two-phase

annular flow this stability constant becomes:

where g = the gravitational constant

a = the surface tension

p.. . = the density of the coolant liquid

The substitution of the vapour velocities calculated in equation (2)

gives K-values exceeding 6 in case of the onset of dryout. Comparing

this value with the data given in |29| it is suggested that a break-up

of the liquid film surrounding the pin surfaces by the increasing

vapour flow might be the governing cause for the onset of dryout.

Analyzing the KNS-experiments Clare used a slightly different model.

In his "two-phase mixture model" 130j it is also supposed that dryout

is caused by interactions between the liquid film and the vapour flow

however, there are two essential differences with the "one-dimensional

convective boiling model" applied here. In the "two-phase mixture model"

the total liquid-two-phase interface acts as a condensation surface and

film flooding is supposed to cause dryout. The two models will be

compared in more detail in the future.
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