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An extension of the pre-equilibrium theory is discussed; the intention

to make a new point cross section data file, RCN-3, is announced - the

revised cross sections of 93Nb, 107Ag and 109Ag are already given here;

the effect of residual capture cross sections a and a on the cross
np na

sections of the pseudo fission-products is estimated and the results of

the evaluation of the neutron cross section of 6ltZn are presented.

The canning failure experiment R54-F44 is executed; constructing and

testing of equipment for the transient overpower experiments is going

on. Research on advanced fuels in this quarter deals mainly with the

thermochemical stability of URU3 and the preparation of UPd3-

Preliminary results of creep testing some irradiated heats and welded

joints are compared with those of a reference heat; some progress is

made in the field of weld simulation; the results of high-cycle fatigue

testing reference and irradiated base metal are given; the way in which

crack growth and fracture mechanics testing specimens are irradiated is

described and the results of a detailed finite element analysis of a

central cracked test specimen are discussed. Experiments on gas leakage

through concrete/steel interfaces are described; results of aerosol

penetration measurements through artificially made cracks in concrete

cylinders are given and a method to determine the dynamic shape factor

from the aerosol decay in containments is discussed. The test section

of the four rod bundle for Laser Doppler Anemometry is tested; the

single-phase measurements of the local boiling experiments are compared

with model calculations and the results of the analysis of the two-

phase experiments with respect to dry-out phenomena and bulk-flow

stability problems are discussed; the analysis of temperature noise

measurements in the boiling experiments reveals that this technique can

be used very well to detect boiling.
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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 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 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 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

An important phase of the fission-product nuclear data project (FPND)

has been concluded in the middle of 1978 |1| by the calculation of the

(preliminary) cross sections of pseudo fission-products in a fast

reactor. This work has been reported in the previous quarter |2|.

''•4 The capture cross sections adjusted to the integral STEK and CFRMF data

|;'| account for approx. 82% of the capture rate of these pseudo fission-
1 products in a fast reactor. Several other reports on the cross section

; I data used in Ref. |2| are still in preparation. Two of these reports

: 1 have been published now (Vol. _3 of Ref. |3| and Vol. 1_ of Ref. |4|).

I New work on this project performed in this quarter is summarized in
t.

u. the sections 1.1 to 1.3 of this chapter. In section 1.1 an extension
•*"" i II

,;', of a previously issued paper on the pre-equilibrium theory |5| is given.

I 'I This extension deals with the angular distribution of emitted particles.

A letter |6| on this subject has been published.

Section 1.2 gives a survey of the recent revisions of the RCN-2 point

cross section file. These revisions will be inserted in a future

RCN-3 data file which will be partly based on the results from integral

data. One of these revisions is the insertion of the (n,a) and (n,p)

cross section data in the file. A first estimate of the effect of

these residual capture cross sections on the capture cross sections of
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the pseudo fission-products is given in section 1.3.

In the near future the FPND work at ECN will be concentrated on the

further improvement of the neutron cross section data file of the

fission-products using new information from differential and integral

data; see also the conclusions of the IAEA advisory meeting on FPND,

organized at Petten in 1977. Two ECN papers |7, 8| have been inserted

in the recently issued proceedings of this meeting.

CPND

Work on the corrosion product nuclear data project (CPND) has been

begun during the previous quarter with the evaluation of the neutron

cross sections of 6l|Zn (impurity in the sodium coolant) and 50Cr

(corrosion product). The results of 61*Zn are presented in section 2.1,

The results of a number Oi. corrosion products will be reported in the

next quarterly progress report.

1. Fission-product nuclear data

(J.M. Akkermans and H. Gruppelaar)

Models of pre-equilibrium decay (See Ref. |5|) can successfully

describe the spectra of the particles emitted in nuclear reactions

at moderate excitation energies. In the framework of the exciton

model, Mantzouranis et al. |9, 10| have presented a generalized master

equation to calculate both the angular distributions and the emission

spectra. This equation can be written as

~ q(n,fi,t) - I / d£2' q(m,ft',t) W^tfi'.n)
m

-q(n,fi,t) I j du' Wn_m(fi,fi
l), (0

m

where q(n,ft,t) is the probability to find the system in class (n,fi) at

time t and W (ß,ß!) is the transition rate from class (n,fi) to class
n>ro
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(m,ßT). The factor W (fi,Q') is written as the product of the usual
n->m

transition rates (= A+, X~ or X°) and an angle-dependent part |9, 10|

G(n,n') = G<n',n) = [/ an ||] |g (n,n'). (2)

The numerical solution of this equation is rather laborious but it

gives the angular distributions which are in reasonably good agreement

with the measured data. In Ref. |ö| a method is presented to solve

the generalized master equation (1) analytically. Moreover it is shown

that with simple approximations closed-form expressions can be derived

which may be very useful in the practical exciton or hybrid model

calculations.

The general results can be denoted as

n

where a is the cross section of a composite nucleus formation and

W, (n,e) is the average emission rate of a particle b with energy E from

the n-th exciton state. The quantities x(n,fi) are expanded to

Legendre polynomials: j

C O " >

T(n,n) = J q(n,n,t)dt = £ C (n)P (cos9). (4) !

It is shown in Ref. |ö| that the expansion coefficients t, (n) can be -";

solved uniquely from the equation N", ;

\ 1

where B is a simple tridiagonal matrix and n (t=0) are the Legendre , .;

expansion coefficients of the initial condition q(n,fi,t=0) which is •:[ '
t i l l '

given in Refs. |9| and |1O|. This result shows that the problem of t .'.

solving a set of generalized master equations can be reduced to the '-:[

problem of solving a set of simple tridiagonal matrix equations. It .

should be noted that (3) yields both the pre-equilibrium and the . '-,
equilibrium contributions. It is also possible to limit the summation t
to n and add a Hauser-Feshbach part to (3). t
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Neglecting X and X transitions and applying Cramers rule to equation

(5) a very simple approximate formula is obtained for x(n,ft). This

point will be discussed in more detail in the next quarterly progress

report.

Ĵ .2. Revisions of evaluated_neutron_cross_sections

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

The RCN-2 data file contains the point cross sections in KEDAK format

of 43 nuclides in the fission-product mass range | 11 | . The RCN-2A

set |3, 4| is an adjusted 26-group cross section set, based on the

RCN-2 library and results of integral measurements. For several

reasons it would be of more interest to have the adjusted point data

rather than to have the adjusted group constants in a specific group

composition. Therefore, it has been decided to make a new point data

set in which the results of the integral experiments are incorporated

together with those of the recent differential experiments. This

revised and adjusted point cross section library will be called the

RCN-3 library.

The cross sections of natural Mo in this new data library have been

reported already |l2|. During the previous quarter the revisions of

the cross sections of 93Nb, 107Ag and 109Ag have been completed.

The main modification of 93Nb concerns the capture cross section for

which new experimental data points of Macklin 113 j have become

available. The old RCN-2 curve was based on an eye-guide-line through

data points of Kompe |l4|. The revised curve, a solid line in Fig. 1,

is obtained from a statistical model calculation with

Si = 5.16 x 10~4 eV 2 for the p-wave neutron strength function. The

agreement between the calculated and experimental integral data in the

hardest STEK reactor spectrum (STEK-500) is rather good.

The main modifications of the two silver isotopes concern the calculated

data of a .. and a. which have been evaluated in order to obtain a
el tot

better agreement with the experimental data of natural silver. The

applied corrections to the capture cross sections (Figs. 2 and 3) are

based on a recalculation with adjusted model parameters |7|. Note that

there are quite large discrepancies between the various evaluated

curves plotted in Figs. 2 and 3.
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Fig. 2 Evaluated and experimental data points of a VE of ^^Ag. The experimental data

are compiled in Ref. |l7|.
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To all the nuclides in the RCN-3 data file the a and a will be
np na

added as far as these cross sections have been obtained from

calculations with the code PREEQ-ECN |5, 18| based on the pre-

equilibrium statistical theory. The calculated data points of a

and o have been renormalized to fit the measured data, mostly at
na J

14 MeV.

Modifications and additions were applied to the point data files with

a new set of editing routines for manipulations of KEDAK files (MANK).

K 3i_Pseudo_f ission-2roducts^_contribut ion_of _ (nAa) _§.nd_.(n.2.P_) .cio?.
8.

sections

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

In Ref. |2| the 26-group capture cross sections of the total mixture of

fission-products (per fissile nuclide) were given. The cross sections

for these pseudo fission-products were calculated from the adjusted

RCN-2A group constant set (37 nuclides from Ref. |3, 4|), supplemented

with the group constants from other libraries, mostly from ENDF/B-IV.

Of a total number of 162 nuclides the a and a of only 16 nuclides
np na

were included in the capture cross sections (all from ENDF/B-IV). For

this reason it was decided to estimate the influence of these residual

capture cross sections on the total capture effect of pseudo fission-

products.

The code THRES-2 by S. Pearlstein |l9| was used to obtain a first

estimate of possible residual capture cross sections from 0.5 MeV to

15 MeV. This code is based on a simple statistical model with

empirically determined parameters. The code is particularly suited

for swift calculations of the cross sections of a large number of

nuclides. A small modification has been applied to the code in order

to produce group constants of groups 1 to 5 in the ABBN structure |20|.

The results of 162 fission-product nuclides with regard to their a ,

a and the sum of these and other residual capture reactions, have
na r

been stored on tape for further calculations.

The concentration of each fission-product nuclide in the pseudo fission-

product of 2^9Pu, at a burn-up of 41 MWd/kg in a 1300 MWe fast reactor,

is listed in Ref. |2|. The residual capture group cross sections
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- 0 - of this pseudo product are given in Table 1. The major

contributions to a come from the nuclides with masses less than
res

A - 114. The corrections which have to be applied to the capture

group constants, given in Ref. |2|, are listed in Table 2. These

corrections are somewhat smaller than the values given in Table 1,
because the a and a had been included already in the calculation

not np
of the o of the 16 nuclides from ENDF/B-IV. The results show that

c

there are only important corrections to the data in the groups 1 and 2.

It can be concluded that the influence of the residual capture cross

section on the total capture rate and reactivity effect of a pseudo

fission-product can be neglected. However, for other applications, it

may be of interest to use the present estimates.

2. Corrosion product nuclear data

2.1._Cross sections 2^ some nuclides_in the p_rimary_ cooling circuit of

a fast reactor

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

In the primary cooling circuit of a sodium-cooled fast reactor there

are a number of nuclides such as corrosion products, contaminants or

cover-gas nuclides which can be activated by neutron irradiation in and

near the reactor core. In order to be able to calculate the total

radioactivity of the components in the coolant of the primary cooling

circuit Interatom GMBH at Bergisch Gladbach, Germany, has requested ECN

to provide a number of evaluations. The most important reactions

involved are: 22Na(n,y), 40Ar(n,Y), 58Co(n,v) and 6l*Zn(n,Y).

During the previous quarter the neutron cross sections of 61tZn have

been evaluated. The resolved resonances of this nuclide are known up

to 13 keV. At higher energies optical and statistical model calculations

have been used. The generalized parameter set of Wiedling et al. |2l|

was used for the optical model calculations. A rather good agreement

between the calculated and the experimental data of a and a 1 for

natural zinc was obtained with this model. The radiative capture cross

section of ^Zn for energies above 13 keV has been calculated with a

statistical model, taking into account the competition of a , and the



1000

0.1

00

1000 10000
E (keV)

Fig. 4 Evaluated cross sections of a and a + a of 6I+Zn. The dashed curve is
ny np net

the evaluation of Benzi et al. |22|.
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Table 1 Residual capture group cross sections of a pseudo

fission-product of 2^9Puat 41 MWd/kg burn-up

AE

(MeV)

10.5-14.5

6.5-10.5

4.0- 6.5

2.5- 4.0

1.4- 2.5

0.8- 1.4

0 -15

ABBN

group nr.

a)

1

2

3

4

5

b)

anp
(mb)

34.0

6.7

1.3

0.36

0.15

0.06

0.40

ana
(mb)

6.8

1.2

0.21

0.06

0.03

0.01

0.07

a c)

res
(mb)

44.3

8.2

1.5

0.42

0.17

0.07

0.47

a)

b)

c)

Additional group

Average over a Cranberg fission spectrum

Sum of a , a , a ,, a . , a
np na nd nt nt

Table 2 Corrections to capture cross sections of a pseudo

fission-product of 2 ^ P u at 41 MWd/kg burn-up,

given in Ref. |2|

AE

(MeV)

6.5-10.5

4.0- 6.5

2.5- 4.0

1.4- 2.5

0.8- 1.4

0 -10.5

ABBN

group nr.

1

2

3

4

5

average

a (mb)c
(Ref. 2|)

3

14

33

58

84

500 a)

a (mb)res v '
(correction)

7.9

1.4

0.41

0.17

0.07

0.46 b )

a (mb)
c

(corrected)

11

15

33

58

84

500

a)

b)
Average over a SNR-300 neutron spectrum, from Ref. |2|

Average over a Cranberg fission spectrum from 0.5 to 15 lleV.
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residual capture cross sections such as a and a . The resulting
np na ö

curve is shown in Fig. 4 together with an evaluated curve from Benzi

et al. |22|. Above 1 MeV there are rather large differences, probably

due to differences in the level scheme adopted for 61tZn. In our

evaluation the recent level scheme data of Charvet et al. |23| were

used.
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II. FUEL PERFORMANCE UNDER OVERLOAD CONDITIONS

1. Canning failure experiments

(H. Kwast)

Experiment R54-F44 was carried out after pre-irradiation of the fuel

pin up to 10 MWd/kg U0£. The effective pin pressure was 25 bar and

the maximum midwall canning temperature about 1000 C.

The fuel pin failed after 37 minutes. This means an enormous decrease

of the failure time in comparison with that of a fresh fuel pin (F29)

tested under practically the same conditions. The latter fuel pin

failed after 6073 minutes (^101 hrs).

The neutron radiographs of capsule F44 do not indicate the location of

the failure.

2. Transient overpower experiments

(A.M. Versteegh)

The first tests of the asynchronous linear induction pump (Fig. 5) have

been encouraging. The performances were better than expected on basis

of the calculations. Some problems arose in the brazed electrical

connection which broke due to corrosion in the demineralised-water

environment. After repair and re-installation of the pump the tests

could be continued.

The fabrication of the heat exchanger has begun and this component will
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V-v:

Fig. 5 Asynchronous Linear Induction Pump
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"be assembled In the Component Test Facility, to study the static and

dynamic thermal behaviour, when the tests with the pump have been

completed.

As a consequence of some problems in manufacturing the special fuel

pellets, the irradiation of the capsule with a BF3 shield will not take

place before January 1979. Each fuel pellet has nine holes with a

diameter of 0.35 mm for the insertion of small uranium needles to

measure the flux depression inside the fuel. Also the shielding

capabilities of BF3 gas, necessary to realise the overpower, will be

tested in this BF3 capsule.

The irradiation of the power measuring irradiation rig has been

postponed as a result of difficulties in constructing the electrically

heated dummy pin for the thermal calibration of the rig. The

fabrication of the Instrumentation Test Capsule (INTEC) is in progress.

The safety report has been written and it is expected to commence the

irradiation in the course of the second quarter of 1979.

The out-of-pile testing of a Schaevitz elongation transducer, which

will probably be used in the TOP irradiation experiments, has been

reported in Ref. 1241. The main conclusion of this test is that the

transducer is able to withstand temperatures up to 500°C and that a

prolonged exposure to a temperature level of 600 C becomes questionable

because it is uncertain how long the connections between the transducer

coils and the hard cable can resist such a temperature level.
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III. ADVANCED FUELS

I. Thermochemical investigations on intermetallic uranium compounds

of the type UMe3 )

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

2j.i- Solubility__of URu3 in ur§.nium_tetrafluoride_(UF42

As follows from the thermochemical stabilities of the compounds which

take part in the reaction:

3UF1* + URu3 ->- 4UF3 + 3Ru, (6)

UF^ reacts with URU3 above 150 C. The molar-free energy of the reaction

is given by:

AG°reaction = 4AG°(UF3) - 3AG°(UF4) - AG°(URu3) (7)

At 150°C: AG°reaction = - 0.5 kJ.mol"1.

At 1000°C: AG°reaction = -189 kJ.mol"1.

Pressed pellets of URu3, mixed with UF^, have been heated in argon in a

high-frequency furnace. On heating the pellets above 1000 C they appear

to separate into two layers. The upper layer is grey in colour,

contains much Ru, some URu3, little UF3 and no UFij. The lower layer is

black and contains almost exclusively UF3. According to these findings,

ruthenium can be liberated from URu3 by means of the reaction with

Me = Rh, Ru and Pd
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About 50 grams of pure and crystalline UPd3>000
 w e r e prepared, and a

complete analysis of the product was performed. The results of the

investigations on the stoichiometry of UPd3 showed a solubility of

palladium and uranium in UPd3. So UPd compounds were prepared by

mixing UPd3>g00 with small amounts of UN or Pd. The mixtures were

heated and ground at 1080 C and this procedure was repeated until

equilibrium was attained. This could be determined by measuring the

lattice paramters of the samples.

The lattice parameters of hexagonal UPd3#goo are: a = 5.7733 A;

c = 9.6270 A. In the UPd compounds only the c-parameter changes

as a function of x; the c-parameter is decreasing when x is increasing.

Investigations on the vapour pressure of different UPd compounds

have been performed at the Joint Research Centre at Petten, and high-

temperature enthalpy increments, (H - H ^ g ) , öf UPd3, as a function

of the temperature, have been determined in our laboratory during the

last period.

2. EMF measurements

The EMF measurements with the galvanic cell of the type (V):

Ni, NiF2/CaF2/UF3, URu3, Ru

have been completed.

The EMF measurements with the galvanic cell of the type (VIII):

Ni, NiF2/CaF2/U, UF3

have been completed too and will also be published.
A paper giving the combined results of the Gibbs free energies of

formation of URh3 and URU3 is in preparation.



-27-

IV. RADIATION DAMAGE IN THE SNR CONSTRUCTION STEEL DIN 1.4948

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

1. Testing

1̂ .Heat-to-heatvariation of thacree2 2roE£rties 2^D^^ 1.4948

Three heats and two new types of welded joints of 18Cr-llNi (DIN 1.4948)

stainless steel have been creep tested after irradiation to about

2.5 * \02k n.m~2 thermal and 4.0 * \02k n.m~2 fast (E > 0.1 MeV)

fluence at 823 K.

In addition, unirradiated specimens of the same heats and welded joints

have been creep-tested at 823 K and 873 K. In order to compensate for

the heat-treatment, which the irradiated specimens undergo during

irradiation, the unirradiated specimens have been heat-treated at 823 K

during 600 h prior to being creep-tested. It is expected that the

complete creep and creep rupture data on these three heats and two

types of welded joints for rupture times up to 5000 h will become

availabe in the beginning of 1980.

The first results of this investigation became available in this

quarter. Although it is too early to draw firm conclusions, the

first results indicate that the reference heat No. 231861, extensively

tested in the previous years, provides data better than an "average"

heat. A creep stress of 210 MPa of heat No. 231861 in irradiated
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condition resulted in a rupture time of 500 h at 823 K. For the heats

investigated now and in corresponding irradiated condition, creep

stresses varying from 170 MPa for the weakest to 222 MPa for the

strongest heat resulted also in rupture times of 500 h.

The specimens of the welded joints, investigated now, have been

manufactured from welded plates in such a way that they do not

include any material of the root beads. The irradiated specimens

seem to have a considerably higher creep strength than those of

heat Nr. 231861. Tested at a stress of 209 MPa the two types of

irradiated welded joints show creep rupture times of 1200 and 1800 h

respectively, whereas in earlier experiments the irradiated welds

showed a creep rupture time of about 700 h. The ductility data on

either plate or velded joints have not yet become available.

It should be borne in mind that the above data have a preliminary

character. It is expected that early 1979 the number of tests will

have increased to such an extent that firmer conclusions may be drawn.

The irradiation of specimens of another heat to a fluence of about

5 * 1025 n.m~2 (E > 0.1 MeV) at 873 K has started; testing of this

heat will start by the end of 1979. The irradiation rig NAST-13 with

the other two heats, to be irradiated to a fluence of 5 * lO24 n.m~2

(E > 0.1 MeV) at 823 K, has been assembled and will be irradiated

next quarter. The complete test results of these three heats will be

available by the end of 1980. In the meantime the preliminary results

will be published in the quarterly progress reports.

A heat-treatment is applied to a raw specimen in order to give it a

structure representative for the fusion zone obtained by welding

heavy plates. To give this heat-treatment a high current is forced

through the raw specimen while the temperature is measured in the

centre. The temperature-time profile of this weld simulation is shown

in Fig. 6. The heating rate is about 80 K.s~* and the cooling rate

8 K.s~l. This profile is more or less representative for the welding

of heavy plates. In Fig. 7, a schematic drawing shows the area of the

resulting a-y structure of the raw specimen in relation to the final

creep specimen dimensions. It is evident that when the raw specimen
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Is clamped at each end, 75 mm apart, the gauge length of the final

specimen has become a homogeneous cc-y structure. Figure 8 shows a

detail of this structure in a micrograph of the axial cross section of

the specimen near the spot where the temperature profile of Fig. 6 has

been recorded. This structure has also been found in the welded joints

of the reference heat, but it is not yet representative for the fusion

zone which is tried to simulate. By varying the appropriate paramters

it is hoped to obtain the typical fusion zone structure.

t
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Fig. 6 The temperature-time profile in the centre of a raw specimen

simulating a welding procedure

In NAST-13 specimens machined from as-deposited weld material will be

irradiated. The weld metal will be irradiated in two conditions:

as-deposited and fully stress-relieved by heat treatment during 3 h

at 1175 K in vacuum. A comparison between the ductilities of weld

material in the two above-mentioned conditions and their unirradiated

equivalents will be made after testing, end 1980.
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oc.y structure
micrograph

Fig. 7 The geometry of a final specimen concerning the a—y structure

resulting from weld simulation applied to a raw specimen

Fig. 8 Micrograph of the a-y structure near the centre of the specimen

(magnification 50x)
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Fig. 9 Fatigue Limit Measurements on DIN 1.4948 Base Metal at 823 K
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l,;_3._High-cy_cle-fatigue limit_of reference aTid_irradiated_base_inetal

The measurements on reference specimens were performed in the third

quarter of 1978. The tests on irradiated material have been completed

in this quarter.

The results for both reference and irradiated conditions are shown in

Fig. 9.

When a specimen has been tested over a period of 107 cycles and has not

been broken, the test is stopped and the specimen will be classified

as not-breaking at the applied stress amplitude. The reason for

setting this limit is to restrict the testing time. The value of 107

is actually an arbitrary one and therefore subject to discussion.

The shape of the fatigue curve (i.e. stress amplitude vs cycles-to-

failure) is important in judging whether this limit is acceptable.

In our case, as can be seen in Fig. 9, the fatigue curve is horizontal

for N > 105 cycles and there seems to be no objection to use the 107

cycles limit.

However, when the fatigue curve should have no horizontal part

- demonstrated by the broken line in Fig. 9 - or when the horizontal

part would commence at much higher N values, a higher limit value has

to be chosen. The consequences on the duration of the tests are

obvious.

The general definition of the fatigue limit is the stress amplitude at

which 50% of the specimens fails and the other 50% does not fail. In

practice we endeavour to approach this situation as closely as possible.

With this general definition in roind, the fatigue limits of 155 MPa

and 162.5 MPa for reference and irradiated materials respectively have

been drawn in Fig. 9.

2i4JL_Fatigue_crack_growth_and_fracture_testing

Fracture mechanics deals with the analysis of a structural component

containing a crack or a hypothetical flaw. The analysis can be

performed by integrating a suitable crack growth law between boundaries

determined by the initial and final conditions of the crack. In the
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case of a component of a nuclear reactor, e.g. the reactor vessel,

such a growth law should include, the effects of neutron irradiation.

Data on the crack extension behaviour of irradiated stainless steel

are limited and none are available for the stainless steel DIN 1.4948.

To provide these data, it is planned to perform crack growth and

fracture mechanics tests on irradiated compact-tension specimens (CT).

Crack growth specimens are being irradiated at 823 K up to a fluence

level of 3 * \02h n.m~2 (E > 0.1 MeV). The irradiation device consists

of a standard 70 mm diameter thimble loaded with a sample holder. The

sodium-filled holder contains five specimens, with dimensions of

62.5 mm x 60.0 mm and 12.5 mm thick. The required temperature

variation AT for the central solid part of the specimen, being the

region with crack tip plasticity and crack extension during testing,

has been set to a maximum of 25 C. Temperatures are being measured by

29 thermocouples located at the notch and the outer ends of the central

solid part of the specimen. The temperature of the nuclear heated

specimens is maintained by controlling the He/Ne ratio of the gas

mixture in the stepped gap between the sample holder and the water-

cooled (50 C) thimble. The sample holder can be shifted so that the

reactor vertical power curve, which follows the control rod movement,

can be close to the centre-line of the experiment. The fast and thermal

fluences are determined for each specimen with monitors using the
58Ni(n,p)58Fe and the 59Co(n,Y)60Co reactions, respectively. The

monitors are located in the notch of the specimens.

The specimens, mounted in a positioning device, and the specimen holder

are shown in Fig. 10.

The ASTM standards on fracture mechanics testing require minimum

specimen dimensions to obtain valid test results. The limits depend

on the values of the measured quantity itself (K or J ). On the

one hand, there is no information available with respect to minimum

specimen dimensions based on valid test results for irradiated stainless

steel. On the otherhand, the irradiation facilities determine the

maximum specimen dimensions.

For instance, the specimen thickness must not exceed 20 mm if the limit

requirements for the local AT in the central solid part of the specimen

have to be met.



Fig. 10 Device for Irradiation of Crack Growth Specimens

(1) Crack Growth Specimens; (2) Positioning Device; (3) Sample Holder,
(4) Monitors in the Notch of the Specimens; (5) Thermocouples.
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Fig. 11 Low Cost Device for Irradiation of Specimens for Fracture Mechanics Testing
(1) Specimens; (2) Positioning Device; (3) Sample Holder
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To get an indication of the specimen dimensions required for obtaining

valid tests on irradiated stainless steel DIN 1.4948, a low-cost

irradiation experiment has been started. Four normalized CT specimens

of 24 mm thickness and eight normalized CT specimens of 12 mm thickness

will be irradiated in a simple specimen holder being in direct contact

with the reactor primary coolant. The specimens are mounted in a

positioning device which is locked in a reloadable aluminium holder by

a stainless steel pin. Figure 11 shows the CT specimens and the low-

cost irradiation capsule.

The displacement damage, introduced during the low-temperature

irradiation, will be annealed before testing at high temperature.

The results will be used to define the specimen dimensions for future

high-temperature irradiations.

2i5i_Investigation_on_crack_growth_p_arameters_in_the_elastO3£lastic

region

In this period a detailed finite element analysis with six elements

over half the thickness of a central cracked test specimen has been

carried out using the MARC programme. The element lay-out is shown in

Fig. 12. The results of this analysis with respect to the stress and

strain state near the crackfront are in agreement with a previous

analysis which was performed with three elements over half the thickness

as illustrated in Figs. 13 and 14. These results underline one of the

conclusions from this analysis: viz. that three elements over half the

thickness are sufficient to describe the stress and strain state

correctly. The magnitudes of the stresses vary rather pronounced in the

neighbourhood of the intersection of the crackfront and the free

surface. At the integration points, closest to the crackfront, a

peculiar peaking phenomenon is observed (Fig. 15). This phenomenon is

also expressed in the KT distribution along the crackfront (Fig. 16).

The practical relevance of this phenomenon is not quite clear since

the influence of small plastic deformations at the crackfront is not

well understood. Therefore an attempt is started to make an elasto-

plastic analysis of the specimen.

Uptil now in this investigation K, factors were determined using

analytical solutions for idealised geometries, thvs neglecting the
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influences of the boundaries of the real geometry. As these K factors

do not predict the crack growth behaviour of the biaxially loaded plate

very well, it was felt that a more realistic determination of the K

factors could help in the interpretation of the results. That is why

an analysis is started of a biaxial loaded test plate of a fracture

mechanics programme on nozzle corner cracks, in order to test our

methods of the determination of K .



-41-

V. AEROSOL RESEARCH

(J.F. van de Vate)

Gas leak rate measurements have been performed on solid concrete

specimens prepared to reactor containment specifications; some of these

specimens were penetrated by a steel pipe. Gas leak rate and aerosol

penetration have also been measured on a concrete specimen with an

artificially made crack. A new technique has been developed to

determine the dynamic shape factor of aerosols. This technique has been

validated by a number of experiments.

1. Gas flow through solid concrete with steel pipe penetrations

A second batch of solid concrete cylinders |1| was used to measure gas

leak rates through the concrete. These cylinders have been cut about

6 months later than the first batch which was taken about 6 weeks

after casting the mother block. Air flow rates through these cylinders

were found to be slightly smaller than those through the first batch.

Concrete cylinders each 50 cm long and of 23 cm diameter containing

a steel pipe with a square profile of 10 x 10 cm along the axis of the

cylinder have been prepared according to the reactor containment

specifications 125[. Measurements of the air flow through these

cylinders showed that there is negligible leakage through the steel/



-42-

Table 3 The penetration P of aerosols with different particle

diameters, at various flow rates q and pressure differences

Ap across the artificially made crack in the concrete test

specimen No. 4

Ap

(mbar)

30

30

30

30

60

60

60

60

90

90

90

90

d

(um)

0.48

0.82

1.1

2.0

0.48

0.82

1.1

2.0

0.48

0.82

1.1

2.0

q

cm3 s"1

145

145

145

145

250

250

250

250

350

•350

350

350

P

0.80

0.80

0.5

0.11

0.75

0.6

0.2

0.008

0.65

0.45

0.07

0.005

logCP"1)

F2d4

1.0

0.15

0.15

0.05

1.3

0.34

0.35

0.11

2.0

0.53

0.58

0.12

100 200 300

/.15 = concrete specimen No. 3

crack = 0.15 mm

/.25 = concrete specimen No. 3

crack = 0.25 mm

\ = concrete specimen No. 4

fixed crack

Fig. 17 Penetration curves

. />
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concrete Interface even after having heated the steel pipe at 70 C for

several days. Heating at 150 C resulted within one hour in an

important crack formation between the concrete and the steel pipe due

to the combined effects of drying of the concrete (copious amounts of

water appeared) and of thermal expansion-forces. The flow rate

increased considerably. However, this treatment has to be regarded as

being unrealistic.

2. Experiments on cracks in concrete

A new (fourth) cylinder with a fixed artificially made crack has been

prepared because specimen No. 3 became irreproducible. An extensive

series of aerosol penetration tests with various particle diameters

(0.48 ym, 0.82 ym, 1.1 um, and 2.0 um) was performed using the same

methods as before [25[.

The results of the measurements have been analysed using the model

developed in the previous quarterly report |1| and are summarized in

Table 3. Again a good agreement is found for the penetration of

0.82 ym and 1.1 ym particles as could be expected because the ratio

ln(P~*) to d1*, where P is the aerosol penetration and d is the particle

diameter, has to be a constant for these aerosols at given conditions.

These values are consistently lower than the corresponding results of

the 0.25 mm and 0.15 mm cracks of test specimen No. 3 as can be seen

in Fig. 17. Probably this is due to the larger crack width of this

specimen No. 4 as might become apparent from its larger flow rate at

fixed overpressure. The data on aerosol penetration of 0.48 ym and

2.0 ym particles will be analysed further.

3. Dynamic shape factors of non-spherical particles

The aerodynamic characterization of the aerosols, using the dynamic

shape factor of non-special aerosol particles, is of major importance

for leakage studies and for the description of the aerosol behaviour

in containment atmospheres j 26, 271. The dynamic shape factor K

relates the mass of aerosol particles to their aerodynamic behaviour;
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It is defined as the ratio of the drag force of a particle to the

resistance which a spherical particle of the same mass and velocity

experiences.

It can be shown that the dynamic shape factor K of a particle is given

by the Equation:

= _p_ (8)

where p = density of aerosol material

p = unit density (1 g cm""3)

d = mass equivalent diameter of the particle

d = aerodynamic diameter of the particle

F(d ) and F(d ) are the corresponding slip correction factors
£ 3.

Determination of the aerodynamic diameter d can be made by means of
3.

the Stöber spiral centrifuge and when d > ^ 0.3 pm also decay curves
Q.

of aerosols in vessels can be analysed to yield d values |28|.
From these decay curves the decay constant (3 for stirred settling can
be obtained from the following Equation:

3 - £ (9)

where v = the aerosol settling velocity
s

h = the vessel height

As vs = 7 ^ V F<da>

where g = the gravitational acceleration

n = the gas viscosity

and h = •£- (11)
S

where V = the vessel volume

S = the floor surface area

the aerodynamic diameter d can be determined using these Equations.
3.
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Preferably, the decay curves of mass concentration should be used for

these calculations for two reasons. Firstly, mass concentration is

not affected by coagulation. Therefore, if no other deposition

processes than stirred settling occur, these measuring data are the

most relevant for calculations using Eqs. (9) and (10). Secondly,

the data on number concentrations are far less accurate. This is

especially true in the higher concentration range which should not be

used in order to avoid influence of coagulation on the decay rate.

The mass equivalent diameter d can be obtained from the ratio of mass

concentration to number concentration

m = ^ (12)
n

which actually is the average mass per particle. This m value should

be calculated from the c and c data at the point of time where 3 is
m n ^

valid. The mass equivalent diameter is given by the following

Equation:

de = /^~ (13)

\ The d calculated in this way is not the real average mass equivalent
:i diameter. Due to the lack of information on the mass spectra of the

* aerosol particles a slightly different d value should be used. The

j difference should be related to the standard deviation of the mass

j distribution.

s The aerosol density p and the slip correction factors F(d ) and F(d )
' 3 3.

" can be obtained from handbooks.

i As incidated above, K values have been obtained from 31 experiments in

;>! five different vessels (Table 5) with various aerosols of gold and
j

j copper oxide. These results are presented in Table 4.
V

i

-i Also microstructure data of these aerosols are available. These enable

simultaneous calculations of the average number n of primary particles

,! per coagulate:

— 6 m • /,, s

n = (14)
irp d^ exp (4.5 £n2a )



- 46 -

Tatile 4 Calculation of the dynamic shape factors ic from aerosol decay data

vessel
(See
Table

5)

200

200

200

200

200

200

200

200

200

200

200

200

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

400

400

PERVEX

CHE-G

vessel
height

(m)

2

0.5

1

2

2

0.5

2

2

0.5

2

2

2

1.7

1.7

1.7

1.7

1.7

1.7

1.7

1.7

1.7

1,7

1.7

1.7

1.7

1.7

1.7

4.2

4.2

0.6

0.5

aerosol
material

and .
density

Au,19

Au, 19

Au,19

Au,19

Au,19

Au,19

Au,19

Au,19

Au,19

Au,19

Au,19

Au,19

Au,19

Au,19

Au,19

Au,19

Au, 19

Au,19

Au,19

Au,19

Au,19

Au,19

Au,19

CuO,6

CuO,6

Au,19

Au,19

Au,19

Au,19

Au,19

Au,19

aerosol
half-
life
(h)

10

5

8

11

26

12

12

26

6.5

17

25

13

9

28

14

20

15

21

22

18

8

15

17

40

53

15

10.5

23

24

3.5

5

da
(Eq. (9,
10, 11))
(ym)

1.05

0.72

0.81

1.00

0.62

0.45

0.95

0.60

0.62

0.78

0.65

0.90

1.0

0.55

0.80

0.65

0.67

0.65

0.63

0.70

1.05

0.77

0.72

0.43

0.38

0.77

0.93

1.0

0.95

0.96

0.72

m
(Eq.
(12))

(io-13g)

2

2

3

2

6

1.6

1

5

1.5

7

8

25

7

7

2

3

3

10

6

3

8

2

2

20

20

4

18

8

6

13

27

de
(Eq.
(13))
(ym)

0.27

0.27

0.31

0.27

0.39

0.25

0.22

0.37

0.25

0.41

0.43

0.63

0.41

0.41

0.27

0.31

0.31

0.46

0.39

0.31

0.43

0.27

0.27

0.86

0.86

0.34

0,57

0.43

0.39

0.51

0.65

(ym)

0.032

0.032

0.032

0.032

0.014

0.014

0.032

0.014

0.030

0.030

0.018

0.032

0.032

0.014

0.030

0.026

0.032

0.014

0.014

0.026

0.030

0.032

0.018

0.02

0.02

0.032

0.030

0.030

0.032

0.018

0.014

K

1.7

3.4

3.6

1.9

8.4

7.4

1.5

8.4

4,2

6.1

9.3

9.7

3.9

11.4

3.0

5.4

5.0

10.3

8.5

4.6

3.9

3.2

3.7

21

25

4.8

7.7

4.3

4.0

5.8

16

(Eq. (14))

3 x 102

3 x 102

4 x 102

3 x 102

101*

3 x 103

102

9 x 103

3 x 102

1.2 x 103

7 x 103

3.7 x !03

1.2 x IC •

3.6 x 10*

8 x 102

4 x 102

1.7 x 10^

]0h

8 x 102

1.4 x 103

3 x 102

1.6 x 103

105

105

6 x 102

3 x 103

1.4 x 103

9 x 102

1.1 x 101*

5 x 10^
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where d. = the geometric median diameter

a. - the geometric standard deviation

The results of this additional analysis of the aerosol experiments

are also tabulated in Table 4. Clearly K increases with increasing n.

In his research on chainlike aggregates |29| Kops' assumed a relation

between K and n in the following general form:

K = an , where a is a constant. (15)

For not too large aggregates (n <: 101*) Kops has found that the

aerodynamic diameter d is proportional to n . Combining Eqs. (13)

and (14) shows that the mass equivalent diameter d is proportional to
1/3 e

n . So Equation (8) leads directly to

K = an 1 / 3 (16)

The results of the calculations of K and n, compiled in Table 4, do fit

best the Equation

0 3 37
K = 0.43 n * (with a correlation coefficient r2 = 0.86) (17)

Figure 18 illustrates this fitting between the measuring data and

Eq. (17). The scatter around the best-fitting curve is due to the

uncertainty in the available information on the primary sizes d .

From Equation (14) it is obvious that n is very sensitive to changes

in d, .
Ig

It can be concluded that reasonable estimates may be obtained of the

dynamic shape factor of aerosols using this analysis of aerosol decay

in containments. Briefly this technique comprises:

- calculation of the aerodynamic diameter d from the measured half-life

of the decay curve of aerosol mass concentration c using Equation
m

(9), and

- calculation of the mass equivalent diameter d from particle density

p and average mass m per particle using Equation (12),

- calculation of K from equation (8) after substitution of d and d ,
a e

- the slip correction factors F(d) and the aerosol density p can be
obtained from handbooks.
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Table 5 Survey of Aerosol Vessels used

Name

PERVEX

100

200

CHE-G
(300)

ENAK
(400)

Shape

box

vertical
cylinder

box

box

vertical
cylinder

Volume

(m3)

0.15

1.2

1.0

0.075

20

Height

(m)

0.6

1.7

variable

0.5

4.2

Wall material

Lucite walls,
brass floor

steel

steel

stainless
steel

aluminium

20

10

-

- t
K

-

i

i i i

,ENAK h«
•100
4 200
•- it

IPERVEX
• CHE-G

_ _ _ j '

1 |

4.2 m
1.7
2
•110 CD 10

• i

4 i

n—•-

i i

10" 10° 10*

Fig. 18 Dynamic shape factor K of aerosols as a function
of the average number n of primary particles per
coagulate as calculated from aerosol decay curves
and microstructure data. The n = 105 data concern
Cu-oxide aerosols; the other data concern gold
aerosols. The solid line represents K = 0.43 n^#
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The obtained value 0.337 of the exponent of n In equation (17)

approaches very veil the worth 1/3 which can be deduced from Kops'

study |29|. Moreover, from a number of figures in Ref. |29| values of

the factor a in Equation (15) can be obtained ranging from 0.26 to

0.62, which is also in fair agreement with the above calculated

a = 0.43. Altogether this supports the correctness of our technique

to determine K. However, from Kops' work it can also be concluded

that when n > 104 the exponent b of n in Eq. (15) should become zero.

Then the coagulates have a different appearance which results in a

different aerodynamic behaviour. The three-dimensional networks

formed by more than 104 primary particles appear to have a low but

nearly constant packing density through which there is no hydrodynamic

flow. However, our K values for these large aggregates of n > 101* do

fit the relation of Eq. (15). No definite conclusions can be drawn at

this moment.

Closer examination of Kops' experimental data shows considerable

scatter in this region of n > 104. This might indicate that there is

some irreproducible artifact playing a role in Kops' measurements at

n > \0k.
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VI. HEAT TRANSFER AND HYDRAULICS

1. Laser Doppler Anemometry

(V. Vonka, J. Hoornstra)

In this quarter the performance tests of the test section with the four-

rod bundle have been executed. The main aspects were:

1. vibration of the test section

2. hydraulic symmetry of the test section

3. stage of hydraulic development at the measuring location.

The vibration of the test section proved to be negligibly small. This

was mainly the result of carefully designing the test section supports

and connecting the test section to the loop with a vibration-damping

construction.

The hydraulic symmetry has been checked by taking measurements along

correspondent traverses in different subchannels.

The experiment has been designed to measure under fully developed

hydraulic conditions. For the measuring position there is a length of

20 De (equivalent diameter) available, from 110 De to 130 De downstream

of the inlet. The stage of hydraulic development has been examined by

comparing the velocity measurements taken at two positions on a

different distance from the inlet.
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Examples of evaluated time averaged axial velocity components are shown

in Figures 19, 20 and 21. Profiles A and B have been taken symmetrically

relative to rod IV at the same axial level, while profile C corresponds

to profile A at the level some 15 De upstream (Fig. 22). The profiles

have not been corrected for mass-flow rate differences.

It has turned out that the maximum deviation between symmetrically

taken traverses was some 2%. These differences in axial velocity were

found to be very small, and were probably due to the statistical

uncertainties and a finite loop flow stability. No systematic

variations have been observed which could refer to mass-flow

redistribution in a not fully developed flow situation.

In the next quarter the execution of the experimental programme on this

section will be commenced.

2. "ECN/KfK Local boiling experiments"

(J.E. de Vries)

2.!i_Single-p_hase measurements

The analysis of the single-phase experiments has been finished and the

results have been reported in the fourth quarter of 1978 |30|.

The different effects measured in both test bundles have been compared

with model calculations. A semi-empirical model |3l| has been developed

to support the analysis and to allow generalization of the measured

single-phase properties in the wake. Using this model, the geometry of

the wake, the mass flow and temperature increase in the wake behind

the plane flow-blockages can be calculated. It also allows to account

for the effects of the Re-number, friction (e.g. by spacers), buoyancy

and leakage flow through the blockage. The results of the calculations

with this model agree well with the single-phase measurements. The

various measured effects, can be related to basic-thermohydraulic laws.

With help of these model calculations the main single-phase properties

in the wake behind the 68.5% (testbundle I) and 34.5% flow-blockage

(testbundle II) can be explained as follows:
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a) A decrease in the Re-number of the coolant-flow reduces the length

of the wake and the (normalized) temperature rise in the wake.

b) The presence of the grid-spacers in testbundle I (68.5% blockage)

causes a decrease in the wake mass-flow and a consequent increase

in the wake temperatures due to additional friction.

c) At large heat rates AT/Az and low coolant flow rates, buoyancy

causes a significant decrease in the wake mass-flow and an increase

in the wake temperatures behind the smaller 34.5% blockage. Buoyancy

plays a less important role in the wake of the large 68.5% blockage.

d) The 3% leakage flow through the 34.5% blockage causes a decrease in

the recirculation mass-flow and an increase in the maximum wake

temperature due to additional pressure losses.

e) Plane blockages produce a temperature increase in the 60 degree bundle

which is approximately 25% lower than the temperature increase they

would produce in a subassembly, as a consequence of the smaller

hydraulic diameter of the 60-degree bundle flow-duct |32|.

Buoyancy and pin-bowing depend on the axial temperature gradient.

Model calculations made it possible to deduce both phenomena from the

measurements with the second testbundle. It has been found that:

f) The maximum temperatures in the wakes behind the 68.5% and 34.5%

flow blockages increase with about 10% and 25% respectively for high

heat rates (440 Cm"1 and 330 Cm"1 respectively) due to elastic pin-

bowing.

Air flow measurements in partially blocked tri-angular shaped flow-

ducts have been performed at ECN in order to investigate the general

flow-patterns behind blockages.

The measured relations between wake-length, blockage size and Re-number

of the coolant flow agree with the theory of orifices and these

relations have been inserted in the model mentioned above.

The flow velocities in both testbundles have been determined from

temperature noise measurements |33|. These wake velocities are in

agreement with the results from model calculations.

Fig. 23 shows an example of measured and calculated normalized
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maximum temperatures in the main-recirculation flow (0 ) and in the
max

sub-recirculation flow (692) of the wake behind the large 68.5% flow-

blockage as a function of the coolant flow rate V . Although the

calculated temperatures are about 15% higher than the measured values,

the dependence on the calculated flow (and so the Re-number) agrees

with the measurements.

Although several circumstances prevent a direct comparison of the single

phase sodium experiment with the KfK (IRE) - water experiments, an

adequate explanation of the differences can be given, and a rather

reliable extrapolation of the single-phase measurements in the 60-degree

bundles to subassemblies has become possible.

During the fourth quarter of 1978 the analysis of the two-phase

experiments was devoted to dry-out phenomena and bulk-flow stability

problems. Both items are related directly to the main aims of this

project |34|. Apart from these activities a review of the boiling

tests carried out so far with the second testbundle has been completed,

and more insight in the maximum wake temperatures during boiling

initiation (section 2.2.1) has been obtained. The investigations on

bulk-flow stability have been divided into quasi-steady bulk-flow

stability effects (section 2.2.2) and instabilities of oscillatory

nature (section 2.2.3).

2i2ij_i_Boiling_initiation_in_testbundle_II_^34i5%_flowblockage)^

(J.R.C. Maarleveld)

The maximum wake temperatures during the boiling tests can be obtained

from the measured liquid pressures in the wake during boiling initiation.

The normalized maximum wake temperatures obtained in this way are

presented in Figure 24, where the 0 values are given versus the main

bulk-flow rate V . At flow rates below 3 m.s"1 buoyancy counteracts

the wake flow velocities. This results in an increase in the maximum

(normalized) wake temperature from 1.2 m to about 1.3 m at a bulk-flow

of 1.5 m.s"1. At very low flow rates buoyancy becomes dominant and a

tentative conclusion may be that the collapse of the recirculation flow

by buoyancy and perhaps also by the leakage flow through the blockage is
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responsible for the low normalized wake temperatures in the bulk-flow

region below 1 m.s"-1. This behaviour has been observed in the boiling

test Nos. 221 and 222 and several single-phase tests as shown in this

Figure 24. The experiments Nos. 246, 248 and 249, show higher

normalized temperatures than could be expected from earlier experiments.

A comparison with single-phase "reference-measurements" suggests that

an increasing leakage flow is responsible for this increase in wake

temperatures. Some future experiments will give further information

about the present state of this leakage flow through the blockage plate.

2.2.2^_Single-£hase_and two-£hase_p_ressure-dro£S in testbundle_I_and_II

(J.R.C. Maarleveld)

In order to investigate the bulk-flow stability under local boiling

conditions, the frictional pressure-drop characteristics of both test-

bundles have been determined during several boiling runs. Although a

two-phase instability of the bulk-flow is expected to occur very

unlikely during local boiling, it was attempted to create such

conditions and to find the differences between the frictional pressure-

drop in the single- and the two-phase flow in the bundles.

The average frictional pressure-drop characteristics of both test-

bundles have been determined .from a number of experiments, which are

considered to be representative of the single-phase behaviour of the

coolant flow under conditions close to boiling. These frictional

pressure-drops can approximately be given by:

AP, (34.5%) = 0.13 x V 2 (bar) in testbundle II (18)
rr o

AP, (68.5%) = 0.28 x V 2 (bar) in testbundle I (19)
rr o

(standard deviations 0.04 bar and 0.09 bar respectively).

The pressure-drop at the start of the boiling in experiment No. 247

coincides with the single-phase characteristic of bundle II and

deviates about 0.08 bar from this single-phase curve at dry-out

conditions where a maximum boiling intensity was obtained (Fig. 25).

However, the two-phase curve did not reach a - Ledinegg - instability

point (where dAP /dV = 0), as can be seen from the positive value of

the derative.
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During experiment No. 230, vhere progression of the boiling has been

obtained by pressure reduction, the maximum increase in AP above the

single-phase (onset of boiling) characteristic of bundle II is about

0.06 bar. This happened under dry-out conditions where also no sign of

a flow instability has been observed.

Due to the large wake behind the 68.5% flow-blockage in testbundle I,

bulk-flow disturbance by local boiling is more likely in this case.

The eva1uated two-phase frictional pressure-drops are slightly above

the single-phase curve which is probably due to drift effects of the

pressure measurements.

Even under the more severe boiling conditions in experiment 101 also no

sign of a bulk-flow excursion was observed.

2i2i3i_HYdrody_namic_behaviour_of_the_bulk3flow_during_oscillator^

boiling_in testbundle II

(J.C. Hoebe)

The measured vapour pressure oscillations of the experiments Nos. 230,

247, 249 and 250 have been transformed into vapour temperature

oscillations (T (p )) assuming the vapour is saturated. During thesesau o

experiments a dry-out of the pin cladding was observed. These

transformed signals have been compared with the signals of the thermo-

couples N120, N121, N203 and N208 in the vapour region and also with

the saturation temperature (T (calc)). These T (calc) values
S3. L S 3. L

have been calculated from the flowmeter signals at the testbundle

outlet by applying the momentum equation |25| and the table of

saturated sodium vapour. The ratios of the T (p ) values to the
sat *o

other measured saturation temperatures of the sodium vapour during

oscillatory boiling at different stationary conditions of the experiments

Nos. 230 and 247 are presented in Figure 26.

This Figure shows that in experiment No. 247 the oscillations in the

signal of the pressure transducer are in agreement with those of the

thermocouples N120, N121 and the flowmeter. This is not the case in

experiment No. 230, obviously the oscillations in the signal of the

pressure transducer are too small. This might be the result of the

presence of small gas pockets in the sodium-filled wave guide coupled

between the testbundle coolant and the transducer. The transformed

flowmeter signal shows a good agreement with the thermocouple signals.



- 6 2 -

t
1.0-

i
in

0.5-

LEGEND
0)
1
2
3
4
5

T(i)
Tsat (calc)
N120
N121
N2O3
N208

PART: 1 2 3
EXPERIMENT No.230-

t
o
Q .
*->
O

1.5-.

1.0

0.5-

PART: 0 1 2
i
3

EXPERIMENT No.247-

Fig. 26 Ratios of saturation temperature oscillation at

different stationary boiling conditions of the

experiments in bundle II



-63-

This agreement demonstrates again that applying the one-dimensional

momentum equations to the bulk-flow oscillations is justified.

In Ref. |25| it was explained that if:

a) the one-dimensional momentum equations are valid for the bulk-flow

oscillations

b) the vapour pressure and flow oscillations are harmonic

c) the oscillations are small compared to the mean values

then a linear relation excists between (p /pv.) 2, V.2 and f2 in the

following general form:

(p /pv.) 2 = a f2 + b V2 (20)

where p = the amplitude of the vapour pressure oscillations

v. = the amplitude of the bulk-flow oscillations

p = the liquid density

= the mean value of t

f = the oscillation frequency

V. = the mean value of the bulk-flow rate
l

The mean values of (p /pv.) 2 have been calculated for different boiling

frequencies and thermohydraulic conditions. These data are given in

Fig. 27 in a rectangular coordinate system having axes x = f2, y = V2

and z = (p /pv i)
2 |25|.

The planes z = a + bx + cy corresponding to the so obtained values

have been calculated using the multiple linear regression method. In

Fig. 27 they are given for the bulkflow oscillations in testbundle I

and II as well for the testbundle inlet flow as for the outlet flow.

In all cases the multiple correlation coefficients exceed 0.9,

indicating the validity of the assumptions a, b and c. The friction

and acceleration constants have been calculated from these planes of

both testbundles and are listed below:
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The discrepancies found In the hydrodynamic constants of testbundle I

and II can be explained only partially by theory and will be studied

further in the near future. It appears that the total friction

constants of the testbundles obtained from the flow oscillations exceed

that from stationary single-phase flow conditions. In section 2.2.2.

it has also been shown that the stationary frictional pressure-drops

increase only slightly with increasing boiling intensity; a comparison

with these data has not been made up till now.

These investigations have shown that, during oscillatory local boiling

in the wakes behind both flow-blockages, the bulk-flow oscillations

obey the momentum equations under various experimental conditions and

that the boiling frequencies and oscillations could be kept in a

limited range. A bulk-flow instability of oscillatory nature has not

been observed.

2i3jL_Tem2erature_noise_measurements

2.3^1._Measurements in subchannels_of_the second 28-rod_bundle

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

In this period, the temperature noise measurements of the boiling

experiments Nos. 230, 247, 249 and 250 in testbundle II (34.5% flow-

blockage) were analysed. The measurements comprise the signals of

12 thermocouples, the inlet pressure and the outlet flow.

The frequency analysis of these signals resulted in data about the

point of time when the onset of boiling occurred and about the boiling

frequencies. The signals of the thermocouples located in the sub-

channel near the boiling zone gave rms temperature variations (6T2)5

of 40 C during the boiling. The normalized autopower spectral

density functions of the inlet pressure (P01), the temperature in the

subchannel (thermocouple No. 302) and the outlet flow in experiment

No. 247 are compared in Fig. 28. Fig. 29 shows the coherences between

these three parameters: it is obvious that these three parameters are

strongly coherent with the boiling frequency of 7.6 Hz and that the

coherence between temperature and pressure signals extends over a

rather wide frequency band.
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From the analysis of the experiments the following conclusions could be

drawn:

- The detection of boiling by means of temperature noise is possible if

the thermocouples are placed in or behind the boiling region |33|•

- At the onset of boiling the observed oscillation frequencies are

higher than those observed during continued boiling.

- The detection of boiling behind the mixer is possible, but the

sensitivity of detection is not very high (due to the increase in

the variance).

- The confidence of detection can be increased if different types of

signals, e.g. flow, pressure and temperature, are correlated.

2^3.2. Measurements_in annular geometry

(E. Türkcan, W.H.J. Quaadvliet)

In 1976 a joint project on this subject was undertaken by ECN and the

Institut für Kerntechnik (IFK) of the Technological University of

Hannover |35, 36|. In the framework of this project several measure-

ments on an electrically heated single-pin sodium cooled test section

were performed at the end of 1976. These measurements were analysed

using the FAST programme. Now these measurements have been re-analysed

by applying a least-squares-analysis to the results of the FAST

calculations using the HEATTRANSFER programme in two models:

j_. the two-point model of the time dependent heat exchange between

coolant and heated wall |37| and

b_. the "isolated-wall" model where the heat conductivity of the wall

is taken into account.

The measured coherence and phase (as functions of the frequency) of the

signals of two thermocouples, which were located in different axial

positions, were used to check the theoretical model and to obtain the

best estimates of the model parameters. These parameters are: the

fluid transport time (T), the time constants of the coolant (a ) and

the heated wall (a ) and the heat conductivity (u). This last para-
w

meter (u) is only needed in the case when the "isolated-wall" model is

applied. Figs. 30 and 31 show the experimental phase and coherence

functions - with the standard deviations - together with the fitted

theoretical functions - with resulting parameters - of an experiment.
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