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GENERAL

This progress report covers fast reactor research carried out by 
RCN during the third quarter 1969. The RCN work described forms 
part of the integrated fast breeder research and development pro
gramme also in progress at the national nuclear research centres 
Karlsruhe and Mol. As mentioned in the previous quarterly report 
RCN-114 |1|, the combined effort is based on a memorandum of co
operation in this field signed by the respective governments in 
1968 and on a memorandum of understanding signed by the research 
centres.

The RCN contribution is mainly concerned with the core of the 
fast breeder reactor and related safety aspects and, as such, 
must be looked upon as being complementary to the industrial 
research programme in the field of fast reactors. The contribu
tion comprises six items:

A reactor physics programme to determine the influence of 
fission products on several main characteristics of the reactor 
core such as void coefficient, Doppler coefficient and breeding 
ratio;

A fuel performance programme in which both stationary and 
transient irradiations are being carried out to establish 
the temperature and power limits of fuel rods; also the 
consequences of loss-of-cooling will be investigated;

Investigation into the change in mechanical properties of 
fuel canning materials due to high fast neutron doses;
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- A study of the corrosion behaviour of canning materials and 
their compatibility with the fuel under conditions of high 
temperature and high pressure;

- Investigation into the behaviour of aerosols of fission pro
ducts which could be formed after a fast reactor accident; a 
thorough understanding is of utmost importance for the reactor 
safety assessment;

- Studies on heat transfer in the reactor core. As fast breeders 
operate at high power densities, an accurate knowledge on the. 
heat transfer phenomena is required.

The numbers between brackets after the chapter headings are the 
reference numbers allotted to the RCN research contributions 
integrated in the "October 1969 GfK Time Schedule".
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I. REACTOR PHYSICS(1214)

1. STEK Operations and Control Plate Testing

The construction of the STEK facility was, apart from a few minor 
details, completed during the previous quarter. No major difficulty 
was encountered during operation of the facility. Only the rubber 
lining of the pneumatic dump valve had to be renewed after the sud
den occurrence of an air leak in the valve. Furthermore, improve
ments were made in the instrumentation.

The shielding capacity of the lead container was tested with a Co 
source and proved to be within the design specifications. The con
struction of the sample holder in the container had to be changed 
somewhat to guarantee a better and more reliable handling of the 
samples.

Preparations have been made for the experiments in STEK. They in
clude the fabrication of special fuel platelets and graphite blocks 
or discs for the spectrum measurements with foils, ionization cham
bers and counters.

To determine the control plate worths in the four-slab core of STEK 
several on-line rod-drive and rod-drop experiments have been per
formed. The reactivity effect is calculated on-line with the pro
gramme RESPONS. It has not yet been possible to change the range of 
the current amplifier during the measurements. Only a neutron flux 
range of 2-3 decades could, therefore, be covered in one experiment. 
The total measured worth of 8 plates is about 10$. In the calculation 
a constant prompt neutron decay of 67.5 usee is used. The total 
reactivity effect of 7 control plates was found to be about 40% 
less than that of 8 plates. Typical results of different measure
ments are shown in Fig. 1. From these results it is clear that a
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considerable tilting and shadowing occurs.

Sample Exchange and Moving System and Samples to be Measured

Minor improvements of the sample exchange and moving system have 
been made. The photocells and lamps of the interlock system have 
now been shielded with lead against the strong gamma radiation of 
the integral fission product sample. The whole system has been 
tested again and results are satisfactory.

Up to now, about 20 separate isotopes are available and ready for 
packing in adequate sample holders. By adequate is meant that the 
self-shielding, which may be considerable in some cases, will be 
kept to a minimum.

131For the Xe sample, a special sphere of stainless steel with a 
thickness of 0.5 mm is now being fabricated by RCN. It will be 
filled with Xe-gas with a pressure of 10 atmosphere under normal 
temperature. Other isotopes will be packed in quartz capsules or 
in aluminium boxes.

The two integral HFR fission product samples have been assembled 
in stainless steel boxes which have been soldered to render them 
leakproof. Both samples are now awaiting transportation to the 
STEK building.

Measurements of Neutronic Couplings of STEK Argonaut Type Cores

In the previous quarterly report the results of neutronic coupling 
measurements of 2-and 3-slab STEK Argonaut cores have been given. 
During this quarter a general ALGOL programme has been made up which 
uses Algol Procedures for matrix inversion and eigenvalue deter
mination as developed by the Mathematical Centre, Amsterdam. This 
programme calculates the reactor matrix A from the matrix equation:
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for a certain number of detectors |1|. For the first time measure
ments with up to four detectors have now been analysed. The earlier 
correlation measurements in the 4-slab core of STEK, by means of 
several combinations of two detectors, have been combined to simul
ate a four-detector measurement which is analysed by this programme. 
The results of all coupling measurements with 2, 3 or 4 slabs are 
summarized in Table 1. The method has also been applied to the 
4-counter Rossi-a measurements with the on-line computer (P9202).
The results are consistent.

It was considered of interest to know the results of measurements 
with an insufficient number of detectors. Therefore, 4-slab mea
surements were analysed for 1, 2 and 3 detectors only. The results 
for the fundamental mode decay constant as a function of delay 
time are given in Fig. 2. It can be seen from such analysis that in 
the event of an insufficient number of detectors being used the 
eigenvalues are strongly dependent on x and not uniquely defined.
The best results are obtained by using 4 detectors.

4. Reactivity Measurements with help of a Pulsed Neutron Source

Eyi®SË_Nfytron

The pulsed neutron generator arrived in August and has been instal
led in STEK. The main difficulty met concerned the alignment of the 
ion drift tube which was first manually adjusted. This procedure 
turned out to be too cumbersome. Therefore, a remote-controlled mo
tor-driven mechanism has been installed which permits alignment of 
the drift tube during operation of the generator. This method works 
satisfactory. The first experiences with the generator are quite 
good.

The complete pulsed neutron set-up, including the on-line computer,
has been tested. In one of these experiments the pulse profile of2 3 8
the neutron generator was measured. A U-fission chamber was 
placed close to the target, the generator was pulsed under computer 
control and the neutron pulses analysed in 2 0 0  channels of 0 . 1 ys
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o 1 detector
o x 2 detectors

3 detectors

4 detectors

Fig. 2. i’ne fundamental mode decay constants as a function of delay time 
in case of a different number of detectors in a 4-slab STEK 

Argonaut.
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each. One result is shown in Fig. 3. One can distinguish a primary 
pulse, starting a few ys after the trigger pulse, with a duration 
of about 10 ys which comes from the pulsing of the ion source. The 
decay time constant of about 3 ys comes from the quenching of the 
plasma in the source. This primary pulse is suppressed most of the 
time by electrostatic deflection and only permitted to pass during
0.5 ys. Conclusions made from these measurements are:

- the rise time of the main pulse is very short, meaning that time 
jitter is negligible, which is necessary for future time-of-
flight experiments;

- the residue of the primary pulse after deflection is about ■^ q'*

It will be investigated how this figure can be improved upon. It 
has been proven that this residue is not caused by the d-d neutrons 
born at the point where the deflected ion beam hits the tube wall. 
This was revealed by measurements with a counter close to this 
point. Here, a very low countrate and a pulse profile proportional 
to the one at the target position were found.

fysion_Calculations

In addition to the EDDI "one-shot" calculations made earlier, some 
TEDDI-T runs have been carried out for the purpose of studying the 
decay of a neutron pulse in STEK cores. The main conclusions are
that:

- the graphite around the core will necessitate the use of a fairly 
low neutron pulse frequency;

- since there is no exponential decay, the methods for reactivity 
determination according to Garelis and Gozani will not be applic
able.
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5. Neutron Spectroscopy

Sandwich_foil_technigue

Most of the detector materials for spectrum measurements on.order 
have now arrived. To enable accurate positioning of the foils in 
the reactor core, special graphite blocks are being made.

A search in available literature is being made to find the reson
ance parameters to be used in the TRIX-programme which will cal
culate the constribution to the difference-activation from second
ary resonances. As this constribution can, in some cases, become 
even more than 50%, this calculation must be considered an essent
ial part of the spectrum evaluation using sandwich foil detectors.

A foil or sample changer, with a loading capacity of 100 foils, was 
ordered together with two Nal detectors (3 inch diameter) which 
will be used for the counting of the foils in connection with neu
tron spectrum measurements. A temporary lead housing has been made 
for these detectors -as the automatic changer mechanism will not be 
delivered before May next year. The anti-coincidence unit and other 
electronic counting equipment will be ready for use shortly.

Tests in the LFR-reactor with a prototype fission chamber, to deter
mine an optimum distance between the parallel plates and optimum 
voltage, have been completed. A new double fission chamber to mea
sure spectrum indices in STEK is now under construction. It consists 
of a thin stainless .steel cylinder with two separate parallel ioni
zation chambers, each provided with a small inlet tube for the 
counting gas _(90% A + 10% CH^). The high voltage for the anode is 
supplied through a cable in this inlet tube. The two ionization 
chambers are separated by a wall, on both sides of which small 
discs with fissionable material deposit can be placed. These discs 
form the cathodes in the chambers. By removing the wall, the fis
sionable material can easily be exchanged for other fissionable
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isotopes. The anode voltage should be about 450 Volt, even though 
acceptable pulse spectra were measured with 350 Volt. Certain dif
ficulties were met with regard to the aluminium-oxyde insulation 
material which is now to be replaced by quartz glass.

For STEK a double fission chamber will be made of aluminium to re
duce the inelastic scattering in the walls as much as possible.

The fissionable materials are deposited on circular stainless steel 
discs by means of the "molecular plating" technique. For absolute 
fission rate counting the layers of material should be thin and 
homogeneous. The homogeneity which can be obtained depends largely 
on the flatness of the stainless steel surface. Various polishing 
techniques are being tried out to obtain the required result. Re
sults are not yet satisfactory and investigations will be extended 
into next quarter.

The low geometry a-counter for establishing the amount of uranium 
deposit is almost ready for use. The vacuum aparatus has been in
stalled. The solid state detector for the counting of a-particles 
has been tested and was found to meet specifications.

In the previous quarterly report measurements with the pulse-shape 
discrimination electronics applied to a mixed neutron gamma field 
have been reported. From these measurements it was concluded that 
the gamma discrimination method developed enables neutron spectrum 
measurements to be carried out down to about 1 keV.

A number of measurements have been devoted to count rate effects, 
particularly in the main discrimination circuit and main linear 
amplifier. Although, as yet,incomplete the measurements yield opti
mistic results.

Concerning the interconnection with the P9202 on-line computer the 
100 Me analog to digital converter on order has been delivered and
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is being tested. The CAMAC interface system necessary to acco
modate this single ADC for the conversion of the two - energy and 
specific ionization - parameters and the buffer has been designed.
An event is characterized by the slope (S) and the amplitude (E) 
of the pulses of the proton recoil counter. In the pulse-shape 
discriminator a pulse is formed with an amplitude proportional to 
the shape S. The amplitudes of the S and E pulse are measured 
consecutively with the same ADC. The digital information ( 2 x 8  bits) 
of these pulses is transferred to the CAMAC interface system. A 
word for the computer is assembled in the interface. There are four 
modes of operation: 5 x 7 ,  6 x 6 , 5 x 8  and 12 bits single para
meter. During transfer to the computer the bits, not used, are 
omitted and the remaining bits are shifted to the 12 or 13 least 
significant positions in the computer word. The assembling process 
is performed in the interface to save computer time. The mode of 
operation is computer-selected. A NIM module was designed for 
routing the S and E pulses in such a way that the analysis of both 
pulses is done successively.

The programming of this on-line experiment will cover two parts.
The first is a stored programme for a two parameter analysis in 
128 x 32 channels which is active during the measurements. Special 
measures had to be taken to accommodate the frequently occurring 
overflow in this experiment. Due to this, the speed of this part 
of the programme should be high and therefore requires machine 
language. The second part of the programme deals with a first data 
reduction to a single parameter and has been written in FORTRAN.

Time-of-Flight_Measurements

The design of the time-of-flight tube and accessory equipment was 
continued. A final decision concerning the detector has not yet been 
taken.
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6 . On-line Computer P9202 for STEK 

Hardware

The computer was moved from the electronic laboratory to the Fermi- 
building in the beginning of August. A week later the first on-line 
measurements with STEK could be begun.

The dataway controller, an interface between the on-line computer 
and the CAMAC system, finally arrived. The controller was tested 
together with the L-sorter described in a previous progress report. 
Several difficulties were encountered with the controller, espe
cially with the autonomous transfers. The computer and the CAMAC 
instrumentation are now, however, working together satisfactory.
The paper tape puncher appears to be the weakest component.

The following CAMAC modules of the interface system are now operat
ing:

- dataway controller;
- L-sorter (for sorting the "look-at-me" requests from the other 

modules);
- timer (for timing of time-analyser and time-of-flight modules);
- time-of-flight module ( a very powerful unit in use for pulsed 

source and Rossi-a experiments);
- two time-analyser modules (fast scalers, to be used for noise 

and pulsed source measurements);
- 24-bit parallel input gate (for oscillator-experiments; it reads 

flux and oscillator-position).

The following modules, now finished and tested, will be connected 
to the computer in the first weeks of October:

- range selector for the current amplifier;
- 24-bit output register for computer control of the reactor oscil

lator.
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- Modified time-of-flight module; an extra 16-bit buffer was inser
ted to decrease the dead-time from 3 - 4 ys, the time necessary 
for d.m.c. transfer, to 0.5 us.

A second 24-bit output register for the registration of data on the
Ampex recorder is being tested.

Hardware still to be developed:

- connection of ADC for proton recoil proportional counter;
- interfaces for plotter and magnetic tape recorder;
- improved oscilloscope interface.

Software

The following real-time programmes have been completed and tested:

a) Pulsed Source Analysis with Time-of-Flight Module

This programme is designed for the determination of the of
the fast core. The programme finds the decay curve. An analysis 
is made to separate the prompt and delayed neutron effects, and 
to integrate these contributions, in order to find the Sj^strand- 
reactivity. The programme occupies the complete memory. No room 
is left for including curve fitting. It is possible to simultane
ously select counts from 4 counters, each having 200 time chan
nels. The programme has also been used for determining the pulse 
profile of the pulsed neutron generator.

b) Rossi-a-Experiment with Time-of-Flight Module

The programme determines the distances in time between all pairs 
of neutron counts under consideration. Sorting of these time 
distances leads to an Orndoff-type (or type-I) of Rossi-a-ex- 
periment. For background subtraction the products of mean count 
rates are used. Separate programmes have been made for one and 
for a maximum of 4 counters. With 4 counters all 16 correlation
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functions are found at the same time in a maximum of 80 time 
channels each. Fig. 4 gives an example of such a measurement 
obtained with four BF^-counters in the 4 slab of the sub cri
tical STEK-Argonaut core.

c) Reactivity Determination by the Inverse-Kinetic Method

This programme RESPONS is designed for use with the reactor os
cillator. No correction has yet been applied for the movement, 
if any, of delayed neutron precursors. After each time interval, 
adjustable in steps between 0.25 and 4 seconds, the position of 
the oscillator rod and the neutron flux are determined and read 
into the on-line computer. On the one hand the programme cal
culates reactivity from neutron flux, on the other hand the 
movement of the oscillating rod is analysed, since in different 
phases of movement different calculations have to be carried out 
(like averaging and oscilloscope display of reactivity). The 
programme has not yet been used for actual oscillator measure
ments, but it has for the calibration of control plates. A spe
cial inverse kinetics programme has been written with the same 
subroutines to study the reactivity noise in an oscillator ex
periment .

Future software developments will include:

- a programme for the calculation of auto- and cross correlation 
functions of noise measured with the time-analyser modules (a 
great deal of the machine language routines for this has been 
written);

- a programme for pulsed source analysis with time-analyser modules;
- the two-dimensional analysis of proton recoil proportional counter 

pulses;
- a general programme for control rod calibration with the inverse 

kinetics technique. In this case it will be necessary to change 
the range of the current amplifier automatically at the command 
of the on-line computer each time the signal exceeds the limits 
of 10% or 90% of the full scale. In this event all flux values
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will be corrected by a scale factor;
- adaption of software in the event of hardware extensions.

7. Fast Reactor Physics Calculations for STEK

Until recently the calculations performed were mainly for the de
sign and safety report of STEK and,to a lesser degree, for fuel 
storage and handling and for the evaluation of the samples to be 
measured. A new phase has now been entered, namely, that in which 
the accompaniment of the experiments and the interpretation of the 
experimental results will be carried out. More emphasis will be 
laid on accurate representation of the spectrum by using the right 
type of space dependent energy-group averaged cross sections.

An important aspect is the correct representation of the thermal 
neutron spectrum in the thermal zone. This includes the hetero
geneity effect, i.e., the space dependency of the neutron spectrum 
in the unit cell. Till now, the Russian ABN cross section set in 
its original unmodified version has been used for the calculations 
of the complete STEK core. Homogenisation of the atomic densities 
in the unit cells was done on a volumetric basis. So, in fact, the
representation of the thermal zone was rather crude. This partly2 3 5
explains the discrepancy between the calculated (12.6 kg U) and

235the experimental (15.2 kg U) critical masses of the Argonaut- 
type core. In a new series of calculations the macroscopic cross 
sections in the energy groups 23 to 26 were replaced by a set ob
tained from cell calculations with the code MICROFLUX. This code 
calculates the thermal spectrum up to 2.5 eV by solving the energy
and space dependent neutron transport equation. Using the combined2 3 5
ABN-MF set a critical mass was calculated of 16 kg U which is 
closer to the experimental value. However, this is a provisional 
result because for the geometric representation of the graphite 
beam tubes a certain approximation has been made which, of course, 
influences the final result.

A further aspect of importance is the use, as far as possible, of 
the most up-to-date microscopic cross sections for the reactor
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2 3 5  2 3 8
materials like U, U, C, Al. In this field there remain many 
uncertainties. These may influence the criticality and spectrum to
some extent. Investigations have been begun, especially in respect

2 3 5
to U, and will be continued.

Another aspect to be dealt with is the spectrum dependency of the 
group averaged elastic slowing down cross section in the fast zone 
of STEK. The calculation of this cross section is an iterative pro
cess because the spectrum again depends on these cross sections.
The resulting slowing down cross section will be space dependent 
(as is the spectrum).

A computer programme is being developed. Use will be made of the 
ERDAK file which contains the necessary basic nuclear data for the 
reactor materials. This file has been obtained from GfK A pro
gramme is also needed to make a smooth function from a step func
tion,i.e., a smooth continuous spectrum from a multigroup neutron 
spectrum as calculated by a diffusion or transport code. Such a 
programme has been made by GfK and will be incorporated in our 
scheme. The iterative process that has been mentioned implies that 
the use of data pool facilities will be necessary to fit this pro
gramme in a chain with other programmes to be used such as the dif
fusion codes EDDI and TEDDI and the cross section code ABN.

Another aspect to be considered in the fast zone is heterogeneity 
effects. The heterogeneous structure of the unit cells affects the 
neutron spectrum and the reactivity of the core. But one will also 
see that the reactivity effect of a small sample will be space de
pendent. This has been investigated in the following two cases. In 
the unit cells of the STEK cores 1000 and 5000, with 0.7 mm thick
highly enriched uranium fuel plates, the reactivity effect of an2 3 5
integral U fission products sample has been calculated as a
function of the position in the cell. The one dimensional diffusion 
code EDDI was used for this purpose. The variation in reactivity 
effect of the sample in the cell turned out to be 0 .3 % for the 
1000 core (hard spectrum) and 4% for the 5000 core (soft spectrum). 
The maximum effect occurred in the centre of the graphite, the
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minimum in the centre of the fuel plate.

It has already been mentioned above that, for the complicated cal
culation schemes to be used in the near future, data pool facili
ties on the computer will be indispensable. Such a data pool is 
under development. A provisional specification of the physics data 
needed and a description of other possible or desirable charac
teristics required for such a system have been drawn up.

8 . Fission Product Cross Sections Evaluations

Preparation of the second set of resonance parameters (the five 
parameters Sq , S j , S£ Gamma-gamma and <D>, per fission product nu
cleus) has been finished. These data will now be used as input data 
for the second calculation of the 26 group cross sections for 75 
fission products.

The calculations of the lower energy average group cross sections 
with the Breit-Wigner theory also been performed for all those fis
sion product nuclei for which one or more single level resonance 
parameters were available. These Breit-Wigner calculations were 
carried out with a statistical g-factor of g = \ for all odd mass 
nuclei. This was done in this way because the J-values (compound 
nucleus spin factor) of individual resonance levels are not known. 

However, when the J-value has been measured for a particular 
resonance level the g-factor can be determined more precisely. 
Whether a modification of the Breit-Wigner calculation procedure 
in this respect (g as function of J) would be advisable for the 
next generation of the calculation method, has yet to be seen.

During this quarter the 26 group cross sections were also calculated55 63 186
for the four non-fission product isotopes: ?5^n > 29^u » and17 9
7 gAu• The experimentally determined resonance integrals of tungsten 

and gold, however, are smaller than the integrated cross sections 
calculated with the Breit-Wigner resonance theory. An explanation 
of this effect has not yet been found.
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9. Fission Product Integral Sample

After carrying out measurements of the fuel platelets for the high 
burn-up sample, a detector with cooled first preamplifier stage 
was installed in the LSO hot laboratory. The pin-hole camera was 
replaced by a plug with a hole of 0 30 mm to afford a reasonable 
counting time when measuring the activity of the pellets.

The fixed ratios between the gamma radiations of several energies 
emitted by one nuclide or by one decay chain of nuclides in secular 
equilibrium can be used to derive the relative efficiency curves 
for the experimental arrangements. As is shown in Fig. 5 the two 
arrangements used have very different responses.

During elaboration of the spectra from the platelets the sudden 
occurrence of an unexplained difference in detector efficiency
necessitated the remeasurement of 29 platelets including the cali-1 37
bration of  the set up with a strong Cs source of 3.13 Curie.
The first calculation of the amount of fission products based on 
this calibration resulted in values of 10.0 g and 5.25 g for the 
two samples. An estimation based on earlier scans on the fuel ele
ment N 508 was 10.3 g.

Analysis of the mass of the different platelets and pellets indi
cates a mass ratio of 134.1 +_ 0.3. Efficiencies of the different 
measuring devices have to be further evaluated and must be compared 
with this value.

When preparing, for the low burn-up case, a sample as uniform as 
possible with respect to mass, uranium content and degree of burn- 
up, the variations in measured activities were taken as representa
tive for the composition of the stack. Unless the variations in 
the high burn-up platelets are smaller, the same sequence will be 
adopted for this sample.

The scans on the plates done by NUKEM, using a thulium source, re
veal a small difference in the initial uranium content in the two
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1 0 * 1 0 3 1 0*

photon energy (keV)

Fig. 5. Relative efficiency of the arrangements for counting of 
pellets and platelets as function of gamma ray energy.
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samples. From the available scans, averages of 25.36 mg/cm for
2

the high burn-up sample and 25.80 mg/cm for the low burn-up 
sample have been derived.

10. Preparation of Various Oscillator Samples 

Integral_Sam£le_from_HFR_Fuel_Element

Following the gamma emission measurements on the fuel element 
platelets and pellets, prepared from element N 508, the platelets 
have been weighed and packed together with spacer rings into two 
standard cubical stainless steel capsules, one for the high burn- 
up sample and one for the low burn-up sample . The capsules were 
then soldered with a device developed for that purpose. Subse
quently, they were placed in the capsule holder of the STEK 
transport flask. The capsules had been thoroughly decontaminated 
with acetone-dipped cloths. This was repeated until the final 
cloth when removed from the cell showed contamination readings 
of approximately 80 counts/sec.

Throughout loading of the flask care was taken to prevent conta
mination of the sample holder and flask by using a specially con
structed clean guide tube in the posting port and a special 
gripping device for the sample holder.

£Iutonium_Bearing £oated_Particles_Sample

The plutonium separated in Kjeller from one half of the batch of 
DRAGON coated particles arrived at Petten in the form of an 
oxalate of unknown chemical composition. Measurements of the 
gamma activity revealed that small amounts of fission products 
are still present but that their activities are of the same order 
as those of the plutonium and its daughter products.

Mass spectrometric measurements will be done on this sample to 
verify the unexpected results obtained in Kjeller (See Table 2). 
Two measurements will be performed: one on the untreated solution
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of the oxalate and one after a second effort to purify the sample 
from Np-241 formed after or perhaps retained during the separation 
in Kjeller.

Table 2

Isotopic composition of Pu in DRAGON coated particles after 
irradiation.

original expected results obtained
mass composition for in Kjeller on a

whole batch selected high 
burnup region

238 ? 0.7
239 13.4 16.7
240 17.6 45.6
241 43.7 25.9
242 25.0 1 1 . 1

For the determination of the carbon content of the integral DRAGON 
sample as well as of its silicon content a high frequency furnace 
was ordered of a type in which the coil can be mounted in a box 
while the generator remains outside. The glass apparatus, in which 
the samples are burnt, the combustion gas purified and the 
collected, is being built in the instrument workshop.

Acquisition_and_Enca2 Sulation_of_Sam2 les

A number of isotopes for measurements in STEK have been acquired. 
Zr-93 will be separated from an HFR fuel element; Pd-107, Pm-147 
and Pu-240 will arrive within a few months. Discussions on con
tainment of various isotopes have led to changes in many encapsula
tion designs. In some cases encapsulation is a simple matter and 
will be carried out in the near future. For other isotopes en
capsulation is more difficult due to the need for repacking and 
easy recovery of the expensive materials. Various methods are 
under consideration.
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1 1 . Fission Product Separation

Analyses made for RCN in Windscale showed that the zirconium content 
of aged Butex waste solutions was too low to obtain a sufficient 
quantity from an easily manageable quantity of liquid. After taking 
into consideration other possible sources of supply it was proposed

93to obtain the desired Zr from a spent HFR fuel element. This fuel 
element would have to be dissolved in nitric acid. As we are only 
interested in one particular element, the separation procedure is 
relatively simple and straightforward. The zirconium would be re
moved from the solution by means of adsorption on silica gel. This 
adsorption is rather selective and this step in the process thus 
gives a good decontamination from the bulk of other fission products.

A number of samples have already been dissolved from fuel element 
N 508. At least 99% of the zirconium was adsorbed on silica gel. 
Thereafter, it could easily be removed from the silica gel column 
by means of elution with a mixture of oxalic and nitric acids. From 
this solution the zirconium was precipitated in the form of barium 
zirconium fluoride, redissolved and precipitated with cupferron.
The bulky precipitate was heated at 800°C to obtain zirconia.

The spent HFR fuel element still contains about 125 g uranium with 
an enrichment of 73% that will be recovered in due course. The 
isolation of the uranium from the solution will be done by extrac
tion with Aliquat-336 S. The back-extraction will be done by means 
of a carbonate solution. Prior to carrying out these experiments 
it is hard to say whether the decontamination will be adequate.

b* §egaration_of_the_Lanthanides

Experiments with a Conventional Column

The series of experiments with artificial mixtures on the varia
tion of a (relative flow velocity) have been completed, a is 

-3approximately 10 . The absolute flow velocity m  these experi-
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ments is = 0.5 ml/cm .min. The Q-values agree with the values re
ported in literature for tracer quantities (1.5 - 2.0). Inter
ference of Cs, Ce(III) and Ce(IV) can easily be eliminated under 
the conditions finally chosen, viz., pH = 3.45 and = 0.2 M.
The purification of a commercial Pm-147 sample can be performed 
at a higher relative velocity than that at which the mutual se
paration of all the lanthanides takes place.

A series of experiments at higher absolute flow velocities has 
been commenced. It seems likely that the time necessary for the 
separation process can be reduced by a factor 2-4 in this way.

The High Pressure Column

In the first series of experiments with the high pressure column 
a higher pressure was used. Ten experiments have been made on the 
separation of 100 mg quantities of Eu and Tb. A succesful se
paration could be performed within 3 hours. This is a vast im
provement on conventional column techniques for rare earth se
parations.

2
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II. FUEL PERFORMANCE (1224.1)

1. Fuel Screening Tests

Swing-in irradiation capsule R54-F05 has been irradiated for 37 
minutes at a power of 11.1 kW. This capsule contained fuel pin 
R54-F05 filled with 50% enriched U02 pellets and clad with stain
less steel, Werkstoff no.4961. The diameter of the UO^ pellets 
was 6.0 mm and the active fuel length 79 mm. The inner diameter 
of the cladding was 6.1 mm and the wall thickness 0.30 mm. The 
total length of the fuel pin was 127 mm. This fuel pin was 
placed in a containment filled with sodium which in turn was 
placed in a gas-filled aluminium containment. During irradiation 
a sodium temperature of 450°C has been measured close to the 
fuel pin. The specific power in the fuel pin was 1400 Watts/cm 
fuel length.

As the target of the irradiation has been to reach a sodium 
temperature of 550°C at a specific power of 1100 W/cm, the 
irradiation will be repeated using a different gas composition 
in the second containment.

Irradiation of the subsequent swing-in capsule, R54-F06, has been 
postponed awaiting the evaluation of the above-mentioned data and 
the possible need for modification. This capsule has a target 
operation temperature of 650°C at 1100 Watts/cm fuel length.

2. Fuel Pin Endurance Tests

Representative macrophotographs of fuel pin R62-A02 are presented 
in Figs. 6 to 8 . From the cross sections at different elevations 
of the fuel column it can be seen that the region of columnar 
grain growth extends almost to the outer surface of the UO^pellet. 
This is more pronounced in the middle of the fuel column than in 
the sections near the end. The marks on the outer side of the 
cladding seen at the top of the photographs indicate that side of
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the fuel pin facing the reactor core during irradiation. It may 
be noted that the central hole is not in the centre but has moved 
in the direction of the reactor core. This is caused by the non- 
uniform heat generation in the fuel as a result of the neutron 
flux gradient in the pool-side facility. The area of the columnar 
grain growth has also shifted in this direction. The axial cross 
section of the top section of the 50% enriched fuel column in 
Fig. 9 shows that the heat barrier of a pellet of natural UO^ is 
quite effective considering a heat load of 900 Watts/cm. It must 
be mentioned that the boundary on the right hand side of the 
central hole was originally of the same shape as on the left hand 
side. During grinding a part of the fell out.

The macrophotographs of fuel pin R62-A01 give essentially the 
same impression. The columnar grain growth area is somewhat small
er which can be accounted for by the lower power generation of 
700 Watts/cm during this irradiation. A detailed analysis has yet 
to be made.

The manufacture of the different items for the capsules R62-A03 
and -A04 and the irradiation racks is nearing completion. The 
assembly of capsule R62-A04 has been commenced.

As mentioned in the previous quarterly report the heater element, 
which melts the sodium in the upper part of the capsule during 
start-up and prevents unneccessary stress on the containment wall, 
was damaged during installation. As it was not possible to re
place the heater element it was decided to substitute it by 
creating an extra gas gap around the upper part of the shroud 
tube.

The thermocouples have produced no further problems. They have 
been X-ray tested before being mounted into the capsule.

Apart from measuring the temperature inside the capsule the 
neutron flux will be measured continuously. This will be done by 
means of two collectrons installed on two sides of the irradiation 
rack.
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Fig. 6 Cross section of R62-A02, 6 mm from the top of the fuel column.
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Fig. 7 Cross section of R62-A02, 17 mm from the bottom of the fuel column.
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Fig. 8 Cross section R62-02, 120 mm from the top of the fuel column, 
(about the middle of the fuel column).
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K S

Fig» 9 Axial cross section of the top of the fuel column of R62-A02.

At the top of the photograph part of the neutral UC^ heat barrier is shown.
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The irradiation of capsules R62-A03 and -A04 will be carried out 
at an average cladding temperature of 714°C and an average linear 
power of 670 Watts/cm. It is the intention to reach a burn-up of 
50,000 MWD/ton in capsule R62-A03 and 80,000 MWD/ton in capsule 
-A04.

3. Loss of Cooling

A description of the "loss of cooling" capsule has been given in 
the first quarterly report 1969 |2 |.

The construction of the electric mock-up capsule progressed 
according to plan and tests with this mock-up capsule are anti
cipated by the end of the next quarter.

In order to get an idea of the time needed to bring about a melt 
down of the fuel pin following the blowing away of the Na a num
ber of computer calculations have been made. These calculations 
also give an impression of the static and dynamic temperature 
distribution under stationary and transient conditions.

From calculations of the temperature as function of time after 
the loss of cooling it was found that a melt down of the cladding 
occurs only four seconds after a loss of cooling has been 
initiated.

4. Chemical Simulation of Nuclear Power Bursts

No further progress in connection with this experimental program
me can be reported.
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III. RADIATION DAMAGE IN CANNING MATERIALS (1131.13)

1. Tensile Specimens and Preparation for Irradiation

The required 2700 tensile specimens of AISI 304L and 316L, vary
ing in ^ B  content and in microstructure have been prepared and 
transported to the HFR reactor for irradiation during the last 
quarter of 1969.

Of the samples, 1200 will be irradiated at 100°C. Enclosed in 
four aluminium boxes they will fit in one filler element of the 
HFR.

The components for the 500°C irradiation capsule have been made 
and assembly is under way.

2. Boron Distribution

Research on the distribution of B after various heat treatments 
has been concluded. The results will be published by the Journal 
of Nuclear Materials |3 |.

3. Helium in AISI 304L

AISI 304L foils, containing 0.6, 8.5 and 50 ppm '^B, have been
irradiated at 600°C up to neutron doses of approximately 

20 24 x 10 n/cm (thermal and fast). After irradiation the samples 
contained 0.2, 3 and 20 ppm helium respectively.

After thinning, the samples were examined by transmission elec
tron microscopy. In the material containing 20 ppm helium, 
bubbles are observed in the form of up to 500 X large cubic 
holes (See Fig. 10). There are substantial variations in density 
over distances in the order of lOy. Populations occur locally 
where the volume fraction is about l°/oo. The density variation 
is caused by the originally inhomogeneous B distribution. In 
the samples containing 0.2 and 3 ppm helium hardly any bubbles 
(or cubes) were found.
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4. Ins trumentation

A creep rupture test stand to hold five separate stringers has 
been designed and is now in the process of fabrication. The 
apparatus will be operated in the hot cells.

An encapsuled furnace, filled with inert gas, for tensile test
ing has been made and is being used in the reference study on 
unirradiated specimens.

In addition, a resistance furnace for use up to 1600°C has been 
installed.

5. Irradiation Capsules

Although the components for the cold irradiation boxes were 
available by mid July assembly was delayed until the middle of 
September due to late delivery of the steel samples. Several 
calculations have been made to obtain an estimation of the 
irradiation temperature. It appears that the limits between 
which the temperature fluctuates are quite acceptable. According
ly, it was decided to omit the thermocouples from the boxes.

Most of the high temperature capsule components were fabricated 
in the RCN workshops during this quarter. However, changes in 
the original design had to be made in connection with the re
quired creep tension. Furthermore, other bellows had to be or
dered as those delivered were not according to specification.

As a result of the above, assembly of the high temperature cap
sule was delayed till the end of September.

Due to the differing content of the specimens an endeavour 
was made to set up a loading scheme for placing same in the cap
sule. Computer calculations made did not provide the anticipated 
results.
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(48,000 x)

10Fig. 10 Helium bubbles in irradiated B doped AISI 304L.
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IV. CORROSION BEHAVIOUR IN CANNING MATERIALS (1133.6)

Isothermal testing of Inconel-625, Hastelloy-X280 and Incoloy- 
800 sheet samples, at 550, 650 and 750°C in slowly circulating 
steam containing 3-6 ppm oxygen as well as at 550°C in fast 
circulating steam containing 2-5 ppm oxygen, was continued.

The results of chemical analysis of the condensate of the steam 
flowing through the test devices were nearly the same as those 
presented in preceding quarterly reports.

The average weight gains, AG, of the various sets of samples 
after an exposure time of 8000 hours showed no remarkable 
changes as compared with the results reported in the preceding 
quarterly report. The descaling experiments and the microprobe 
analyses of the 8000-hour samples were commenced.

Metallographic examinations of samples corroded for 4000 hours 
were performed. The specimens were electrolytically etched with 
10% oxalic acid. Microphotographs of representative sections 
were made with enlargements of up to 500 times. Figs. 11 and 12 
show for instance the microstructures of Hastelloy-X280 
(solution annealed + 20% cold work + 24 hours aging at 800°C and 
electropolished in a bath containing 30% ^SO^, 45% H^PO^ and 
25% H^O) at the three test temperatures. In addition the micro
structure of a blank sample is illustrated. As the micro- 
structures of the specimens for the three steam velocities at 
550°C showed in general the same pattern, only one microphoto
graph at this temperature is presented.

On examining the microphotographs it will be noticed that the 
specimens were covered with a copper layer prior to mounting in 
bakelite. This copper layer has a thickness of about 3y and can 
be seen as a white rim between the grey-black bakelite and the
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almost black oxide.

Regarding the Hastelloy-X280 microphotographs the following re
marks can be made:

- The oxide layer is fairly homogeneously distributed over the 
alloy surface. The oxide thickness is 2-4y on the 550°C and 
4-6y on the 650 and 750°C specimens.

- The carbide precipitates - formed in the blank material during 
the 800°C tempering treatment prior to corrosion - and the 
grains increased in size during the high temperature corrosion 
testing.

- The number of fine precipitates, probably composed out of 
alloying elements, is smaller in the zone adjacent to the 
grain boundary, especially in the 750°C specimen, than in the 
centre of the grains.



Blank specimen

550°C

650°C

750°C 

Fig. 11

Microstructures of Hastelloy-X280, 
exposed to atmospheric steam of 550, 
650 and 750°C during 4000 hours. 
Etchant: 10% oxalic acid electrolytic. 
( 2 0 0  x)
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Blank specimen

550°C

650°C

750°C 

Fig. 12

Microstructure of Hastelloy-X280, 
exposed to atmospheric steam of 550, 
650 and 750°C during 4000 hours. 
Etchant: 10% oxalic acid electrolytic.

(500 x)
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V. AEROSOL RESEARCH (1225.2)

1. Exploding Wire Technique

The specific explosion energy of exploding Na, Au and Cu wires 
has been determined by means of a bomb-calorimeter. This enables 
a study of the influence of the specific explosion energy on the 
aerosol behaviour to be made. If required, the explosion energy 
can be varied over a very wide range by shunting with various 
auxiliary exploding wires. Development of the Analog Multiplier 
and Integrater was temporarily stopped.

2. Methods of Analysis

The sampling and analysis techniques for the determination of 
mass concentration and chemical composition, as mentioned in the 
previous quarterly reports, have been continued. The testing of 
the horizontal sedimentation tube had to be dropped for the time 
being.

A variety of techniques has been tried out in order to get a 
visual image of the sodium aerosol samples in the electron 
microscope. These techniques included the protection of the 
samples against attack from air and moisture and the bringing 
about of reaction patterns (of the sodium aerosol with a silver 
film) on the grid. None of them were successful.

Particle number concentrations were obtained for most of the
aerosol experiments. The principle of the technique has been
described in the preceding quarterly report. The concentration

3 6 _ 3ranges from some ten particles per cm up to 10 cm , but the 
results are not very accurate due to many sources of error. A 
condensation nuclei counter has been ordered and will be de
livered by the factory at the end of this year. It is hoped that 
the inaccuracy in the particle concentration data and the
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Table 3.

Characteristics of Aerosol Chambers

Tank Height
(m)

2Surface area (m )
Surface , -1. 
Volume (m }Volume

(m3)
Total

internal

Floor

ERNA 0.50 0.075 1 . 1 0. 15 15

ERGO 10 0.75 0 . 12 1.3 0.16 11

ERGO 1 0 0 1.50 1. 2 6 . 2 0 . 8 5.2

2 . 0 0 1 . 0 7.0 0.5 7.0

ERGO 2 0 0 0.50 1 . 0 7.0 2 7.0

1 . 0 0 1 . 0 7.0 1 7.0
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elaborate work connected with it can then be overcome.

3. Aerosol Experiments

In Table 3. the characteristics are given of the aerosol tanks 
at present in use. The decrease of the mass concentrations of 
sodium and strontium has been recorded in experiments carried 
out with mixtures of Na and SrO. Over a period of 5 hours after

3
the explosion the sodium concentration fell from about 500mg/m

3 . 3to 20 mg/m and the strontium concentration from 30 mg/m to 
3

1.3 mg/m , whereas the Sr/Na-ratio remained unchanged. In these 
experiments a lower limit is set by the amount of Sr present in 
the membrane filters.

To be able to study mixed aerosols during a longer period and 
over a larger concentration range an experiment has been done 
with an aerosol containing gold and 3 wt.% copper. The gold and 
copper wires were irradiated before the joint explosion. The in
dividual mass concentrations were determined by means of gamma- 
spectrometry. It appeared that the gold aerosol behaved as if no 
copper was present, whereas the mass concentration of the copper 
decreased in the same way as that of the gold. From this it can 
be seen that during the life of the mixed aerosol a constant
ratio of its components is maintained. The mass concentrations

3 3of gold and copper initially being about 100 mg/m and 3 mg/m
3 3respectively, decreased in 64 hours to 0.19 mg/m and 7.8 yg/m .

In our opinion the results with mixed aerosols prove the 
assumption that the behaviour of real nuclear accident aerosols 
of sodium, fission products and fissile and structural materials 
can be studied by investigating the behaviour of the major 
component. This will most probably be sodium.

4. Influence of Aerosol Tank Dimensions

Three experiments, each lasting 4 days, have been carried out
with the ERGO 200 aerosol tank (See Table 3.). By placing this

3
0.5 x 1 x 2 m tank m  its three different positions, the height 
could be varied with constant internal surface-to-volume ratio.
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Each experiment was started using the same initial gold aerosol 
in the ERGO 200 tank placed in the 2 m height position. In the 
first experiment (ERGO 201) the tank remained upright, but in the 
second and third cases the tank was turned to a height of 0.5 
metre (ERGO 202) and 1.0 metre (ERGO 203) respectively following 
homogenization of the aerosol in the tank which is realized about 
45 minutes after the explosion. The different behaviours of the 
mass concentration are clearly shown in Fig. 13 The particle 
concentration decay is also different (Fig. 14) Fig. 15 shows the 
resulting course of the mean mass of the particles.

In all cases the mean particle mass increases during the first 
hour after the explosion, whereas the particle concentration de
creases quickly due to a higher order mechahism, most probably 
coagulation and plate-out. When the coagulation has ceased the 
decay becomes exponential, leading to the conclusion that de
position governs the behaviour of the aerosol as if it were 
monodisperse. Since the aerosol concerned is polydisperse, the 
single action of sedimentation or plate-out would result in a 
non-exponential decay. A reasonable explanation is that a com
bination of gravitational and diffusive depositions will lead to 
an aerosol which behaves aërodynamically monodispersive. The 
aerodynamic size distribution can become stable during the 
particle concentration decay as diffusion affects mainly the fine 
particles and sedimentation mainly the coarse ones. Such an 
equilibrium aerosol of a stable aerodynamic size spectrum has 
also a stable aerodynamic equivalent mass which is related to the 
tank dimensions and the aerosol particle mass at the moment of
formation. This aerodynamic equivalent mass can be calculated to

- 1 2be of the order of 10 mg.

5. Influence of other Parameters

The specific energy of formation and initial mass concentration 
can also be considered as parameters. By using the principles 
developed in the foregoing paragraphs the experiments done in the 
beginning of this quarter became comprehendable (See Fig. 16).
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The three experiments ERGO 102-105-106 have initially decreasing 
half-lifes with increasing mass concentration. This must be due 
to increased sedimentation caused by enhanced coagulation at 
higher initial particle (and mass) concentration. After 50 to 60 
hours the half-lifes of the three curves are not very different 
probably due to the approach of the aerosol equilibrium situation. 
The decay curves of experiments with different specific formation 
energies are different, because the composition of the individual 
aerosol particle is dependent on this specific explosion energy. 
Electronmicrographs of the aerosols, showing an increasing 
primary particle size with decreasing specific formation energy, 
support these preliminary conclusions.
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VI. HEAT TRANSFER AND HYDRAULICS (1224.1)

1. Sodium Loops

In the 75 kW sodium loop a piece of tubing temporarily replaced 
the defective pump. In this way it was possible to operate the 
system by means of natural circulation which was adequate for 
carrying out several commissioning tests. The loop could be 
heated by an immersion heater in the test section to 400°C which 
was sufficient to dissolve the oxides and to obtain wetting of 
all surfaces exposed to sodium. By the end of August the re

paired pump could be re-installed and a 1 0 0 hour test run of 
one of the test heaters carried out.

Having formally accepted the 350 kW sodium loop an extra set of 
condensors was deemed necessary for the electrical system of the 
electro-magnetic pump to obtain the power factor specified for 
this pump. It was also felt necessary to calibrate the main flow 
meter for the purpose of carrying out the experiments. The 
calibration entailed a comparison between flow meter readings 
and heat balance results taken from the test section. To this 
end the 150 kW heater NANCY-201 was used. The electrical power 
was measured with carefully calibrated current and voltage 
meters. This method, however, was not successful as the mixed 
outlet temperature could not be measured with the required 
accuracy. This was due to the stratified flow which developed in 
the heater bundle. It is thus impossible to measure by a single 
thermocouple the mean outlet temperature without special mixing 
devices in the outlet of the test section. Differences of 40°C 
in sodium temperature have been observed accross the outlet 
line.

A design is being made of a mixing device plus flow rectifier.
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To the rectifier, consisting of a number of baffle plates, 
several thermocouples will be attached including fast couples 
intended for velocity measurements by means of noise analysis.

2. Heat Transfer in Sodium

A wide study of literature is being made with respect to safety 
aspects of fast sodium cooled breeders and heat transfer in 
sodium. A summary of the safety aspects has been presented to a 
discussion group. It was concluded that the major safety 
problems concern the lifetime security of the core rather than 
public health, which can, up to now, be protected by intervening 
in the failure mechanism.

Damage of the core can be caused by boiling phenomena which 
are related to superheat of the sodium, high cladding temperatur
es and resulting clad failures. Boiling of liquid sodium may 
occur when there is a power overshoot or a flow blockage.

The origin of bubbles and their growth will be the subject of a 
further theoretical and experimental study. One difficulty met 
in the experimental work is the opaqueness of sodium. This can 
be avoided by simulation experiments in fluids of a transparant 
nature, e.g., water.

It will be necessary to verify the results of these water 
simulations by repeating them in a sodium experiment. For this 
purpose preliminary specifications of a 1 2-rod bundle experiment 
in the 350 kW sodium loop are being made.

Measurements are required on:

- Void-growth in (almost) stagnant sodium, especially the radial 
extension.

- Location and size of bubbles, with partial flow blockage if 
possible.

- Local and mean heat transfer coefficients.
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DIAMETER HEATER 6,1mm 

PITCH 7,9mm

1- 7 THERMOCOUPLES

8 HEATER

9 DUMMY

10 ELECTRODE VOIDMETER

11 GAS GAP

12 BY PASS

13 TEST SECTION WALL

Fig. 17 Cross section of 12-rod bundle for boiling

experiments ( NANCY 206 )
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*

a. Pressure tap

sw

b. Hole for traversing instrument

(25 x)

(3 x)

Fig. 18 Finish of holes in the air loop test-section.
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- Application and testing of appropriate computer programmes.

The bundel will have the dimensions of a part of the SNR sub-
assembly surrounded by dummy rods (Fig. 17). The heated length
which is limited by the cooling capacity of the loop is 25 cm;

2the average heat flow is 500 W/cm . Hydraulic adjustments 
lengthen the rods till 55 cm. A magnetic flow meter at the 
inlet side of the bundle takes another 2 0  cm.

The number of voided subchannels is limited by the test section 
outlet temperature of 625°C. The mixing temperature of bundle 
outlet and by-pass (Fig. 17) may therefore not exceed this 
limit.

Stagnant flow (total blockage, pump failure) measurements must 
be carried out in a separate vessel.

Information on two-phase flow (and voiding) can be obtained 
from the inlet flow meter on the one hand and from a void de
tection device on the other. This information can be obtained 
by relatively simple means:

- An extra flow meter with non-linear velocity effects.

- The appliance of resistive network theory to the sodium 
channels between the rods.

The second method looks promising as the specific resistances of 
sodium and the clad material are of the same order, which means 
that in case of voiding of a subchannel or voiding of the gap 
between two rods this results in roughly a doubling of the local 
resistance.

This seems to be measurable in the form of a specific voltage 
change at the shroud electrodes (See Fig. 17). Exercises are be
ing made on void location and void size detection.

Further instrumentation will comprise various thermocouples and 
acoustical boiling detection.



-62-

The realisation of this 12-rod bundle awaits the successful 
development work concerning instrumentation and data process
ing.

3. Heat Transfer in Air

The test section of the air loop was delivered in August and 
subjected to a final inspection. The edges of several static 
pressure taps and all other penetrations of the test section 
inner bore were photographed by means of a horoscope (See 
Figs. 18a and 18b). These pictures show that the edge of the 
holes bears some burrs and that the chromium layer is absent in 
a small area surrounding the holes. This casts some doubts on 
the accuracy of the static pressure taps. For this reason the 
signals from these taps will be measured as soon as possible.

Some delay in the installation of the test section was caused 
by a bad weld that had to be repaired as it caused small but un
acceptable distortions. After this difficulty was overcome the 
loop could be leak tested. It was not till after several repairs 
and replacements of leaking parts had been performed that the 
specified allowable leak rate was obtained.

Several valves still caused considerable air losses which, how
ever, was considered acceptable as these losses do not impair 
the flow measurement.

The first test rod, a smooth tube coded LUCY-101, became ready 
in September after the difficulties with the brazing of the 
Incoloy tube to a copper electrode connection had been solved.
The tube is provided with 18 thermocouples (0 0.34 mm) which 
had to be welded to the inside over a length of 1.5 m. This 
proved to be a time-consuming work. Every thermocouple is elec
trically isolated with aluminium oxyde tubes of 1 mm O.D. The 
hot junction of the couples has been welded to the tube in an 
Inconel shroud tube. The location of every hot junction is known 
with an accuracy of 1 mm.
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The flange through which the rod is mounted in the test section 
housing was redesigned to avoid a brazing operation after all 
the thermocouples had been installed and connected.

In the meantime tests have been carried out to produce accurate 
rectangular roughness profiles on Incoloy-800 tubes. The width 
to height and pitch to height ratios of the four 15 cm long test 
pieces being made were 1 and 9 respectively. The roughness was 
made by turning with a special cutting tool producing a spiral 
effect on the tube.

The dimensions obtained can be compared with the nominal values 
in Table 4. In the second column each figure represents the 
average of thirty measurements. The variation coefficient in the 
fourth column is defined as:

From the table it can be concluded that only the pitch has been 
machined fairly accurately which is to be expected as the 
machining was carried out on a lathe. The tolerance on the height 
is not good and the width can for practical reasons not be less 
than 0 . 1 mm.

The influence that roughness or turbulence promotors in general 
will have on heat transfer and flow friction characteristics in 
a flow passage will depend on the penetration of the promotors 
in the flow. Since the penetration is relative, depending on the 
Reynolds' number as well as the roughness height, it is reason
able to express this height as a dimensionless quantity:

variation coefficient = 1 0 0 0  x standard deviation
number of measurements

v
is the friction velocity frequently used in boundary

layer studies
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From the definition of Moody's friction factor it follows that 
this formula can be written as:

,+ h _h Re _

in which:

h+ = a Reynold's number with h as characteristic length and 
\/tw /p as characteristic velocity;

Tw = wall shear stress;

h = roughness height;

D = hydraulic diameter of flow passage;

X = Moody's friction factor;

v = kinematic viscosity.

For h+<. 5 the roughness is submerged in the laminar sublayer; 
for 5 < h+< 30 it is in the buffer layer and for h+> 30 in the 
full turbulent regions |4[. For a maximal effect of turbulence 
promotors it can be estimated that h+ must be 30 or larger. Here 
the displacement of the laminar and buffer layer by the presence 
of roughness is ignored although probably not negligible.

For the air loop test section where D = 24 mm, Re = 10^ and
+A 0.016, the requirement h = 30 would give a roughness height 

h = 0.16 mm.

It is our intention to select, as a first step, a roughness form 
and dimension which will enable a comparison to be made with 
results obtained elsewhere. Most suitable to this end is the 
work of Wilkie j 5 1. He investigated square ribs (See Fig. 19 
on Page 6 8 ) in a large range of pitch to height ratios and 
roughness heights.

The results of Wilkie show that for a given ratio h/D the in- 
crease in heat transfer ratio, given by St^/St^ and the in
crease in friction coefficient, given by fr/fg> is optimal for 
only one value of the ratio p/h.
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Here:

St^ = Stanton number for rough surface;

St = Stanton number for smooth surface; s

f = friction coefficient for rough surface; r

f = friction coefficient for smooth surface, s

In Fig. 20 the relation is shown between the p/h and h/D^ values
which give maximum Str/Sts values. As can be seen for large
values of h/D„, maximum St numbers are obtained for a constant H r
value of p/h of about 6 . Several possible roughness geometries 
are calculated for the air loop based on this graph; Table 5 is 
a summary of the results of these calculations.

From the table it can be concluded that Case number 1 gives the 
highest heat transfer coefficient and friction factor. As this 
is the case with the highest roughness, effects of corrosion 
and erosion will be most easily recognized. A further advantage 
is that for different Re-numbers only one value for p/d is 
needed to obtain maximum Stanton numbers.

For the analysis of the results of future heat transfer 
experiments in rod bundle geometry the HECTIC II code has been 
adopted for the use on the RCN X- 8  computer installation. The 
code predicts the data of hydraulic and temperature conditions 
under which the experiment will run based upon the specified 
geometry, heat production and the knowledge of friction and 
heat transfer coefficients.

Up to now our present compilation of this code has been checked 
against a sample problem wherein the heat transfer in a 19-pin 
fuel element of a gas-cooled reactor is analysed |6 |.

The calculation is performed on a minimum symmetry sector (See 
Fig. 21) which consists of five subchannels and ten surface 
elements in the first eight of which the heat production of the 
bundle is simulated and through the last two the heat is
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Independent variable about
the stanton number maximum is

_h_

Fig. 2 0  Roughness parameters to obtain maximum stanton numbers

(according to Wilkie)
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AMBIENT ENVIRONMENT

AXIAL FLOW 
FttSSAGE

NONGENERATING 
FLOW TUBE

FUEL PINS WITH 
HEAT GENERATION 
SIMULATED IN THE 
CLADDING

VOID

(Report No. ID0-28595 (Revised 12-1-65 )

I 1.?- 21 .19-pins bundle treated with HECTIC H
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transferred from the bundle to ambient. The total heat production 
is 50 kW per bundle; the axial variation of the heat production 
rate is supposed to have an almost chopped cosine shape. The 
coolant is nitrogen gas with an inlet temperature of 800°F and 
an inlet pressure of 306 psia; the ambient temperature is 150°F.

The results of our running are in good agreement with the 
published results with the exception of the total ambient loss 
figures, which in the published results do not reach 1% of the 
total heat production. Our results for the same conditions 
amount to 1.5%. Nevertheless, the hand calculation based on data 
of the same problem in the above-mentioned publication leads to 
a result which supports our value in this particular conflict.

In order to establish a reasonable belief in our compilation it 
is intended to calculate more sample problems with already known 
results.

A new test series of Preston tubes has been prepared. The aim of 
this third series is:

- to improve the measuring technique;

- to obtain measurements under conditions more closely resembling 
those prevailing in the air loop;

- to make a new attempt to find the reason for the earlier found 
influence of the tube diameter on the measurements.

The tests will be carried out in the existing test tube of 40 mm
I.D. This time the Preston tubes will be brazed in the supporting 
ring with more care. The open end of the tubes will this time not 
be brazed to the wall but will be simply pressed to it to avoid 
possible effects of the presence of soldering material.

Further, all pressure differences will be measured simultaneously 
by means of a multi-manometer especially adapted for these tests 
and which can now be used for pressures up to 10 atm.
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The measurements will be recorded in photographs. In earlier 
tests normal small tubing was used for the Preston tubes. One 
reason for the systematic influence of the tube diameter on the 
measurements could be that thicker tubes have a greater wall 
thickness and thus the inside of thicker tubes is further from 
the wall against which the tube is pressed than in the case of 
small tubes.

To avoid this possible cause of error additional tests will be 
carried out with Preston tubes of different inner diameters, 
but all with the same wall thickness. The (outer) diameters to 
be tested are 0.5; 1.24; and 1.65 mm.
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