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Final report on the aqueous homogeneons 
suspension reactor project 

Preface 

During the period from 1951 to 1977 a group made up 
of a few highly qualified people, working under the in
spiring guidance of Prof. Dr. J .J. Went, did studies and 
experiments aimed at evaluating the potential of a so
called aqueous homogeneaus nuclear suspension reac
tor. lt was feit that a breeding process should also be 
used for thermal reactors and that this process would 
allow a highly enhanced utilization of natura] uranium 
and thorium. The use of an aqueous homogeneaus sus
pension of (U,Th)02 particles as a circulating fuel at 
high temperature was the idea at the base of the new 
concept. The inherent safety of the reactor against ex
cursions was ensured by a prompt negative temperature 
coefficient of the reactivity. A simple production pro
cess, developed in-house, for microspheres and the pos
sibility of the fission recoil phenomenon occurring in 
the fuel, led to the expectation ofan attractive fuel cycle. 

The group devoting its efforts to this project found 
itself attracting the interest of a number of institutes 
and individuals. This community of interest proved to 
be of great value and, in certain cases, led to the actual 
participation of specialistsin the project. 

The present report was written to inform all those 
parties and persons whose con tribution to the project 
has led to the successful opera ti on of the final installa
tion: the KEMA Suspension Test Reactor (KSTR). We 
now, in this preface, want to express our sineere appre
ciation to all those who participated in the project or 
gave it !heir support. The Dutch electricity supply com
panies should be the first mentioned. They carried the 
main financial burden ofthe work done at KEMA. The 
Stichting voor Fundamenteel Onderzoek van de Mate
rie (FOM) and later the Reactor Centrum Nederland 
(RCN, now ECN) were the partners within the country 
for some time, while Euratom was the international 
partner. Additionally, profound interest was shown 

and personal effort was contributed to the project by 
the Oak Ridge National Labaratory (ORNL). the 
Atomie Energy Research Establishment (AERE) at 
Harwell, the Cammissarial à !'Energie Atomique 
(CEA) and the Société Grenobloise d'Etudes et d'Ap
plications Hydrauliques (SOGREAH) at Grenoble. 
Both national and international guiding and safety pan
els were set up to support tbc program. Additionally 
the potenrial of thermal breeders was evaluated as a 
combined effort withother interestcd parties under the 
auspices ofthe International Atomie Energy Agency in 
Vienna. 

After being brought to critica] operation in 1974 the 
KSTR reached its design power of I MWth in 1975. 
The operation was stopped in 1977 afteratotal energy 
production of 154 MWh. Much information bas since 
been colleeled by examining a number of primary com
ponents after partial dismantling of the installation. 
These activities have delayed the appearance ofthe pre
sent report. 

The project gained momenturn at a time when ques
tions concerning the resources of fissile material and 
safety prompted a search for new types of reactors. Im
proved safety and a more efficient use of natura! re
sources of thorium and uranium were thus the objec
tives of the KSTR project. Although the project was 
successful insofar that it demonstrated a suspension re
actor with a power density of 50 kW ·1 1

, no follow-up 
of this line of research could be realised. The reasons 
for this were that a second, albeit simplified version 
would have had to be built to operate at a still higher 
temperature. A lso there was a clear absence of interna
tional support at that time and further development 
costs would have been too high to be met by a national 
effort. Although the many people involved regrel that 
an industrial application bas so far nol been seriously 
considered, the project undoubtedly bas bred valuable 
expertise. This expertise bas become available, directly 



or indirectly, nol only for the Dutch electricity supply 
companies but also to be putto use tosome ex tentand 
i~ specific fields ofinnovation elsewhere in the world. 

The project was an altogelher very complex techno
logical operation, stretching technica) possibilities to 
their limit. This research, development and construc
tion could only be carried through because an enthu
siastic group of high-quality research experts feit chal
lenged by the idea and persisted in working to solve the 
many problems. The present appreciation obviously ex
tends tothefact that this enthusiasm ledtoa most valu
abie national and international participation. 

The report is a summary of the project as a whole, 
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providing a more or less chronological survey of the 
main results of twenty five years of research and devel
opment. The results of so many years of diligent experi
mental work cannot bedescribed in a report of limited 
size such as this one. It therefore highlights important 
aspects which are quite specific or which represent im
portant innovative achievements. It is hoped that this 
report may serve as a useful souree of information 
should there co me a revival ofscientific and technologi
cal interest in nuclear suspension reactors. 

M.E.A. Hermans 
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Abstract 

KEMA 1987 Final report on the aqueous homogeneaus suspension reactor project - Kerna 
Scientific & Technica! Reports 5 (I): l-48.ISSN 0167-8590; ISBN 90-353-0048-3. 

The most important results of twenty five years of research and development workon ei reulat
ing aqueous homogeneaus suspensions of fissile material are presented. Experiments in the 
final phase were carried out with a prototype nuclear reactor (KEMA Suspension Test Reactor, 
KSTR), fuelled with an aqueous suspension ofU02/Th02 particles. 

Summarizing the results of the experirnental and post-operational research on the KSTR, 
it can he stated that the suspension reactor bas largely f ulfilled the expectations of its designers. 
No operational probieros worth mentioning occurred during an experirnental period covering 
several years. Frorn the standpoint of reactor physics the results can be termed wholly favour
able, especially at a high power level. The reactor proved to be inherently safe due to the 
prompt action of the comparatively high negative coefficient of reactivity. The mechanica! 
behaviour of the parts inspected has also satisfied expectations. 

The problems encountered have been due exclusively to the presence of a flow stabilizer. 
This was installed in the period following some time of subcritical opera ti on in order to reduce 
the reactivity fluctuations. A stabilizer closed on all sides might perhaps have prevenled the 
problems mentioned and the applicability of the principle of the suspension reactor would 
have been demonstraled still more clearly. 

Introduetion the same for each of the three types mentioned above 
and amounts to 0.5-1%. 

The main argument for the development workon circa
lating aqueous homogeneons suspensions offissile ma
terial concerned the degree of efficiency with which ura
nium can be used in thermal reactors of the existing 
types: graphite-moderated gas-cooled reactors and pres
surized- or boiling-water reactors. Those reactor types 
are all strictly limited as regards the percentage ofatoms 
present in natura! uranium which are split in the fission 
process and which are, therefore, responsible for energy 
production. That percentage appears to be practically 

1 This paper is based on a large number of reports authored by 
KEMA employees from various dîvisions and departments. 

2 P.O. Box 9035, 6800 ET ARNHEM, The Netherlands. 

lt can be argued whether the considerable resources 
in manpower and money which are being devoted to 
development and application of nuclear power, should 
be expended for the attainment of such a limited objec
tive. In principle that limitation need not exist. In the 
same way as the readily fissile isotope Pu-239 can be 
formed from U-238 by capture of a neutron, the fissile 
isotope U-233 can be obtained from Th-232 which oc
curs in nature in at least the same amount as uranium, 
but probably more than ten times as frequent. 

The specific isotopes produced in the above men
tioned processes are also of importance since the 
number of neutrons set free in the fission process is not 
the same for all fissile isotopes. The number of neutrons 
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TableI 
Number '1 of free neutrons lîberated when fissile isotapes are 
split by thermal or fast neutrons. 

Fissile isotape thermal fast 

U-233 2.28 2.60 
U-235 2.08 2.28 

Pu-239 2.10 2.74 

depends, moreover, on the kinetic energy of the neu
trons which are captured by the fissile isotapes (thermal 
or fast neutrons). Ta bie I gives the ry values which rep
resent the mean number of free neutrons produced in 
the fission processof the isotapes under consideration. 

It is obvious that breeding of tissile material is only 
possible in a reactor where 1J bas a value significantly 
superior to 2. In such a case one can obtain a total 
fission ratio of 25-50~~·;·1 inslead of 0.5-1 :1/~- Th is has two 
important consequences. On the one hand, 50 times 
more energy can be produced from the same quantity 
of cheap uranium and on the other hand natura! urani
um or thorium may be used even if50 times as expensive 
as is now the case. 

If, in the case of thorium, actual breeding offuel must 
be obtained. a heavy-water moderated homogeneaus 
reactor is required si nee it is of great importance to re
move as rapidly as possible the neutron poison Xe-135 
which constitutes one ofthe high-yield fission products. 

In such an aqueous homogeneaus reactor the urani
um and thorium must be evenly distributed throughout 
the liquid. That can be achieved either by means of a 
saltsalution (studied as part ofthe homogeneaus reac
tor project by the Oak Ridge National Laboratory) or 
by the utilisation of small oxide particles in suspension 
(suspension reactor project of KEMA). The fuel in
volved in both cases has all the attributes of a liquid; 
i.e. a simple and cheap fuel element. The cooperation 
with the ORNL was important because the ORNL Ho
mogeneous Test Reactor had already been put into op
eration in Oak Ridge. Since the researchers at ORNL 
were on the point of startingup the Molten Salt Reac
tor, use could be made of the experience gained in that 
field. The transfer of data was achieved by exchange 
of reports and notes with photographs and by exchange 
visits. 

The properties of the KSTR fuel changed during ex
tended power operation. On one hand those changes 
had a favourable effect on reactor noise, on the other 
hand they resulted inlossof reactivity due to which the 
critica! temperature decreased. 

In the reducing environment of the KSTR the radio
lytic produels are already recombined within the reac
tor vesseL When helium is used as pressurizing gas, the 
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internal recombination is much less and H~ and 0 2 are 
transported to the external system tagether with the 
tlowing liquid. Thc net production is then proportional 
tothereactor power and is approx. 3 kg 0, per MWh. 

Framework ofthe study 

In principle, the construction of a suspension reactor 
is also very simple: it must camprise a core vessel, a cir
culating pump and a heat exchanger. M uch research 
and development work are nccded, howcver, to ascer
tain thc possibilitics and limitations of suspensions 
under the conditions extant in a power reactor. Such 
research should includc the following topics. 
(I) Determination of the ex tent to which the particles 

can be homogcncously distributed and maintained 
in a circulating suspension at a sufficiently constant 
concentration. This problem is ofparticular impar
tanee si nee it is related to the ex tent to, and the man
ner in which the reactor can bc controlled. 
When the concentra ti on ofthe suspension in the re
actor vessel varies, the nuclear reactivity ofthe sys
tem also varies. The resulting tluctuations must be 
kept within fairly narrow limits. For this aspect of 
the study the first step was to build a subcritical re
actor operating at low temperature (up to 343 K) 
which could be brought very close to the critica! 
point (k,rr = 0. 99) by varying the concentration of 
the particles in suspension in a continuous way. The 
results gained from this work show that the require
ments described above could be met (see 'Subcriti
cal experiment' section). 

(2) Investigation of the chemica! and mechanica! con
ditions that the particfes will experience when sus
pended in water at high temperature, and develop
ment oftechniques for the manufacturing of parti
cles that can withstand such conditions (see 'Re
search and development' section). 

(3) Salution of construction problems related to e.g. re
actor vessel, hermetically sealed and sufficiently 
wear-resistant pumps, valves, flanges, a gas injec
tor, a gas separator, a heat exchanger, a fuel-storage 
vessel, a dumping vessel etc. (see 'Reactor design' 
section). 

(4) Final testing under operational reactor conditions. 
That purpose does not require building of a proto
type power reactor. A small instanation can be 
used, provided that all conditions such as tempera
ture, pressure, concentration, power density etc. be 
identical to those required in a real power reactor. 
The KEMA Suspension Test Reactor (KSTR) with 
a power density of 50 kW· I 1 was built for the pur
pose (see 'Operation and experimental research' sec
tion). 



(5) Analyses of the fuel properties (sec 'Changes in the 
physico-chemical properties ofthe fuel' section). 

(6) Analysis ofthe mechanica) behaviour ofthe various 
equipment (see 'Post~operational research' section). 

Subcritical experiment 

A subcritical reactor was built for the purpose ofinves
tigating aqueous suspensions. The principal aim was to 
ascertain whether a suspension could be distributed 
throughout the reactor systern in a sufficiently homoge
neaus rnanner and whether the concentration could be 
maintained constant over a long period of time. lt was 
also important to determine whether, in practice, it 
would be possible to regulate the concentration in a suf
ficiently accurate and continuous manner. 

These pointscan be assessed with by far the highest 
degree of precision from the nuclear reactivity of a sub
critica! reactor i.e. by monitoring the neutron flux of 
the reactor being operaled close to the critica) point at 
a constant external neutron source: the souree multipli
cation. The therrnal and epithermal neutron flux distri
butions were thus determined both inside the reactor 
vessel and in the reflector region. 

lt was found during the investigation that this proce
dure could also yield important information concerning 
hydrodynamics inside and outside the reactor vessel. lt 
was also found that the colloid-chernical properties of 
the suspension hadastrong intlucnee on the behaviour 
of the reactor. 

Fuel 

A suspension of U02 particles in light water was used 
as the fissile material (the U02 being enriched in U-235 
up to 20%, for the experimental reactor; a low enrich
ment would be required fora commercial breeder based 
on the principoles of the KSTR). The basic parameters 
for the particles were their size and shape and the state 
of their surface. The upper limit of about 15 llffi for 
the size was set by the following two conditions. 

(I) A sufficiently high yield for the 'recoil separation'. 
By this is meant the recoil offission produels from 
the U02 particles into the water. Si nee the size range 
offission productsin U02 was a bout I 0 !lm accord
ing to the available literature, an upper limit of 15 
,urn was assumed for partiele size. Subsequent mea
surements by Markestein & Van der Plas (1962) 
showed that the size range was a bout 5 /lffi. 

(2) The settling velocity of the UO, particles in the 
water had to be small in relation to the flow velocity 
of the liquid in the reactor vessel. 1t also had to be 

cornparable with the settling velocity of 5 !lm parti
cles in water of 523 K. 

The lower limit for partiele size was tixed at 3 !lfi so 
that the concentration could be further adjusted by 
means of a hydroclone. In addition, the particles must 
have a smooth surface and a preferably spherical shape 
in order to prevent as far as possible mutual attrition 
and erosion ofthe walls during circulation. 

Finally, in order to make the specific surface area as 
srnall as possible, the U02 particles were sin te red at high 
temperature. The method of fabricating the particles 
has been published by Hermans (1958) and will bede
scribed in the 'Research and development' section ofthis 
contribution. 

The colloid-chernical bchaviour of the suspension 
was determined by the pH of the fluid. Th is delermines 
in particular the ex tent to which the particles are floccu
lated. Where pH = 7, the U02 suspension is unstable, 
i.e. flocculated (Kalshoven, 1962). Where pH values are 
higher than 9 (but lower than 12), the suspension is 
stable, i.e. non-flocculated. lt will beseen from the re
sults ofthe experiments described in this report that the 
question whether the suspension isoris not flocculated 
has considerable influence on reactor behaviour. 

Reactor construction 

Figure I represents a sirnplified diagram of the layout. 
The reactor vessel was made of stainless steel, placed 
vertically (0 = 28 cm, volurne 17 I) and had a cylindri
cal shape with cone-like extremities. The suspension 
nowed frorn bottorn to top. There was a flow directer, 
the shape of which was based on scale-model tests, in 
the inflow opening. The purpose of the rnanifold was 
to ensure good flow distribution and a homogeneaus 
concentration dis tribution inthereactor vessel. 

The reactor vessel was placed in a BeO reflector 
which in turn was surrounded by graphite blocks. In 
this way, the dimensions of the vessel could be kept 
smalland the thermal-neutron flux inthereactor vessel 
was more flat. In the BeOreflector-where the thermal
neutron flux was greatest- 8 aluminium tubes (0 = 
20 rnm) were fixed around the reactor vessel. The tubes 
contained: 
(I) a Ra-Be neutron souree (7.5 x 105 neutrons per sec-

ond), 
(2) three B,C safety rods (each containing 100 g B4C), 
(3) four BF1 neutron detectors. 
In addition, a BF1 neutron detector was located in the 
graphite reflector. The BeO reflector also contained the 
target of a 500 kV accelerator tube, with which about 
108 neutrons per second could be generated. This neu
tron souree was used for special investigations (see 'Re-
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Fig.! 
Simplified diagram of the subcritical assernbly. This system 
made it possible to adjust the souree multiplication to within 
a few percent. 
RV = reactor vesse\; CP = circulating pump; HE = heat 
exchanger transmitting the heat through a closed circuit to 
a second exchanger (oot shown) which is cocled with water 
from the main supply; ATR = automatic temperature regula
tor; Sh =shunt pipeacross the reactorvessel; T 1-T5 = control 
valves; H = hydraclone for separation ofU02 particles.from 
the water (open valves T 2 and T ~; S = partiele slorage tank 
(valves T2 and T5 must be opened to allow U02 particles to 
flow frorn thc starage tank into thc reactor circuit; T4 is used 
for the evacuation of the last remaining particles from the 
storage tank, if necessary). 

coil separation ejjïciency offission products' section). 
Asthereactor had a high negative temperature coef

ficient, it was necessary to rnaintaio a sufficiently con
stant temperature during measurements. The tempera
ture was kepi constant to within ± 0.05 K by electrical 
healing of a section ofthe pi ping with the aid of a thyra
tron amplifier and an appropriate transformer. Regula
tion was effected by means of a resistance thermometer 
inserted in a Wheatstone bridge. 

Experimental results 

Experiments were carried out on: 
(I) the critica! concentration, 
(2) fuel hold-up inthereactor vessel, 
(3) the temperature coefficient of reactivity, 
(4) recoil scparation efficiency offission products, 
(5) neutron-noise analysis, 
(6) the neutron-flux distribution. 
The results of these experiments are described in the 
following sections. 

Critica/ concentrat ion- The reactor system (total vol
ume approx. 33 I) was tilled with demineralized water 
(pH ~ 6.8); the slorage tank contained 6.5 kg of U02 

with a particle-size distribution as shown in Figure 2. 
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The BF1 counter located in the BeO reflector opposite 
to the Ra-Be souree recorded 270 counts per second and 
the BF1 counter in the graphite reflector recorded 110 
counts per second. 

The critica] concentration was determined by extra
polation ofthe curve (1/M versus concentration) to 1/M 
~ 0 (M ~ multiplication factor). Such an extrapolation 
was considered permissible since the last part of the 
curve must be linear. The critica] concentration proved 
to be 198 g U02 per liter for the volume flow applied, 
i.e. 9.7m1 ·h 1

• 

Fuel hold-up in the reactor vessel- U pon changing of 
volume~ flow, it became apparent that M depended 
on this parameter. Since the relation between mul tipii
cation and concentra !ion had been established, it was 
possible to delermine the concentration (oot the aver
age concentration in a purely physical sense, but the 
apparent concentration as it influences the neutron 
physics of the reactor) in the reactor vessel as function 
of volume flow Q. The results are represented by the 
uppermost curve in Figure 3. 

'!:. 20 

16 

12 

8 

0 
0 4 8 12 16 20 

diameter ( pm ) 

Fig. 2 
Size dis tribution of the dispersed U02 particles prior to their 
use in the reactor. 



The concentration at a volume flow of 24m3 · h 1 was 
arbitrarily denoted as I 00. Jt could be deduced from 
the curve based on the measurements that the concen
tration inthereactor vessel increased by 12% when the 
volume flow was reduced to I. 75 rn1

· h '. With a still 
smaller volume flow, settling of U02 particles occurred 
and the souree multiplication dropped to unity within 
a few minutes. 

The concentration increase inthereactor vessel could 
be explained by the fact that at a volume flow of 1.75 
m1 

· h ' the average linear flow velocity of the flujd in 
the vessel (8 mm · s 1

) became camparabie with the set
tling velocity of the flocculated U02 particles. That is 
not the case with a non-flocculated suspension and the 
concentration increase observed then was consequently 
much lower, i.e.less than 1% (Figure 3, bottorn curve). 
With a stabie suspension, the flow rate at which settling 
of the particles starled inthereactor was found to cor
respond to the rate which could be calculated from the 
size distri bution ofthe dispersed (non-flocculated) par
ticles (Figure 2). 

Since the reactivity - and thus the concentration -
was constant for volume flows between 24 and 4 m1 • h 1 

(Fig. 3), tW settling of particles occurred on the inclined 
bottorn walls of the vessel for flows greater than 4 m1 • h 1 

! 
Q) 
> 

114 

.9112 u 

~ 
.!: 

Fig. 3 

either. This was also the case with a flocculated suspen
sion for volume flows higher than 16 m 1·h 1• Conse
quently, at sufficiently high volume flows, a flocculated 
suspension presenled no difficulties as far as reactivity 
is concerned. 

Temperafure coefficient of reactivity - Attempts werc 
made to measure the temperature coefficient of reacti
vity between 294 and 343 K. No multiplication differ
ence was observed, however, in this temperature range 
with a flocculated suspension. That could be explained 
by the fact that the settling velocity of the particles in
creased with the temperature since the viscosity of the 
water deercases as the temperature rises. The negative 
temperature effect caused by the density rednetion will 
then be campensaled by the concentration increase in 
the reactor vessel, which in turn is a consequence ofthe 
increased settling velocity. lt should be mentioned that, 
although a negative temperature coefficient could not 
be observed under these circurnstaRces, the negative 
temperature coefficient of the reactor will be effective 
at a high temperature (475-575 K) in spite of the higher 
settling velocity at higher temperatures. This was to be 
expected, since bpjbT increases considerably with the 
temperature (T) whereas /ivj/iT is virtually independent 

flow rate Q ( m3 .h ., ) 

The U02 concentration in the reactor vessel as a function of flow ra te (Q) and pH. A concentration of 24m3 · h 1 is arbitrarily 
set at 100. The suspension was flocculated at a pH of 6.8 (upper curve). whereas it was stabie at a pH of9.1 (lower curve). 
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ofT (e ~ density of water, v ~ partiele settling veloci
ty). 

Th is was in agreement with the concentra ti on as mea
sured outside the reactor vesscl, which decreased as the 
temperature increased. The effect of a temperature rise 
on the concentration in thc reactor vessel was similar 
to the effect of a dercase in flow ra te. Botheffects could 
be explained by an increase in the settling velocity rela
tiveto the flow velocity inthereactor vessel. 

When a stabie suspension was used the effect of the 
negative temperature coefficient was no Jonger com
pensated by the increase in the settling velocity of the 
particles when the temperature increased. With a pH 
of 9.1, where the particles we re completely dispersed 
( stabie suspension), a negative temperature coefficient 
of -2.3 x 10 4 dk/k · K 1 was measured between 294 and 
343 K. 

Wh en the reactor was heated rapidly (200 K · h 1
) a 

negative temperature coefficient between 21 and 40 K 
was also measured (-1.2 x 10 4 dk/k·K ')in the case 
of a flocculated suspension. Here the !locs did nothave 
sufficient time for complete settling. From this it could 
be concluded that upon a sudden temperature increase 
the negative temperature coefficient of the reactor wiJl 
be completely effective even with the u se of a flocculated 
suspension. 

Recoil separation efficiency r~ffission products- By using 
the accelerator tube as a neutron souree and by operat
ing the reactor at a multiplication ofapproximately 100, 
a power of a bout 0.003 W could be obtained. That was 
sufficiently high to produce enough fission produels 
within a few hours to allow the chemica! determination 
of the recoil separation effect. A detailed description 
of these experiments and the complete results can be 
found in Markestein & Van der Plas (1962). A yield of 
54% was found (percentage leaving the particles) for io
dine with a flocculated suspension. That yield was lower 
than hoped for on the basis ofthe size distri bution given 
in Figure 2. lt could, however, be explained by the fact 
that, through !loc formation, the effective particle-size 
tended to increase. 

! I I ' ! I ' ' I ! l I I 11 111111 1 ll I I lt 111 1 1 

Fig. 4 

In the case of a stabie suspension, the observed yield 
of the recoil separation effect corresponded with the 
value which could be calculated from the particle-size 
distribution shown in Figure 2, i.e. the maximum theo
retica! value had been reached. This yield was 76";; for 
iodine. These results made it possible to delermine the 
size range ofvarious fission productsin U02 as 4-8 Jlm 

(Markestein & Van der Plas, 1962). 

Neutron-noise analysis- Since any local fluctuations of 
the concentration in the reactor vessel, as we11 as 
changes with time might cause reactivity variations, the 
neutron noise of the reactor was investigated in detail. 
Asthereactor had been operaled at zero power, those 
fluctuations in reactivity i.e. in the neutron flux, could 
not be damped by the negative temperature coefficient. 
ln consequence, the neutron flux was extremely sensit
ive to any variation in the uo2 concentration inside the 
reactor vesseL 

During the experiments, the average value ofthe neu
tron flux was found to remain constant within the roea
suring accuracy of± I% for several hours (Fig. 4). That 
indicated a constant concentration inthereactor vessel 
within a limit ofO.I% during the same period. In other 
words, there occurred no sticking or uncontrolled re
lease of U02 particles during this time and within this 
limit (0.1% corresponds to approximately 6 g U02). 

Although the average value of the neutron flux was 
constant, the records showed fluctuations in the flux 
with a maximum amplitude of ± 10% (dk/k = 

± 0.0021) at a multiplication of 47.6 (counting rate 
36,000 counts per second). A tlocculated suspension 
was used for making these records (Fig. 5, upper curve). 

lt also emerged that the frequency ofthe tluctuations 
depended on the ra te of flow of the suspension in the 
reactor vessel. Since the records showed that one or 
more special frequencies were likely to have prevailed 
in the fluctuations, the following quantitative analysis 
method was applied. 

Record of the neutron flux as a function of time during steady operation of the reactor for two hours. The average flux value 
was constant to within I~~ (counting ra te between 8900 and 9100 counts per second). 
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Fig. 5 
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Records of the neutron flux as a function of time at a low 
pH value in a flocculated suspension (upper curve) and at a 
high pH value in a stabie suspension (lower curve). The two 
curves show remarkable differences as regards both ampli
tude and frequency. 

If C represents the average number of counts in a 
given time interval (gate length), 

c'- (C)' 
I + Y is a measure for the tluctuations. 

Fora Poisson distribution, Y = O.Y is thus a direct 
measure for the deviation of the tluctuations from a 
Poisson distribution. The measured values ofY can be 
plotled against the gate lengtbs used. The gate length 
appropriate to any peak in the curve gives the half-peri
ad of a characteristic frequency. 

In order to avoid an intlucnee oftluctuations caused 
by the chain character of the events in the reactor, the 
experiments were carried out at a relatively low multi
plication (M = 35). The volume flow was 9. 7 m3 • h 1• 

The BF 3 detector impulses were amplified, transmitted 
to a fast discriminator and subsequently to a gate cir-

cuit. The gate length could be va ried between I 0 ms and 
100 s. The impulses which were allowed to pass through 
the gate were counted by means of a scaler which was 
then read andreset to zero by hand. The scaler was read 
400 times for each gate length used. The Ra-Be souree 
was used for the purpose of checking whether random 
impulses really produced Y = 0 with this arrangement. 
After 400 readings with a gate length of one second, 
it was found that Y = -0.05. Thai was considered satis
factory. Subsequent experiments were carried out with 
the same counting device. The results with a tlocculated 
suspension are given in the top curve of Figure 6. That 
curve shows that there were two characteristic periods, 
viz. 1.2 s (being 2 x 0.6 s) and 16 s (bcing 2 x 8 s) at 
the ra te of flow used. 

The amplitude ofthe tluctuations in the neutron flux 
was appreciably lower with a stabie suspension than 
with the tlocculated suspension (see Fig. 5). The maxi
mum amplitude fora pH = 9.1 and a multiplication 
of56 appeared to be ± 3.5';{, (dk/k = ± 0.0007). 

No characteristic frequencies were observed with the 
methad of analysis described above. The fluctuations 
showed a Poisson distribution. The experimental re
sults for various gate lengtbs are given in Figure 6 (de
sign Z). 

Neutron-flux dis/ribution - The neutron-flux distribu
tion inside the reactor vessel as well as in the reflector 
region was determined for a souree multiplication of 
about 100. This multiplication was sufficient to elimi
nate the intlucnee of the external neutron source. The 
neutron-flux distri bution in the vessel was determined 
first by activation of an indium wire foliowed by activa
tion of a wire made of a dysprosium-aluminium alloy 

6 1 oo' 1 

gate lenglh I s ) 

Fig. 6 
Deviation (Y) from the Poisson distri bution in the fluctua
tions of the neutron flux as a function of the counting time 
(gate length). The top curve (pH = 6.8; flocculated suspen
sion) shows a definite maximum ofapprox. 8 s (characteristic 
period of 16 s). There was no deviation from the Poisson dis
tribution at a pH value of9.6 ( stabie suspension; lower curve 
with experimental values designated by Z). 
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(10'/; Dy). The wire (0 I mm) was mounted on an alu
minium fixture, brought inside the vessel through a nar
row tube (0 18 mm) located at the top. The wire was 
then stretched out in a horizontal plane at the ccntre 
of the vessel and perpendicular to the radius through 
the external neutron source. The aluminium fixture and 
wire had practically no influence on the souree mul tipii
cation or the neutron-flux fluctuations as a function of 
time. 

The induced activity of thc wirc was measured after 
one hour of reactor operation at 18 sections of 15 mm 
length, covering 27 cm of the vessel diameter (28 cm). 
The neutron-flux distribution in the reflector region 
was determined by measuring the induced activity of 
small pieces (15 mm) of the same wire material which 
were mounted at 5 points in the samehorizontal plane 
as mentioned above. 

The experimental results are given in Figure 7. Si nee 
the measurements with the dysprosium wire showed er
rors smaller than those for measurements with the in
dium wire, the flux dis tribution ofthe thermal neutrons 
in the reactor vessel could be determined with greater 
accuracy than the flux dis tribution of the epithermal 
neutrons. Figure 7 shows that the neutron-flux distribu
tions in the reactor vessel were symmetrical and that 
the flux distri bution ofthe thermal neutrons was indeed 
very flat. 

Conc/usions 

It can be concluded from the ex perimental results that 
the subcritical unit appears to be a most suitable and 
sensitive tooi for investigating the essential properties 
of a homogeneous suspension reactor. 

Fig.7 
Thermal ( qJ1) and epithermal ( IPe) neutron-flux distri bution in
side the reactor vessel and the reflector region. 
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Subcritical experiments were indispensable in the de
velopment programme for that reactor, for checking 
and completing basic chemica! and hydrodynamic re
search and measurements made on models. Subcritical 
measurements are extremely sensitive and in this case 
could be carried out relatively fast since the concentra
tion could be regulated rapidly and accurately. This was 
the cheapest method for ascertaining whether the col
loid-chemical properties of the suspension and the hy
drodynamic conditions inside and outside the reactor 
vessel had been correctly selected. 

Because of the low radialion level during and after 
the experiments, there were no maintenance problems 
-as is in deed the case in all subcritical assemblies- and 
the necessary modifications could thus be carried out 
without difficulty. 

Research and development 

Extensive research and development work on chemis
try, technology and control systems was required for 
both the subcritical experiment and the KSTR. Al
though the major part of those activities took place 
prior to the construction of the two installations, devel
opment work continued during operations as well. 
Some ofthe operational results from the KSTR ('Oper
ation and experimenta) research' section) will therefore 
bedealt with here. 

Chemica/ research and development work 

The main probierus concerned: 
(I) fuel preparation, 
(2) irradiation research, 
(3) sedimentation behaviour, 
(4) oxygen formation and recombination, 
(5) removal ofthe fission products. 

Fuel preparation- Two important processes were devel
oped for preparation of the fuel: (a) the urea process 
and (b) the sol-gel process. The latter can be subdivided 
into (b-I) a first and (b-2) a second stage. 

(a) The so-called urea process was applied for the prepa
ration of the UO, particles for the subcritical experi
ment. A narrow size distribution of reasonably spheri
cal particles can be achieved with this process. 

The principle ofthe technique is a controlled precipi
tation of a stabilized amorphous U03 hydrate where 
germination is restricted tothestart ofthe process, after 
which the particles grow by controlled flocculation and 
by continuing precipitation ofthe uranium which is still 
in solution. Stabilization ofthe amorphous form ofthe 



precipitate is achieved by ha ving a well selected nitrate 
content ofthe uranyl-nitrate solution and by maintain
ing a C02 atmosphere above the reacting liquid. 

The procedure is as follows: take I liter of 0.1 molar 
uranyl nitrate, 1.32 molar nitrate content, to be partial
ly neutralized with 50 mi of25% NH,OH solution. Stir 
wellusinga special agitator (Hermans, 1964) and heat 
to 368 K, then add 500 mi of a solution with 250 g urea, 
also warm. After approx. 50 minutes filter off the pre
cipitate, wash with cold water, rinse and dry with ace
tone, reducing in moist hydrogen at 1525 K. The result
ing particles have a specific surface area of 0.1 m2 • g 1 

and the yield is higher than 99.5%. 
This procedure, spread over several batches, yielded 

6.4 kgofU02 with an enrichment of21% for the subcrit
ical experiment. 

The probierus in the processlayin the growth of the 
precipitate (shape and size ofthe particles) and in devel
opment of the 'pusher furnace' for reduction and the 
sinter oven. The preparation itself proceeded without 
problems. 

(b-1) The fuel for the KSTR was prepared by means 

sol preparatien 

Th(N03)
4 

salution 

U0
2 

( N0
3 

)
4 

salution 

Fig. 8 
The sol-gel process. 

emulsifying + gelling 

toluene + 

gelling 

of the sol-gel process, developed tor this purpose by 
KEMA (Van der Brugghen et al., 1968). Starting from 
U02(N03), and Th(N03) 4, there were four steps to the 
sintered end-product (Fig. 8). 

The sol was prepared by dispersion of a precipitate 
wasbed free of electrolyte. A Th-oxide hydra te precipi
tate, wasbed free of electrolyte, was dispersed by boiling 
in a U02(N01) 2 solution. 

Van der Brugghen et al. (1968) have discussed both 
the necessity of starting from a N01/(Th + U) ratio 
of 0.3 to 0.4 and the metbod used to achieve this ratio. 
The emulsifying of the sol look place in a mixture of 
carbon tetrachloride and toluene with a density slightly 
lower than that ofthe sol. U se was made of a vibrating 
agitator with adjustable amplitude and fixed frequency 
(50Hz). The size ofthe sol drops, which ultimately de
termines the size of the fuel grains, could be set at the 
correct value by adjusting the agitating conditions. The 
gel spheres obtained could be separated from the emul
sion by sedimentation. 

The gel spheres were dehydrated by boiling them in 
a mixture of carbon tetrachloride and toluene with con
tinuous removal of water. The dehydrated spheres were 

dehydrating, washing, drying sintering 
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filtered and washed with methanol to remave as much 
as possible of the NH 4N01 present. The final step was 
fiJtration and drying at 473 K. 

The fuel particles were sintered in a pusher oven in 
air. They remained in the hot zone of 1453-1473 K for 
a total of 160 minutes. Under those conditions it was 
possible to achieve the desired specific surface area of 
0.2 m' · g 1

• The fuel was prepared in a steel plate cabine! 
specially built for the purpose. Practically all the proce
dures required could be performed from the outsidc. 
The working room was kepi under under-pressure by 
means of fans, to prevent leakage of matter containing 
U and Th. 

Ifthe quantity of uranium handled was nol restricted, 
the processing of natura! uranium yielded I kg of fuel 
per day. The processing ofhighly enriched uranium was 
restricted to 300 g per batch because of the danger of 
criticality. 

(b-2) In actdition to the initia! sol-gel process, a second 
stage process was evolved for preparing larger particles 
(0 up to 1.2 mm) with a wide range ofchemicalcompo
sitions such as U02, (U. Th)02 and (U, Pu)02• It proved 
simple to incorporate bumabie (neutron) poison (such 
as Eu and Gd) in the fuel. 

The Pupart ofthe process was developed by Euratom 
(Karlsruhe) and later by the Netherlands Energy Re
search Foundation (ECN, Petten). The carbidevariant 
for (Th, U) oxide was developed partly within the Drag
on Project (Winfrith, Great Britain); the (U, Pu) carbide 
variant was carried out by Swiss Federal Institute for 
Reactor Research (Eidgenossisches lnstitut für Reak
torforschung, EIR) (Würenhngen, Switzerland). Fuel 
studies were also carried out with regard to the Homo
geneaus Test Reactor (HTR) on controlled incorpora
tion ofporosity into the fuel. 

Several sol-gel varianis have been developed (see, 
e.g., CNEN, 1968; IAEA, 1968, 1974; Wijmer, 1968). 
Unfortunately, because ofindustrial interest in the pro
cess, httle has been publisbed in the freely accessible ht
erature; a relatively large amount of material is accessi
bie only through the patent literature. 

It appeared that the initia] process described for ex
tema] gelation was no Jonger usabie for particles larger 
than roughly 20 Jlm. Gelation progressed too slowly 
and as a result, at least definitely under the prevailing 
flow conditions, the larger particles distortèd and built 
up osmotic imbalances manifested in subsequent pro
cess stages (washing, drying, sintering) as cracks and 
disintegration ofthe fuel microsphere. 

The salution to this problem was homogeneaus gen
eration of the gelling agent (NH1) within the sol drop 
itself. To that end hexamethylene tetramine, an agent 
releasing ammonia at elevated temperature under the 
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prevailing process conditions, was added befarehand to 
the specially caoled sol, thus bringing about intemal 
gelling of the sol drop. It then proved possible to pre
pare particles of various chemica! composition with di
ameters up to a few mm. It should be noted here that 
the process mentioned is to be considered as the internat 
gelation of a salution ofhydrolysed uranyl nitrate. 

Th is process allowed the preparation of several kilo
gramsof uo2 in particles ofvarious sizes, with various 
degrees of enrichment and different amounts of bum
abie poison (Eu and Gd). The material was prepared 
in the KEMA Iabaratory for radialion experiments in 
the high-flux reactor at Petten and the heavy-water boil
ing water reactor (HBWR) in Halden. As favourable 
results were obtained, an additional120 kg ofU02 were 
made for three fuel elements ofthe Dodewaard boiling
water plant. Vibratory compaction and assembly ofthe 
elements was carried out in all cases by the Material 
Testing Department of the Netherlands Energy Re
search Foundation. 

The results ofthis Vibrasol project were excellent and 
all rods met the operational specifications (bum-up of 
20 MWd ·kg 1

). It was also demonstraled that the inter
action between fuel and cladding was favourable in 
comparison with an equivalent pelletized element. 

Irradiation research- The size range offission products 
in (U,Th) oxide is 4-8 Jlill. As a result, the surface of 
the 5.5 Jlm particles is seriously damaged by fragments 
escaping during the fission process. That has important 
consequences for fuel used without cladding, as is the 
case in a suspension reactor. In view ofthis, it is obvious 
that the behaviour of the fuel in this context had to be 
examined by neutron irradiation outside the reactor. 

The fuel for the radialion experiments consisled of 
15% U02 (90% 235U02) and 85% Th02; the avcrage 
sphere diameter was 5 Jlm. This mixed oxide was pre
pared by using the sol-gel process. After exposure to 
radiation, the fuel was treated with dilute nitric acid. 
The quantities of uranium and thorium found in the 
etching 1iquid were regardedas a measure of irradiation 
damage. In the present report the damage will be ex
pressed in mg uranium per gram mixed oxide. 

The next step was to investigate the damaged surface 
by examining photographs taken with an electron mi
croscope and by using a replica method. 

Experiments on irradiation at high temperatures of 
mixed-oxide particles in water were carried out in the 
BR-2 reactor in Mol (Belgium) with a neutron-flux den
sity of 10 14 cm 2 ·s 1

• Research at high temperatures 
(523-583 K) is important in view of applicability of the 
fuel for use in a power reactor. The results are shown 
in Figure 9. 
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Fig. 9 
Results of irradiation experiments at high temperature. 
Black dots represent mixed oxide irradiated in water at 583 
K; circles represent mixed oxide irradiated in water at 523 
K; triangles represent mixed oxide irradiated in water at 353 
K. Values expressed in mg U per g of mixed oxide. 

Fig. 10 
Fuel particles irradiated at 523 K (5 x 101x neutrons per cm 2

). 

Figures I 0 and 11 give an impression of the irradia
tion damage at 523 and 583 K at neutron densities of 
5 x 10 18 and 8 x 10'" cm 2 respectively. lrradiation dam
age seemed to be iess at higher temperatures. Some sus
pension irradiation at 583 K was a lso carried out at neu
tron densities higher than I 020 cm 2 

.. 

Electron micrographs showed that the mixed-oxide 
particles had completely disintegrated. At a neutron 
density of 1.1 x 1020 cm 2 and at 583 K, 4.5 mg of urani
um per gram of mixed oxide had apparcntly dissolved 
after irradiation due to etching; electron micrographs, 
however, showed completely disintegrated particles 
(Fig. 12). lt certainly appears from this that etching 
methods give results differing from those obtained from 
eiectronmicrographs. The former give an indication of 
how inert the fuel particles still are in a chemica! sense, 
whereas the latter give the shape and size of the parti
cles. 

There have been a number ofpublications (e.g. Rogers 
& Adam, !962; Nilsson, 1966) concerning uranium 
ejecting from U02 surfaces due to fission fragments. 

13 



Fig. 11 
Fuel particles irradiated at 583 K (8 x 1018 neutrons per cm

2
). 

Fig. 12 
Fuel particles irradiated at 583 K ( 1.1 x I 020 neutrons percm2

). 
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KEMA a lso investigated this during thc irradiation ex
periments. The uranium ejected during the KEMA pro
ject was gatheréd on a collector placed opposite a urani
um oxide tablet. Uranium transport from the collector 
back to the uranium oxide surface was also investi
gated. Both ejection and transport took place during 
dry irradiation experiments. Because there is a dynamic 
equilibrium between both effects, the damage caused 
by these irradiations was approximately constant. 

Such an equilibrium is not obtained in the case of 
irradiation in water. lt was discovered that there was 
a large quantity of amorphous material around the irra
diated fuel placed in water prior to etching. This amor
phous material was dissolved during treatment with di
Jute nitric acid. The proportion of thorium and uranium 
thus dissolved is approximately equal to the proportion 
in the particles before irradiation. The matter ejected 
during irradiation forms a separate phase and the sur
face of the particles is nol proteeled by this layer. For 
that reason additional matter is continuously ejected 
during irradiation. The results ofirradiation in butanol 
and in 1.5. molar potassium iodide indicate that decom
position produels of water (H20 2, H, OH and H02) also 
play an important part. 

As already mentioned, little uranium is dissolved 
after irradiation at elevated temperatures. There are 
two possible explanations for this: (I) hydragen perox
ide is very stabie at this temperature and (2) recrystalli
zation may occur. A similar effect has also been disco
vered in ion implantation for germanium and silicon 
(Mayer et al., 1970). However, the fuel had entirely dis
integrated duringirradiation at 583 K, although it hard
ly dissolved afterwards when treated with nitric acid. 
Specific attack of the partiele surfaces also probably 
played a part. 

Sedimenta/ion behaviour - In a nuclear reactor where 
Iission takes place in suspended fuel particles, the set
Hing ra te of those particles is one of the most important 
factors. Due to the large difference in density between 
particles (p = 10) and liquid (p = 0.8), the sedimenta
tion rate (settling ra te) is relatively high. 

In the case of the KSTR, sedimentation, or rather 
the movement of suspended solid fuel particles in rela
tion to the water, could intlucnee the following. 
(I) The critica! concentration: due to the relatively 

small upward flow inthereactor vessel ( average ap
prox. 12 cm.s 1 in the centre) in relation to the set
Hing ra te (max. 3 cmK '), the average fuel concen
tration inthereactor vessel is higher than intherest 
of the circuit. That phenomenon is termed the 
'hold-up'. It will be obvious that the hold-up be
comes less at an increased circulation rate and at 

a lower setHing rate. The latter can be intluenced 
slightly by changing the temperature. Variatiens in 
hold-up due to sudden changes in the flow pattem 
were the cause of stepwise flux or temperature 
changes in the case of the KSTR. 

(2) The disappearance of fuel: fuel may become con
centraled in system parts with low flow rates due 
to sedimentation. In the case ofthe KSTR this nor
mally occurred in crevices such as those in flanges. 

(3) The representativeness ofthe samples: due to move
ment of particles in relation to the liquid in the 
bends, the concentration was usually higher at the 
outside than at the inside radius. This led to homo
genizers being installed upstream of the sampling 
points. 

(4) Erosion: due to the centrifugal effect described 
above, erosion was greater in bent and branched 
than in straight pipes. 

The colloid-chemical properties of the suspension 
which delermine the magnitude of the interacting at
tractive and repulsive forces between the particles are 
of specially great importance: if the attractive forces 
predominate, flocculation of the particles occurs and 
a tlocculated suspension has a much higher setHing rate 
than a non-tlocculated suspension. The sizes of !locs 
are determined by the attractive forces between the par
ticles and by the shear forces resulting from setHing 
andjor flow. The shear forces are greater for large than 
for small particles during sedimentation. The difference 
between the setHing rates of homogenized tlocculated 
and non-flocculated non-flowing suspensions is conse
quenHy relatively smaller for large than for small parti
cles. For example, the colloid-chemical properties are 
irrelevant for the sedimentation rate in the case of sus
pensions of coarse sand, but are relevant for clay sus
pensions. 

The Van der Waals attractive farces between the par
ticles themselves are always present; the repulsive forces 
originate at the surface of the particles from electric 
charges of equal sign. The charges may develop by ion
izing or by adsorption of i ons such as H +,OH-, P20j-, 
Fel+, etc. The repulsive forces deercase when salts are 
dissolved in the water. The magnitude of the recoil ef
fect in the KSTR is largely determined by whether or 
nol a suspension in the KSTRis tlocculated. 

The sediments of tlocculated and non-tlocculated 
suspensions may differ rather considerably. The former 
are often oflooser construction and therefore can often 
be more easily resuspended. 

Measuring instruments had to be developed for analys
ing sedimentation behaviour. Sedimentation phenom-
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ena of suspensions are best examined in vertical cylindri
cal tubes with samples that are well homogenized be
forehand by shaking or by pumped circulation. The 
gradient of the partiele concentration in a thin layer 
parallel to the surface is then recorded in the slappered 
tube. 

A sedimentometer which can give the partiele distri
bution directly on a linear scale of quantities as well 
as on a linear scale of partiele sizes has been developed 
at KEMA and is now patented. The latter reading was 
achieved by changing the depth of measuring during 
measurement. The sedimentometer is shown in Figure 
13. The concentration is measured by means ofX-rays. 
The amount of radialion transmilled by the suspension 
is compared continuously with the radiation transruit
led by a wedge shaped body. If there is a difference, 
the wedge is moved by the recorder motor in such a 
way that the transmissions become equal. The position 
ofthe wedge, which is linked tothepen ofthe recorder, 
is thus a measure ofthe concentration. In later versions 
both the wedge and the suspension were placed in one 
single beam. Differences in sensitivity of the receivers 
thus no Jonger had any intluence. Another version has 
been built with a beam interruptor, in which one re
ceiver suffices. In all cases the X-ray tube was an AC 
device. The differential amplifier also amplified only 
AC pulses. This had the advantage that radialion ori
ginating from radioactive suspensions did not cause in
terference. Consequently, a sedimentometer could be 
installed in the hotcellas wel!. Partiele-size distribution 
could also be determined in very fine suspensions by 
measuring the concentratien as a function ofthe eleva
tion in a homogeneaus suspension centrifuged fora gi
venperiod. 

The addition of sodium pyrophosphate, hydrochlo
ric acid or alkali was usually sufficient to counteract 
tlocculation of suspensions for partiele analysis. The 

I wedge 

Fig. 13 
Schematic presentation of the sedimentometer. 
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particles were occasionally magnetized or water repel
Jent, in which case detlocculation was virtually impossi
b!e. 

A major argument in favour ofusing X-rays for con
centration measurements was that they permit measur
ement in metallic tubes as well. As aresult the sedimen
tation rates of suspension samples from test loops and 
from the KSTR could be measured at the operating 
temperatures ofthose installations. Tubular autoclaves 
of some 60 cm lengthwere built for the purpose. They 
were shaken by turning in a special device until immedi
ately prior to measurement. The extended length was 
necessary because the sedimentation rate at the operat
ing temperature (up to approx. 583 K) could be high 
(3 cm· s-1). !deal homogenizing could, ho wever, no Jon
ger be achieved in such cases. 

Measurements ofhold-up and recoil effect were car
ried out in test arrangements and in the KSTR, but the 
data obtained on the magnitude of slip are difficult to 
interpret. lt could nevertheless be inferred from the data 
that the suspensions were virtually always tlocculated. 

Particle-size analysis was an important aid in indicating 
whether the correct partiele size for fuel preparation 
was being achieved. KSTR samples showed the follow
ing results: 
(I) original material: 84% < 8.4 f1m; 50% < 5.6 flm; 

16% < 3.7 f1m; 
(2) after 134 operating hours: 84% < 7.0 flm; 50% 

< 5.1 f1m; 16% < 3.6 flm. 
The reduction in partiele size was mainly due to break
ing of particles which had been sintered logether during 
preparation. At the start of the critica! operation so 
many erosion produels had deposited on the particles 
that these first had to be cleaned with HCI to exclude 
tlocculation of the particles altogether. Following this .. 
the result was: 
(3) afterstart of critica! opera ti on: 84% < 7.0 f1m; 50% 

< 5.0 flm; 16% < 3.3 flm. 
This treatment was no Jonger necessary at the end of 
the critica! operation, perhaps because the magnetized 
matter had been converted. The result was then: 
(4) at the end of critica! operation: 84% < 6.2 flm; 50% 

< 4.2f1m; 6% < 2.7 flm. 

Oxygenformation and recombination- The principle of 
a suspension reactor is that the Iission fragments, which 
are rich in energy, transfer their energy to the water by 
direct contact. A small portion of the water is decom
posed during this energy transfer, forrning hydragen 
and oxygen (the so-called radiolysis). The KSTR is 
operaled with a gaseous atmosphere ofhydrogen; oxy
genjhydrogen mixtures are explosive over a wide range 
of mixing ratios. Much work has been dorre over the 



years to recognize and solve those problems that might 
affect the safe opera ti on of the KSTR. 

When oxygen gas develops, the oxygenjhydrogen ra
tio in the gas system wil1 increase to form a mixture 
that might cause explosions. As such gas mixtures- nol 
entirely correctly called detonating gases- should nol 
be allowed to form, the oxygen must be removed. This 
can be done by recombination with hydrogen which is 
available in excess. A recombiner was thus developed. 
lt had a dual purpose: recombination ofthe oxygen and 
determination of the quantity of oxygen generaled 
based on the heat released in the recombination reac
tion. 

In view ofthe problems the Oak Ridge National Lab
oratory (ORNL) had experienced with the recombiners 
developed there, it was decided to develop a completely 
new recombiner at KEMA. A system was designed for 
the purpose, allowing oxygen to be added in discrete 
dosestoa flow ofhydrogen. Such a system should make 
it possible to test various recombination catalysts, to 
develop measuring equipment for oxyhydrogen pro
duction and monitoring of the explosion limit, and fi
nally to work out the mechanica! design of the reactor 
recombiner. Special measuring cells were developed to 
measure oxygen concentrations ranging from less than 
I ppm up to a few per cent of 0 2 in H2 (Kuypers & 
Ruiter, 1968). 

Platinum metals were selected for the catalyst to be 
used in the recombiner mainly because of the hydrogen 
atmosphere and the low temperature (approx. 355 K). 
After various experiments with both Pt and Pd withand 
without carrier, Pd on an Al20 3 carrier was selected. 
The ad vanlage ofPd over Pt is that at low temperatures 
it performs better than Pt; one disadvantage is the lower 
so-called Tamman temperature, at which the specific 
active area decreases substantially. Temperature alarms 
were therefore installed in the recombiner. Thermocou
ples were also placed in the catalyst bed to delermine 
where in the bed recombination occurred. The action 
ofthe catalyst can be nullified due to poisoning by, for 
example, iodine which occurs as fission gas. For that 
reason among others the catalyst bed was well over
sized. 

During experiments the recombiner showed starting 
problems in the presence ofmoisture. An electric heater 
was therefore installed ahead ofthe recombiner so that 
the gas would enter the recombiner unsaturated by 
aqueous vapour. Following this alleration the reeom
bioer converled oxygen completely even during long
term tests and under varying circumstances. lt appeared 
that, by measuring the temperature rise through the re
combiner, high (a few per cent) to very low (a few ppm) 
0 2 concentrations could be determined accurately. lt 
also appeared that both the measurement of gas tem-

peratures and the thermal insulation had to satisfy 
stringent requirements. lt was necessary to develop a 
flow meter for measuring H20 production. The product 
of flow and oxygen concentration gives the converted 
amount of oxygen and is thus a measure ofthe produc
tion of H20. Flow was measured by healing the gas 
electrically by a few degrees centigrade. The electric 
energy input was measured accurately. The energy re
leased in the recombiner could be calculated from the 
temperature rise through the recombiner, as could 
therefore also the amount of oxygen converted. The 
metbod proved to be perfect in the test arrangement 
as well as in the reactor itself. 

The measurement of the temperature difference 
through the recombiner was used to monitor the explo
sion limits. The maximum allowable oxygen concentra
tion was set at 2%. Were it to appear that radiolysis 
inthereactor was higher than the equivalent ofthis val
ue, the power ofthe reactor would have to be decreased. 
A second recombiner was installed in series with the 
first for additional safety. Both recombiners could be 
tested and calibrated under operational reactor condi
tions with oxygen supplied externally. 

Remaval of fission productsfrom the suspension reactor 
- Removal of fission produels may be realized by (I) 
utilization of the recoil effect, (2) adsorption of fission 
products, (3) the use of a second adsorbent, and (4) the 
use of active carbon. 

(I) If the diameter of the suspended fuel particles is less 
than the range of the fission produels in the material 
ofthe particle, all fission produels willleave the partiele 
and come to rest in the surrounding water or within 
a fuel partiele intheir proximity (Hermans & Van der 
Plas, 1957). There is a high probability that a fission 
product will come to rest in an adjacent particle. If the 
suspended particles were (and remain) homogeneously 
distributed, virtually all fission produels would come 
torest in the water, at least with suspensions at the con
centrations used in actual practice. In a flocculated sus
pension the particles form aggregates of much larger 
diameter than a single particle. The particles within 
those aggregates are close together. 

Determinations (Markestein & Van der Plas, 1962) 
during the subcritical experiment (see section above 
'Subcritical experiment') showed that approximately 
40% ofthe fission produels were found within the parti
cles. The formation of aggregates apparently predomin
ated. The homogeneously distributed state could be ad
justed approximately by changing the pH ofthe suspen
sion; the above percentage then decreased to 20%. 

The fraction of fission produels finally present in the 
water could- in principle- be removed without deterio-
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ration of the solid particles. Fission products, just as 
corrosion products, contribute substantially to the par
asitic absorption of neutrons that occurs progressively 
in a nuclear reactor. It is thus important to remave these 
produels if the best possible neutron economy is to be 
attained. 

(2) The remaval offission gases is relatively easy as was 
discussed by Kreijger (1962). Most of the remaining 
fission products are isotapes of elements which will oc
cur as oxides or hydroxides in the aqueous phase at ap
prox. 525 K, the environment considered here. 1t has 
been found that those matcrials attach themselves to 
the surface ofthe fuel particles in this environment. The 
portion present in the liquid phase is smal!. Only strong 
chemica! agents seem a bie to dissolve the attached ma
terials. 

This phenomenon prevents the separation ofthe fuel 
and the fission produels from being achieved by simp Ie 
means ('simpte means' is to be understood bere as a me
chanica! separation method, for example with the aid 
of hydroclones which largely separate the liquid from 
the solids). 

(3) The following has been suggested as a way ofreach
ing the intended goal (Hermans & Van der Plas, 1957; 
USP, 1962). As the adsorption mentioned above is not 
specific, attachment to the fuel can be prevenled by ad
ding another solid with such partiele size and at such 
a concentration that the matcrials attach primarily to 
that solid. lt is then essential that the material can be 
separated from the fuel by simp ie means, e.g. by passing 
through a hydroclone. The action of the added materi
al, called a second actsorbent (the fuel itselfis considered 
the first adsorbent), can best be imagined as a homoge
neaus distri bution of both solid materials. The second 
absorbent can be regarded as a screen preventing the 
fission products from reaching the fuel particles. 

When the fuel particles are aggregated, the only ac
live portion of the second actsorbent may be that pre
sent within the aggregates. The requirements for the 
second actsorbent and proposals for matcrials to be 
used for the purpose have been discussed by Van der 
Plas (1968). Active carbon and fine thorium oxide, pos
sibly even the finely distributed fuel itself seemed to 
offerthebest chancesof success. 'Fine' implies a parti
ele size small in relation to that of the fuel itself, hence 
small in relation to 5 flm. 

(4) The possibility of using active carbon as a second 
actsorbent raises two problems: the nature of a suitable 
carbon and the stability of that carbon in an operating 
reactor. Both problems have been discussed at length 
(Van der Plas, 1968); this author made the following 
points: 
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(a) as far as the nature is concerned: a carbon which 
allows good dispersion in water has a surface main
ly covercd with groups containing oxygcn; thosc 
groups can be introduced by using several types of 
oxidizing processes, including carefut oxidizing 
with air; the number of those groups deercases in 
water at 525 K but the carbon remains dispersable; 

(b) the stability of carbon under irradiation conditions 
was examined by irradiating carbon suspensions in 
a reactor without fucl; the overall result was that 
carbon was oxidized to carbon dioxide by the oxi
dizing produels of water radiolysis while hydrogen 
was rcleased. 

(c) ifit is assumed, as an estimate, that the rate ofthis 
oxidation is proportional to the absorption of ener
gy in the water, then it appears that in an operating 
reactor this ra te is too high; the carbon is 'burned' 
too fast. Active carbon thus does nol appear to be 
suitable as a 'second adsorbent'. 

Technological research and development work 

The special nature of the medium (fuel in the form of 
a suspension of Th02/U02 particles in water) and the 
question of satè and reliable operation under radioac
tive conditions made technological study and develop
ment work necessary. The objectives were: 
(I) to provide the required data for the design and man

ufacturing specifications; 
(2) to indicate the technica! possibilities and limits for 

meeting the requirements set by the design. 

Methods- In many cases development work had to be 
subdivided into a number of phases. For problems in
volving the flowaspectsof the suspension the following 
phases were judged preferable: 
(I) an L.T.P. (low temperature and pressure) phase 

covering visual evaluation or testing of eertaio mea
suring methods in actual use; 

(2) an H.T.P. (high temperature and pressure) phase 
under conditions camparabie to those in the reac
tor, mostly invalving testing and evaluation of pro
totypes; 

(3) functional testing ofthe final components and con
structionsin the reactor systems. 

Components for which the flow aspects had no rele
vance, were developed in the course of endurance or 
functional tests of the prototypes. The final assessment 
was made during the functional test ofthe complete re
actor systems. 

The medium was modelled in the H.T.P. tests by par
ticles composed of mixed oxide (85% Th02 and 15% 
U02) of the same size (5 f1m) as was to be used in the 



reactor, but not enriched. Some tests were dorre with 
model materials for which the settling ra te was selected 
as the critica! parameter. One difficulty in this case was 
that other factors ha ving an effect with aqueous suspen
sions would not be entirely excluded (flocculation phe
nomena, interactive influences). 

Erosion - The target of the research on erosion was to 
obtain data for the design and manufacture of suspen, 
sion handling systems such as process margins, shapes 
and sizes, that would sufficiently guarantee that the in
tegrity of the primary system (the first containment of 
the suspension) would be maintained during the entire 
period ofthe reactor's operation. That eperating period 
was arbitrarily set at 10,000 hours of eperation with 
the suspension. 

The research concerning erosion partly had an ex per
imental character and partly wasdirectedat theerosion 
processes that occurred during the operational period 
ofthe KSTR. 

Ex perimental testing of components had to be done 
under supervision of KEMA. That was necessary since, 
due to the special nature of the medium (5 /lm, Th02/ 

U02 particles in water) and the conditions (523 K, 
6x 106 Pa, concentratien 400 g.l 1

), neither literature 
nor the manufacturer could provide the required exper
imental data. 

The tests were carried out in the test circuits for sus
pension just mentioned under conditions analogous to 
those to be expected in the reactor, apart from radia
tion. The experiments carried out could be classified 
roughly into three groups that will bedealt with in the 
following paragraphs: 
(I) erosion by 'undisturbed' flow, assumed to occur in 

straight pipes and bends; 
(2) erosion by a 'disturbed' flow pattem such as in the 

centrifugal circulation pump; 
(3) erosion in shut-off devices ( suspension valves). 

(I) It is assumed that with an 'undisturbed' flow pat
tem the laminar sub-layer of the flow offers some pro
teetion of the wall against particles moving in its direc
tion. The thickness of the boundary layer depends on 
e.g. temperature and flow ra te. At a specific, critica! val
ue, some of the particles will no longer be sufficiently 
decelerated in the boundary layer and will therefore 
reach the wall with a certain impulse and angle of inci
dence. That may result in damage. The wall material 
then becomes the determining factor for the degree of 
erosion. No measurable erosion occurs at rates below 
the critica! value. 

It could be concluded from the test results that the 
critica! ra te was approx. 8 m · s 1 for 5 llm Th02/U02 

at 273 K and 400 g ·I 1• Based on those data, 5 m · s 1 

was maintained in thc design for the flow ra te in pipcs 
and bends. 

The many test-circuit operating hours have shown 
that no measurable wear occurred in straight pipes and 
similar flow arrangements. 

(2) Basically the same mechanism as mentioned in the 
above paragraph applies to the 'disturbed' flow pattern. 
The flow rates occurring and the intlucnee ofturbulence 
upon the walls are so great that the boundary layer 
offers insufficient proteetion and the wallis damagcd. 

To investigate the degree of erosion in such a case 
and to reduce it ifpossible, four centrifugal, canned ro
tor pumps of different makes and shapes were com
pared in the test circuits in endurance tests. The degree 
of erosion could be established qualitatively by visual 
evaluation of the pump casing and the impeller after 
specific numbers of eperating hours. Quantitative data 
were obtained from the increase in the amount of ero
sion produels in the 'fuel' samples taken from the flow
ing suspension. It appeared that all pumps tested initial
ly showed an unacceptably high degree of erosion, al
ready after 120 hours of operation. but that theerosion 
could be reduced by a factor of I 0-25 by a better adapta
tion of the shape of the pump casing and the impeller 
to the flow. 

Specificatiens were arrived at for the design of the 
final version of the pump. An eperating lifetime of 
5,000 hours was aimed at. The pump might then have 
to be replaced by an identical spare only once during 
the 10,000 hours of reactor opera ti on planned. 

Figure 14, showing theerosion in a pump, illustrates 
the improvement in the eperating lifetime. 

Fig.I4 
Erosion damage totest pump. 
1: before modification after 120 hours; 2: after modification 
and after 1000 hours. 
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(3) Although the use of shut-off devices in suspension 
systems was avoided as far as possible, their use was 
unavoidable in the concentration control system (I 0 
mm bare) and in the dump system (25 mm bare). 

Two effects arise in shut-off devices for erosive sus
pensions, i.e. (a) theerosion of valve body and seat by 
the suspension flowing past them in the open position, 
and (b) damage to valve body and seat by suspension 
particles trapped on closing of the valve. Bath effects 
will greatly influence the decrease in tightness during 
use. As no further impravement could be achieved by 
adapting the conical shape of the valve body and seat 
to the flow, it was necessary to find which combination 
afmatenals for valve body and seat would be the most 
suitable for satisfying the long-term tightness require
ment, namely I cm3 

• h 1 at a differential pressure of 500 
kPa. The two effects mentioned above could be separat
ed by usinga suitable testing method, and thus be exam
ined for each combination ofmaterials. 

The result of testing four combinations of materials 
was that, after an initia! selection at 293 K with clean 
water and with suspensions, only AI,03/Al,03 and WC/ 
WC (sintered tungsten carbide) were found suitable. A 
second selection at 523 K showed that the Al20 3/ Al,03 

combination was nol acceptable any more due to leach
ing of the binder. 

The WC/WC combination remained acceptable even 
at 523 K. The quantitative results were a leakage of 3 
cm3 • h 1 at 5 kg.cm-2 differential pressure after 750 hours 
inthetest series, 0.5 cm3 

• h 1 at 5 kg· cm-2 after 300 hours 
and 1800 closing cycles in a functional test with the final 
design. In addition it appeared that the damage caused 
by trapped particles during closing had more influence 
on tightness than had damage due to suspension flow
ing by. Alignment and eentering ofthe composing parts 
ofthe valves are essential conditions for good tightness 
as became obvious during research on the initia! proto
types in which that condition was nol fulfilled by the 
usual manufacturing tolerances. 

Erosion during operation of the KSTR was evaluated 
on the basis of bath the suspension samples and the 
plant itself. 

Although the components for and the layout of the 
suspension systems had been optimized as far as erosion 
was concerned on the basis of the experience with the 
test circuits, it was necessary to monitor the degree of 
erosion in the KSTR itself. That was done by regular 
measurement of the increase in the amount of erosion
corrosion products, i.e. Fe, Cr and Ni, in the samples 
taken from the main system during operation. lt was 
thus assessed whether continuation of the operation 
was justified (Fig. 15). Theerosion could be localized 
more precisely because three specific materials each 
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characterized three areas ofthe main system, i.e. Cr for 
the pump casing and impeller, Ni for the heat ex
changer, and Fe for pipes and other components. 

Through analysis of the local conditions twenty sus
pect locations which could possibly be affected by ero
sion were selected and arranged in their sequence of 
risk. An ultrasonic sensor was installed at the most sus
pect location and was used for making five measure
ments after specific periods of operation to deleet any 
reduction in wall thickness. Up to the start of high 
power operation (approx. 2,300 hours with suspension) 
no measurable reduction of the wall thickness was 
found at that location. Other locations were checked 
regularly and as long as possible (up tothestart of high
power operation) by means of X-ray photographs of 
the walls. 

Deve/opment of components - This section will only 
touch on those components to be developed for which 
specific requirements were applicable in the context of 
suspension being used in an environment with ionizing 
radiation. These components are therefore primarily 
those in the main system, particularly intheM cell. 

Specifications of the requirements and the result of 
the development work are described below. Most com
ponents were developed with the aid of the low- and 
high-temperature test circuits already mentioned. 

The components required for the KSTR suspension 
operation were as follows: 
(a) MR-1 (reactor vessel), 
(b) MP-I (maincirculation pump), 
(c) ME-I (main heatexchanger), 
(d) MV-10 ( starage vessel), 
(e) MV-3 (dump vessel and agitator), 
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Progress of erosion-corrosion products as a function of the 
number of operating hours with suspension. 



(f) connecting elements, 
(g) sampling equipment, 
(h) MJ-2 gasjliquid cantactor and MJ-1 gas/liquid se

parator, and 
(i) cell closure. 

(a) The process engineering development work for the 
MR-1 reactor vessel mainly involved the control ofthe 
flow pattem of the flowing suspension. The major re
quirements for the flow pattem were: (I) adequately 
stabie flux distribution and nuclear reactivity, (2) the 
absence oflarge differences of the particles' time of resi
dence in the various zones of the vessel, (3) avoiding 
deposition of particles on the walls by means of suili
eient local flow rates, and (4) avoiding local boiling. 

A first, provisional selection was made of the shape 
of the vessel and the flow distributor based on tests at 
293 Kon models with various i niet pieces and with sand 
used as a model materiaL The choice feil on an oval 
shaped vessel with an axial flow from bottorn to top 
on which a slight rotation was imposed. 

The flow pattem (i.e. axially symmetrical with verti
cal position of the vortex core) appeared to be very 
sensitive to the position ofthe flow distributor (concen
tric and perpendicular) and to the correct position of 
the straight section of the supply pipe (in the plane of 
the centre line of the vessel and with a length of more 
than ten times the pipe diameter). Those effects were 
verified step by step during the manufacturing phases 
of the final vessel and corrections were made as re
quired. 

After completion of the pilotstudy, precise measure
ments were carried out on the model selected in order 
to determine more accurately the speed distribution 
(e.g. by using microreels) and residence times (through 
the response ofinjected salt solutions). Those measure
ments were carried out by SOGREAH in Grenoble. 
The shape of the model selected initially had not to be 
changed drastically as aresult ofthis study. 

Subsequently a measurement was carried out of the 
concentration distri bution of a flowing Th02/U02 sus
pension in the vessel at a temperature of 523 K by means 
of gamma-absorption methods. I t became obvious that 
the flow pattem was sensitive to the shape of the vessel 
itself(very divergent i niet section) and to any minor de
via ti ons in the positioning of the inlet piece. Finally, 
after initia! subcritical measurements in the KSTR, re
search was carried out on the short-time changes in flow 
pattem. It appeared that changes in flux occurred with 
excessive amplitudes (2% Llk/k). InstaHing a stabilizer 
tube in the centre of the reactor vessel made it possible 
to reduce the amplitude to 0.5:Y., Llk/k. 

In actdition to doing flow tests for finding the correct 
shape of the stabilizer tube, special measures were re-

quired for guiding in and fixing the stabilizer tube in 
the vessel so that it could be mounted remotely con
trolled. The final reactor vessel is shown in Figure 16. 
The manufacturer made two prototypes of the reactor 
vessel according to current manufacturing methods. 
Various tests were carried out on those vessels, some 
at an internal pressure of 5.5 MPa. 

(b) Apart from studies on erosion control carried out 
on the main circulation pump MP-I, it was necessary 
to check whether the motorspace ofthe vertical centri
fugal pump MP-I could be kept free of particles. Due 
to the tightness requirement, a canned type pump was 
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chosen in which the rotor hearings moved in the medi
um to be pumped. It was a condition for correct opera
tion, however, that the hearings be lubricated and 
cooled in particle-free water and that any gas collected 
could be removed. 

Examination of, and cxperience gained with the four 
test pumps showed that keeping free of particles could 
be achieved by allowing enough flushing water into the 
motorspace (approx. 10 I· h 1

) and flushing this partly 
through the connecting channel to the pump space 
(91· h 1

). The balance, carrying any gas with it, was dis
chargedat the top. 

(c) The main heat exchangcr ME-I was compact and 
comprised threc concentric tubes with only the interme
dia te annolar space carrying suspension and being with
out branches. 

Apart from applying the endurance tests mentioned 
before for possible erosion of in let and outlet pieces, 
an empirica! check was made on a prototype to find 
the operating conditions permissible with the design se
lected. The check included: a thermal test using steam 
at 411 K and 280 thermal cycles, a leak test to measure 
any leak between the three spaces, and a destruclive test 
using pressurization of each of the three spaces. 

(d) Thc entire stock of fuel (approx. 30 kg) could be 
slored (trapped) in the MV-10 slorage vessel; with the 
aid of a hydraclone the fuel could be re-flushed into 
the main circulation system. Th is arrangement also per
mitted the concentration in the reactor vessel to be set 
at a specific valuc. The requirement forthese activities 
was a reasonably fast and reprodoeibie manoeuvering 
of the fuel, allowingeven smal! quantities to be flushed 
m. 

Weighing equipment had to be developed for record
ing the fuel balance. This equipment was required to 
allow reproducible weighing of the amount of particles 
in the vessel at both high and low temperature with rea
sonable accuracy (0.3%). lt was to be permanently 
linked to the vessel in the system. A special shape of 
supply and discharge pipes (square layout) and the use 
of strain gauges provided a satisfactory solution. 

(e) The purposeofthe MV-3 dump vessel was to permit 
fast draining of all suspension from the reactor vessel 
and from the main system to a nuclear safe and thus, 
under all circumstances, subcritical vessel, especially 
when emergency situations would necessitate it. The 
following equipment was developed for this purpose. 
(I) A cooling and healing system separated from the 
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vessel contents by a double harrier. The need for 
fast switching from healing (operating position) to 
coo!ing (emergency position) was met by a cast alu-

miniurn cooling (healing) coil around the dump ves
sel. 

(2) Suitable geometry and selection ofthe neutron-ab
sorption medium. The flow pattem required to pre
vent particles settling on the bottorn imposed re
strictions in geometry that resulted in a cylindrical 
absorption unit being built with radially arranged 
baffies. A silver-indium-cadmium alloy was se
lected as absorption medium, the prime considera
tion being that the solid state ofthe material be suit
able for providing internal support to the walls of 
the absorption unit against the prevailing high ex
tema! pressure (max. 6.5 MPa). The nuclear value 
ofthe geometry selected was verified by both calcu
lations and measurements ofthe souree multiplica
tion on the actual construction. Measurements 
showed a maximum k-factor of0.7, which was con
sidered sufficiently safe. 

(3) An agitator intended to prevent locally high wal! 
temperatures due to settled particles sticking to the 
bottorn with insufficient cooling. The drive of the 
agitator was, if possible, not to pass through the 
wal! of the vessel. An agitator was installed which 
moved up and down driven by a solenoid around 
a top extension ofthe vessel. Due toa suitable com
bination of the shapes of the bottorn and of the agi
tator (conical), it proved possible, with an accept
able stroke (5 cm) and frequency (60 strokes per 
minute), to keep the suspension offthe bottorn for 
as long as was necessary to prevent overheating. 

(4) A weighing device for the fuel balance. lts casing 
was sim i! ar to that of the device for the concentra
tion control vessel, although the weight ofthe vessel 
itselfwas greater and the supply pipes had a thicker 
wall. An accuracy of 4% was ultimately achieved. 

(f) Although welded connections were used as much as 
possible when instaHing nuclear systems, flanges were 
still needed at some locations for connecting replace
able components because of maintenance andjor in
spection. The leak tightness requirement per connee
tion in the nuclear systems (primary containment) was 
less than Jo·' N cm3 of helium persecondat a pressure 
difference of 6 MPa. In addition, detachable connee
tions had to be provided with leak-prevention and leak
detection facilities. 

Various types of flanged connections were consid
ered. The so-called oval type ring joint connection, 
which also gave good results at ORNL, was finally se
lected. Both flanges and bolts are highly stressed in that 
type of connection. Thus, to achieve acceptable pres
sures for the required leak tightness, the rings had to 
be silver-plated and the bo!ts conditioned by stressing 
!hem forsome time prior to installation. 



Fig. 17 
Sampling point with homogenizer. 

(g) The prevailing principle for the actual sampling 
equipment has always been isolation and enelosure of 
part of the flowing suspension in a bypass from the 
main circuit in an isolating chamber, letting a small por
tion of the suspension flow from therc into a 15 cm-' 
sampling vessel which is under vacuum. Experience 
with prototypes in the test circuits led to the develop
ment of a device which still had a variation of 20~;<; in 
solids concentration. Although not perfect, thc model 
was acceptable in practice for operational and experi
mental purposes as it allowed interpretation ofthc data 
from samples. lt was, however, very important that the 
prescribed procedure for sampling he strictly adhered 
to. 

For sampling with this model, the suspension was 
taken out through two Pi tot tubes installed in series in 
the cent re of the pipe. The first wastobranch off from 
the main flow, the second tobranch offto the sampler. 
For the sample to he representative, the flows in both 
Pitot tubes must be isokinetic. It proved necessary to 
install a homogenizer upstream of each Pi tot tube to 
homogenize the suspension as uniformly as possible 
over the section of the tube (Fig. 17). The shape of the 
homogenizer had to be such that the turbulence gener
ated for correct mixing would notlead to unacceptable 
erosion ofthe tube walls. 

(h) An important group of components for correct op
era ti on during the experiments was the combination of 
the MJ-2 gasjliquid cantactor and the MJ-1 gasjliquid 
separator. Their function was to inject hydragen into 
the suspension flow directly above the exit ofthe reactor 
vessel and to again separate the gaseaus products from 
the liquid aftera certain period of contact. The aim of 
this part of the procedure was to remave radiolytic gas 
and gaseaus Iission products, and produce clean, parti
cle-free water from the suspension by condensation of 
the vapour carried along. 

The most important requirements for the MJ-2 gas/ 
liquid cantactor were a maximum bubble size of 3 mm 
for the gas dispersed in the suspension and a minimum 
period of one second for contact with the liquid. Exami
nation of the possibilities resulted in a nozzle design 
with an adjustable inlet gap through which the gas dis
charged radially trom the nozzle. The amount of gas 
was controlled by changing the gap width using therm al 
displacement The required time of contact was 
achieved by ha ving a contactlengthof approx. 2 m. 

The most important requirements for the MJ-1 gas/ 
liquid separator were that the discharging liquid had 
to befree of gas bubbles (less than 0.5~.;,) in view of pos
sibie disturbances in the reaetar's nuclear behaviour 
due to excessive gas in thc reactor vessel, and that the 
discharged gas had to be free (less than I 0 mg solids 
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per hour) from suspended solid partides. After exten
sive development work, a satisfactory salution was 
found in the use of a cydone type separator (see Fig. 
18) with tangential gasjliquid mixture inlet and axial 
discharge ofliquid at the bottorn and of gas at the top. 
Special facilities were installed to straighten the rotating 
liquid flow in the discharge by using vanes and to pre
vent dropiets from being carried along in the gas dis
charge. The separating effect was greater than 99.9%. 
There was some carry-over deleetabie in the prototype 

Fig. 18 
Gas separator MJ-1. 
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but it remairred within the requirement set. Due to the 
preserree of an open level, the consistency and adjusta
bility of the level was an additional important aspect 
in view ofthe requirement that the main circuit contents 
be as constant as possible. The design had to be further 
developed to permit measurement of the open level, 
shaped like a paraboloid by its rotation, in the high
pressure vessel. 

(i) Gas-lightciosure ofcells M, G, Rand Y (into which 
the fuel can spread in case of leakage or bursting of the 
primary containment), although not directly involved 
with suspension operations, was of major importance 
for safety. Welded plate constructions (so-called sealing 
pans) which would be welded in prior to the start of 
critica! operation were first considered. That plan was 
changed at a relatively late stage, i.e. after the initia! 
subcritical tests, and it was decided to install a more 
easily removable dosure without welded connections 
but with flexible seals. The cells could be opened more 
aften with that type of dosure (e.g. for activitymeasure
ments or repairs) and the quality of the seal would be 
better maintained. There was no certainty that the leak
age requirements for critica! operatien could be 
achieved by this method. The requirement was a maxi
mum leak of 6000 N cm3 of nitrogen per hour at an 
effective pressure of 20 kPa in the cells. This leak could 
occur in the case of a so-called design basis accident, 
so development of the seal required detailed research 
into the properties of the components to be used (such 
as compression and ageing of the rubber to be applied). 

Research resulted in a design consisting of a circum
ferential square rubber strip (50 x 51 mm) and a rubber 
sheet (thickness 5.2 mm) spread over the cell, bath 
pressed down by the weight of the top beams by means 
of deals that were held down and locked by lension 
balts (Fig. 19). The rubber seal had to keep suilleient 
remairring compression over the entire length of the re
latively rough sealing edge on the cells and at maximum 
actual pressures to provide adequate sealing pressure. 

Cell R was used asthetest object for ultimate applica
tion. The test took the farm of a pressure-drop test at 
various cell pressures. Leakage measurements and leak
age discontinuities showed where any local adjustments 
to the seal were required. 

lt appeared that the requirements set for critica! oper
ation could be achieved in stages. Reproducible values 
were obtained, provided that the installation procedure 
for the dosure was strictly adhered to. The measuring 
procedure was always repeated befare and after each 
period of opera ti on, aftereach single opening and dos
ing of the cell. 1t was found that the quality of the seal, 
characterized by the gradient ofthe leakage rate vs. cell 
pressure, remairred good (Fig. 20). 
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Fig. 20 
Leakage rate of the M-cell closure. M-cell medium: air tem
pcrature 293 K; method: pressure-drop test with reference 
vessel. 

Control-systems research and development work 

The special nature of the suspension reactor being de
veloped determined to a large ex tent the nature of the 
development workon the control systems. Apart from 
the special aspects of a nuclear plant in genera!, the 
KSTR would feature measurements and controlsof ex
tensive radioactive systems which would be located in 
cells with difficult access. Sensors and control devices 
thus aften had to be radialion proof. The devices had 
to satisfy stringent leak-tightness requirements and had 
to be reliable and require little maintenance. Should de
fects occur, replacement had to be possible by using re
motely operaled tools. Development work consisled 
nol only of developing separate measuring and control 
circuits but involved the entire instrumentation of the 
reactor in minute detail. 

Deve/opment of control systems - Stringent require
ments were set for (a) the temperature control of the 
suspension, (b) the level control in the gas separator 
which had an effect on the concentration, and (c) the 
gas-injection controL Those requirements were neces
sary in order to diminish the influence of those para
meters as much as possible. The effects of changes in 
these parameters could be examined during special tests 
by applying sinusoidal and/or stepwise variations in 
these parameters. 

(a) Setting average values of the neutron flux for sub-
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critica! tests should be done by adjusting the concentra
tion and temperature ofthe suspension. Slow ajuslment 
and stahilizing ofthe average power should be possible, 
besides the built-in fast internal con trol, in the case of 
power operation. The special point about this power 
control is that the flux-rneasuring equipment is in no 
way involved in the controL Hence defects in the flux
measuring equipment could never be the cause of nuc
lear excursions. As it was ensured that the power con
trol had a built-in natura! inertia, defectsin the control 
system could never be transmilled quickly to the tem
pcrature in the reactor vessel and so they could easily 
be coped with by the reactor physical control through 
the immediate negative temperature coefficient. With 
such an arrangement operation could be considered as 
inherently safe as far as concerns nuclear excursions. 

The purpose of the power control was to permit act
juslment and stabilizing ofthe withdrawal of heat from 
the main system via the main heat exchanger (ME-1). 
The control must have a range ofO to approx. 940 kW 
to permit proper opera ti on. Consictering the heat losses 
of the main system as 60 kW (mainly due to evapora
tion), the corresponding reactor power would be 60 and 
1000 kW respectively. 

The disturbances to be met by the control system 
would originate on the one hand from the main system 
where a fluctuating critica! temperature would affect 
heat transfer in the main cooler, and on the other hand 
from the outside, where changing weather conditions 
(showers) might alter heat transfer in the air cooler. 

The disturbances in the main system were analyzed 
with the transfer function of the main cooler and its 
lag times being included in the analysis. It could be con
cluded that at low reactor powers the disturbances 
would be in the order of ± 50 kW if the variation of 
the suspension temperature was ± 2 K. Furthermore, 
periacts of minimally 20 s had to be considered. At 
higher power levels the relative effect of the suspension 
temperature on heat transfer would be considerably less 
due to the much larger temperature ditTerenee through 
the main cooler. 

Disturbances from outside could be dealt with by a 
separate control at the air coolerand by the buffering 
action of the intercooling system (secondary cooling 
system), A power control ofthis type was designed, the 
principle of which is shown in Figure 21. 

Power was actually measured by finding the product 
of the water flow and the temperature difference 
through the cold branch ofthe main cooler. Deviations 
falling between that value and the desired value were 
to be converled by a control device into a control signa] 
toa mixing valve (323-325), permitting more or less cold 
water to be supplied as required to the injection point 
(P) upstream of the main cooler. 



The capacity ofthe mixing control would be reduced 
in the case of higher power levels, since the temperature 
difference between the primary and the secondary cool
ing system would then become less. Although nol abso
lutely necessary in view of the decreased relative effect 
on the disturbances at higher power levels, the control 
capacity ofthe mixed cooling could then be raised again 
by increasing the total flow using valve 30 I. Rough ad
justment of the power level could be hand-controlled 
via the large coolers HE-9A and HE-9B. 

The control system eventually developed was a stabie 
and well adjustable instrument for setting reactor 
power. Ho wever, the high inertia of the system, particu
larly for disturbances higher than approx. 50 kW, also 
had a distressing consequence which attracted too little 
attention at the development stage. The problem arose 
later, during operation of the reactor, when an emer
gency stop was carried out at a reactor power level 
higher than approx. 200 kW without the mixed oxide 
being dumped. The reactivity due todropping the con
trol rods decreased by approx. 1.2 Llk/k in the emergen
cy stop. However, due to continued cooling by the inert 
control cooling system the temperature in the main sys
tem could drop so far that the reactor again became 
critica! and starled to supply power. 

Model studies therefore were again carried out on the 
interaction between the main system and the control 
cooling system during actual power operation. An ana
logue computer was used to permit forecasting of the 
progress of the power after an emergency stop. lt was 
found, among other things, that even if dumping could 
have been carried out, it could nothave been done fast 
enough to prevent the repeated criticality. These facts 
had great hearing on reactor safety, implying that the 
approach for designing the fast stop and the emergency 
stop had to be revised. 

power control 

(b) One of the important parameters of the reactor was 
the suspension content ofthe main system togetherwith 
the concentration when a given amount of mixed oxide 
was flusbed in. Disregarding the fraction of gas bubbles 
in the suspension (approx. I%), the suspension content 
of the main system was set by the level of the free liquid 
surface in the gas separator. Level control in the degaser, 
resulting in keeping the level accurately constant would 
consequently fix the content of the main system and 
withit the concentration. 

In view of the subcritical measurements- e.g. deler
mination of the magnitude of reactivity fluctuations
the requirement was set initially that the content ofthe 
main system had to remaio constant within ± 70 cm 3

, 

corresponding to a desired concentration of ± 0.1%
A change of ± 70 cm3 in the system content meant a 
varia ti on of± I. 75 cm in the liquid level in the degaser. 
Level disturbances resulting from temperature varia
tions in the main system during subcritical operation 
could benegleeled due to the high quality to beexpected 
of the temperature con trol. Variations in gas injection 
thus remained the major souree of disturbance. 

At normal reactortemperature and pressure and with 
normal gas injection, the volume of gas bubbles in the 
gasjliquid contactor would be approx. I litre. Hence a 
varia ti on of ± 5% in the gas injection would be accom
panied by a change of approx. ± 50 cm3 in the suspen
sion volume. lt was to be expected that gas injection 
could easily be kept constant within 5%. 

lt was not expected that many problems would arise 
during critica! operation. Surges in reactor power could 
in deed be a reason for expansion of suspension and gas 
bubble volume. The volumetrie variations caused by 
them would, ho wever, be restricted si nee it wasexpected 
that such surges could never last long, due to the high 
negative feedback action of the negative temperature 
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coefficient of the reactivity. The order of magnitude of 
those effects is given by the calculation that a power 
surge with an energy of I 00 kW in 70 !i tres of suspension 
(the content of the main system) gives a temperature 
rise of0.34 K. The accompanying expansion ofthe sus
pension is 50 cm3 and the increase in the volume of gas 
bubbles approx. 15 cm3 It thus seemed that instaHing 
a well operating level control in the degaser would nol 
present too many problems. 

Reliability of the control obviously had to be high 
because a failure could result either in too low a level 
in the gas separator (with the chance of gas breaking 
through and harmful consequences for the pump) or 
in too high a level with a chance that suspension could 
be pushed across to the gas-purification system. 

Despite the favourable prospects, the level control 
has been a souree of trouble almost throughout the en
tire time of reactor operation. Frequent extensions and 
modifications have had to be made during operation. 
The result was a rather complicated system the major 
details ofwhich are illustrated in Figure 22. 

(c) It will have become obvious that constant gas injec

tion was important (concentration; evaporation). Stab-

set-pomt 
controller 

controller 
LIRCA-3A 

I increment approx 0. I I 
L/RCA-48 

ility within ± 5% ofthe nomina! value would, however, 
be sufficient. This was nota stringent requirement con
sictering the speed at which the flow meter could opera te 
and the disturbances to be expected. In view of the rela
tively high gas speeds, time lags would nol play a part. 
Also the time constant determined by the gas flow and 
the volume between the sensor and the control device 
(the injection gap) was small enough to permit stabie 
adjustment ofthe gas flow. 

To prevent pressure fluctuations inthereactor vessel 
from pushing the suspension up into the gas injection 
pipe during critica! operation, it was chosen to have a 
rather high pressure drop through the gap (approx. 0.3 
MPa}, so that there would be little pressure available 
for a control valve installed in series. Another reason 
for this choice was that the recombiners would already 
give a substantial pressure drop. It was therefore de
cided to use a bypass C<?nlrol arrangement in which the 
gas control valve would always have a pressure at least 
as high as the pressure drop through the gap. 

The control arrangement itself has performed well 
during reactor operation, but blocking of the injection 
gap has often made good gas injection impossible. 
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Fig. 22 
Level control of the gas separator. 
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Flux-measuring channels- Contrary to the control func
tion offlux-measuring equipment in conventional reac
tors, the KSTR flux-measuring channels were required 
mainly for measurements of secondary functions, for 
checking and monitoring. During the subcritical phase 
of operation, flux detectors would be installed in the 
pressure vessel in the neutron reflector; during power 
operation they would be installed in aso-called thimble 
located in the main cell at some di stance from the pres
sure vessel. The thimble was accessible from the hall. 
so that maintenance could be carried out easily even 
after the systems had become radioactive. A location 
close tothereactor vessel was necessary during subcriti
cal operation, sirree otherwise a rather strong neutron 
souree would be required for measurements up to a 
souree multiplication ofM = 1000, in view ofthe sensi
tivity of the detectors. 

The flux-measuring equipment consisled of two 
count-rate channels and a spare count-rate channel for 
the low-flux measurements, as wellas five current-mea
suring channels for power operation. Two of the cur
rent-measuring channels were oflogarithmic design for 
proteetion over the entire flux-measuring range. The 
maximum ofthe measuring range was equal to approxi
mately 10 MW reactor power, and the mininum which 
could be measured by the count-rate channels was I 
mW. 

The sensitivity to disturbances of the main power 
supply could be suppressed to thç extent that distur
bance contributions were reduced to 10% of the 
minimum detectable. To achieve that it was necessary 
to have the flux-measuring equipment entirely insulat
ed, to permit grounding at a point to three grounding 
spikes specially driven for that purpose. In actdition a 
number of grounding points in the test amplifiers had 
to be modified. 

Tablel 
Basic data for the design ofthe reactor. 

fuel 
fuel concentratien 
partiele size 
moderator 
reflector 
nomina! thennal power 
specific power 
max. operating temperature 
max. operating pressure 
pressurizing gas 
reactor-vessel contiguration 

volume ofthe reactor vessel 
max. reactor-vessel diameter 
mass flow 
flow speed in pipes 

22.5% 235U02 plus 75% Th02 

0-400g·l 1 H20 
5~m 
H20 
BeO + graphite 
I,OOOkW 
50kW·l 1 

528K 
6MPa 
H, 
spherical with conical in let and 
outlet sections 
18.31 
310mm 
15 kg·s 1 

Sm.s 1 

lil 

VI 

V 

Fig. 23 
Schematic diagram of the KSTR. 
I = main suspension circuit (MS); 11 = reflector-cooling sys
tem (RCS); lil = gas-purification system (GPS); IV = prima
ry cooling-water system (PCSA); V = concentration-control 
system; VI = fuel supply and discharge system. 
I = reactor vessel (MR-1 ); 2 = gas/liquid contactor (MJ-2); 
3 = gas separator (MJ-1 ); 4 = main heat exchanger (ME-I); 
5 = suspension pump (MP-I); 6 = dump vessel (MV -I); 7 
= spray condenser; 8 = ejector; 9 = recombiner; 10 = gas 
pump; 11 = heat exchanger; 12 = electrical heating; 13 = 

hydroclone; 14 = storage vessel (MV-10); 15 = auxiliary 
pump; 16 = cooling-water pump; 17 = storage vessel (MV-
60). 

Reactor design 

The entire process of using an aqueous suspension in 
a homogeneaus suspension reactor depends greatly on 
the behaviour ofthe suspension. In actdition to physical 
transport phenomena, the physico-chemical properties 
such as colloid-chemical stability and interaction ofthe 
particles play an important role. 

Some ofthe properties of Th02/U02 particles which 
affect the process and plant design are: 
(I) specific mass: I 0 g · cm-3

; this implies a heavy mate
rial, possibly resulting in settling, and a minimum 
transport velocity of I m ·s- 1

; 

(2) size: d50 = 5 J'm; this small size implies a chance 
of blocking and of particles adhering to each other 
and to the walls; 

(3) hardness: Mohs' scale 8 to 9; this implies that the 
particles are hard. Erosion of the casing walls 
should be prevenled by a maximum allowable speed 
of 5 m · s 1 in pipes, bends and branches. 

The basic data are summarized in Table 2. Detailed pro
cess data can be found in the various design specifica
tions for systems and components. 
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Process diagram 

The ( ultimate) process diagram of the nuclear system 
and the cooling and gas-discharge systems conneeled 
with it, is shown in Figure 23; digits between brackets 
in subsequent secbons refer to the identical digits in this 
figure. The process diagram includes the following sys
tems that will bedealt with in the same order: 
(I) main systems (MS), subdivided into: 

the suspension circuit, 
the concentration-control system, 
the fuel-supply and fuel-discharge facility, 
the dumping system, and 
the sampling system; 

(2) gas-purification system (GPS); 
(3) reflector-cooling system (RCS); 
(4) primary cooling system A (PCSA); and 
(5) outlet-gas system (OGS) (partly). 
Those systems were considered to be nuclear systems, 
i.e. systems in which fuel or radioactivity was present 
or might be present. 

Suspension circuit- In the main circuit (I) the suspen
sion, consisting offuel particles (5 Jlffi Th02-U02) sus
pended in demineralized water, is circulated by a cen
trifugal pump (5). The suspension flows from bottorn 
to top through a virtually spherical reactor vessel (I) 
(diameter 310 mm, volume 18.3 I, stainless steel wall 
thickness 5 mm) with a slightly rotating motion for flow 
stabilization and with a high speed along the wall to 
prevent the particles from settling. 

A stabilizer tube was installed in the centre ofthe ves
sel during the period of subcritical opera ti on for addi
tional flow stabilization in a lateral direction, in order 
to reduce fluctuations ofthe neutron flux. The tube was 
made of zircaloy and was fixed at the si des at the top 
and bottorn allowing differences in expansion between 
vessel and tube to be taken up. 

The heat generaled by fissions in the reactor vessel 
was transporled by the liquid toa heat exchanger (4) 
for transfer to the primary cooling system (IV). 

At the discharge of the reactor vessel, hydragen was 
injected into the suspension in the so-called gas/liquid 
cantactor (2) and separated from it again in the gas se
parator (3). That was necessary since the fission process 
inthereactor vessel could lead to partial decomposition 
of the water to form hydragen and oxygen. Injection 
of excess hydragen increased the hydrogen/oxygen ra
tio, thus preventing the creation of an explosive mix
ture. In addition, the gaseous fission produels were 
stripped and partly separated from the liquid. Further
more, water vapour was released and was condensed 
elsewhere for the preparation of particle-free water. 
After the gases had been scparaled from the liquid flow 
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they were conveyed to the gas-purification system (liJ). 

An effective pressure of 2 MPa was applied in the 
main system to prevent boiling. Hydragen was selected 
as pressurizing gas as it could also be used in the process 
to shift to a more favourable hydrogen/oxygen ratio 
should decomposition of water occur (radiolysis). Oxy
gen was nol used for this purpose si nee it has many dis
advantages, and other gases (e.g. argon) lack the ad van
tages of hydrogen. 

At 523 K the overall pressure in the main system was 
approx. 6 MPa. 

Concentration-control system (V) - To permit adjust
ment ofthe concentrabon offuel particles inthereactor 
vessel, a bypass including a slorage vessel ( 14) was con
neeled with the main circuit (Fig. 23). Theparticles were 
separated from the main flow by a small hydraclone 
(0 25 mm) on top of the starage vessel. Inversely the 
particles could be 'resuspended' into the main flow by 
ha ving water flow through the vessel, in which case the 
particles were carried along due to flushing. 

The contents of the vessel could be weighed when 
either cold or hot to allow the amount of fuel flusbed 
in to be determined. 

Fue/-supply and fuel-discharge facility (V Ij - Parallel 
to the slorage vessel (14) an identical vessel (17) was 
conneeled into the main circuit. This vessel permitled 
fuel from the outside to be supplied to and discharged 
from the system for slorage and processing elsewhere. 

Dumping system - A dumping system was conneeled 
directly to the main circuit, providing safe and fast re
moval of the contents of the reactor vessel in emergen
cies. The system included a dumping vessel ( 6) whose 
operating pressure during normal operation was lower 
than that of the main system. The entire contents of 
the main circuit and of some of the systems connected 
with it could be dumped into this vessel in such a way 
that the reactor vessel was emptied within 15 seconds. 
After dumping, the released decay heat was removed 
by an entirely independent cooling system (dumping 
cooling system) which could also opera te on natura! cir
culation. 

The nuclear safety of the vessel was ensured by 
sereens of neutron-absorbing materials, i.e. a silver-in
dium-cadmium (Ag!nCd) alloy. 

In addition to the functionjust mentioned, the dump
ing system had also a function in some of the fuel-han
dling procedures. The fuel balance could be determined 
by weighing the dumping vessel before and after a 
dump. The vessel was provided with a weighing device 
and a level gauge for this purpose. 

The dumping vessel was provided with an electro-



magnetically driven, vertically moving agitator to keep 
the dumped suspension in motion. This prevenled the 
particles from settling on the bottom, specially during 
a short period after dumping. Possible actherenee of 
particles caused by subsequent healing was thus pre
vented. 

The suspension could be fed back to the main circula
tion system by pushing it out with hydrogen or by circu
lation. 

Samplütg system - Samples could be taken from the 
main circuit by means of a bypass flow which could be 
conneeled with a 15 cm3 sample vessel. That vessel 
could be transporled by remote control from the system 
to the hot cell for further examination. 

Gas-purification system - The gaseous Iission produels 
withdrawn from the main circuit were conveyed to the 
gas-purification system (III) logether with radiolytic 
gas and water vapour. Hydrogen was circulated in this 
system and injected again into the main circuit. 

The presence of the gas in the GPS reduced the-eon
tent of Xe-135 and other gaseous Iission produels and 
as aresult Xe poisoning ofthe primary system. The sys
tem included a device (9) for recombination of the ra
diolytic gas (oxygen and hydrogen) and a condensor 
to condense the water vapour to particle-free water 
which wasthen supplied to the main system for flushing 
the circulation pump and the valves. 

Reflector and rejlector-cooling system- The reactor ves
sel was encased by a reflector consisting of stacked be
ryllium oxide bricks topped by stacked graphite bricks. 

The dimensions selected forthereactor vessel and the 
reflector were such that a chain reaction of fissions 
could be maintained inthereactor vessel while manage
a bie fuel concentrations were used in the main system. 
To obtain a neutron-flux distribution which was as flat 
as possible, the wall thickness of the reactor vessel was 
restricted to a maximum of 5.5 mm. To restriet the 
stresses in the vessel wall at the prevailing pressure in 
the main system (6 MPa), the pressure was partly bal
aueed by a counterpressure of 4 MPa in the reflector. 
This was achieved by encasing the reactor vessel and 
the reflector in a pressure vessel (MV -I). 

Heat was to be generaled in the reflector during 
power production by the reactor. That heat could be 
removed by the RCS (11) which could be used to recircu
late C02 gas and to convey it into the reflector through 
cooling channels. 

The lower portion of the pressure vessel was so de
signed that all fuel could be collected in it in a nuclear 
safe fashion in case of leakage of the reactor vessel. To 
this end the reactor vessel was provided with a jacket 

with a pipe which discharged in the lowest sectien of 
the pressure vessel. 

Primary cooling system A - The heat generaled in the 
reactor vessel was withdrawn during passage in the 
main heat exchanger (4) by the PCSA (IV). That system 
also provided heat when the reactor was operaled sub
critically and so had to be kept at a constant tempera
ture. This was dorre by instaHing electric healing blocks 
(154 kW) on the pipes. The heat was withdrawn from 
the PCSA by the secondary cooling system (SCS). 

The primary cooling system B extraelect the heat 
from all othercomponents ofthe nuclear systems which 
were essential for operation at low temperature. 
Off-gas system- Conneetiens with the off-gas systems 
were providedat the main system and the gas-purifica
tion system. Pressure in the main system or in the gas
purification system was reduced in the recombiner by 
combustion ofthe hydrogen, after which the remairring 
radioactive gas was vented to a slorage vessel. lt could 
be dispersed from there after decay through the reactor 
disposalline and the ventilation system. 

The (vacuum) pressure in the cells was kept at a con
stant difference with that in the reactor hall via the nor
mal disposalline. 

Containment and hall 

As already mentioned, the nuclear systems were en
closed in completely sealed and gas-tightsteel cells (con
tainment cells) separated from each other by 1 m thick 
concrete walls. The entire assembly was enclosed in a 
gas-tight hall (reactor hall). The screen to the hall was 
formed by two layers of concrete beams. A nitrogen at
mosphere of80 kPa absolute pressure in re lation to that 
in the hall was maintained in the cells. The hall itself 
was kept at a pressure of 500 Pa lower than the ambient 
air. 

A containment structure was thus obtained that pro
vided a triple harrier preventing the escape of radioac
tive material to the atmosphere, even in cases of burst
ing or leaking of the primary systems. The primary sys
tems were interconnected through the cell walls by leak
tight crossing arrangements which joined at the steel 
walls. The cells were conneeled with each other to deal 
with a possible build-up of pressure in the cells beyoud 
a specific level. 

Operation and experimental research 

The objective of KSTR eperation was to examine the 
behaviour of a suspension reactor under the process 
conditions applicable to a power reactor of that type. 
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The research was carried out in four phases. 
The first phase involved tests of the various KSTR 

systems using particle-free water. A functional test of 
the main system was carried out during the secoud 
phase using a suspension of natura! U02/Th02 parti
cles. This phase was primarily devoted to the study of 
the concentration controL The partiele concentration 
was measured bath directly (absorption method) and 
indirectly (weighing method). The emergency shut
down procedure with suspension (dumping) was also 
tested during this phase. Subcritical experiments were 
carried out during the third phase to obtain the data 
necessary for start-upand operation of the reactor, as 
well as to evaluate the safety of the systems. The last 
phase consisled of a three-year period of critica! opera
tion during which the behaviour of the reactor para
meters wasstudiedas a function ofthe power, tagether 
with the effect of increasing radialion laad on the physi
co-chemical properties of the fuel. 

Subcritical experiments 

In view of experience acquired with the low-tempera
ture subcritical set-up (see 'Subcritical experiment' sec
tion) it was obvious that the KSTR research should also 
be starled under subcritical conditions. Even at this 
stage, however, the fluctuations ofthe neutron flux ap
pearedsubstantially largerat low souree multiplication. 
The fuel concentra ti on in the reactor system was there
fore restricted for the time being to such an ex tent that 
the value ofk.rr remairred < 0.95 ( souree multiplication 
M < 20). The relation measured between 1/M and the 
quantity of fuel flusbed in ( determined from the weight 
rednetion of the starage vessel) could be used to make 
an initia! estimate of the critica! mass of fuel flusbed 
in by extrapolating to 1/M = 0. This value was approx. 
21 kg at 498 K and approx. 23 kg at 528 K. Those mea
surements were also used for determining the tempera
ture coefficient of the reactivity fortherelevant temper
ature range. The value of -0.058 Llk/k per Kelvin, found 
during experiments, appeared to be well in line with the 
calculated value, i.e. -0.060 Llkjk per Kelvin at 523 K. 

The effect of the circulation rate was demonstraled 
by an increase in sourcemultiplication when the circula
tion ra te was decreased. This effect was due to the set
tling of fuel particles in water. The settling ra te of 5 Jlm 

(U,Th)02 particles was only a few mm per secoud at 
room temperature and thus was negligible in compari
son with the flow rate inthereactor vessel (15 cm.s 1

). 

At 523 K, however, the settling rate was a few centi
metres per second, as aresult ofwhich- and depending 
on the circulation ra te- the concentration inthereactor 
vessel increased ('hold-up': this phenomenon did nat 
occur in the external system sirree the flow rate there 

32 

was 30-fold higher than in the reactor vessel). The rise 
in concentration proved to be 0.090 Llk/k at a decrease 
in pump capacity of 1 m3 • h 1 

( normal capacity 33 m3 • 

h '). 
The fluctuations of the neutron flux were the main 

topic of research during the subcritical phase. A repre
sentative recording ofthe neutron flux is given in Figure 
24. The average fluctuation of the reactivity was ± 1 
Llkjk, with peaks to 1.8 Llk/k. 

In view of the favourable effect of the colloid-chemi
cal stabilization of the suspension in the low-tempera
ture subcritical set-up, an attempt was made to stabilize 
the suspension by increasing the pH value. Autoclave 
tests had, however, shown that it was difficult to stabi
lize the suspension above approx. 500 K. The effect of 
the pH increase was still noticeable at 498 K (decrease 
in fluctuation amplitude by 20-30%), but had disap
peared at 528 K. 

Flow tests in a plexiglass model of the reactor system 
had shown clearly that hydrodynamic instahilities of 
the flow pattem in the reactor vessel could be the cause 
of local changes in fuel concentration, which in turn 
would result in the fluctuations in reactivity observed. 
Analysis of possibilities for stahilizing the flow pattem 
resulted in the design of an approx. 30 cm long stabilizer 
(cf. 'Research and development' section) installed verti
cally in the centre of the reactor vessel (Fig. 16). The 
effect of the flow stabilizer ontheflux pattem satisfied 
all expectations. A representative recording of the neu
tron flux after instaBation ofthe flow stabilizer is given 
in Figure 25. The remairring reactivity fluctuations were 
only ± 0.3 Llk/k, whereas peak reactivity was approx. 
0.5 Llk/k. Approval was obtained to make the reactor 
critica! once calculations had proved that such reacti
vity fluctuations could be campensared by the immedi
ately acting negative temperature coefficient without 
the occurrence of extreme rises in temperature and pres
sure. 

Experience with the homogeneaus reactor in Oak 
Ridge, where tests with deliberate reactivity additions 
of up to 0.8 Llk/k in one second had run well was of 
undoubtedly great value at this stage ofthe research. 

Critica/ operation and experiment al research 

The two main aspectsof this phase were (I) the reactor 
start-upand (2) critica! eperation to full power (1000 
kW). 

Reactor start-up- The KSTR system offered a number 
of possibilities for varying the reactivity of the reactor 
to make it critica! and to bring it to power level. First, 
reactivity could be influenced by changing the fuel con
centration in the reactor vessel. This could be achieved 
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Fig. 24 
Recording of the neutron flux without stabilizer. System temperature 528 K; flow ra te 33 m 3 
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both by flushing in or catching out fuel, and by chang
ing the fuel held-up inthereactor vessel by al tering the 
circulation rate through reguiatien of the suspension 
pump speed. Reactivity could also be changed by aller
ing the position of the control rod. Finally, reactivity 
could be affected by changing the moderation by vary
ing the reactor temperature i.e. reactivity could be in
creased either by switching off the heating in the main 
system or by switching on the cooling. 
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The first time the KSTR was made critica! a proce
dure was foliowed which allowed a slow and accurate 
approach to the critica! situation so that the processof 
becoming critica! could be evaluated. The starting point 
was a reactor temperature of 528 K and increased pump 
delivery of36 m3 

· h 1 Fuel was flusbed in up toa souree 
multiplication of 125 (p ~ -0.8 Llk/k) with the control 
rod still in the reactor. Pump delivery was subsequently 
decreased to 33 m3 

• h- 1
, causing the reactivity to rise to 
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Fig. 25 time 
Recordîng ofthe neutron flux with stabilizer. System temperature 528 K; flow ra te 33m3 • h 1; R-C time ofthe measuring channel 
I s. 
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-{).5 Llkfk. Reactivity wasthen raised further by partly 
withdrawing the control rod (tata! reactivity value ap
prox. 0.25 Llk/k) from the reactor and letting the tem
perature fall by adjusting the set-point ofthe automatic 
temperature controL The reactor became critical at a 
temperature of 5!8.3 K and a power of 3 kW with a 
weight of 23.8 kg of fuel inthereactor system. In addi
tion to the slow fall of the average temperature, fast 
temperature rises occurred due to power excursions in 
the reactor. 

The reactivity increases (p excess) were calculated 
from the ratio between peak power (P) and initia! power 
(P0 ), giving 0.33-0.48 Llk/k, va!ues that were well in line 
with reactivity fluctuations measured during subcritical 
KSTR operation. The feedback effectiveness ofthe neg
ative temperature coefficient of the reactivity is based 
on the relation between initia! power Po and the ratio 
P/Po· These initia! tests proved clearly that feedback 
rises sharply with rising initia! power. 

Critica/ operation to Juli power ( 1000 kW) - The proce
dure for 'becoming critica!' was adapted on the basis 
of experience gained when the KSTR was first made 
critica!. First, slow rednetion of the heating power was 
replaced by fast opening of the control cooler in the 
primary cooling circuit so that approx. 40 kW power 
was removed. As a resu!t, the reactor temperature feil 
quickly to the critica! temperature, after which reactor 
power increased to approx. 40 kW. Power changes 
could then be achieved by allering the set-point in the 
control cooler. That procedure had the advantage that 
the area of very low reactor power-where the negative 
temperature coefficient is still insufficiently effective -
was crossed rapidly. This procedure was used during 
the entire test period for regular operational start-up 
ofthe reactor. 

When the reactor was repeatedly made critica!, it ap
peared that the critica! mass (quantity of fuel flusbed 
in) matching a specific temperature was reproducible 
within the errors ofmeasurements (Fig. 26). The quan
tity of fuel flusbed in was determined by differential 
weighing of the starage vessel during operation. Weigh
ing could be carried out with an accuracy of ± 100 
gram. The critica! temperature also fluctuated due to 
spontaneons reactivity changes, resulting in an error of 
± I Kin the temperature measurements. The fluctua
tions in the instantaneous power of the reactor de
creased relatively sharply when the average power was 
increased. That was a favourable result of increasing 
the feedback effectiveness of the negative temperature 
coefficient ofthe reactivity. At a sufficiently high initia! 
power level, each reactivity increase immediately re
sulted in a temperature rise, due to which the original 
excess reactivity was rapidly brought back to zero. The 
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Critical temperature as a function ofthe quantity offuel circu
lating. 
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Recording diagram of the neutron flux at maximum power 
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ratio P/P, (P = peak power, P, = the initia! power be
fore a power peak occurred) expressed this clearly. The 
ratio is plotled in Figure 27 as a function ofP,: thecurve 
gives the calculated relation, the starting point being 
a reactivity increase (p) of0.5 Llk/k in one second, fol
Iowed by a deercase to e = 0 in the next second. It seems 
that the experimental valnes determined from the high
est power peaks foliowed the calculated relation. It was 
clear that feedback increased sharply with rising power 
leveland that the reactor could as aresult be designated 
as inherently safe. Figure 28 shows a recording of power 
at 1000 kW, from which it appears that the fluctuations 
were comparatively smallat full power. 

The temperature difference through the reactor ves
sel increased linearly with the power and was 301 Kat 
1000 kW. The flow pattem inthereactor vessel was thus 
not essentially affected by the increased heat genera
tion, which may be explained by the fact that heat was 
not being generaled uniformly in the vessel. With a ho
mogeneous distribution of fuel concentration the neu
tron flux in the eentre of the vessel was approximately 
twice as high as that at the wall and herree the heat gen
eration at the wall was also higher than in the centre. 
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Recording ofthe power before and aftera so-called fast shut-down. 

Consequently, temperature gradients could develop 
which might disturb the original flow pattern. That ap
parently did not occur in the KSTR. Start-up, opera
tion and shut-down of the reactor always progressed 
without marked difficulties. The power level was 
stepped up by switching gradually from healing to cool
ing via the heat exchanger which conneeled the main 
system with a circulation system (PCSA) comprising 
both a heater and a cooler. 

When the reactor was to be shut down those steps 
were carried out in reverse sequence and at a slow rate. 
That rate was, however, often accelerated when a so
called automatic fast shut-down occurred due toa spe
eitic alarm setting being exceeded. Three such alarms 
were installed: one for the power (neutron flux), one 
for the integrated power (MWs) and one for the outlet 
temperature of the reactor vessel. The I MWs alarm 
was once exceeded during one of the experimentsatan 
average power of 400 kW and a temperature of 526 K, 
leading to an automatic fa st shut-down. The shut-down 
rods (reactivity value approx. 1.2 Llk/k) then dropped 
due to which the reactor became subcritical. Sirree the 
reactor no Jonger produced heat and sirree switching the 
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PCSA system from cooling to healing could nat heef
fected rapidly, the temperature ofthe main system feil, 
due to which the reactor again became critica! (at 498 
K). Figure 29 provides a recording ofthe power during 
that fast shut-down. The ligure shows that, after the 
start of the fast shut-down, the reactor was still critica! 
up toa power level of approx. 200 kW befare the PCSA 
system heated up sufficiently to he a bie to raise the tem
perature of the main system and, by so doing, keep the 
reactor in a subcritical condition. 

If an alarm setting was again exceeded after there had 
been a fast shut-down, there foliowed aso-called emer
gency shut-down. This involved dumping of the entire 
content of the main system. No criticality could occur 
because the dumping vessel designed for the purpose 
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Fig. 30 
Recording of the temperature difference between two points 
located in a horizontal plane at a mutual di stance of approx. 
20 cm, in the lower half of the reactor vessel. Reactor power 
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was provided with a substantial quantity of neutron
absarhing ma terial. The relevant calculations were veri
lied experimentallyin advance. 

Although critica! operation generally satislied the ex
pectations some probierus arose. They concerned main
ly (a) local temperature differences, (b) block of the 
sampling loop, (c) lossof reactivity, (d) apparent loss 
offuel and (e) noise. 

(a) A still unexplained phenomenon occurred during 
the power operation ofthe reactor when the vessel wall 
temperature was being measured. To facilitate early de
tection of possible hot spots, 18 constantan wires were 
spot-welded to the external wall of the stainless steel 
reactor vessel. The 18 welding points were grouped in 
three horizontal rings, each with 6 points equally distri
huled over the circumference. In theevent of tempera
ture differences between the welding points, a thermo
electric voltage was created between the relevant con
stantan wires. I t was thus possible to detect higher than 
normal temperature differences occurring at some loca
tions and which increased with the power level of the 
reactor. Moreover, those differences changed signs 
spontaneously from time to time at some points. The 
largest temperature difference found at 1000 kW, being 
between + 9 and - 11 K, indicated a temperature jump 
of 20 K (Fig. 30). That difference was measured be
tween two points approx. 20 cm apart and located in 
a horizontal plane in the lower half of the reactor vessel. 
Since the temperature difference through the reactor 
vessel was 28 Kat 1000 kW, differences in temperature 
were to he expected between points at different eleva
tions. This was unexpected, however, for points in a 
horizontal plane and the spontaneons change of sign 
was a further problem. Several hypotheses have been 
put forward to explain this phenomenon, all based on 
a spontaneons change in flow pattern. Experimental 
verilication is, however, extremely difficult and might 
have been possible only by means of time-consuming 
model testing outside the KSTR. 

(b) Another problem arose from block ofthe sampling 
loop. A sampling device was installed in a bypass ofthe 
main system to facilitate sampling of the suspension at 
specilic times. A 'homogenizer' was placed in the bypass 
to provide a uniform concentration distribution at the 
sampling site thus making the sample representative. 
The homogenizer consisled of a pear-shaped metal 
body with a maximum diameter of 15 mm, installed in 
the sampling tube (0 20 mm). An annular gap of 2.5 
mm was thus created locally. 

Quite soon after the KSTR reached maximum 
power, the suspension flow in the sampling loop was 
found to decrease gradually and the critica! tempera-



ture of the reactor to have fallen simultaneously by 
some 20 K. Fuel was apparently withdrawn from the 
main system, probably due to fuel particles settling in 
the sampling loop, in which the flow rate had dropped 
below the required minimum value for reasans as yet 
unknown. After shutting down the reactor and catching 
out the fuel in the slorage vessel, it indeed appeared 
from weighing the slorage vessel that more than I kg 
of fuel had remained bebind. Most of it could be rec
laimed by flushing. X-ray pictures ofthe sampling loop 
showed that the gap at the homogenizer was almost en
tirely blocked by a number of more or less globular 
shaped objects with a diameter 2.5 to 3 mm (Fig. 31). 
It was decided to remove that part of the loop to exam
ine the 'lumps'. These proved to consist of approx. 95% 
fuel with the rest made up of erosion produels (Fe, Ni 
and Co). 

Similar lumps were replicaled in autoclave tests.They 
developed at locations with a sleep temperature gra
dient and only when the uranium-thorium oxide was 
mixed with one of theerosion produels just mentioned. 
How and where the lumps developed inthereactor will 
be discussed in the 'Post-operational research' section. 

(c) Aftera new homogenizer had been installed, critica! 
opera ti on ofthe reactor was resumed with a closed sam
pling loop. The critica! temperature again appeared to 
fall, albeit at a lower ra te than previously but with toss 
of reactivity as the consequence. The temperature fall 
occurred at power levels above 40 kW and the ra te ap-

Fig. 31 
Picture ofthe lumps from the sampling loop. 

peared proportional to the power. At I 50 kW the ra te 
was 2.5 K · h- 1 (Fig. 32), one order of magnitude higher 
than could be explained by xenon poisoning. Th ere was 
a slow, exponentially progressing recovery of the criti
cal temperature when the power was reduced to below 
40 kW. The threshold value of 40 kW was gradually 
decreased to JO kW. 

An unequivocal explanation of the phenomena de
scribed here has nol yet been found. There is certainly 
a relation with the changing properties of the suspen
sion under the influence of energy production: irradia
tion tests on capsules containing fuel suspension from 
the HFR in Petten and from the BR-2 in Mol showed 
that the fuel particles (0 5 mm) disintegrated as aresult 
of discharging Iission products. The disintegration in
creased with the number of fissions occurring, hence 
with the power production of the reactor in the case 
of the KSTR. The average fuel-particle diameter thus 
decreased with time and so-called fines developed, i.e. 
particles with a diameter ofless than I ,_,m. Consequent
ly the settling rate, keeping the concentration in the re
actor vessel higher than that in the external circuit, re
duced the hold-up. That happened where the upward 
component of the flow velocity was comparatively 
small. If the settling ra te decreased, hold-up was re
duced and withit the critica! temperature ofthe reactor 
at a specific quantity offuel circulating in the main sys
tem. The plot of the critica! temperature (at low power 
level) versus the quantity of fuel flushed in (Fig. 33) 
shows that the hold-up decreased with time. The results 
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of direct holct-up measurements point to a reduction 
by a factor of2, i.e. from 23% to 11%. at 528 K. 

This, however, does nol yet explain why the critica! 
temporature feil by more than 20 K during such a short 
period of operation (Fig. 32). Apparently the colloid
chemical properties of the suspension changed rapidly 
under the influence of, and in proportion to, energy 
production in the reactor vessel. Slow recovery subse
quently took place in the extemal circuit, but also at 
a low power level. Radiolysis in the reactor vessel most 
probably played an important role. The development 
of radiolysis produels due to decomposition of reactor 
water was proportionaf to the power level, but the re
verse reaction also took place simultaneously. Net pro
duction, as H2 and 0 2, could be measured using the tem
porature rise of a calibrated hydrogenjoxygen reeom
bioer installed in the gas system of the reactor. The gas 
system was normally charged with hydrogen gas at 20 
kg· cm-2

; a temperature rise of the recombiner was only 
rarely observed under those reducing conditions and 
this only at high power levels ( > 350 kW) (Fig. 34). 
Apparently the oxygen produoed by radiolysis was 
usually already recombined with hydragen in the reac
tor vessel. 
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Hydragen gas was replaced by helium to influence 
radiolysis and withit perhaps the colloid-chemical pro
perties of the suspension. The effect of this on the net 
radiolysis was very clear and could be measured by 
using the temperature rise of the recombiner, starting 
from the lowest power level, as shown by Figure 34 
(lowermost curve). Even after the replacement by he
lium the critica! temperature feil to the same extent as 
befare so that the power could nol be stepped up any 
higher than 150 kW, because an excessive fall in temper
ature would have created operational problems. 

(d) Aftereach period of reactor operation, the fuel was 
gathered in the slorage vessel which could be weighed 
in situ. Fuel weight could be computed from the weight 
of the starage vessel tilled with setlied fuel particles and 
water, if the specific weight of the U02/Th02 particles 
was known. This specific weight decreased with time 
from 10.3 to 9.1 g·cm 3, due (among others) to oxida
tion of the fuel and the accompanying change of the 
lattice constants. When this density reduction was 
taken into account, the quantity offuel calculated from 
the weight of the starage vessel appeared to have been 
reduced from 29.1 to 26.4 kg during an operational peri
ad of three years (Fig. 35). Th is could imply that 2. 7 
kg fuel remained behind in the reactor vessel; a possible 
explanation for this will be presenled in the section on 
'Post-operational research'. 

( e) The parameters ofthe main system fluctuated great
ly during the stationary operating of the KSTR. In 
acoustics terminology such fluctuations are called 
noise. Noise measurements have received much atten
tion. 

The nature ofthe noise in parameter x(t) can be given 
by the function W,.(f), i.e. the speetral noise density. 
That quantity describes the intensity of the frequency 
components ofthe noise as a function ofthe frequency. 
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Weight ofthe fuel in the storage vessel (recovered situation). 
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Fig. 36 
Speetral noise intensity of the reactor power (in kW) as a f unc
tion ofthat power and the burn-up (in MW days per ton). 
Curve a: reactor power 20 kW; burn-up 20 MW.d.C 1

; 

Curve b: reactorpower 150 kW; burn-up 6 MW.d.C1; 

Curve c: reactor power 150 kW; burn-up 260 MW.d.c1
; 

Curve d: reactor power 1000 kW; burn-up 36 MW.d.t 1 

In mathematica! terms, W,.(f) reflects the square ofthe 
Foorier components of the noise. In the specific case 
of reactor power, the speetral noise intensity is norma
lized according to W,.(f)/P2

, in which Pis the average 
reactor power. The correlation between the noise and 
the parameters x(t) and y(t) is characterized by the spec
tral cross noise intensity W,,(f). As a rule W,,(f) is con
sidered in relation to the noise intensities of x(t) and 
y(t). One then refers to the coherence function {! (f), 
which is defined by the formula 

2 (f) IW,,(f)l
2 

y,, = W,.(f)·W"(f) 

The normalized speetral noise intensity of the reactor 
power is shown in Figure 36 as a function ofthis power. 
The strongly fluctuating nature of the reactor power 
at low power level (20 kW) was expressed by a high val
oe of the noise intensity at low frequencies. Those fluc-
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tuations were a result of reactivity tluctuations caused 
by substantial changes in fuel distri bution inthereactor 
vessel. They developed due to combination of two ef
fects. 

Due to the colloid-chemical instability of the suspen
sion, fuel tlakes formed with a comparatively high set
tling ra te. As aresult there deve!oped inthereactor ves
sel local increases in fuel concentration, inversely pro
portionalto the local flow rate. lnstabilities ofthe flow 
pattem led to variations in fuel distribution. The spec
tral noise intensity of the reactor power then retlected 
in principle the behaviour of the flow-pattem instabili
ties as a function ofthe frequency. The normalized spec
tral noise intensity ofthe reactor power decreased sub
stantially with rising reactor power. That was a result 
of the reactivity feedback caused by the negative tem
pcrature coefficient, which became effective at power 
levels higher than a few lens of kilowatts. 

Up toa reactor power level of 150 kW the intlucnee 
ofthe negative temperature coefficient was most notice
able in the low-frequency range (Fig. 36, campare curve 
a with curve b). Increasing and extending it to higher 
frequencies showed that at a high power level there was, 
tagether with the high speed of feedback, a now sub
stantial reduction of noise intensity in the high-fre
quency range (Fig. 36, curves a, band d). 

When the radiation load was increased the average 
diameter and thus the settling ra te of the fuel particles 
decreased. As a consequence the local differences in 
concentratien in the reactor vessel decreased and with 
them the power tluctuations due to flow instahilities in 
the reactor vessel. The deercase in speetral noise intensi
ty of the reactor power with an increasing degree of 
Iission (Fig. 36, b and c) thus provided an indication 
ofthe irradiation damage to the fuel particles. Indepen
dent ofthe reactor power and the status ofthe fuel, the 
circulation time of the inhomogeneities in the fuel con
centration could be obtained from the frequency. That 
time was approx. 20% shorter than the circulation time 
calculated from the flow rate measured in the extemal 
circuit and the volume of the main system. This result 
confirms the presence of a fast tlowing layer along the 
reactor vessel wal!, caused by a flow distributor at the 
inlet to the reactor vessel and installed specifically to 
prevent fuel particles from settling on the vessel wal!. 
The harmonie freq uencies were a logica! result of circu
lation ofthe concentration tluctuations with their phase 
differences being a function of the frequency and of the 
mixing in the reactor vessel. 

Changes in reactor temperature were mainly caused 
by tluctuations in reactor power. The major tempera
ture fluctuations occurred on power changes of some 
tens of kilowatts and, at a low power level, these 
changes only arose in the low-frequency range. At low 
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power level there was thus co herenee between reactor 
power and reactor temperature only to approx. 0.2 Hz 
(Fig. 37-A). At high power level the coherence spreaded 
to higher frequencies. The harmonie components with 
a basic frequency of0.16 Hz mentioned above then a!so 
became visible (Fig. 37-B). 

The circulating inhomogeneities of the fuel concen
tratien caused load fluctuations in the suspension 
pump. The tluctuating nature ofthe absorbed electrical 
power ofthe pump was hence a measure ofthe changes 
in fuel concentration. This was evidenced by the coher
ence between reactor power and absorbed pump power. 
The coherence function clearly shows the circulation 
frequency of 0.16 Hz logether with its harmonies (Fig. 
38). The lack of any coherencc for very low frequencies 
is a remarkable feature. It means that slow concentra
tien changes were present inthereactor vessel only and 
did not appear in the external circuit. 
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Fig. 37 
Co herenee between reactor temperature and reactor power. 
A: low reactor power (20 kW). 
B: full reactor power ( 1000 kW). 
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Fig. 38 
Coherence between pump load (phase angle cP) and reactor 
power. 

Conclusions 

The following conclusions can be drawn from the re· 
sults ofthe KSTR experiments. 
(I) It was possible to solve the original probierus of 

reactivity changes which were considered too high 
by installing a flow stabilizer in the reactor vessel. 

(2) Even when the reactor was first madecriticalat low 
power level the fast action of the feedback due to 
the comparatively high negative temperature coef
ficient of the reactivity was obvious. The effective
ness of the feedback rose steeply logether with re
actor power. Even increases in reactivity above the 
prompt cri ti cal value were compensated completely 
and rapidly. The reactor was inherently safe as a 
result ofthis. 

(3) The properties ofthe fuel changed during extended 
power operation. On the one hand those changes 
had a favourable effect on the noise of the reactor 
but on the other they resulted in Ioss of reactivity 
due to which the cri ti cal temperature feil in an unac
ceptable way. 

(4) In a reducing environment the radiolysis produels 
were already recombined within the reactor vessel 
and seldom came out in the form of hydrogen or 
oxygen. When helium was used as pressurizing gas. 
internal recombination was much less and H2 and 
0 2 were transporled to the external system with the 
liquid flow. Net production was in proportion to 
reactor power and amounted to approx. 3 kg 0 2 

perMWh. 

Changes in the physico-chemical properties of the fuel 

The physico-chemical properties of the fuel underwent 
various changes during operation of the KSTR; the 
properties affected were fuel density. specific surface 
area, grain-size distribution, and quantity of erosion 
products. 

De terminalion of"thefuel density 

The fuel density was determined in an attempt to ac
count for 'lost' fuel. Because of the strong radiation, 
a metbod was developed for filling the pycnometer and 
weighing the material in a manoer safe for the operator. 
The filling device from the mercury porosimeter and 
type B6 Mettier scales were used for the purpose. Work 
was carried out with 'remotely controlled' tongs and 
with lead blocks as shielding. Table 3 provides a com
parison of the results obtained with this metbod and 
those obtained with the standard laboratory method 
using natura! mixed oxide. The densities of a series of 
samples from the CH -I test loop were also determined 
with these methods. The results are given in Table 4 
and Figure 39. 

The density ofvarious 'active' samples was measured 
according to the method described above. The results 
(also see Fig. 40) are shown in Table 5. 

Sample L 77 was divided into two parts to check the 
influence of sample homogencity on the density. It ap
peared that the two parts had slightly different densit
ies, 9.72 and 9.58 g·cm ', respectively. The density of 
sample L 120 was also measured to examine the influ
ence of any gas adsorbed by the fuel. After determina
tion of its volume the sample was weighed, showinga 
density of 8.84 g·cm-3

, whereas sample L 119 (same 
number ofhours of operation as for L 120) had a den
sity of9.00 g ·cm-3. Sample L 119 was measured by the 
regular metbod (degasing by vacuum extraction ofthe 
pycnometer before topping up), whereas L 120 was oot 
degased. In view of the reproducibility (sample L 77), 
it cannot be concluded with certainty that adsorbed or 
dissolved gas leads to an apparently different density. 

t 
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Fig. 39 
number of oparating hours 

Density of natura! mixed oxide as a function of the number 
of operating hours in a high-temperature test circuit (C.H.-1 ). 
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Table 3 
Comparison of fuel-density measurements carried out in the 
'hotlab' and in the current Iabaratory. 

sample 

KSTR-18 
GV-60 

Table4 

'hotlab' equipment normallaboratory 
equipment 

10.32 g·cm 3 

10.20g·cm 3 
10.24g·cm 3 

10.12g·cm 3 

Fuel density of samples from the CH-1 test loop. 

sample eperation time density 

60 688 h 9.80 g·cm-3 

108 1500 h 9.64 g·cm 3 

124 2000h 9.50 g·cm 3 

176 3000h 9.00 g·cm 3 

Table 5 
Fuel-density of'active' samples. 

sample 

L77 
L 89/90 
L 110 
L 119 
L 122 

Table 6 

operatien time 

1550h 
1878 h 
2515 h 
3104h 
3258 h 

density 

9.65 g·cm 3 

9.54 g·cm-3 

9.27 g·cm 3 

9.00 g·cm· 3 

9.00 g·cm 3 

Determination ofthe specific surface area of KSTR fuel sam
ples. 

numberof 
operating hours 

1878 
2066 
2186 
2209 
2259 
2316 
2396 
2464 
2688 
2774 
2866 
3127 
3541 
2788 
4150 
4986 

specifïc surface area (m2 · g _,) 

before etching 

0.5' 
1.1 
1.0 
1.1 
0.95 
1.2 
0.9 
6.2 
2.5 

11.9 
3.5 
5.1 
6.1 
5.6 
4.4 
8.7 

after etching 

0.8 
0.9 
1.7 
1.2 
0.45 
0.7 
1.0 
0.7 
2.3 
0.7 
3.4 
1.5 
2.1 
3.1 

x This sample was taken immediately prior tothestart of criti
cal reactor opera ti on. 
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Measurement of the specific surface area of the fue/ sam
ples 

The specific surface area of the fuel particles was deter
mined using the BET metbod with krypton as adsorb
ing gas. It was assumed that the surface area of a kryp
ton alom is 18.5 A2 The determination was carried out 
for each KSTR sample both before and after treatment 
with nitric acid (and hydrogen peroxide). The values 
obtained are given in Table 6. 

The specific surface area of the fuel after sintering 
was measured foreach production batch (1 kg) and var
ied between 0.12 and 0.2 m2 • kg 3• After 1878 operating 
hours, i.e. immediately before critica! KSTR operation, 
the specific surface area had increased to 0.5 m' ·kg '
The increase was probably caused by the adsorption of 
erosion produels on the fuel particles. Electron micro
graphs established that the fuel particles were covered 
by an amorphous layer consisting mainly of erosion 
products. It is remarkable that the specific surface area 
became approximately twice as large on changing from 
subcritical to critica! operation (after 90 hours of criti
cal operation). No explanation could be found for this. 
Irradiation damage to the fuel was still minimal at that 
moment. The specific surface area remained more or 
less constant for up to 2396 operating hours before etch
ing occurred. The electron micrographs made at this 
stage also showed globules with still minor irradiation 
damage. 

The specific surface area subsequently fluctuated 
quite substantially, but despite rather large individual 
differences it was obvious that the specific surface area 
had increased. The electron micrographs showed that 
irradiation damage increased considerably during the 
critica! period. The globules became more jagged and 
the number of small particles was much increased. One 
reason for these fluctuations might have been that the 
sample was not representative of the total amount of 
fuel as the sampling loop was more or less blocked dur
ing this period. 

-'·' 
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Fig.40 
Density ofKSTR fuel as a function ofthe number of eperat
ing hours with the reactor. 



Grain-size dis tribution in thefuel samples 

The grain-size distri bution of the samples in a lead cell 
could be determined by using a sedimentometer (which 
has been described in the 'Sedimentation behaviour' 
section). The distribution can be expressed as d 16, d50 

and d84 values which indicate the grain sizes below 
which 16%, 50% and 84%, respectively, ofthe particles 
are included. The va lues are presenled in Table 7. 

Tab1e 7 
Grain-size distri bution ofKSTR fuel samples after an increas
ing number of operating hours. 

Numberof 
operating hours 

2066 
2186 
2209 
2259 
2316 
2396 
2464 
2688 
2774 
2866 
3104 
3260 
3788 
4160 
4986 

.... 
Q) 18 
0.. 

':2 16 

- 12 
~ 
01 10 
E 8 

6 

4 

dso dl6 d,. 

4.92 3.19 6.69 
4.77 3.08 6.34 
4.61 2.94 6.18 
4.68 3.00 6.13 
4.60 2.88 6.26 
4.6? 2.88 6.16 
4.56 2.55 6.06 
4.82 3.13 6.51 
4.40 2.62 6.03 
4.50 2.65 6.21 
4.37 2.51 6.03 
4.26 2.17 5.84 
4.56 2.71 5.97 
4.60 2.00 6.12 
4.19 2.74 6.24 

Despite the fluctuations, it could be concluded that 
the value of d50 decreased with the number of eperating 
hours and that d16 became smaller at the same time. 
Thus the number of smaller particles increased slightly. 
This condusion is similar to that reached on the basis 
of the results obtained from the electron micrographs 
and from measurements ofthe specific surface area (see 
previous section). 

Erosion produels 

The quantities of iron, nickeland chromium were deter
mined in various suspension samples. lt was assumed 
that all erosionjcorrosion produels formed were either 
adsorbed to the surface of fuel particles or circulated 
as solicts along with the fuel. The correctnessof the as
sumption was confirmed by determination of the iron, 
chromium and nickel content ofthe water. The quanti
ties of dissolved erosionjcorrosion produels in the 
water proved to be negligible compared to the quanti
ties on the particles. 

The quantities of corrosionjerosion produels act
serbed to the fuel were plotled (Fig. 41) versus the 
number ofhours of eperation with the suspension. The 
KSTR system was first tested with natura! mixed oxide. 
Critica! operatien starled with enriched mixed oxide, 
after 1878 hours of subcritical operation. The figure 
shows that the quantities of iron, nickeland chromium 
increased more or less in proportion with time during 

~, .: \ ,.-~--
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Fig.41 
hours with suspension of enriched mixed oxide ( >50 g.r 1 ) 

Corrosion-erosion products adsorbed to the fuel as a function 
ofthe number of operating hours with suspension. 
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subcritical operation, with the exception of the periods 
when supplementary fuel was added. 

The dis tribution of erosion produels changed during 
critica! operation. The two minima after 2464 and 2774 
operating hours are noteworthy. The following is a ten
talive explanation. lnitially the part of the natura! 
mixed oxide left in the system at the time of changing 
over to enriched mixed oxide would nothave continued 
to circulate. The natura! mixed oxide would, however, 
have somehow become detached and would have 
starled to circulate. lts smaller content of erosionjcor
rosion produels compared to that ofthe enriched mixed 
oxide would explain the lower quantities of iron, nickel 
and chromium. Mass spectrometric determinations 
showed, however, that the ratio U-238/U-235 wasequal 
to that in the two batches of enriched material when 
they were received (0.1 055 and 0.1 084). The ratio was 
still the same at the end of KSTRopera ti on, soa differ
ent explanation was required. It should be noted that 
the two samples showing the minima had been taken 
immediately after the occurrence of net radiolysis. In 
such a case, recombination of the radiolysis produels 

Fig. 42 
Manipulator with mini TV camera in cutaway model of the 
reactor vessel. 
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within the reactor vessel progressed at a lower rate than 
their generation and oxygen thus escaped. The net yield 
of oxygen could be determined by having a calibrated 
recombiner in the gas system. 

The erosion produels absorbed to the fuel particles 
may have become detached under the influence of the 
excess oxygen then present but the difference in erosion/ 
corrosion produels between the two relevant samples 
and the other samples could not be accounted for in 
the water, so deposition probably occurred somewhere 
in the system. The erosionjcorrosion produels must 
have again ended up on the fuel particles because the 
usual adsorbed quantities were found later. 

Figure 41 shows that erosion decreased during criti
cal operation, probably due to soflening ofthe fuel par
ticles as aresult ofirradiation damage. 

Post-operational research 

Post-operational research on the KSTR was primarily 
aimed at evaluating the mechanica] behaviour of the 
nuclear part of the plantand locating the 2. 7 kg fuel 
which, according to the fuel balance, had not been col
leeled in the slorage vessel aftershut-down of the reac
tor and hence had remained inthereactor system. This 
research required the nuclear systems to be partly 
opened and inspeeled visually at a distance. 

Analysis of mechanica/ behaviour 

The first parts whose mechanica! behaviour was to be 
evaluated were: the reactor vessel, the flow stabilizer, 
the main circulation pump and a suspension valve. 

Reactor vesse/- The gas-tight main cernpartment was 
opened for intern al inspeetion of the reactor vessel by 
removing some of tbe concrete shielding blocks and the 
gasket sheet. The combination of gas-injection head 
and inlegral flow stabilizer was subsequently removed 
from the reactor vessel, by using remotely operaled 
tools. A mini TV camera was introduced with a mani
pulator specially designed for the purpose. The images 
of the internal wall of the reactor vessel were recorded 
on videotape. Figure 42 shows the manipulator with the 
mini TV camera in a cutaway model of the reactor ves
sel. The results of the inspeetion may be summarized 
as follows: 
(I) no deformations ofthe vessel occurred; 
(2) no fuel had been deposited on the vessel wall; 
(3) there was no erosion ofwall or inlet piece; 
(4) a slight sealing of the inlet piece was observed and 

there were two small pieces of fuel ( each approx. 
2 cm1

) on the inlet piece. 



lt could be concluded on the basis of these findings that 
the reactor vessel satisfied both the expectations and 
the requirements that had been set. 

Flow stabilizer- Picturesof the flow stabilizer were tak
en after it had been removed from the reactor vessel. 
Fuel had deposited on the outside of the stabilizer at 
two locations diametrically opposite each other (Fig. 
43). The remaioder of the outside was clean and unda
maged, but much more fuel was deposited on the inside 
ofthe stabilizer. X-ray pictures showed that the deposit 
extended over 75% of the length and formed such a 
thick layer that there remained only a channel with a 
diameter of 1-2 cm open in the centre of the stabilizer. 
The stabilizer was sent to the Belgian Study Centre for 
Nuclear Energy at Mol for further assessment. This as
sessment involved makinga cut in a longitudinal direc
tion through the stabilizer (Fig. 44). The results of the 
workat Mol may be summarized as follows: 
(I) the amount of fuel (including erosion produels as 

well) in and on the stabilizer was 2046 g; 
(2) the fuel appeared to be very porous in the central 

part ofthe layer. The pores were more or less radial
ly oriented. The fuel no Jonger consisled of the orig
inal 5 l'm particles; re-sintering or re-crystallizing 
had apparently taken place; 

(3) the outside surfaces of the thick fuellayers (on the 
stabilizer walland on the si des of the channel which 
remained open) were much lesspo rous and actually 
showed only cracks. 'Loose' particles could still be 
distinguished in those outer layers. 

Main circulating pump- Research on circulation pumps 
in high-temperaturejhigh-pressure test circuits with 
suspensions of natural uranium-thorium oxide, done 
prior to the KSTR period, had shown that the ordinary 
commercially available pumps showed unacceptable er
osion damage after only a very limited number of oper
ating hours. The Technological Development Group of 
the KEMA Nuclear Reactor Labaratory therefore de
voted much time and effort to modifying such a pump 
so as to make it suitable as far as construction shape 
and material were concerned. The result was a hydrauli
cally adapted pump with a 30% Cr-steel impeller and 
a 347 steel pump casing with a 30% Cr-steel insert. This 
pump was expected to survive 5000 operating hours 
with suspension and would then have to be replaced 
by a spare unit. 

At the end ofthe KSTR experimental program there 
had been 5131 operating hours with suspension and at 
no time had there been any indication of faulty func
tioning of the main circulation pump or of excessive 
wear of the impeller or pump casing. That could be es
tablished from the Cr content in the suspension samples 

Fig. 43 
Fuel deposits on the outside of the flow stabilizer after shut
down ofthe KSTR operation. 

regularly taken from the main circuit. After KSTR op
eration, the pump unit, logether with the cooler and 
measuring facilities, was disconnected from the reactor 
system, lifted as an entity from the celland transferred 
to the inspeetion room for internal inspection. The seal 
weid between pump casing and motor campartment 
wasthen chipped out by means of pneumatic tools. The 
motorcompartment was next lifted sufficiently to allow 
inspeetion of pump casing and impeller. A picture of 
the pump casing is shown in Figure 45. Visual inspec-
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Fig.44 
Picture ofboth halvesof the cut flow stabilizer. The fuel deposits had partly disappeared during cutting. 

Fig.45 
Pump casing ofthe main circulation pump after more than 5000 eperating hours wîth suspension. 
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tion and the picturestaken demonstraled the following: 
(I) the impeller showed almast no erosive attack and 

only minor erosion at the vane tips. No fuel deposits 
were visible on the impeller; 

(2) the pump casing showed erosion inthefarm of spi
rally shaped grooves with a maximum depth of 3 
mm in the horizontal part. The vertical walls were 
attacked only intheimmedia te vicinity ofthe outlet 
opening (the impeller rotaled around a vertical 
axis); 

(3) basedon the data from the last suspension sample 
taken (6.9 mg Cr per gram fuel) and assuming that 
all chromium originated from the grooved part of 
the pump casing (276 cm2), an average reduction 
of the wall thickness by 2.3 mm must be assumed. 
Since the local wall thickness was 70 mm, that im
plied a 3.3% reduction; 

( 4) the performance of the pump was maintained be
cause the impeller was not attacked; 

(5) after 5000 operating hours the behaviour with re
gard toerosion was no worse than could have been 
expected on the basis of experience with test circuits 
using the adapted shape ofthe pump. 

Suspension va/ve- The most intensively used valve, i.e. 
the cyclone inlet valve, was selected for intemal inspee
tion of a suspension valve (number of hours with flow 
200, number of open/close switchings 500). No leakage 
had occurred through the valve during operation at a 
differential pressure of 2 MPa. The valve was discon
neeled by remote manipulation, was lifted from the cell 
and then partly dismantled by chipping off the seal 
weid. Inspeetion showed the following: 
(I) the valve body and seat (both of tungsten carbide) 

were neither eroded nor damaged; 
(2) a thin sealing was present on the valve body and 

sealing below it. 

Decrease of critica/ tempera/ure and of weight of the fuel 
colleeled 

An attempt was made above ('Critica/ opera/ion and ex
perimental research' section) to explain some ofthe less 
favourable phenomena, i.e. (I) lossof reactivity (de
crease ofthe critica! temperature) at power levels above 
40 kW, (2) gradual weight reduction ofthe fuel quantity 
colleeled after opera ti ons up to a final tigure of 2. 7 kg, 
and (3) blockage of the sampling loop by more or less 
globular fuellumps with a diameter of2.5-3 mm. 

Since 2046 gram fuel had been traeed on and in the 
flow stabilizer during the post-operational research, the 
weight reduction of the fuel quantity colleeled was 
largely explained. The balance may perhaps be found 

during further decommissioning of the reactor as the 
above mentioned lumps seen at the three lowest loca
tions in the suspension circuit. In view of Figure 43, 
it is likely that those lumps originated from the primary 
deposits on the stabilizer and were dislodged by the 
flow. Afterei reulatingfora short time the comparative
ly heavy lumps would have been deposited at locations 
with a low vertical flow rate. The large lumps could not 
crossalocal narrow gap in the sampling loop. 

The fact that primary deposition of fuel occurred ex
clusively in and on the stabilizer is easily explained as 
the conditions necessary for fixing to the wall only ex-

" isted there: i.e. high temperature, temperature gradients 
and a low flow rate. Flow measurements on a reactor
vessel test model revealed that the flow rates within the 
stabilizer were comparatively low over the en ti re length, 
whereas the flow rates on the outside were low only lo
cally and temporarily. Because of this deposits within 
the stabilizer occurred over the entire length, but at only 
two locations on the outside. The fact thatdeposits only 
occurred above a certain power level during critica! op
era ti on can be explained by the fact that only then did 
temperature gradients develop due to local differences 
in heat generation (flux distribution) and due to heat 
removal (determined by the flow rate). Moreover, an 
important part was played by the presence of erosion 
produels as wellas by the reversible conversion offerro
into ferri-ions under the influence of radiolytically de
veloped oxygen. Changes in the colloid-chemical pro
perties of the suspension due to irradiation damage of 
the fuel particles mayalso have had an effect. All those 
effects depended on the reactor power and partly on 
the energy supplied during operation. The reversibility 
of some of the processes explains why reactivity reeav
ered somewhat at low power levelor during subcritical 
operation. 

Condusion 

Based on the results obtained during the post-opera
tional research, it can be staled that the expectations 
forthereactor were for the greater part fulfilled. 

lt appeared that the reactor could be operated relia
bly, and- furthermore- the reactor appeared to be in
herently safe, due to the prompt feedback of the high 
negative temperature coefficient of reactivity. Even 
reactivity increases above the prompt critical value 
proved to becompensated completely and rapidly. Also 
the relative power fluctuations (P/P,) decreased strong
ly with increasing power density. 

The mechanica! behaviour of the parts examined 
post-operationally also satisfied expectations. 
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