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GENERAL

This progress report covers fast reactor research carried out by 

RCN during the second quarter 1969 forming part of the integrated 

fast breeder research and development programme also in progress 

at the national nuclear research centres Karlsruhe and Mol. The 

combined effort is based on a memorandum of co-operation in this 

field signed by the respective governments in 1968 and on a memo

randum 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 pro- 

field of fast reactors. The contribution comprises 

the following six items:

- A Æéatîtôr , 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 trans

ient irradiations are being carried out to establish the tempera

ture 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;

- 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 products 

which could be formed after a fast reactor accident; a thorough
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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 inte

grated in the "October 1969 GfK Time Schedule".
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1. STEK Installation and Operation

The construction of the fast-thermal coupled critical facility was 

completed early May and after a thorough testing of the equipment 

and instrumentation the first criticality was obtained on 22nd 

May. The first loading consisted of 40 fuel elements in the 

thermal zone, whereas the inner core tank (fast zone) was com

pletely filled with pure graphite elements. Thus a thermal

Argonaut type core was built up with a critical loading of 732
235

fuel plates, i.e., about 15.2 kg U.

In this core a power calibration was performed, detailed thermal 

flux distributions measured, the control plate worth determined 

and noise measurements carried out to determine the thermal neu

tron lifetime of the core and the coupling between the four slabs 

in the thermal zone. Thereafter, three-, two- and one-slab cores 

were built up in which noise measurements were performed to invest

igate the coupling between the individual slabs and the neutron 

lifetime of each core.

2. Sample Exchange and Moving System

The complete exchange and moving system, including the lead 

container for the active samples, was installed and put into 

operation. Only minor difficulties were encountered.

The electronic control system was also completed after thorough 

investigation of its performance during temperature changes, 

voltage supply variations, electronic disturbancies$ etc. Fig.l 

shows a block diagram of the oscillator, Fig.2 a photograph of

I. REACTOR P H Y S I C S (1214)
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Fig. 2. Electronic Instrumentation Rack
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Fig. 3 Detailed view of graphic panel
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the instrumentation rack and Fig. 3 a photograph of the graphic 

panel with the controls.

The oscillator consists of a vertically moving element and a 

horizontally moving sledge. The moving element is located at the 

centre line of the cylindrical fast zone of the reactor. The mov

ing element can be fed at different vertical positions with 

samples from the sledge containing a sample holder. There are four 

positions on the sledge reserved for radio-active samples. In one 

of the extreme positions of the sledge the four radio-active 

samples are shielded by a lead transport container. The sledge 

has, sixteen sample positions. Twenty positions of the moving 

element can be loaded and unloaded automatically. The moving 

element is moved by screw and nut. The screw is driven by a 

printed circuit mo'tor. The position is measured with an optical ab

solute shaft encoder with an accuracy of 0.1 mm.. The moving 

element is positioned by a digital control system. The actual 

position is compared with the required position by means of
I

position select switches or an on-line computer. The difference 

signal is used to drive the element with constant speed to the 

required position.

The sledge is moved by means of a stepping motor and has sixteen 

fixed positions, marked by five photocells and coded holes moving 

along these cells. The oscillator has a programme switch with the 

following positions: to transport container, loading moving element, 

unloading moving element, positioning moving element, automatic 

and computer programmed. In the "loading" and "unloading" positions, 

the required position of moving element and sledge are selected 

after which the required actions take place automatically. The 

system is interlocked, so that only permissible actions are executed. 

The "automatic" position of the programme switch is normally used 

for sample oscillating. The sample is oscillated between two 

adjustable positions; it stays in each position for an adjustable 

time and makes an adjustable number of cycles after which the 

sample is returned to the loading position. The speed of the mov

ing element can be selected. In the position "computer programmed"
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of the programme selector switch, the moving element is positioned 

by the computer.

Much care has been taken to assure that the system will not be 

damaged or paralysed as a result of defects of certain components 

thereby ensuring the safe return of strongly radio-active samples 

to the transport container.

The neutron flux is measured with an ionization chamber, a cur

rent amplifier and a voltage-to-frequency convertor. The fre

quency is counted during the measuring time which is adjustable 

between 1 / 4 - 4  sec. The information is then transferred to a 

buffer, the scaler is reset and the frequency is recounted. The 

content of the buffer is indicated and recorded. The neutron flux 

and the moving element position signals are transmitted to a 

printer and to the on-line computer. The fraction of measurements 

to be printed can be selected. Instead of the computer, an 

IBM-compatible tape recorder can be connected. This would make 

the measurements independent of the on-line computer.

Preliminary oscillator measurements with reference samples in the 

central zone of the thermal Argonaut type core indicate a very 

low sensitivity. The measurements have not yet been analysed.

3. Instrumentation for STEK

The following instruments in the CAMAC interface system (a modular 

instrumentation system for data handling) have been wired, tested 

and delivered: a 24-bit parallel input gate, which is used to enter 

data from the reactor oscillator into the computer, a time-analyser 

unit for measuring the number of counts per unit time, a time-of- 

flight unit for measuring arrival time of counts or time between 

counts and a timer for generating clock pulses and trigger pulses 

for the neutron generator.

The CAMAC rack and power supplies were installed. The simplified
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da t away controller mentioned in the previous progress report |1 | has 

been tested and in combination with this controller the CAMAC modu

les have been tested on the computer. The controller to be finally 

used was not delivered during this quarter.

A 24-bit output register has been designed. This is a single width 

CAMAC module and will be used to control the reactor oscillator and 

as a temporary connection between the IBM-compatible tape recorder 

and the computer. In this way data from the computer can be re

corded. A CAMAC module will be designed as soon as possible 

whereby the computer can completely control the recorder and use 

it in reading and writing modes.

The ionization current amplifier has been completed and prelimi

nary measurements carried out. The amplifier has a range of 
- 1 0 - 4

10 -10 which can be selected remotely. For ranges above

3.10 *^A, the time constant is $ 1/4 ms.

A double deviation amplifier which is used for reactor noise 

measurements and which measures the relative variation of the 

ionization current was designed and built and is now being test

ed. The instrument contains two indentical units. As input, the 

current amplifier output is used. The deviation amplifiers have 

ranges from 100-0.1%. They have two time-constants: wide band and

0.1 sec. Each amplifier contains a digital circuit which indicates 

by means of an output signal if the amplifier is overloaded. This 

signal is used for the on-line computer. At the same time an 

audible signal is given to warn the experimenter.

The four counting channels for the kinetic measurements in STEK 

have been delivered.

The safety amplifiers for STEK have been tested and delivered. The 

drop time meter which measures the longest drop time of the control 

rods was installed.

The control unit for the Ampex tape recorder was finished. A design
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was made for a reactivity meter. This instrument solves the kine

tic equations with analog computer techniques. The instrument will 

be used with the reactor oscillator as monitoring instrument. The 

instrument will be connected to one of the current amplifiers. It 

has not only a range switch for this amplifier, but also an auto

matic circuit range switching. The instrument has a current range 
- 1 0 - 4

of 10 -10 A and a reactivity range of 5 - 5000 pcm or m$

(choice of unit depending on a switch).

4. Measurements of Neutron Lifetime and the Neutronic Couplings of

STEK Argonaut Type Cores

Ç§l£yI§ÎÎ2!î2_2Î_Îl}e_Reactor_Kinetic_Parameters_of_STEK_as_Argonaut

The theory of calculating reactor kinetic parameters by using dif

fusion and perturbation codes (EDDI and PUBER) has been given in 

the previous’ quarterly report. These calculations were carried out 

for a STEK four-slab Argonaut core. The results of these calcula

tions are given in the following table.

Table 1

Cross Section Set ! a ( . )
C A

£ £
static dynamic | ß eff

ABN (26 Groups) 120 У s -

ABN - SATAN

(1 to 22 groups ABN _j 

23 to groups SATAN) 75.08 s
97.4 y si 99.6 Ms 0.00748

Where:

= Prompt neutron decay constant in critical system.

£ = Static and dynamic neutron lifetimes.

Л = Neutron generation time (= £ in critical system).

ßg££ = Effective delayed neutron fraction.
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Ex2erimental_Results_of_Neutron_Lif etime_Measurements_in_Critical 

§í^_Algonaut_Cores

In different delayed critical STEK Argonaut cores with four slabs, 

three slabs, two oppositely located slabs, two adjacently located 

slabs and a single slab, reactor noise measurements were made 

using two ionization chambers. These measurements were analysed 

by calculating auto-cross correlation functions. These functions 

yield the prompt-neutron decay constant (ac) of the reactor. By 

using the calculated value of the ßeff and the measured ac , the 

neutron lifetime of different cores could be determined. The fol

lowing table gives the value of ac and the I of critical STEK cores.

Table 2

Core Type

1

Total 
number of 

fuel plates
a (s 1) 
*-

£(ys)

4 slabs 732 -67.5 + 2.0 1 1 0 +  3.2

3 slabs 558 -82 + 2 . 0 91 + 2.0

2 adjacent slabs 380 -76.4 + 1 . 6 98 + 2.0

2 opposite slabs 400 -93 + 3.0 80 + 2.4

1 slab 200 -91.1 + 1.0. 82 + 1.0
.

2¡ÉyíE2DÍ£_22yEi¿DS_Measurements_in_Different_STEK_Cores

The methods for determining the neutronic coupling in a multi

region reactor have been given in report RCN-110 |2 |. Based on 

these methods coupling measurements were subsequently carried out 

in the following, slightly subcritical, STEK cores by using four 

neutron counters:

a) Two opposite slabs (1 and 3)

b) Two adjacent slabs (1 and 2)

c) Three slabs (1, 2 and 3)

d) Four slabs (1, 2, 3 and 4)
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The a) and b) cores were analysed by applying the two-point reactor 

model; the corresponding couplings and eigenvalues of the reactor 

were determined. In the three-slab core c) the measurements were 

analysed by two- and three-point reactor models. In the case of 

the three-point reactor model, the reactor matrix has nine elements

and three eigenvalues which are computed as the roots of the re

sulting third order characteristic equation. The analysis of the 

four-slab core d) has not been completed. The new Algol programme 

for calculating a 4 x 4 reactor matrix is in the process of being 

made.

The measured coupling coefficients of STEK cores a* b and с are as 

follows:

I - Two opposite slabs (1 and 3):

Coupling coefficient between the slabs = 0.23 _+ 0.02 $

(0.18 + 0.02 %),

II - Two adjacent slabs (1 and 2):

Coupling coefficient between the slabs = 2.44 + 0.19 $

(1.83 + 0.14 %),

III - Three-slab core (1, 2 and 3):

Coupling coefficient between

slabs 1 and 2 = 2.46 +' 0.37 $

(1 .84 + 0.28 %),

slabs 1 and 3 = 0.27 + 0.10 $

(0.20 + 0.08 %),

slabs 2 and 3 = 1.25 + 0.37 $

(0.92 + 0.28 %).

These results were obtained from about four minute measurements in 

each core configuration ( I, II and III). It has not been clari

fied whether the difference in coupling between the cores 1 and 2, 

and 2 and 3, is due to the existing physical differences in the 

moderator between the slabs or to non-ideal conditions of the expe

riment as the three detector outputs were not recorded at the same 

time.
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5. Measurements of к cc in Fast Coreserr

The reactivity of the fast zone of a STEK assembly will, after 

each successive loading step, be measured using the pulsed source 

technique. For the interpretation of the reactivity values from 

such measurements it has been investigated as to how these values 

compare with the calculated static reactivity. Since it is foreseen 

that no single exponential decay is likely to take place due to 

spectrum instability, reactivity will be evaluated from the measured 

data with the Sjöstrand-method. For this interpretation it is only 

necessary to split the measured flux contribution into a prompt 

part and a delayed part, as the Sjöstrand reactivity is defined as 

the ratio of the prompt flux and the delayed flux over one period 

of the pulse frequency. The calculated prompt flux was obtained 

from a diffusion code calculation where the fission spectrum was 

changed to account for the delayed contribution. The fission spec

trum Xtofa  ̂ (E) is replaced by:

*p (E ) = * to ta l (E ) -S*d ( E ) -

with ß = the absolute delayed neutron yield

X ^ ( E )  = the composite delayed neutron spectrum.

In the calculation, the neutron source pulse was smeared out over 

one period of the pulse frequency. This results in an inhomogeneous 

diffusion equation which can be solved with a special version of 

the one dimensional code EDDI.

The delayed flux contribution is indirectly found from a total 

flux calculation and a prompt flux calculation.

For the fast zones of the standard 4000 and 5000 STEK assemblies
238 235

the responses of a U and U fission chamber were calculated 

as function of the core radii and detector positions.

As one dimensional calculations have been made, the. detector res

ponse at distant r is the sum of responses of detectors distributed
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over a ring with radius r. The results of these theoretical
238

investigations show that a reactivity measurement with a U 

fission chamber will strongly underestimate the actual reactivi-
235

ty of the system. Measurements with U fission chambers will 

yield better values of the reactivity.

Fig. 4 illustrates the spatial dependence with respect to the
2 3 5

detection position of the reactivity measured when a U fission 

counter is used. From the figure can be seen that a detector po

sitioned within the multiplying medium will yield the best values 

with respect to the calculated static reactivity.

In Fig. 5 the measurable "Sjöstrand" multiplication factor is com

pared with the calculated static multiplication factor for different 

detector positions within the multiplying system. The calculations 

prove that for к ''Ю.б the "Sjöstrand" multiplication factor dif

fers by 0.05 - 0.10 from the static value. These differences are 

gradually reduced with increasing reactivity. For ке̂  M).9 the 

"Sjöstrand" multiplication factor differs only by 0.005 - 0.01 

from the static value. The agreement of these values is very satis

factory. It is expected that in the actual measurements the same 

trends will be found.

Further time-dependent diffusion calculations will be performed 

to investigate the influence of spectrum instabilities on such 

measurements.

238 235
During the last quarter the U and U fission counters on order 

were delivered. In total, eight fission counters are now at our 

disposal. Four fast counting channels, built by the electronics 

group have also become available. The eight fission counters to

gether with the four counting channels have been tested.
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Fig. 5. Comparison of Sjöstrand reactivity with static rea'ctivity.
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6. Neutron Spectroscopy using STEK 

Sandwich Foil Technique

From the experimental results in the STEK-Argonaut core and neutron 

spectrum calculations an estimate has been made of the reactor 

power necessary for the sandwich foil irradiations. A minimum of 

100 Watt-hours is believed to be necessary to obtain reasonable re

sults. The following resonance detector foils have been ordered:
23 55 63 81 98 139 186 197
Na, Mn, Cu, Br, Mo, La, W and Au. These will be

used for the spectrum measurements in one position, particularly 

in the central measuring position. Spatial variations of the neutron 

spectrum have to be measured by foils of the same type in a number 

of positions. The halflife of the radio-active nuclides involved 

should be long enough to be able to measure the activity of several 

foils consecutively. Furthermore, the difference in activity be

tween the inner and the outer foil should be as large as possible.

The most suitable detectors for spatial distribution measurements 
63 98 186 197

are: Cu, Mo, W and Au.

5-ê§£Îi2B_^§Îê_iiê§Ëüï®5ëBÎË_bY_èbs2lyte_Fission_Chambers

A prototype parallel plate type fission chamber has been investi

gated with regard to its performance as function of the electrode

distance and anode voltage. The cathode was covered with about
2

100 yg U/cm . The pulse spectrum from this chamber during irradia

tion in the thermal column of the LFR was measured by means of a 

100-channel pulse analyser. There is no specific optimum in the 

performance of the chamber for useful electrode distances of

3 - 6 mm.

A low geometry а-counter is being built and will be ready next 

quarter. Two scintillation crystals ( 3 x 3  inch Näl(Tl)) with cor

responding photomultipliers have been ordered. The electronic 

equipment is being extended and improved upon. Highly enriched and 

depleted U foils for the reaction rate measurements have been 

ordered from UKAEA.
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Fas t_Neutron_Sgec tr omet ry_by_Pr o ton_Reco i l_Techni<jue

As mentioned in the previous report intensive tests have been per

formed with the pulse-shape discrimination electronics to ensure 

correct and reliable performance. Minor troubles have been en

countered during these tests. Discriminating properties have been 

optimized by bringing about small changes in the electronic 

set-up. After tests with a gamma source and moderated neutrons 

from a Pu-Ве source the discrimination in a fast neutron spectrum 

was tested. Interest was focussed on the circuit performance 

around a neutron energy of 1 keV. These measurements were carried 

out with the set-up as shown below and with a spherical propor

tional counter filled to 4 atm.

JT
iPREAMP'

j [ FAST 1 j U.L.
AMP m DISCR

! L.L.
1 DISCR

TAC
DELAY
LINE

SLOW

COINCh DELAYF

LIN.
GATE

400 CH 
ANALYSER j

SLOW TIMING

AMP SCA

For definite energy intervals selected by the Timing Single Chan

nel Analyser the separation of neutrons and gammas was measured 

with lower and upper level discriminator settings at 1 and 

2.6 keV at an HT of 3500 V. Typical countrates, at 5 Watt reactor 

power, on the lower level discriminator output were 5000 sec  ̂ of 

which 3000 sec  ̂ were presented to 200 channels of the analyser. 

Each measurement lasted 15 minutes. After having stored the mea

sured spectra, the reactor was shut down and some time thereafter 

the reactor gamma background was used to remove the gamma counts 

by negative counting in the same energy intervals. Both spectra 

of neutrons + gammas and neutrons alone are shown in Fig. 6. For 

the energy interval 1.2 - 2.4 keV the HT was raised from 3500 

to 3750 V thereby enhancing the gas amplification by a factor 2.5 

In this way the low energy pulses were raised to above the upper
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level discrimination setting which is mainly determined by the 

noise level. For higher energies the gamma intensity decreases 

rapidly as seen in Fig. 7. On observing the performance of the 

discrimination, especially at 1 keV, it is concluded that the sys

tem works quite well and in spite of the sensitivity for the neu

tron to gamma ratio satisfies the requirement to reach 1 keV.

Preparations in connection with the use of the on-line computer 

were begun enabling a complete 2-parameter analysis to be carried 

out. A Hewlett Packard 100 Mc analogue to digital convertor has 

been ordered and the associated logic circuits to couple the expe

riment to the computer have been designed. The computer code for 

this 2-parameter analysis is being prepared.

Study on Time-of- Flight Spectrum Measurements

The study on the time-of-flight spectrum measurements was completed 

this quarterj The conclusion is that, on the basis of a comparison 

of errors in spectrum calculations and in the experiment, it is 

worthwhile carrying out time-of-flight spectrum measurements on 

STEK. The accuracy of the calculated reactivity difference due to 

fission products when voiding a 1000 MW power reactor is of the 

same order as the accuracy of the measured reactivity effects in 

the STEK spectra. The latter becomes 10% when performing the time-
1 0

of-flight experiment. Using a 50 m flightpath, a В loaded liquid
.  .  .  12 -1

scintillator and a neutron generator with 10 n sec output during

the pulse, it is possible, to fulfil the spectral requirements com

pletely for core SZ1000 and to a large extent for SZ5000. For the 

experiment a SAMES neutron generator type T400 equipped with a duo- 

plasmatron ion source will be purchased. Details of the proposed 

construction of flightpath and detector trolley are being worked 

out.
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7. On-line Computer 

Software

Development of software has been primarily directed towards inter- 

rupt-systems needed for real-time programmes. The following groups 

of programmes have been made:

- interrupt programmes for real-time clock, typewriter, paper tape 

puncher and CAMAC-system (with the preliminary datawaycontrol- 

ler);

- some modified output-routines of the Fortran-system making For

tran suitable for interrupt-programming;

- routines for display of points and numbers on an oscilloscope;

- routines for the use of double-precision integers in Fortran 

(needed for efficient counting in pulse height or time analysis).

The first complete real-time programme has been made for the pulsed

source analysis with the time-of-flight module. This programme will

be used for the determination of к __ of subcritical fast cores
ef f

in STEK.

The programme consists of a main programme in Fortran calling for 

a large number of relatively small machine language subroutines.

The first programming experiences indicate that speed and program

ming flexibility of the-P9202 are very satisfactory, but that ex

tension of the size of the memory will soon have to be taken into 

consideration.

A programme for the calculation of the reactivity from the inverse 

kinetic equations in the event of removal of delayed neutrons from 

the core by the oscillator turned out to become very simple if the 

oscillator is allowed to rest for at least 2 or 3 minutes after 

each movement. An algorithm has been worked out in detail. It is
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estimated that a computer programme will be able to handle several 

tens of experimental points per second.

A study is being made of the new algorithms for Fourier transfor

mation (Fast Fourier Transform). It is anticipated that a more 

efficient on-line noise analysis will be possible by means of these 

algorithms.

After overcoming minor difficulties, the ANL-programme VMM (Va

riable Metric Minimization) for non-linear least-squares analysis 

could be operated on the P9202. It has been used for p^-analysis.

8. Calculations for STEK

STEK-Argonaut Type Core

For the start-up of this core it was necessary to perform.a number 

of calculations. The object of these calculations was to obtain 

the reactivity as a function of the core loading as well as the 

worth of the control plates and combination of these plates. This 

was done for the standard core containing four slabs and also for 

those containing one, two and three slabs.

Fuel Handling

To investigate the safety aspects of handling the fuel and gra

phite of STEK a number of calculations have been performed. These 

criticality calculations were done for a mixture of uranium and 

graphite in a large range of С/U atom ratios. Two cases have been 

considered: homogeneous mixtures and mixtures in which the hetero

geneous nature of the fuel plates was taken into account. For high 

dilutions (high С/U ratios) the effect of heterogeneity is a con

siderable increase in the critical mass.

An investigation was also made with respect to the reactivity 

effect of a graphite reflector on the criticality of mixtures con

taining a fixed amount of uranium and varying quantities of gra-
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phite (thereby covering a particular range of С/U ratios). Given 

the total quantity of graphite available for STEK it was possible 

to determine the quantity of uranium that could be safely handled 

per batch. The reactivity effect of a water reflector was also 

investigated. From these results it was possible to define a few 

simple rules for the handling of the fuel and graphite of STEK 

during the loading of the fast zones.

Because of the heterogeneous structure of the fast zones in STEK 

the flux spectrum in the unit cells will be strongly space depen

dent (so-called fine structure of the flux). An evaluation of this 

effect can be done by making cell calculations using the diffusion

code EDDI, the S code PETRA or the more specialized German code 
n

ZERA. Till now this effect has not been studied in great detail. 

Some calculations have been done for STEK 1000 in which the re

sults of EDDÏ and PETRA have been compared. The resulting spectra 

differed only slightly.

To investigate the feasibility of detailed fission rate measure

ments with foils in STEK, cell calculations have been performed 

with EDDI. The preliminary conclusion was that the disturbance of 

the spectrum by the different types of foils is, in the most im

portant energy groups, so minor that the reaction rates are not 

seriously affected and are probably within a few percent of the 

fictitious undisturbed case.

Cell calculations with EDDI have been performed to find an average 

spectrum in the moderator part of the cell. Eight different types 

of fast zones in STEK were considered (STEK 500, 600, 1000, 2000, 

3000, 4000, 5000, 5001). With the resulting spectra the elastic 

slowing down cross sections of graphite given in the ABN library 

could be amended using the following formula:



. Au.,, + 2cÇ. 2Au. - 2cÇ. Au. à. a .
. (amend) = о . , i+1________1 x_______1 î+l 1 +1 de,i+l
,:L 8,1 Au. + Au. , Au. + Au. , Au. ф. О,

i î+l i î+l i i de,i

in which о, . (amend) is the amended slowing down cross section 
de, i

group; a . is the original (not spectrum amended) cross section
Q6 y 1

from the Russian ABN library; Au^ is the lethargy-width of group i;

ф̂ is the group flux of group i; E,̂  is the average gain in lethargy

of a neutron per collision in group i; and с is a constant. A value
2

of с = - was used; for the graphite for most groups £> 0.158. 
i %

In this manner, a separate graphite isotope cross section set has 

been prepared for each type of fast zone in STEK and incorporated 

in the library of the programme ABN-26G-2.

Later, this procedure, which is only an approximate one, will be 

replaced by a more accurate and direct method to obtain the spec

trum dependent elastic slowing down cross sections.

A part of the UKAEA Nuclear Data Library containing the evaluation 

of capture cross sections of 78 fission products (by V. Benzi,

M. Bortolani and J.L. Cook) was obtained from the ENEA neutron 

data compilation centre. A programme has been written to calcu

late, from these data, group cross sections averaged over an input 

neutron spectrum for a given energy group structure.

This set will be one of the fission product sets to be used in in

terpreting the oscillator experiments in STEK. Another set to be 

used is being evaluated. Till recently only the well-known GAM-1 

set for fission products has been used.

Fission Product Cross Section Evaluations

The study and calculations of the energy dependent cross sections 

of fission product nuclei have been continued. The calculated 26
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energy group cross section data ( according to the Garrison and 

Roos method and the Breit-Wigner theory) were compared with:

- the GAM group cross section data;

- the energy point cross section data as calculated by Benzi and 

Bortolani;

- available experimental data such as given in the BNL-325.

By comparing the corresponding data for each energy group sepera- 

tely, it could be concluded that the calculated cross sections 

were definitely too high or too small, e.g., the tellurium-128 

cross section data given by the GAM-set as well as the set calcu

lated by means of the Garrison-Roos method are too high for the 

energy interval 465 eV < E < 400 keV.

Such conclusions can, however, only be drawn if the experimental 

data is more reliable than the theoretical. If no experimental 

data at all are available for a particular fission product nucleus 

the group cross section data can only be compared with the corres

ponding data of neighbour nuclei.

105 106 107
The isotopes Pd, Pd and Pd, for which no experimental cross

section data are known above 300 eV, illustrate this. The cross
105

section data for Pd may be expected to closely resemble those 

of Pd because both isotopes are of the same even-uneven con

figuration and both nuclei have a spin 5/2 +. The neutron binding
105 107

energies for Pd and Pd are 9459 keV and 9110 keV respectively. 

The first excited energy levels of both nuclei are also practically 

the same.

The GAM cross section sets for the two uneven Pd-isotopes are 

exactly the same for the energy groups 1,2,3 ... up till 14 

(1 keV). Benzi-Bortolani, however, calculated that the group cross
107

sections of Pd are slightly smaller (4 to 8 percent) than those
105 

of Pd.

The same characteristic follows from the Garrison-Roos calcula-
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tions. However, if a gamma-width (Г ) of 160 meV instead of 140
107 Y 107

meV had been used for Pd the calculated cross sections of Pd
105

would have been slightly greater than the cross section of Pd. 

This is actually what one would have expected to be the case.

106 108
The Pd and Pd isotopes (which are even-uneven nuclei) cer

tainly have lower neutron absorption cross sections in the whole

energy range than the odd-A Pd isotopes. In addition it may be ex-
106 108

pected that the Pd and Pd neutron cross sections will close

ly resemble each other and, as some experimental data is available
108

on the Pd isotope, it can be stated that the calculated cross
106 108

section sets (Garrison-Roos method) of Pd and Pd are too 

small.

Therefore, some of the resonance parameters of the palladium iso

topes have been further modified. Up till now 50 of the total of 

75 fission product nuclei have been investigated in this way.

A new set of resonance parameters (five resonance parameters per 

nucleus) is being made for the 75 fission product nuclei and when 

complete a second Garrison-Roos calculation will be performed on 

the X8 computer.

Running parallel with these studies are calculations on the 

Breit-Wigner resonance-absorption using all the important Breit- 

Wigner resonance parameters of each fission product isotope avai

lable from literature (mainly BNL-325). These calculations give 

the group cross section sets for the epithermal and resonance 

regions where the statistical calculation methods are not appli

cable.

The outcome of the machine calculations are once again compared 

with the GAM-data and the experimental results. The deviations 

between corresponding group cross sections given by the GAM-set 

and those calculated by the Garrison-Roos method often fluctuate 

strongly in the ten lowest energy groups.
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10 . Preparation of Integral Fission Product Samples 

Ssmpl e_f r°m_HFR_Fuel_El.einen t

The measurements with the gamma scan facility in the HFR storage 

pool were completed with a scan of fuel element N- 511. This HFR 

fuel element can be used for the preparation of a further integral 

HFR fission product sample. To obtain information on the shorter- 

lived radionuclides, an initial gamma-scan was carried out.

Operations on fuel element N-508 have been continued in the LSO 

hot laboratory during this quarter; the 19 fuel element plates 

have been subjected to a chemical milling process followed by

gamma-scanning lengthwise and crosswise at various locations to
, 9 5

determine the Zr - Nb activity distributions. Results of these

scans are used to estimate the uranium meat position and to take

a decision about the coordinates for the samples. A few plates are 
, 1 37

being used to measure at several points the ratio of Cs to 95Zr

accurately.

Subsequently, four square-shaped specimens (41 x 41 mm) have been 

punched from each fuel element plate at locations previously spe

cified. Code numbers had already been stamped on each specimen by 

means of a printing tool. From the centre of each square a 4 mm 

diameter pellet was removed by means of a second punching press. 

These pellets have been stored in appropriately labelled sample 

bottles for further analysis.

Subsequently a measuring programme was set up to measure the total 

gamma activity of each square specimen as well as each pellet 

using a germanium-lithium detector and a pin-hole camera. With 

respect to the problem of closing the capsule containing the square 

specimens in a gas-tight fashion, it is hoped to achieve this by 

means of soft soldering. It has been established that the tempera

ture which the capsule will reach, due to radioactive decay heat, 

will be sufficiently low to permit the use of a solder with a melt

ing point in the neighbourhood of 180°C. This has been verified by
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calorimetric determination of the heat output. In order to avoid 

the use of liquid soldering aids, which will penetrate into the 

capsule and possibly 'cause corrosion in the course of time, ex

periments have been conducted with trial capsules using corrosion- 

free colophonium resin as a soldering aid.

Equipment for remote soldering of the sample capsules is in the 

process of manufacture. As soon as the equipment becomes available 

additional trial-capsules will have to be processed in order to 

verify if sufficiently reproduceable results can be obtained.

Graphite coated particles containing were received from the

DRAGON project and stored in the hot laboratory during the last 

quarter of 1968. Meanwhile, a selection has been made from the 

160 cans in store for the purpose of composing a bulk fission pro

duct sample tor the measurements in STEK. The can contents were 

mixed to a homogeneous mixture by means of a sample dividing appa

ratus; the homogeneous mixture was then divided into 32 equal por

tions of approximately 6 to 7 grammes each. Each portion was sub

jected to a chemical treatment, using a mixture of fuming nitric 

acid and fuming sulphuric acid, whereby outer carbon layer was re

moved. These operations were conducted in a glass apparatus manu

factured to the specifications laid down by the RCN Chemistry 

Group at Kjeller. Initial difficulties encountered have been over

come. The entire sample for STEK has meanwhile been processed with 

success; samples of liquid from each decarbonizing run have been 

analysed for plutonium and fission product losses. The processed 

material has been stored and is awaiting photographic inspection of 

the visual appearance of the particles, weighing of the entire 

batch and packaging into a STEK-capsule.

In Kjeller work was carried out to isolate a plutonium sample from 

half of the original coated particle batch. A crushing apparatus 

was built to a British design. After a number of set backs with 

this equipment, the actual runs were commenced at the end of the
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The separation of lanthanides according to the method reported 

earlier was continued. Attention was focussed on the speed of the 

process. The time for the complete separation of gramme quantities 

of the lanthanides was reduced from about 6-8 weeks to 4 weeks. 

There was no indication in the available literature that separa

tions could be performed in this way. The revised conditions will 

be applied to a test sample obtained from Studsvik.

The technique of high-pressure ion-exchange is likely to replace 

other methods for the separation of both lanthanides and actinides. 

There are possibly other applications such as in the field of iso

tope production.

The apparatus designed for the experiments was completed during 

this quarter. Measurements of the flow velocity and pressure drop 

were performed. The sample-changing system was adapted to the rigid 

requirements of the experiments.

In testing the chemical milling process the fuel plates of element 

N-015 were decladded. From one of the resulting meat plates a num

ber of pellets were cut for analyses purposes.

An analytical separation scheme is being applied to a solution in 

which half such a pellet has been dissolved, this being a reason

able stand-in for what can be expected to be the sample size for 

element N-508.

quarter .

1 1. Fission Product Separation

Based on a method applied at the Dragon Project the total carbon
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content of uncrushed particles were determined with an accuracy of

1 % or less. It must be noted that these results apply to uranium- 

bearing unirradiated particles. It is likely that simular results 

will be obtained for irradiated plutonium particles.

For both the HFR and the Dragon samples a set of isotope spikes is 

chosen and ordered at ORNL which, together with the uranium and 

plutonium spikes already present, will enable isotopic dilution 

measurements to be commenced after proper sources have been pro

duced for the mass spectrometer.

The determination of the fission products palladium, ruthenium and 

rhodium requires a separation to be carried out. This has been per

formed by means of distilling the Ru and separating the Pd and Rh 

with a cation-exchanger. In the fractions containing the separated 

elements, spectrophotometric methods were applied for the determi

nation of these elements. The stanno chloride method proved to be 

satisfactory for rhodium, whereas palladium would be determined 

with either demethylglyoxime or thioxime. With the spectrophoto

metric determination of ruthenium troubles were encountered. 

Alternative methods are being investigated.
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II. FUEL PERFORMANCE(1224.1)

1. Fuel Screening Tests

Out-of-pile experiments have shown that a rapid reaction occurs 

between UO^ and Al^O^ above 1900°C and that the eutectic formed at 

the contact surface of both these solid materials rapidly penetra

tes the uranium oxide body.

Although at the moment no explanation can be given for the occur

rence of this' high temperature in the top of the fuel pins R54-A01 

and -A02, minor changes have been adopted in the design of subse

quent pins. A larger heat barrier and a larger free space for ex

pansion of the fuel have been built in.

An important new feature of the irradiation capsules is the gas 

flushing system. A continuous flow of helium is swept through the 

gas plenum in the fuel containment. If fission gas is released as 

a result of cladding failure a GM-tube, that measures the activity 

in the helium, can give a signal to stop the experiment.

It should also be mentioned that this type of capsule has been 

equipped with thermocouples in the irradiation rack, whereby the 

temperature rise of the coolant flow can be measured thus esta

blishing the power output of the capsule. A parallel electric 

mock-up capsule of the same outside dimensions has been made to 

calibrate power measurements of this nature in the coolant channel. 

The results have been very satisfactory as the measured ЛТ matched 

within 5% of the calculated AT.

The irradiation programme will be continued with the fuel pins 

R54-F05 and -F06 which will be irradiated at 1100 W/cm UO^ and 

sodium temperatures between 550 and 700°C.
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Morphology Al^O^ - U(>2

The morphology of the system A ^ O ^  - UO^, which has a eutectic 

temperature of 1915°C +_ 10°C,was investigated for the purpose of 

obtaining more information for the interpretation of the irradia

tion experiments R54-A01 and -A02. As mentioned earlier the eutec

tic mixture was found to rapidly penetrate the bulk UO^ under iso

thermal conditions. After bringing solid UO^ and solid A ^ O ^  in

to contact at 1945°C, the typical eutectic network forms between 

the UO2 grains (Fig. 8). The formation of this network was repro

duced several times, taking place on each occasion within five 

minutes. In order to get more comparable conditions with the irra

diated UO^, that had accidentally been contaminated with Al^O^, 

the UC^-A^O^ mixture was subjected to a temperature gradient of 

1400°C/cm with a highest temperature of 2600°C. No redistribution 

of the eutecticum could be detected after 5 minutes or 30 minutes 

and no columnar grain growth to speak of appeared in the applied 

temperature gradient.

2. Fuel Pin Endurance Tests

Capsule R62-A02 was dismantled. Nothing remarkable was observed.

The investigations of fuel pins R62-A01 and -A02 have been started. 

No significant dimensional change could be measured.

The fission gas release is in agreement with the model where a 

100% release occurs above 1650°C isotherm and 4% below this tempe

rature. The metallographic examination is nearing completion.

The fuel pins R62-A03 and -A04 have been manufactured and will be 

mounted in the irradiation capsules.

Several set backs have been encountered in the manufacture of irra

diation capsules A03 and A04. First of all, there were problems 

concerning the electron beam welding of the thermocouples causing 

substantial delay. Secondly, new fuel pins had to be assembled
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Fig. 8. Formation of a Eutectic Network as result of 

the UO^-Al^O^ reaction above 19I5°C. (80 x)
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because a final weld did not succeed for geometry reasons. A 

further delay was also caused by â welding problem in connection 

with the heater located in the top part of the first containment 

meant for melting the sodium. This heater is of the thermocoax 

type of which the heater wire cannot resist the welding tempera

ture. The irradiation of capsules A03 and A04 will consequently 

be delayed until the end of the year.

3. Loss of Cooling

The design of the fuel melt down experiment was continued. Consi

derable attention was devoted to laboratory tests trying out cer

tain design details. An electric mock-up capsule for testing ra

dial temperature distributions is under construction.

4. Chemical Simulation of Nuclear Power Bursts

No further progress in connection with this experimental programme 

can be reported.

о
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III. RADIATION DAMAGE IN CANNING MATERIALS(1131.13)

1. Production of Tensile Specimens

One mm thick strips (ASTM 7 plus the required degree of cold work) 

have been prepared from the three AISI 304 L and the three AISI
10

316 L alloys with modifications in В content. Ninety percent of 

the tensile specimens are ready and have been made by means of 

punching and grinding. Heat-treatment and metallographic research 

has been carried-out to produce specimens in a recrystallised con

dition (ASTM 7), a partially recovered condition and a condition 

with a cell structure. These conditions are representative of the 

nucléation of the recrystallisation and the structure formed during 

creep. '

2. Influence of Boron on the Beginning of Recrystallisation 

in AISI 304 L

No clear cell structure development occurred in the AISI 304 L 

alloys. As demonstrated earlier boron precipitates on dislocations 

during recovery. Due to the low stacking fault energy the nucléa

tion frequency is low even at temperatures where grain growth is 

rapid. Large recrystallised areas, therefore, frequently occur 

next to areas which are heavily dislocated. The pinning of dislo

cations by boron further increases this unfavourable situation for 

cell formation. A simple experiment demonstrates this effect. A 

strip of each alloy (differing in В content only, i.e., 3 ppm,

9 ppm, and 50 ppm) was rolled down 30% at 50°C and brought to the 

brink of recrystallisation by heating at 650°C and 750°C. Hardness 

changes and the occurence of recrystallisation were observed by 

means of transmission electron microscopy. As stated in Table 3, 

the hardness drop is systematically larger for the lower boron 

content and the moment of recrystallisation is earlier.
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IV. CORROSION BEHAVIOUR IN CANNING MATERIALS(1133.6)

1. Corrosion Experiments

Testing of sheet samples of Inconel-625, Hastelloy-X280 and Inco- 

loy-800 in atmospheric steam at 550, 650 and 750°C was continued. 

Results of the chemical analysis of the condensate of the steam 

flowing through the test devices were almost the same as those 

presented in preceding quarterly reports. The most important re

sults may be summarized as:

pH 7.0 - 8.7
4 5

Specific Resistance m  Ohm. cm 3x10 - 9x10

2 - 5  

<0.1 

5 - 1 0  

0 - 1 0  

1 0 - 5 0

The average weight gains, AG, of the different sets of samples af

ter the first six test runs totalling an exposure time of up to 

6000 hours, showed no unusual changes as compared with the results 

reported in the preceding quarterly report.

After the 4000 and 6000 hour exposure periods, two samples were 

taken from each batch of samples and descaled to determine the to

tal metal consumption during corrosion, i.e.»the AW value, and cal

culate the quantity of metal lost to the circulating steam, i.e., 

the MLS value. Furthermore, on one sample of each batch a silver 

and copper layer was deposited in preparation of examination by 

means of electron microprobe technique and microscopy.

O2 in ppm 

Cl "

Fe in ppb 

Cr "

Si "
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2
Table 4 Average AG, AW and MLS values, all in mg/dm , of Inconel-625

sheet samples after exposure in atmospheric steam as function

of heat- and surface treatment, testtemperature and steamvelocity.

Material code HT-A HT-B HT-A+EP HT-B+EP

Test Exposure
condition time, hrs

AG AW MLS AG AW MLS AG AW MLS AG AW MLS

550°C 250 8 7 5 5

5 m/sec 500 8 6 4 4

1000 7 5 5 5

2000 8 38 3 5 27 2 5 27 3 6 24 3

4000 6 41 5 3 39 5 5 33 4 5 32 4

6000 1 2 2 40 9 1 47 10

550°C 250 19 21 19 23

15 m/sec 500 21 23 21 25

1000 25 26 27 27

2000 30 162 16 30 165 17 30 133 10 32 134 9

4000 34 161 13 32 181 19 33 147 10 35 151 9

6000 45 36 48 233 20 48 289 33

550°C 250 24 36 12 14

85 m/sec 500 26 36 19 15

1000 27 37 33 22

2000 31 152 13 38 233 27 35 182 17 24 144 16

4000 33 169 12 40 235 26 41 251 30 26 154 17

6000 40 45 42 220 22 35 234 30

650°C 250 3 3 9 9

5 m/sec 500 3 2 8 8

1000 2 2 7 9

2000 1 19 5 1 25 5 7 34 2 8 36 3

4000 -2 37 9 -2 24 7 5 41 5 5 40 4

6000 -3 40 9 -3 35 11 2 53 10 3 46 10

750°C 250 3 3 6 7

5 m/sec 500 3 4 6 8

1000 2 3 6 6

2000 0 32 8 4 29 5 6 27 о 2 7 31 3

4000 -2 42 12 1 37 8 3 34 7 4 38 8

6000 -3 -1 2 40 8 3 42 10
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2
Table 5 Average AG, AW and MLS values, all in mg / d m  , of Hastelloy-X280

sheet samples after exposure in atmospheric steam as function

of heat- and surface treatment, testtemperature and steamvelocity.

Material code HT-A HT-B HT-A+EP HT-B+EP

Test Exposure
AG AW MLS AG AW MLS AG AW MLS AG AW MLS

condition time,hrs.

550°C 250 3 4 6 8

5m/sec 500 3 4 6 8

1000 3 5 8 9

2000 5 42 7 5 36 4 9 30 1 10 38 2

4000 6 53 10 6 59 11 10 39 4 10 54 6

6000 3 1 2 43 6 4 77 10

550°C 250 25 23 18 28

15 m/sec 500 25 23 19 28

1000 27 24 20 29

2000 29 127 11 27 120 10 23 82 3 34 111 3

4000 31 144 12 29 112 7 24 85 4 34 116 4

6000 36 32 26 94 4 36 120 3

550°C 250 21 21 10 26

85 m/sec 500 23 22 11 27

1000 24 22 13 29

2000 26 111 9 23 107 11 14 60 4 30 116 7

4000 28 108 7 26 112 9 16 60 3 32 121 7

6000 30 28 18 77 6 36 126 5

650°C '250 8 4 10 11

5 m/sec 500 9 4 10 11

1000 9 4 11 10

2000 9 45 3 3 35 5 12 34 0 11 37 1

4000 9 52 5 3 38 9 12 37 1 11 37 1

finnn 9 54 6 1 12 38 -1 11 42 b

750°C 250 8 5 8 12

5 m/sec 500 7 4 8 12

1000 7 4 9 12

2000 8 30 2 5 35 5 12 22 -4 17 30 -5

4000 5 35 4 2 50 12 13 26 -3 17 36 -4

6000 3 2 13 39 0 18 41 -3
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Table 6 Average AG, AW and MLS values, all in mg/dm2 , of Incoloy-800

sheet samples after exposure in atmospheric steam as function

of heat- and surface treatment, testtemperature and steamvelocity.

Material code HT-A HT-B HT-A+EP HT-B+EP

Test Exposure
condition time, hrs

AG AW MLS AG AW MLS AG AW MLS AG AW MLS

550°C 250 4 7 51 49

5 m/sec 500 4 6 57 55

1000 4 7 64 60

2000 5 48 1 1 8 58 10 70 242 12 66 217 1 1

4000 3 64 16 7 54 9 73 244 14 68 222 1 1

6000 3 8 73 262 18 73 236 11

550°C 250 3 9 53 56

15 m/sec 500 . 3 10 56 60

1000 3 10 57 63

2000 5 41 8 11 67 10 58 171 4 66 208 9

4000 . 6 112 26 13 146 30 61 205 1 1 70 235 12

6000 8 13 66 217 I I 74 255 15

550°C 250 2 7 41 39

85 m/sec 500 3 8 44 47

1000 6 9 46 50

2000 6 86 19 1 1 122 26 47 153 8 52 185 12

4000 6 121 28 1 1 127 27 49 166 10 54 189 12

6000 9 14 49 172 1 1 55 191 12

650°C 250 4 10 95 82

5 m/sec 500 3 10 93 84

1000 4 10 100 86

2000 3 35 7 1 1 51 5 106 280 -1 90 226 -4

4000 2 40 9 10 56 8 110 294 0 93 237 -3

6000 2 45 1 2 9 57 8 112 308 2 95 250 -1

750°C 250 8 15 81 58

5 m/sec 500 9 14 82 59

1000 1 1 15 84 62

2000 16 42 0 21 63 2 91 216 -7 66 142 -10

4000 19 62 3 29 71 -2 96 226 -8 75 153 -13

6000 26 31 102 231 -1 1 86 162 -18



The AG, AW and MLS values in mg/dm obtained up to 6000 hours 

testing time are presented in Tables 4 through 7. An explanation 

of the symbols used in these tables is presented below:

Solution annealed (1050-1050-1175°C)

Solution annealed + 20% cold work + 24 hours aging 

at 800°C.

Electropolished in a bath containing

30% HoS0., 45% H.PO. and 25% H„0.
2 4 3 4 2

Direct current of 9 A at 7 Volt for 4j min.

Passivated in a 20% HNO^ solution at 50°C during 

30 min.

Grounded with 400 emery paper.

Pickled in a HNO^ (41 vol %)-HF (4 vol %) solution 

at 50°C during 20 min.

Inconel-625 60 min. 1050°C + water quenched

Incoloy-800 60 min. 1050°C + water quenched

Hastelloy-X 30 min. 1175°C + water quenched

Based on the data in the Tables 4 through 7, the following provi

sional conclusions can be drawn:

- the AW values of the Inconel-625 and Hastelloy-X280 samples, 

tested in 5m/sec steam, are only slightly higher at the higher 

test temperatures; see Tables 4 and 5. The MLS values show, in 

general, the same effect. The MLS values of the electropolished 

Hastelloy-X280 samples, however, are lower at higher test tem

peratures.

- The AW values of the Incoloy-800 samples, tested in 5m/sec 

steam, are only slightly dependent on the test temperature; see 

Table 6 . The MLS values, however, show a tendency to decrease 

with increasing test temperature. It is remarkable that the elec

tropolished samples exposed to 650°C show higher AW values than 

those exposed to 550 and 750°C. The negative MLS values, found

in the 650 and 750°C results of Incoloy-800 and Hastelloy-X280,
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are caused by the use of a theoretical m  value of 0.782 for 
J о

Incoloy-800 and 0.748 for Hastelloy-X280. Apparently these m Q 

values are too high for the remaining adherent oxide on these 

alloys.

- The corrosion values of the Inconel-625 and Hastelloy-X280 sam

ples are only slightly influenced by the surface treatment; see 

Table 7. The pickled samples of Inconel-625 and the ground sam

ples of Hastelloy-X280 show AW values which are higher by a fac

tor 1.5-2 as compared with the HT-A, or -B condition.

- The Incoloy-800 samples show low (100) AW values for the 

HT-A/B (0), HT-A/B (Gr) and HT-A/B (EP+Gr) conditions, inter

mediate (100-200) AW values for the pickled samples and high 

(200) AW values for the electropolished samples.

- At the higher steam velocities, see Tables 4 and 5, the corrosion 

of the Inconel-625 samples is increased by a factor 4-6, while 

the Hastelloy-X280 samples corrode faster by about a factor 2.

- The Incoloy-800 electropolished samples show lower AW values at 

the higher steam velocities, while the HT-A and -B samples show 

a two times higher AW value at the higher steam velocities; see 

Table 6.

- In general, there is little difference between the results of 

the non-surface-treated A and В conditions for the three alloys 

tested.

- Apart from the one anomaly, Inconel-625 HT-A+EP 550°C 85 m/sec, 

the sets of samples show a regular increase of AW with increas

ing test time.

- With respect to test temperature, heat and surface treatments 

and steam velocity the best corrosion behaviours are obtained 

with:



a. Hastelloy-X280

b. Inconel-625

in the HT-A+EP condition

in the HT-A+EP or HT-B+EP

condition

c. Incoloy-800 in the HT-A condition

Electron Probe Micro Analysis

Microprobe investigations of the oxide layers of Inconel-625 

(HT-A+EP), Incoloy-800 (HT-A and HT-A+EP) and Hastelloy-X280 

(HT-A/B+EP) specimens subjected to the 4000 hours corrosion test 

have been continued. The specimens were exposed to atmospheric 

steam at different temperatures and with different steam velocities 

during this corrosion test.

Traverses through the oxide layer of all specimens were made and 

the intensity of the characteristic radiation of the alloying ele

ments and oxygen recorded in the same way as was done with speci

mens from the 2000 hour corrosion test. (See previous quarterly 

report).

A more accurate method of developing a concentration profile 

through the oxide layer is by means of point analysis, "step-scan". 

The specimen is moved in steps, e.g., 1 or 1.5u. After each step, 

a 10 sec. counting of the characteristic radiation is performed.

In Fig. 9 the resulting curves of the elements Fe, Ni, Cr and Mn 

are presented for the traverses through the oxide layer in a direc

tion perpendicular to the surface of the Incoly-800 samples cor

roded in atmospheric steam at 650 and 750°C during 4000 hours.

The scan path has been chosen through the thickest parts of the 

oxide layer in order to be able to do quantitative calculations 

of the constituent oxides.

After comparison with pure standards and applying the correction 

formulae for absorption, secundary fluorescence and atomic number 

effect the following results could be derived:
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- The outer part of the oxide on the 650°C Incoloy-800 specimen

contains 69.0%Fe, which means that the most important

constituent at the oxide surface. (Fe content in Fe2Û^ is 69.9%).

- The outer part of the oxide on the 750°C Incoloy-800 specimen, 

contains 48% Fe and 19% Ni, which could mean 68% ^е2®з anc* ^4%

NiO or 51% NiO in the form of NiFe20^ and either 17% E ^ O ^  or 

16% Fe203 .

In the inner part of the oxide layers the composition of the oxide

is too inhomogeneous for reliable calculations.

It should be noted that the area in which X-rays are generated 

measures between 2 and 3 у so that the quantitative measurements 

can only be performed on homogeneous parts of at least this size. 

Taking into account the dimensions of this area the oxide-alloy 

and oxide-oxidant boundaries can be calculated. It follows from the 

curves that an approxiately 5 у thick layer in the alloy adjacent

to the oxide is enriched in Ni and depleted in Cr.

From the curves presented in Fig. 9 the following overall consti

tuent oxide percentages were derived:

- The oxide on the 650°C specimen contained about 39% Fe20^, 29% 

NiO, 31% Cv^Oy and 1% MnO. From this an m^ value, the weight per

centage of metal in the adherent oxide, of 0.720 can be calcula

ted. It must be noted, however, that this value of 0.720 is a 

little too high because of the outer NiO peak (Fig. 9). This 

second NiO peak does not occur in most of the oxide layers of 

650°C Incoloy-800.

- The oxide on the 750°C specimen contained about 40% Fe20^, 35%

Cro0o, 23% NiO and 1.5% MnO, giving a calculated m value of 
J o

0.716.

The theoretical value, based on a complete oxidation of the bulk 

alloy composition, is 0.728.
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The X-ray emission photographs of Fe, Ni, Cr and Mn of a 650°C 

400 hours, Incoloy-800 transverse specimen are presented in Fig.10. 

Note the Ni-rich layer at the C ^ O ^  " ^e2^3 boundary, probably due 

to NiO, and the Ni-depleted zone in the oxide layer adjacent to 

the oxide-alloy boundary.

Based on these results for Incoloy-800 the following sequence of 

oxide constituents, going from the oxide-metal interface to the 

outer oxide surface, is suggested:

^r2^3* Ni-Cr2®3 with small amounts of MnC^O^, NiO with small 

amounts of NiFe^O^, NiFe2Û^ and F ^ O ^  outer surface layer.
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1. Exploding Wire Technique

The Analog Multiplier and Integrator Computer had to be changed 

because of a 15 MHz resonance signal from the coaxial cable of 

the Exploding Wire circuit. It appeared that the operational am

plifiers at the input of the AMI became overloaded due to this 

signal. The necessary changes have taken place. A new bomb calo

rimeter has been built for exploding sodium wires. The specific 

explosion energy of gold wires has been determined for a set of 

combinations of capacitor charges and wire dimensions (See Table 8).

1
2. Methods of Analysis

The sampling and analysis techniques were continued on the same 

lines as mentioned in the previous quarterly report. The detection 

limit of gold aerosols could be lowered to 10 ^ yg/litre by in

creasing the specific activity up to nearly I mCu Au-198 per 

mg gold.

To improve the sensitivity of strontium determinations in Na + SrO 

aerosols, a radiochemical technique comprising neutron activation 

and chromatographic separation is being developed. Troubles have 

been encountered from unexpected impurities such as gold, copper 

and zinc originating from the filter material and from erosion of 

the electrodes between which the Exploding Wires were fixed.

The equipment for transporting election microscope grids with so

dium aerosol samples without exposure to air is ready for use. It 

was decided to assess the airborne particle concentration by coun

ting the number of particles precipitated from an aerosol sample 

per unit area of an electron microscope grid. The inital results

V. AEROSOL RESE A R C H (1225.2)
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The horizontal sedimentation tube, mentioned in an earlier report, 

for the study of the aerodynamic diameter of aerosols was received 

from the workshop. Testing of this new apparatus is underway.

3. Aerosols of Sodium and Sodium + Strontium Oxide

The experiments with pre-irradiated sodium + strontium oxide aero

sols were continued. It appears that the influence on the stabili

ty of the aerosol by partial coverage of the aerosol tank is con

nected with photophoresis (See Fig. 10). As exposure to light is 

unlikely in a nuclear accident, it was decide to continue all 

aerosol experiments in darkened tanks.

Studies on variations of both oxygen concentration and humidity

in the nitrogen of the aerosol have been carried out. No change

of the mass concentration decay could be observed either in the

oxygen concentration range from 5 vpm to 20% or for humidity
3

variations from 4 mg H^O/m up to 30%.

In all experiments the aerosol destribution in the tank is homo

geneous within two minutes after the explosion and remains so, at

least in the measurable range.

4. Aerosols of Gold

The use of an Au-198 tracer permitted experiments with gold aero

sols in a very low concentration range. These experiments were per-
3

formed m  two cylindrical tanks of 118 litres and 1.2 m .

tank

This tank is of stainless steel, 80 cm heigh and 45 cm in diameter. 

The lower half is double-walled, so that by cooling or heating 

different kinds of temperature gradients can be applied. The samp

ling ports are at two levels, viz., 15 cm and 65 cm from the bottom.

are encouraging.
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H O U R S

Fig. 10 Sodium aerosol; influence of light exposure.
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- unless the bottom of the tank is thoroughly cooled there is a 

homogeneous distribution of the aerosol mass;

- temperature gradients do not strongly influence the aerosol 

mass decay;

- condensing of water vapour (by heating the bottom of the tank 

containing a small amount of water) has practically no influence;

- there is no difference in behaviour of the mass concentration 

between aerosols of sodium and gold. The half-lives increase 

slowly with time and are about 3.5 hours;

- The decay of the mass concentration has no tendency to reach 

"a constant level" as found by Schikarski and Wild of GfK in 

Karlsruhe.

3
__tank

I
Due to the above-mentioned discrepancy it was decided to carry out 

the same experiments in a different tank. In this way two parame

ters were changed, viz., the internal surface to volume ratio and 

the height of the aerosol tank.

3
The new 1.2 m steel tank has a height of 1.5 m and a diameter of 

96 cm. Sampling ports are present at 10 cm, 75 cm and 140 cm from 

the bottom.

Initial results show a considerably increased stability of the 

aerosol in this tank. No "constant level" was found: the half-life 

of the mass concentration was about seven hours over an observa

tion period of 94 hours.

Experiments have shown that:
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VI. HEAT TRANSFER AND HYDRAULICS(1224.1)

1. Sodium Loops

The 350 kW forced circulation sodium loop was put into operation 

without major difficulties. Some delay was caused by inadequate 

capacity of the trace heating around the plugging meter. The ven

tilator capacity of the plugging meter cooler was, furthermore, 

too large. After modification of these details, the loop could be 

operated without further difficulty. A 150 kW four-pin bundle was 

used for the'commissioning tests and proved to be a very reliable 

heater (See Fig. 11). Based on temperature measurements of the cen

tral electrode, it is estimated that, with this bundle in 500°C

sodium, a potoer of 200 kW can easily be obtained which is equiva-
2

lent to a heat flux of about 150 W/cm

The 75 kW loop was completed in the first half of this quarter. A 

delay of several weeks was due to welding difficulties. Towards 

the end of May the loop was filled with sodium. As the trace heat

ing was found to be insufficient to obtain normal operating tem

peratures, a prototype high flux heater was installed in the test- 

section to produce additional heat. After two weeks of operation a 

sodium leak developed in the pump tube during a start up of the 

loop. The pump, of the electromagnetic type, had to be cut out of 

the system. To be able to clean the loop with hot sodium and test 

the instrumentation a piece of pipe was temporarily installed to 

replace the pump.

2. Heater Development

For heat transfer tests in air, heaters will be required that are 

indirectly heated and which can be provided with thermocouples to 

measure the wall temperature. These heaters will differ from the
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Fig, 11 4-pins bundle for commissioning tests of 350 kW loop
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sodium high flux heaters in that they will be constructed from 

other materials and that lower heat fluxes will be required.

A prototype heater for use in air, with a maximum canning tempera

ture of 600°C and a maximum heat flux of 60 W/cm^, has been built 

and tested. (See Fig. 12). The dimensions of this prototype were 

adapted to the avialable tube materials and are thus not fully re

presentative of heaters of the future. The heater was tested up to 

50 W/cm^ and a canning temperature of 570°C. For this test a small 

test section was manufactured and connected to the airloop for the 

supply of clean air (See Fig. 13). A second prototype (LUCY.002) 

is under construction for tests in hot air.

3. Heat Transfer in Air

For the interpretation of the results of heat transfer measurements 

a computer programme will be required that is able to calculate all 

pertinent data of a rod bundle cooled by gas, e.g., flow and tem

perature distribution. From existing programmes, HECTIC-II was 

choosen mainly because it is easily available and has proved satis

factory when applied at other centres.

The delivery of the test section of the airloop has been further 

delayed. It seems that some of the instruments developed by RCN 

have to be readapted to the test section as the manafacturer has 

had to alter several dimensions.

In the first test rod a brazed connection was required between a 

copperchromium tube of 18 x 10 mm and the heated part of the test 

rod which is made of Incoloy-800 tube 18 x 16 mm. The melting 

points of these materials are 1070 and 1450°C respectively. The 

connection should remain sufficiently strong up to 800°C. For 

this reason a gold-nickel brazing alloy with a melting point of 

970°C was used. After several attempts it became apparent that cop

per from the Cu-Cr tube dissoves in the liquid brazing alloy, thus 

increasing the amount of liquid flowing away from the brazing loca

tion.
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Fíg. 13 Test section for LUCY-001
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Further attempts were made with various gold-nickel alloys, how

ever, without succès. Finally, CM 52, a chromium-nickel braze al

loy with a melting point of 1025°C was tried. By a careful tempe

rature control the connection was brazed successfully without mel

ting of the copper-chronium tube.

To determine the axial heat losses in this connection during ope

ration more accurately, calculations were made by two different 

computerprogrammes, i.e. STRZ of RCN and ELLIPTIC of IFA. A com- 

parion was required as in the STRZ-programme the choice of boun

dary conditions is rather limited and for these calculations the 

heat convection had to be approximated by a fictive heat conduction 

term. The ELLIPTIC-programme allowed a more exact representation 

of the boundary conditions. In Fig. 14 the results of both calcu

lations are presented in graphic form. As can be seen the STRZ- 

programme gives a very satisfactory solution when compared with 

the ELLIPTIC-programme. From these calculations it can be esti

mated that the end effects influence the temperature distribution 

in the heated test rod only over a few centimeters.
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