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Results of capture cross section adjustments of the Nd isotopes and
ltt7Pm are reviewed. Results of the in-pile canning failure experiment

R54-F37 are compared with those of R54-F26 and R54-F42; progress is

reported on the preparations being made for the HFR-TOP transient

overpower experiments on irradiated fuel pins. Recently commenced

thermo-chemical investigations on the intermetallic compounds URU3,

URh3 and UPd3 are discussed. The residual high-rate tensile ductility

of stainless steel DIN 1.4948 measured after having applied various

creep and fatigue damage fractions and results of tensile tests on

post-low-cycle fatigue treated irradiated and non-irradiated DIN 1.4948

are given. Results of gas leak rate and aerosol penetration measure-

ments on concrete specimens with artificially made cracks are reported

on. Development of hydraulic computer codes, heat transfer measure-

ments in the vicinity of grid-type spacers, planned Laser Doppler

Anemometer measurements in a four-rod bundle and results of boiling

experiments and temperature noise measurements behind a 34% blockage

of a 28-rod bundle are discussed.
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GENERAL

This progress report summarizes the fast reactor research carried out

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

quarters of 1978. 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 understanding signed by the research centres.

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

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

six items:

- A programme to determine relevant fission-product nuclear data;

- 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 steel 1.4948 due to fast neutron doses; this material has

been used in the manufacture of the reactor vessel and its internal

components;



-8-

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 tast reactor core. As

fast breeders operate at high power densities, an accurate knowledge

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

conditions is sought.
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I. NUCLEAR DATA FOR REACTORS

(H. Gruppelaar)

FPND

The programme of the fission product nuclear data project (FPND)

consists mainly of an evaluation of the neutron cross sections of a

large number of fission-product nuclides, including adjustments of

capture cross sections to fit available integral data. Results of

about 43 nuclides are now at our disposal |l-4|. These nuclides

account for approx. 82% of the capture rate of the gross fission-

product mixture in a fast breeder reactor. In this connection, the

results of capture cross section adjustments of the Nd isotopes and
147Pm are reviewed. All the adjusted data have been used to compose

new pseudo-fission-product group cross sections |5| for application

in the calculations related to the proposed SNR-2 reactor. Other FPND

work performed in the past period concerns the calculation of adjusted

capture cross sections of some natural elements. These data will be

included in the new KFK-INR-2 group constant library which is being

compiled at KfK, Karlsruhe.

CPND

A new project, corrosion-product nuclear data (CPND), has recently been

set up. It consists of an evaluation of mainly activation cross

sections of nuclides in the primary cooling circuit of a fast breeder



Table 1. Comparison of experimental, calculated and adjusted normalized capture reactivity effects
of some samples measured in STEK.

a)

Sample Core

142Nd 4000
3000
2000
1000
500

lt|3Nd 4000
3000
2000
1000
500

1'*'*Nd 4000
3000
2000
1000
500

145Nd 4000
3000
2000
1000
500

Exp. (A%)

-0.038(22)
-0.029(31)
-0.020(55)
-0.023(64)
-0.021(90)
-0.37 ( 3)
-0.32 ( 4)
-0.31 ( 5)
-0.26 ( 7)
-0.16 (14)
-0.083(12)
-0.080(16)
-0.075(21)
-0.069(29)
-0.040(61)
-0.57 ( 3)
-0.54 ( 4)
-0.51 ( 5)
-0.44 ( 7)
-0.27 (14)

Calc. (A%)

-0.049(
-0.050(
-0.052(
-0.055(1

6)
8)
9)
12)

-0.058(15)
-0.39 (
-0.34 (
-0.32 (
-0.28 (
-0.22 (
-0.081(
-0.082(
-0.081(
-0.074(

5)
5)
6)
7)
9)
5)
6)
7)
9)

-0.061(13)
-0.55 (
-0.51 (
-0.49 (
-0.42 (

5)
5)
6)
7)

-0.31 (10)

Adj. (A%)

-0.045(
-0.044(

6)
8)

-0.044(10)
-0.045(13)
-0.044(18)
-0.38 (
-0.33 (
-0.30 (
-0.26 (
-0.20 (
-0.082(
-0.083(
-0.081(
-0.072(

3)
4)
4)
6)
8)
5)
6)
7)
9)

-0.059(13)
-0.58 (
-0.54 (
-0.51 (
-0.44 (
-0.33 (

3)
4)
4)
6)
8)

Sample Core

ll46Nd 4000
3000
2000
1000
'.00

ltt8Nd 4000
3000
2000
1000
500

150Nd 4000
3000
2000
1000
500

Nd 4000
(na- 3000
tural) 2000

1000
500

Exp. (A%)

-0.076(14)
-0.077(19)
-0.076(24)
-0.067(37)
-0.062(49)
-0.13 ( 9)
-0.14 (11)
-0.12 (17)
-0.11 (24)
-0.101(34)
-0.13(10)
-0.13 (14)
-0.13 (17)
-0. 11 (25)
-0.078(46)
-0.20 ( 3)
-0.18 ( 4)
-0.17 ( 4)
-0.14 ( 6)
-0.088(11)

Calc. (A

-0.075(
-0.081(
-0.083(
-0.083(1

%)

6)
7)
8)
0

-0.077(15)
-0.16 (
-0.16 (
-0.15 (
-0.13 (
-0.096(1
-0.13 (
-0.14 (
-0.14 (
-0.13 (
-0.11 (1
-0.21 (
-0.19 (
-0.18 (
-0.15 (
-0.12 (

5)
6)
6)
8)
1)
8)
8)
8)
9)
1)
2)
2)
3)
3)
5)

Adj. (A%)

-0.074(
-0.080(
-0.082(
-0.082(
-0.075(
-0.14 (
-0.14 (
-0.14 (
-0.12 (
-0.093(
-0.12 (
-0.13 (
-0.13 (
-0.12 (
-0.10 (
-0.20 (
-0.19 (
-0.17 (
-0.15 (
-0.11 (

4)
5)
5)
7)
9)
4)
4)
4)
5)
8)
5)
5)
6)
7)
9)
2)
2)
3)
3)
5)

Normalized central reactivity worths rc=p/po, see definition in |io|, corrected for scattering effects.
The total number of data used in the adjustment calculation was about twice as many.

I

o

Table 2. Comparison of experimental, calculated and adjusted average activation ratiosa^ measured in CFRMF

Sample Exp. (A%) Calc. (A%) Adj. (A%) Sample Exp. (A%) Calc. (A%) Adj.

llf8Nd
0.042(14)
0.069( 9)

0.043(18)
0.070(12)

0.042(11)
0.067( 8)

150Nd 0.061(21) 0.076(10) 0.071( 9)

a) Ratio <0nY>/<0f(
235U)> from Ref. |ll|, corrected for self-shielding.
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reactor. These cross sections were required ) for the purpose of

calculating the radioactivity of the components in the coolant, i.e.

activated corrosion products, coolant impurities and cover-gas nuclides.

The work on this project has just started with the evaluation of the

neutron cross sections of 6l*Zn. Results will be reported in the next

quarterly progress report.

Theoretical work, relevant to both projects, is the study on pre-

equilibrivm nuclear models. The initial study by Luider |6| has

recently been taken over by Akkermans. A code to calculate the angular

distribution of emitted particles is being developed.

Publications

A review of the FPND work covering the period 1976/1977 has been

published in Dutch |7|. Recent results on Nd isotopes have been

reported in a conference paper |8|. More comprehensive reports on

these results (Vol. _3 of Ref. |l|, Vol. _3 of Ref. |3| and Vol. _2 of

Ref. |A|) as well as on the pseudo-fission products \5\ are in

preparation.

1. Adjustments of cross sections

\

(J.W.M. Dekker, H. Gruppelaar, A.J. Janssen and H.Ch. Rieffe)

Group constants for l.«,^3,l«t»f,145,l't6,148,150Nd and natural Nd,

obtained from the RCN-2 evaluation (See previous progress report |9|)

have been used in an adjustment calculation to fit integral STEK |10|

and CFRMF |11[ data by means of a least-squares method. Recently

reported EBR-2 irradiation measurements |12| will be used in a later

stage of this work. A total of nineteen STEK samples was taken into

account in the intercomparison and adjustment. The isotopic

compositions of the Nd£O3 samples are given in Ref. |10 J together with

) Required by Interatom, Bergisch Gladbach, W. Germany.
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their normalized ) reactivity worths r in five reactor cores, viz.

STEK-4000, 3000, 2000, 1000 and 500 taken in order of increasing

neutron spectrum hardness. These values were corrected for calculated

effects of neutron scattering and contributions from oxygen. The

results of those samples with the smallest statistical errors are given

in Table 1. In the adjustment calculation about twice as many worths

(89 in total) were used.

The CFRMF data listed in Table 2 are the average activation cross

sections of !1+6»l't8,150̂ ]cj divided by the average
 235U fission cross

section 111 | . A small correction for resonance self-shielding was

applied to these ratios. The experimental values are listed in

Table 2 together with values calculated from the E.CN-2 evaluation

(235U fission cross section from ENDF/B-IV), using the CFRMF neutron

flux spectrum 111 | . The CFRMF spectrum is rather hard and is comparable

with that of STEK-500 or 1000.

Some results of the adjustment of 26-group constants of Nd isotopes

and natural Nd drawn from 92 integral experimental data are given in

the last columns of Tables 1 and 2. The normalized value of x̂ > equal

to 1.02, indicates a good consistency. Adjusted model parameters S^

(p-wave strength function), T (average capture width) and D , (mean

s-wave level spacing) have been used to recalculate the capture cross

sections (RCN-2A) as seen by the dashed curves in Figs. 1 and 2. The

RCN-2A curve for 147Nd was obtained from a model calculation using

parameters from adjusted systematics.

From Table 1 it follows that there is a serious discrepancy between

experimental and calculated worths for ll+2Nd. Nevertheless, the

adjusted llt2Nd worths are close to those calculated. This is due to

the small uncertainties in the evaluated data. For all the other

isotopes there is a rather good consistency between experimental and

calculated worths in the softest STEK cores (3000 and 4000), but the

experimental worths are on the whole lower (in absolute value) than

the calculated and adjusted worths in the hardest STEK cores (500 and

.1000). This applies particularly to the even-mass isotopes. This

*) See definition of rexp = p/p in Ref. llOl.
c o ' •
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Fig. 1 Comparison of evaluated capture cross sections of 1 4 2 , 1 4 3 , t 4 4 , 1 4 5 Nd obtained from the RCN-2

(solid curve), RCN-2A (dashed curve) and ENDF/B- IV (dot-dashed curve) libraries with experimental

data measured at ORELA (Mu77) |13 | , RPI (Ho75b) |14| , FEI (Ko77a) |15| and other institutes |16| .



Fig. 2 Comparison of evaluated capture cross sections of U 6 , 1 4 7 , U 8 , 1 M N d with relevant experimental data.

See caption of Fig. 1 for explanation of symbols. There is no difference between the RCN—2 and RCN—2A

curves f o r 1 4 8 Nd.
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observation supports those values of the RCN-2 (and RCN-2A) capture

cross sections in the resolved resonance range and immediately above

it (up to about 50 keV) . It also seems to indicate that at higher

energies the capture cross sections should be much lower, especially

for the majority of even isotopes. The adjustments, however, are not

so large, partly because of correlations between low and high-energy

capture cross sections and partly (for l'+ß, 148,150^) because the

activation data in the rather hard CFRMF spectrum are in good agreement

with the calculations. Therefore, it is more likely that the inelastic

scattering corrections to the experimental reactivity worths are

systematically too small. This could be ascribed to an underestimation

of a i due to the neglect of direct scattering to low-lying collective

states |l7|. Preliminary calculations with a semi-empirical direct

component added to the excitation functions of the first four excited

states of 1I+1*N-i yielded the following corrected experimental capture

worths for m N d : -0.089 (STEK-4000), -0.069 (STEK-1000) and -0.054

(STEK-500). The latter values are in much better agreement with the

calculated and adjusted worths. Evidently, the assumed large

uncertainty in the scattering correction (correlated over various

STEK cores) and the small uncertainty margins in a (correlated over

a large energy range) have prevented large negative adjustments in a

at high energies. Therefore, in spite of possible shortcomings in the

applied scattering corrections, the adjusted data seem to be a

justified compromise between evaluated and integral data from which

can be concluded that the RCN-2A capture cross sections are to be

recommended for use in reactor calculations. The average capture cross

sections of the Nd isotopes in a fast breeder reactor spectrum

(SNR-300) have been taken as an example and are given in Table 3.

This work has been reported in Ref. |8|. More comprehensive reports

are to be issued in Vol. 2 of Ref. J 31 and Vol. 2_ of Ref. |4|.

(J.W.M. Dekker, J.J. Janssen, H.Ch. Rieffe)

Three Pm2C>3 samples have been oscillated in each of the five STEK cores

|l0|. Due to radioactive decay these samples also contained a large

fraction of ll+7Sm. Therefore, STEK samples highly enriched in ltt7Sm



-16-

Table 3. Average capture cross sections (in b) and their standard

deviations for stable Nd isotopes, natural Nd and ll|7Pm

(SNR-300 flux spectrum)

Nuclide

11+2Nd
ll>3Nd

^ N d
l l t 5 Nd
l l t 6 Nd
1 4 8 Nd

150 N d

n a t N d
1 4 7 Pm

RCN-2
(unadjusted)

0.052(17%)

0.324(8%)

0.072(14%)

0.460(9%)

0.093(15%)

0.140(11%)

0.175(10%)

0.143(4%)

1.04 (19%)

RCN-2A (adjus ted)

(STEK)

0.041(20%)

0.302(7%)

0.071(14%)

0.477(7%)

0.090(15%)

0.133(11%)

0.169(19%)

0.137(5%)

1.30 (8%)

(CFRMF)

-

-

-

-

0.092(10%)

0.139(8%)

0.166(10%)

-

1.15 (12%)

(STEK+CFRMF)

0 .

0 .

0 .

0 .

1.

-

-

-

-

091(9%)

137(8%)

163(9%)

137(4%)

28 (7%)

ENDF/B-IV

0.040

0.300

0.093

0.331

0.126

0.181

0.220

-

1.25
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were included in the adjustment calculations. In addition, the result

of a measurement of the activation cross section of very pure -^'Pm in

CFRMF |11| was used. The above-mentioned integral data (14 measure-

ments of llt7Pm in STEK, one measurement of lh7?m in CFKMF and 22

measurements of 11|7Sm in STEK) have been used in adjusting the RCN-2

capture group constants of 11+7Pm and ll*7Sm. The results show that the

average capture cross section of lt|7Pm of the adjusted RCN-2A data set

is about 20% higher than the value before adjustment which is in

agreement with the ENDF/B-IV value, see Table 3. It is encouraging

to note that the adjustments in the capture cross section of ll47Sm

are almost identical with those obtained previously (Vol. 2_ of

Ref. |3|). The experimental, unadjusted and adjusted values of the

average activation cross section in CFRMF are 0.80±0.10 b,

0.7110.15 b and O.86±O.1O b, respectively. These results will be

reported in Vol. _3 of Ref. |3| and Vol. 1_ of Ref. |4|.

^i3i_Fission-£roduct_grou2_constants_for_SNR-2

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

The adjusted RCN-2A group constants reported in Refs. [3, 4| have been

calculated in a 26-group structure using the group weighting function

defined for the KFK-INR-1 set |l8|. Meanwhile, a second version of

the KFK-INR-set (for SNR-2 design calculations) is being prepared at

KfK |l9|. In order to be in line with this data set we have used the

KFK-INR-2 weighting function to recalculate, from the microscopic

RCN-2 library, the group constants for all fission products. These

RCN-2-SNR-2 group constants have been used to correct the adjusted

RCN-2A group constants for weighting spectrum differences. In this

way the version RCN-2A-SNR-2 was obtained which is recommended for

calculations of fission products in SNR-2. This new group constant

set is based upon adjustments in STEK or STEK + CFRMF.

Since the new weighting function is Maxwellian in group 26 and

proportional to 1/E for energies up to 100 eV, some attention was

paid to the thermal capture cross sections and resonance integrals.

Reported adjustments |3, 4| in the groups with lowest neutron energies

are not very significant. Therefore, adjustments in groups at energies
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below the first resonance have been suppressed. The calculated values

of the thermal capture cross sections are in agreement with a2200 ^"/2

(02200 is the capture cross section at 2200 m.s" 1), except for the

non-1/v nuclides 11+9Sm and 151Sm. However, the capture resonance

integrals calculated from RCN-2A-SNR-2 with the approximate expression

I = I aSAu8 (a8 is capture group constant, AuS is lethargy width)

include small adjustments.

The recommended RCN-2A-SNR-2 set is used to calculate adjusted capture

cross sections of natural elements in the fission-product mass range.

These data will be included in the new KFK-INR-2 data set.

For the calculation of pseudo-fission products (See Section 2)

26-group constants of about 120 nuclides have been calculated from

ENDF/B-IV. These data have all been obtained with the new KFK-INR-2

group weighting function. Pseudo-fission product group constants at

a burn-up of about 50 MWd.kg"1 will be included in the new KFK-INR-2

set.

2. Pseudo-fission products for SNR-2

(R.J. Heijboer, B.P.J. van den Bos, F. Lekkerkerk)

Zero-dimensional burn-up calculations have been performed at various

time steps for a reactor with a core composition representative of a

1300 MWe LMFBR (proposed SNR-2 core). In these calculations

90 isobaric mass chains of fission-product nuclides have been taken

into account which in total contain 162 nuclides. The fission yields

used were taken from a preliminary version of ENDF/B-V j 20 j- The

adopted cross section set for the fission products was the adjusted

RCN-2A-SNR-2 group constant set for 39 important nuclides supplemented

with group constants calculated from other libraries, mainly from

ENDF/B-IV. The complete fission-product mixture was separated into

five mixtures of fission products originating from the fissionable

nuclides 2 3 5U, 2 3 8U, 239Pu, 2lf0Pu and 241Pu. Pseudo-fission product

group constants were derived for each of these heavy nuclides in nine

different time steps. The weighting function and 26-group structure

of this pseudo-product data set used are those of the new KFK-INR-2
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set |l9|. The group constants at a burn-up stage of about 50 MWd.kg"1

(heavy metal) will be included in the KFK-INR-2 set. About 82% of the

average capture cross section of the pseudo-fission products is

predicted from the RCN-2A-SNR-2 set which, as mentioned before, consists

of capture cross sections adjusted to STEK and CFRMF integral data.

Comparisons with results of calculations made in 1976 |2l| -in which

another fission yield set, capture cross section set and group weighting

function were used - reveal differences in the average capture cross

section of approx. -0.3%, +2.5% and +0.6%, respectively. So, the net

increase in the average capture in a pseudo-product is about 3%. This

is mainly due to the combined affect of the new cross section

evaluation and adjustment.

In the near future, further work on evaluation and adjustment of capture

cross sections for fission products will be performed at ECN. It is

expected that ultimately it will be possible to predict about 95% of the

average capture cross section of a pseudo-product from the RCN-2A-SNR-2

set.
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II. FUEL PERFORMANCE UNDER OVERLOAD CONDITIONS

1. Canning failure experiments

(H. Kwast)

Experiment R54-F37 was carried out after pre-irradiation of the fuel

pin up to approximately 30 MWd.kg"1 U02. The effective pin pressure

was 64 bar and the maximum midwall canning temperature about 1000 C.

Fuel pin failure occurred after nine minutes.

Figure 3 shows two neutronradiographs of the capsule after the

experiment. As can be seen failure took place at the top of the fuel

stack between 84 and 98% of its height. Experiment F37 has been

performed under practically the same conditions as experiments F26 and

F42 |22, 23| although the latter were carried out with fresh fuel pins.

Furthermore, the capsule of F42 was equipped with a slotted shroud

tube. Irradiation data and results are listed in Table 4.

When comparing the results of the fresh fuel pins F26 and F42 with the

pre-irradiated fuel pin F37 the time-to-failure of the latter is less

and the length of the clad failure is also less. Furthermore, no clad

melting was observed in F37.



Fig. 3 Neutronradiographs of capsule R54-F37. The failure area is indicated by an arrow.



Fig. 4 The heat exchanger to be used in the transient overpower experiments.



Fig. 5 Fuel pin and sodium temperatures versus time at axial position of maximum power (fuel vapouring not taken

into account). Power ramp 420-1800 W.cm~' in 0.5 s; pin diameter 7.6 mm; fuel enrichment 0.30; central

cavity diameter 0.0 mm; sodium temperatures T j n= 425°C and TQUt= 560°C.



Fig. 6 Radial power distribution in the fuel

Pin diameter 76 mm

Fuel enrichment rj.30

Nominal linear power 610 W. cm""1

Central cavity radii o.O and 0.566 mm

BF3 pressures 45 b a r (n o m i n a | ) a n d

1 bar (overpower)
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Table 4. Irradiation data and results of experiments R54-F26, F42

and F37

Experiment Nos. R54-F

Effective pin pressure

Midwall clad temperature

Burn-up

Type shroud tube

Time-to-failure

Length of clad failure

Clad melting

Location of ) - failure

- max. temperature

bar

°C

MWd.kg"1

min.

mm

7
/a

7/o

26

64

1010

0

closed

82

22

yes

43-70

56

42

64

986

0

slotted

65

19

yes

77-100

55

37

64

1000

30

closed

9

10

no

84-98

93

) as percentage of the height of the fuel stack

2. Transient overpower experiments

(A.M. Versteegh)

The heat exchanger (Fig. 4), as drawn in the second draft design of the

HFR-TOP facility, will be fabricated and tested in the Component Test

Facility (CTF). This sodium test circuit, made of incoloy 800, with an

electric power of 40 kW enabling operating at temperatures up to 900 C,

is now in use. The signals transmitted by the first component tested

in this circuit, a double permanent magnetic flow meter, were not

reliable. This was probably due to damage incurred somewhere during

transport. Further investigation will no doubt reveal the exact cause.

The asynchronous linear induction pump has now been built into the CTF

and is undergoing testing.

An impression of a typical temperature transient of the fuel pin

calculated with the SOTOP computer code |24| is given in Fig. 5 (fuel

vapouring is not taken into account). A calculated profile of the

radial power in the 30% enriched UO2 fuel is given in Fig. 6.
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The fabrication of a capsule to measure the power profiles in fuel pins

of various enrichments has been completed. Irradiation is scheduled

for the next quarter.

Fabrication of a capsule to test various in-core instruments has begun.

The following in-core equipment will be tested:

- a pressure transducer based on the principle of an impedance

variation caused by eddy currents induced in a conductive diaphragm

- a strain gauge pressure transducer (improved version of the one used

in the LOC experiments)

- a displacement transducer based on the measurement of voltages

induced in secondary coils

- an elongation transducer based on the measurement of an inductive

impedance variation

- three different cobalt self-powered neutron detectors

- four heater elements

- a number of thermocouples (from different manufacturers) and two

types of hot junctions

A new operating system has been installed on the computer of the data

collection system widening the facilities and making the system work

faster.
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III. ADVANCED FUELS

1. Thermochemical investigations on intermetallic uranium compounds

of the type

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

The noble metals ruthenium, rhodium and palladium produced during

fission may form intermetallic compounds with the uranium or plutonium

present in nuclear fuel. These compounds possess an exceptionally high

thermodynamic stability and may be the cause of a substantial loss of

uranium during recycling. The subject research aims at determining the

thermodynamic properties of the intermetallic compounds URU3, URti3 and

UPd3. For this purpose, chemically pure compounds are prepared and EMF

measurements performed using various electrolytic cells.

Considerable quantities of URI13 and URU3 (25 grams of each) have been

prepared and despatched to the University of Michigan, USA, to measure

their respective low-temperature heat capacities. The samples had

been washed in HNO3/H2O (1:1) to remove any remaining UO2.

It appears UPd3 samples cannot be washed in this way because of the

solubility of UPd3 in this medium. Furthermore, as opposed to URU3 and

URti3, EMF measurements on UPd3 cannot be performed because of the

*) Me = Ru, Rh and Pd
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reaction of UPd3 with Pd. Consequently, combustion calorimetry of

in fluorine will be performed. ANL, Argonne (USA), are willing to do

this for us. In total approx. 50 grams UPd3 vill be required for the

low-temperature heat-capacity measurements and for the determination of

the heat of formation by means of fluorine combustion calorimetry.

It was not possible to perform EMF measurements with an open cell of the

type Ni/Mo/Ni,NiF2/CaF2/URu3, UF3, Ru/Mo/Ni because the CaF2 pellets

were found to contain cracks. The use of a CaF2 crucible gives at

various temperatures a stable EMF over a long period. Only after some

18 days, the EMF becomes instable. This is due to the formation of a

thin layer of UF3 between the electrolyte and electrode.

EMF measurements with a cell Ni/W/Ni, NiF2/CaF2(crucible)/U,uF3/W/Ni

will be performed during the next quarter.
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IV. RADIATION DAMAGE IN THE SNR CONSTRUCTION STEEL DIN 1.4948

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

1. Testing

tensile_ductilitY_measured_after_cree2_fatigue

interaction

Following the results of high-rate tensile tests after creep or fatigue

given in Ref. ]25|, results of high-rate tensile deformation after

introduction of equal creep and fatigue damage fractions have been

obtained. The results for the parent metal at 823 K are shown in

Fig. 7 and Table 5. Figure 7 shows clearly that the introduction of

equal fractions of creep and fatigue damage results in a decrease of

elongation such as would be expected if the total damage consisted

of creep damage only. With a total damage fraction of 1.0, a high-

strain rate tensile ductility of approx. 10% is left.

2^2.We1dsimulati on

The weld simulator for the helium embrittlement experiments has been

overhauled. Temperature profiles, representative of real weld

conditions, were then run through with success. Specimens of 12.5 mm

in diameter and 100 mm free length can be melted in 40 s (heat rate

about 40 K s"1). In due course three times as high a heating rate will

be possible. Radial temperature gradients were measured and these were
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found to be less than 50 K. The axial temperature gradient along the

gauge length, i.e. 46 mm of the total specimen length of 100 mm, will

be maximally 50 K. Provided more heat input data becomes available

from Interatom, it is expected three batches of 20 "raw" specimens

will be produced during the next quarter.

2_13JL_Low-strain rate tensile_testing_after_low-cy_cle fatigue

conditioning

The purpose of this programme was to measure the influence of

irradiation and a low-cycle fatigue treatment prior to •'. rradiation on

the tensile ductility of the stainless steel 1.4948 at 823 K and a

tensile strain rate of 3 x 1O~5 s"1.

The influence of the fatigue treatment becomes significant after about

70% of the total fatigue life, expressed by N/Nc =0.7 where N is the

number of pre-fatigue cycles and N is the number of cycles to

failure. At that stage (after 70%), the coalescence of microcracks

leads to a rapid decrease of the ductility. Irradiation-induced

embrittlement exists over the entire N/N range (Fig. 8). The loss of

ductility is 16% which is equivalent to the values measured for

N/N,. = 0 in pure tensile testing.

J_̂ 4._High-cy_cle fatigue_testing

Normal low-cycle fatigue testing is performed under strain control.

Fatigue testing with strain ranges Ae « 0.6% becomes difficult

because of instabilities of the extensometer. Nevertheless, there

is a need for fatigue data in the lower Ae range to produce high N

data. A value of particular interest is the fatigue limit., i.e. the

maximum load amplitude at which no failure occurs. To obtain this

value, a high-cycle fatigue testing programme is being set up in which

irradiated and reference specimens will be tested under load control.

So far, only experiments on reference specimens have been performed.

These indicate a fatigue limit of about 150 MPa.
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Table 5 Percentage t e n s i l e d u c t i l i t y of s t a i n l e s s s t e e l DIN 1.4948

After creep

(creep damage only)

Fraction —

0.03

0.07

0.27

0.31

0.37

0.57

0.59

0.91

Elongation

!%]

42

41

38

32

32

24

21

19

After fatigue

(fatigue damage only)

Fraction —
f

0.00

0.20

0.50

0.70

0.81

0.80

Elongation

l%l

53

43

43

36

25

21

After creep-fatigue

^t~ = ¥T
r f

Fraction

fcr Nf

0.001

0.07

0.15

0.23

0.47

0.56

0.81

1.08

creep and

fatigue)

Elongation

1*1

38

39

36

37

31

26

17

9

BASE METAL at 823 K
REFERENCE CONDITION

CREEP-FATIGUE

FATIGUE

-•€>— CREEP

i i i I i i i I
0 O.1 0.5

DAMAGE FRACTION

Fig. 7 The residual high-rate tensile ductility of DIN 1.4948 at 823 K after various fractions of creep and fatigue damage.



Fig. 8 Ductility after LCF.
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temperature

Centrally-cracked flat specimens have been irradiated in the HFR at a

temperature of 333 K up to 5 x 1024 n.m~2 (E > 0.1 MeV). In load-

controlled fatigue tests the fatigue crack growth rate da/dn is

measured as a function of the stress intensity factor range AK and the

R value (R = ^

A comparison of the results with those of a previous programme on

unirradiated specimens |26| indicates that after irradiation da/dn is

lowered by a factor between 2 and 3. In due course, an attempt will

be made to give an explanation of this effect in terms of crack-tip

plasticity and crack closure.

Fracture toughness tests have been performed on five centrally-cracked

flat specimens (DIN 1.4948) at room temperature. An analysis of the

results will be carried out with emphasis on elasto-plastic parameters

such as Crack-Tip Opening Displacement (CTOD), Crack-Tip Opening

Angle (CTOA) and the J integral.

2. Investigation on crack growth parameters in the elasto-plastic

region

(J. Prij)

During this period the first part of the programme was terminated with

an interim report. In this report the work performed was summarized

and further activities suggested.

Following the presentation of a paper in San Fransisco |27[, a detailed

three-dimensional finite element analysis of a centrally-cracked

specimen was begun. The experience up till now seems to confirm that

the MARC programme, used in the previous analyses, is not very efficient

for this kind of large three-dimensional problem. Therefore, an attempt

will be made to develop a more efficient programme.
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V. AEROSOL RESEARCH

(J.F. van de Vate)

Gas leak rate measurements have been performed on solid concrete

specimens prepared to reactor containment specification. This was

followed by gas leak rate and aerosol penetration measurements on

concrete specimens with artificially made cracks.

1. Gas flow through solid concrete

The leak rate of air through concrete cylinders has been investigated

by recording the pressure decrease in an airtight vessel sealed by the

concrete cylinder under test. The concrete cylinders were delivered

by Hoch Tief Cy, Essen, W. Germany |9|. Of this batch, three cylinders

of various lenghts, viz. 31 mm, 65 mm and 134 mm, were used. Table 6

summarizes the measured data. These data are normalized to leak rates

for a standard concrete reactor containment of 101* m3 volume, 10 m

wall surface area and 1 m wall thickness assuming the leak rate to be

proportional to the ratio of overpressure to wall thickness. These

normalized leak rates are represented in italics in Table 6 and are

expressed in 10~3 vol.% per day per mbar overpressure. Obviously, the

assumptions made above are correct. The slight deviations at leak

rates below 50 cm3 h"1 are due to the difficulty in measuring such low

flow rates. The results show that a normalized leak rate for the

standard containment is about 10~3 vol.% per day. This is outside the
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Table 6 Air leak rate (cm3 h 1) through concrete cylinders of 153.5

diameter and length 1.

iran

1

(mm)

31

65

134

50

113

47

22

mbar

(0.90)*

(0.80)

(0.76)

100

229

100

47

mbar

(0.92)

(0.84)

(0.82)

200

468

211

100

mbar

(0.94)

(0.89)

(0.87)

400

942

445

217

mbar

(0.95)

(0.94)

(0.94)

The calculated leak rates in 10 ä vol % per day per mbar over-

pressure and per m vail thickness are given in italics for a concrete

building with a wall surface area of 103 m2 and volume 101* m3.

\



-36-

range of 5 x 10 "* to 9 x 10 ^ vol„% per day obtained by Atomics

International in their experimental study on concrete slabs |28|.

When SFg tracer gas was used, it could be established that no leakage

occurred other than at the open end surface of the concrete test

cylinder. This surface did not show any local leak points.

Further leak tests on aging concrete show that after three months the

leak rate increases by about 40%.

2. Experiments on cracks in concrete

The experiments on the aerosol penetration through artificial cracks

in concrete cylinders were continued. Two cylinders were provided

with a central crack of fixed width as described in the previous

quarterly report |9| and tested with 1,1 p diameter polystyrene

spheres. In addition, penetration tests were carried out on one of

these two cylinders using 0.82 urn diameter spheres. A third cylinder

was also split into two halves and provided with two longitudinal

grooves. This time the grooves were filled with closed-cell rubber

slabs and the two halves put together again. By this method the sides

of the crack also became airtight. By application of various pressures

on the two halves the crack width could be varied. The crack width

after applying the maximum force was arbitrarily fixed at "0" mm. The

crack widths investigated were "0 mm", 0.15 mm and 0.25 mm.

Figures 9, 10 and 11 represent the experimental results on gas leakage

and aerosol penetration of the three above-mentioned concrete cylinders.

1 I

2_1J_i_Gas_f low_through_cracks_in_concrete

From the gas leakage data (Fig. 9) it may be concluded that the

variation in leakage characteristics between the "0 mm" cracks of the

first three experiments is comparable with the effect on varying the

width of the crack of the third cylinder.

As was to be expected, increasing the crack width leads to

significantly higher leak rates. Apart from the low and high q

regions, the q(Ap) plots show straight lines. The deviation at

higher q values is a measuring artefact which probably disappears when



Fig. 9 Gas flow rate q (in cm3 s ') as a function of pressure drop Ap (in mbars) across cracks introduced in concrete

cylinders. Here m/a means : gas flowing through a crack of a mm width of cylinder m.



Fig. 10 Aerosol penetration P of 1.1 /im polystyrene spheres as a function of Fig. 11 Aerosol penetration P of polystyrene spheres as a function of pressure

pressure drop Ap (in mbars) across a cracked concrete cylinder. drop Ap (in mbars) across concrete cylinders with cracks of various widths.

Here m/a/b means : particles of b /im through a crack of a mm Here m/a/b means : particles of b ßm through a crack of a mm width of

width of cylinder m. cylinder m.
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the gas flow rate is measured directly. The low q anomaly cannot be

explained. The slope of the q(Ap) plot in the intermediate range

suggests a mixed turbulent/laminar flow through the cracks. Probably,

this is due to the ihree-dimensional character of the cracks; hydro-

dynamically a crack can be considered to be a three-dimensional

network of turbulent and laminar channels placed parallel and in series.

2i2i_Aerosol_£enetration_ )_ 2£_££S£^£_iS_£2B5Ie£e

Experimental results

Figure 10 shows the experimental results of 1.1 ym diameter polystyrene

spheres on penetrating "0 mm" cracks in the three aforesaid concrete

cylinders. The results show considerable scatter, comparable to the

flow rate scatter, between the three cylinders. The effect of

variation in the crack width ("0 mm" to 0.25 mm) is within this range.

Apart from some cases in the lower P region, the plots show straight

lines. This applies particularly to Fig. 11 which represents the

results of various sized particles on penetrating cracks of different

widths in the third cylinder. A detailed analysis of the observations

has revealed that for small P values the deviation depends on the

aerosol number concentration, i.e. the higher the concentration the

smaller the deviation of the straight line. This is understandable if

one considers the influence of the fine concrete particles |9|, which

appear at high gas flow rates, on the aerosol particle counter.

Theory

Provisionally using Liu's theory on aerosol deposition in a turbulent

pipe flow |29, 30|, the aerosol penetration can be related to the

various parameters. Liu has derived and confirmed experimentally that

aerosol deposition in turbulent flow is governed by:

V + - c l T J (1)

where V = dimensionless deposition velocity

T = dimensionless particle relaxation time (See Eq. (6))

ex = 6 x )0~k

) Penetration P is defined as the ratio of the aerosol number
concentration leaving the crack to that entering the crack |9|
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Table 7 Aerosol penetration of variable crack in concrete

test cylinder No. 3

Experiment

(See Fig. 12)

3/.15/.5

3/.15/.8

3/.15/1

3/.15/.5

3/.15/.8

3/.15/1

3/.15/.5

3/.15/.8

3/.15/1

3/.25/.8

3/.25/1

3/.25/.8

3/.25/1

3/,25/.8

3/.25/1

Crack
width
(nr.n)

.15

.15

.15

.15

.15

.15

.15

.15

.15

.25

.25

.25

.25

.25

.25

Ap

(mbar)

30

30

30

60

60

60

90

90

90

30

30

60

60

90

90

P

.87

.74

.43

.73

.40

.701

.55

.17

.030

.73

.27

.30

.031

.11

.0044

d

(ym)

.48

.82

1.1

.48

.82

1.1

.48

.82

1.1

.82

i.i

.82

1.1

.82

1.1

d"

1.13

.29

.25

2.56

.88

.78

4.85

1.73

1.04

.30

.39

1.17

1.03

2.16

1.61

\
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and:

V + = c2 V (2)

where V = aerosol deposition velocity

C 2 = - Lv*

(v is the so-called friction velocity, see below)

According to Liu |29|:

V = c3 ln(i) (3)

where P = aerosol penetration
= _Q_

C3 7TDL
Q = flow rate

D = internal diameter of the leak path

L = leak path length

T + = C^T (4)

p d2F
where T = — 7 ^ — (= particle relaxation time)

1 on

p = particle density

d = particle diameter

F = slip correction factor
n = gas viscosity

v2pg

p = gas density

Substitution of Eqs. (4), (5) and (6) in Eq. (3) and rearrangement

yields:

, CiC? v^ p2p2
In (1) = — 1 T 2 = 5.8 x 10"6 DL -^ F2 d" (5)

The observations on aerosol penetration can be analyzed by means of

Eq. (7) even though v is unknown. Probably, in future, v can be

substituted by other known variables using the approach whereby v

is related to the average gas velocity v by:

irD2
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Here f = the friction factor, which can be calculated for a rough leak

path according to Chivers and Manning |31| from:

1 (7)
(4.5 log(||) - 2.5)

where W = crack width (vertical dimension of a leak path)

Ra = surface roughness of the crack

Analysis of penetration data

A preliminary analysis of the initial observations on aerosol

penetration can be made using Eq. (7). For a given crack width and

overpressure the ratio of ln(=) to d*4 must be a constant.

Table 7 gives the results of this analysis. From these data it may

be concluded that the aerosol penetration is reasonably well described

by Liu's turbulent deposition model for 0.8 ym particles and larger.

Fine particles of 0.48 ym diameter penetrate less than predicted by

Eq. (7). This could be due to additional diffusional deposition.

Further experiments will be performed using particles smaller than

0.5 ym and larger than 1 ym.
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VI. HEAT TRANSFER AND HYDRAULICS

1. Code development

(W. Slagter)

As already mentioned in Ref. 1251 , the VITESSE code is applied in

predicting the turbulent flow in the subchannels of a fuel rod assembly.

The turbulent shear stresses have been expressed by Boussinesq's

concept of eddy viscosity, derived from numerical models of turbulence.

Both the mixing length and kinetic energy models of turbulence are

incorporated in the current version of the VITESSE code. The former

model was applied to rod bundle fluid flow by Meyder |32| while the

latter was introduced by Wolfshtein 1331 for one-dimensional flows.

The computational procedures of both models have been applied through

the boundary layer right up to the wall. In order to verify the

model predictions of the hydrodynamic part of the code, a number of

computations has been carried out simulating the experiments of

Kjeilström |34[ and Rehme |35| on rod bundle fluid flow.

In particular, the measured results pertaining to a wall subchannel

|35| reveal that the momentum transport is highly anisotropic in the

rod bundle fluid flow. The anisotropy of the momentum transport

confirms our findings when attempting to adjust the VITESSE code to

the measured results. Improvement of the computational results could
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only be obtained by introducing anisotropic eddy diffusivity

distributions. A detailed comparison of the experimental data with

Prandtl's mixing length model predictions is given for a central

subchannel |36| and for a wall subchannel [37 j. This Prandtl's model

of turbulence has the disadvantage of having zero eddy diffusivities

in those regions of zero velocity gradients.

To deal with this shortcoming, a kinetic energy model has been applied

to predict turbulent flows in subchannels of rod assemblies. Since

Wolfshtein's application of this model of turbulence to one-dimensional

flows, the model has been modified to include anisotropic effects.

A comparison of the results of the two model predictions with the

experimental data shows that the kinetic energy model of turbulence

offers the best prospects for the computation of boundary layer flows

in undisturbed subchannels of a rod assembly (without spacer grids).

(H.A. Bloemen, J.P.A. van den Bogaard, A.P.W.M. van der Putten)

The development of the BOBL code |38|, which describes the bowing of

the pins in a subassembly resulting from a flow blockage, is being

completed with the issuing of a final report |39|.

2. Laser Doppler Anemometer measurements

(V. Vonka, J. Hoornstra)

The thermal-hydraulic performance of reactor fuel elements is related

to the turbulent flow structure through the process of mixing, since

this process of heat exchange between subchannels provides a mechanism

to equalize the coolant temperatures.

In the fuel elements the heat mixing process is superimposed on the

main convective heat transfer from the rod surface to the coolant. To

account in an answerable way for the heat mixing in engineering

calculations, local turbulent transport properties, especially at the

narrow gap location, have to be known. At this location, where the

heat mixing occurs, the cross-section is the smallest and consequently



Fig. 12 Cross sectional view of four-rod bundle test section.
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It is here the temperature differences induced "by the transport reach

their maximum values |40, 41, 42|.

An experimental programme on a four-rod bundle (Fig. 12) is being set

up to investigate the gap momentum transfer; the intensity of the

momentum transport will be controlled by displacing one of the rods. j;

The velocity profiles, turbulent intensities and Reynolds stress j;

components will be measured using Laser Doppler Anemometry for !

various positionings of the rod.

During the second quarter of 1978 a (circular cross section) pipe test

section was installed in the loop. Measurements on this test section

were then carried out to check the performance of the rebuilt LDA test

rig (flow stability, refractive index control and particle seeding

control) as well as the LDA instrumentation, including the data

acquisition and processing system, under typical experimental conditions.

These measurements resulted in some small modifications in the glass/

steel connections of the above-mentioned four-rod bundle under

construction. At the end of the third quarter, the four-rod i<v- Is

was ready to replace the circular pipe test section.

3. Heat transfer in the vicinity of grid-type spacers

(H.H. Boswinkel)

The experimental programme, to determine the local heat transfer

coefficients in those areas where the supporting grids make contact

with the heater element, has been completed. The experiments were

carried out in an annular geometry in which a single cell of a grid,

fabricated either by Belgonucleaire or Interatom (Figs. 13 and 14),

was mounted in support of the heater element.

The position of a thermocouple embedded in the heater wall with

respect to the position of the grid under examination could be varied

by axial displacement of the annulus as well as by rotation

thereof I 431.



Fig. 13 Projection of one of the cells of the Belgonucleaire type supporting grid with sphere dimples

designed for the SNR-300 Mark 1A core.



Fig. 14 Projection of a cell of the Interatom type supporting grid designed for the SNR—300 Mark 1A core.



Fig. 15 Heat transfer coefficient in the vicinity of a grid.



Fig. 16 Heat transfer coefficient in the vicinity of a grid.



Fig. 17 Heat transfer coefficient in *.he vicinity of a grid.



Fig. 18 Heat transfer coefficient in the vicinity of a grid.
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To find the surface temperature of the heater cladding, temperature

readings of the embedded wall thermocouple were corrected for the

depth below the cladding surface of the.heater }44, 45|. The heat

transfer coefficients, shown in Figs. 15 through 18, were then

determined by taking the value of the averaged heat flux and dividing

it by the difference in temperature between the wall and the local

bulk of sodium. The local bulk temperature in these calculations

was obtained from a linear interpolation of the inlet and outlet

temperatures of the annulus.

The results show large variations in the heat transfer coefficients

of the two types of grid. However, these variations are not to be

found at the same axial and circumferential positions. In the direct

vicinity of the supporting points, the Interatom grid gives rise to

a local hot spot while the Belgonucleaire grid shows, due to its

small dimple, only a variation in heat transfer coefficient of about

± 10%.

Remarkable is the fact that the circumferential differences in heat

transfer coefficient caused by a spacer grid extend half-way towards

the next spacer grid. The three symmetry directions of the distant

grid have here a significant influence on the variation in heat

transfer coefficient. The values of the Interatom grid measured at

zero and 180 degrees represent the maximum and minimum in the three-

dimensional circumferential pattern.

4'. The ECN/KfK local boiling experiment

(J.E. de Vries)

As reported in the previous quarterly report |9|, 13 two-phase tests

have been performed with the second 60-degree bundle. It was then

mentioned that during one of these tests dryout of the cladding of one

of the heaters had been detected. After having determined from the

measured data the experimental conditions during the different

stationary conditions of the experimental runs and having obtained a

first impression of the boiling phenomena under the various conditions,

the experimental programme was extended with five additional tests
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Table 8. Boiling experiments 60-degree bundle II (35% blockage)

Exp.

No.

212

216

217

218

219

220

221

222

226

227

228

229

230

246

247

248

249

250

-&
•

(W.cnT2)

121

90

116

139

154

70

70

56

52

101

161

135

71

162

182

140

140

105

o

(m.s-1)

2.00-1.99

1.90-1.42

2.52-1.86

3.0U-2.40

3.34-2.86
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Fig. 19 Two—phase experiments in 60—degree bundle I I .



Fig. 20 Temperature noise measurements of subchannel coolant velocities behind

blockages in first and second 28-rod bundles.
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which took place in June of this year. The main purpose of these five

tests was to gain information on local boiling of the sodium coolant

under higher liquid pressures and perhaps encounter other dryout

conditions. To obtain the latter, rather severe boiling conditions

were reached during these experiments. This is to be seen in Table 8

where some of the test parameters are given of all the boiling

experiments performed with the second bundle.

During the last series of tests, Nos. 246 - 250, the sodium coolant

started to evaporate in the pressure range 1.30 - 1.76 bar which

corresponds with a range of saturation temperature 910 - 946 C. The

boiling intensity parameter AT reached values of 242, 434, 265,

537 and 239 C successively. As shown in the table three dryout

conditions were observed during these five tests.

Overheating and melting of the heater electrodes and cannings has been

prevented by early detection of these dryouts with subsequent fast

shut-downs of the electrical power. As in the case of the bundle 1

tests |43|, a temperature and pressure versus velocity plot was made

of the test parameters v , T , T and P of the bundle II boilingr o max sat o
experiments (See Fig. 19).

The analyses of the single-phase experiments with bundles I and II are

in the process of being reported. Much attention is being given to the

processing and plotting of the boiling data of bundle II to get a true

insight into the boiling phenomena. When this analysis is completed a

further series of experiments is planned.

4i^_Tem2erature_noise_measurements_in_subchannels of_the_second_28-rod

bundle

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

In this period, temperature noise measurements were performed during

the single and two-phase experiments with the second 28-rod bundle.

The analysis of the temperature noise during the single-phase measure-

ments has been completed. Relative subchannel velocity values, v/v

(v is the subchannel velocity normalized to the main flow v ), have

been derived for each subchannel and are shown in the vertical cross-
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section of the bundle (See Fig. 20). The results |46| of the first

28-rod bundle with a 69% blockage are also given for comparison

purposes. The subchannel coolant velocity distribution of the second

bundle, shown in this figure, indicates a recirculation flow pattern.

This is due to the vortex in the wake behind the 34% blockage plane.

An extensive cross-flow is observed at the fourth measuring plane.
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