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Every prestressed concrete pressure vessel employed In nuclear 
reactors requires a liner as a thigt internal enclosure and, in 
addition, a cooling system to protect the concrete from excessi
ve temperatures and to limit relaxation o:: the tendons. It al
so requires some form of thermal insulation to keep the heat 
loss within tolerable limits. These major components can be 
combined to form different heat-insulating systems depending 
on reator coolant and the desired liner loading. I can doubt
less assumé that the specialists gathered here are fairely 
familiar with the Swedish and Austrian concept variants and 
with the system alternative as realised at Schmehausen in the 
THTR 300. The basic aim pursued in these heat-insulating systems 
is to ensure that the liner undergoes nothing but elastic strain 
under any conceivable operating conditions. In view of the de
sired ductility and weldability this involves the selection of 
a material that is not entirely satisfactory, or measures have 
to be taken or additional features have to be provided which 
are liable to fail and result in breakdowns. Moreover, this 
can make it difficult or ever, ̂ -ctically impossible to inspect 
the liner and, if necessary, to repair it. However, both the 
operators of nuclear reactors as well as the licensing authori
ties are increasingly demanding that the liner can be inspected 
repeatedly and repaired. These considerations induced the Krupp 

Research Institute to develop a heat-insulating system in
corporating a so called 'hot' liner. Promoted by the federal 
ministry for reseaich and technology, these development efforts 
were aimed at applyin.. the system in light-water reators, 
especially boiling-wat. г reactors. Test results were, however, 
so promising that its л?е in conjunction with high-temperature-
reactors was also examined. 

With this first slide let re now explain the Krupp heat-insu
lating system in detail. Its characteristic feature is that the 
liner is in direct con о :t rfith the coolant, and that the 
material selected for d-.o liner exhibits excellent ductility 
and weldability, however, with the property of a relatively 
iow yield point, This 1 л turn has a very favourable effect on 
the anchors which I shall ceil with in detail later. 

According to our findings the optimum wall thickness of the 
liner ranges between 10 <md 15 mm. In line with the design con
cept it is exposed to даз temperatures Which from startup to 
shutdown range from room temperature to maximum operating 
temperature. In the following such a cycle from minimum to 
maximum temperatures is defined as a liner load cycle. As to the 
number of design load cycles opinions vary between 800 and 
1400. On starting and under operating conditions, expansion 
of the liner is prevented by the external insulation Which 
is resistant to internal pressure. Owing to the low yield point 
compressive stresses are set up in the, line? which may exceed 
the elastic limit. During cooling down the concrete anchors 
prevent the liner from shrinking and thus from lifting off the 
insulation. With small vessel diameters, i.e. large curvatures, 
the vessel is liable to assume a polygonal shape. Moreover, the 
tensile stresses are superposed by bending stresses set up at 
the points where the anchors are welded to the liner. This 
strain produced by bending must be added to the strain due to 
temperature. The liner is thus subject to a biaxial state of 
stress possibly extending into the plastic range depending on 
the upper limit temperature. Thé amplitude of the temperature 



cycles, i.e. the amount of plastic strain, therefore determine 
the life of the liner. The amount of plastic strain can be re
duced to prolong liner life by ensuring a sufficiently low gas 
temperature at the liner and/or selecting a suitable liner 
material with a sufficiently high yield point. The liner is 
anchored in the concrete with anchors about 500 nun long and 
2 0 mm in diameter. The spacing between the concrete anchors 
is determined as a function of liner thickness, yield point of 
the liner material and the desired liner life. Extensive stu
dies and experiments have shown that in vessels of up to 10 m 
diameter the bending strain set up on cooling near the points 
where the anchors are welded on has to be limited if a suffi
ciently long service life is to be attained, i.e. the spacing 
between the anchors has to be kept small. With increasing 
diameter this effect decreases so that then the spacing between 
the anchors is determined by resistance to buckling of the 
areas delineated by the anchors. For instance, with a liner 
temperature of ЗОО °C, a desired liner life of approximately 

3,000 load cycles and a liner material with a yield point of 
2 

240 N/mra for a vessel diameter of 2 m and a liner thickness 
of 15 mm, the pitch of the anchors is 50 mm in circumferential 
and 150 mm in axial direction. The admissible bending strain 
was limited to not more than 1 %o f 

For equal initial values like above but a vessel diameter of 
1 5 m and a liner thickness of 13 mm, the anchor pitch in cir
cumferential direction is 145 mm and in axial direction 300 mm. 
It is assumed that in the absence of operating pressure the 
liner is at all times resistant to buckling. Let me point out 
in this connection that this design is highly conservative, 
that is, it furnishes high safety from buckling for no one 
will ever start the reactor before operating pressure is 
reached and if the liner were suddenly relieved of pressure 
in hot condition only elastic bucklimj wouid occur which would 
be removed subsequently when pressure is applied or by cooling 
of the liner. 

It is differently with buckling produced in fabrication and in 
particular these dents, which are directed to the inside and 
after installation are most likely backfilled with insulating 

compound. Then if these are eo pronounced that their growth 
cannot be prevented by internal pressure, they act like com
pensators in their Immediate vicinity, This results in consi
derable additional flexural strains acting in the same direc
tion as the strains uaused in the liner at cooling/ with an 
adverse effact ön liner life, and results in considerable dis
placements causing undesired stresses in the concrete anchors. 
For this reason appropriate stiffeners must be used and high 
inspection expenditure employed to prevent such buckling in 
fabrication. 

The concrete anchors and their connection to the liner were 
thoroughly tested in numerous tests; then the welded joint is 
of particular importance for proper functioning of the liner. 
Not too much heat must be allowed to flow into the base metal 
on welding to prevent local buckling of the liner. In view of 
the large number of anchors to be welded in position it is of 
utmost importance that an economic fabricating method be selec
ted. Apart from a number of tests for final aesessment of the 
fabricating properties, durability tests were carried out on 
the joint between snohor and liner, In terms of the forces set 
up and the strain occurring in the vicinity of the joint as 
outlined above, thfesa teste were performed ur.der conditions 
similar to those encountered in actual operating practice* The 
long life of 10 5 to I0 6 load cycles and other good test results 
have shown that stud welding/ an automatic arc welding method, 
is particularly suitable for welding the concrete anchors to 
the liner in a way meting the exacting requirements. The 
slide shows a coupler that can be used as an optional Item 
and which, depending on the materials selected for liner and 
anchor, permits advantages to be gained in fabrication, 
inspection and, perhaps, even in installation, 



The insulation between liner and concrete must be resistant to 
compressive stress so that internal pressure is transmitted to 
the structural concrete without the insulating material yielding 
or collapsing as this would induce further flexural strain in 
the liner which would have an adverse effect on its life. 

The insulation must be strong enough to withstand the mechani
cal and thermal stresses without crumbling. It is, for instance, 
possible that the liner shifts as a result of thickness and 
yield point variations of the sheets welded together. While our 
calculations have shown that such displacements are small, the 
insulation must nevertheless yield enough to enable the welded 
anchors to follow suit without shearing off. Thermal conductivi
ty should be as low as possible to reduce the heat loss to the 
minimum. It should be noted that a considerable amount of heat 
passes into the concrete via the many highly conductive ancho
ring elements and penetrations so that the thermal insulation 
is only partly effective. 

We at Krupp seificted as insulating material a compound com
posed of hard-burnt ceramic balls of 8 mm diameter and a 
chemical binder. When being applied the sompound has a pasty 
consistency and can filled in any cavity. Compressive strength 
and thermal conductivity match. For instance, with a monoaxial 

2 
compressive strength of 12 N/mm thermal conductivity is 
0.6 W/mK. The open pore volume of this insulating material is 
considerably giving it excellent thermal insulating properties. 
Owing to the connected air voids it is possible to extract the 
residual moisture of the binder when the reactor is first 
started through a system of perforated pipes embedded in the 
insulation. This can subsequently be used as a leakage-
monitoring system in conjunction with suitable detectors and 
indicators. 

It permits the liner to be constantly monitored for leaks even 
when the reactor is in operation. Leaks can be located if the 

piping is appropriately divided into sections, 
If the liner temperatures are low enough other types of insula
ting concrete with hydraulic binder but resistant to compressive 
stress can also be used. Even the structural concrete can serve 
as insulation. 

The layer of insulating compound is about 200 mm thick and is 
followed by the cooling system, When the amount of heat to be 
dissipated is considérable, it is recommendable to weld the 
coolant pipes to a support plate to give better heat conduction. 
This support plate tray then serve as formwork both for the 
insulation aa well аз for the aoncrete. 

After this brief outline of the Krupp heat ineulating concept 
with its possible variants to meet epeaific requirements, let 
me now explain a nonber of design details and the limitations 
of our concept as ^established by material teats, The aim pur
sued in our concept, namely, to prevent visible liner etrains 
entails design problème/ for instance, at penetrations and 
connections. If thfc penetrations exposed to compressive and 
thermal stressée are anchored direct in the concrete, consi
derable stressée are set up in the concrete which have to be 
absorbed by reinforcing bare. These and the numerous anchors 
required with srtiali pipe diameters Gannot be accomodated in 
the space availably Vithout a highly adverse effect on the 
concrete structure. The solution depicted in the next slide 
of a penetration passing outwards Was selected from numerous 
designs incorpofatinj sliding joints, expansion joints, etc,, 
This design concept avoids any direct anchoring in the con-* 
crete by using double-wall penetrations, The outer wall is 
cooled and consiste of thin sheet that serves as the same time 
as formwork for thfe concrete. The Inner pipe is dimensioned 
to withstand the operating pressure, Th£ gap between the two 
pipes permits the inner pipe to expand freely in radial 
direction. Axial expansion te not impeded either. Biaxial 
stresses as in the other regions of the liner obtain only at 



the connection to the liner, namely, a circumferential stress 
and a bending stress. To ensure that the ratio of these 
stresses is also 1 s 1 the connection has to be given an 
appropriate configuration. Strain measurements made on a model 
confirmed the computer findings. 

A number of designs were worked out for the transition from 
the top or bottom to the cylindrical portion, where it is 
important that the forces, i.e. compressive forces when the 
liner is hot, tensile forces when it is cold/ are smoothly 
transmitted to the structural concrete. A well rounded collar 
of large radius would be preferable for the concrete structure. 
The calculation, however, showed that the additional flexural 
strain set up during Cooling could not be kept under control 
even when the spacing between the concrete anchors was kept 
as small as possible. A lager collar radius cannot be selected 
as this would increase the dimensions of the vessel and would 
involve extra expense; For this reason a corner butt joint 
was designed for the transition from cylindrical portion to 
top or bottom. This was given an optimum configuration in terms 
of welding and available methods of inspection. With the liner 
forces to be transmitted to the concrete via the anchors and 
а1зо with the equivalent crosssectional areas of the rings for 
the penetrations it can be seen that it is preferable to select 
a liner material having a low yield point. The next slide shows 
the optimized design which proved its merits in the first tests. 

As already mentioned, the lower the yield point of the liner 
material and the larger the amplitude for the temperature 
cycle, i.e. the higher the amount of plastic liner strain, the 
shorter is the liner life. 

As there are no well founded findings in literature, because 
the tests are being very expensive, it was necessary for us to 
carry out our own experiments to study the behaviour of the 
liner material under thermal load cycles and biaxial stresses 

right up Into the plastic range. Apart from determine the limr 

life it was of particular interest to study the stress-strain 
curve for determing the tangent modulus used in calculating 
the resistance to buckiing, The test setup shown in the next 
slide was designed for these tests, The test disc was rigidly 
fixed between two heavy water-cooled rings and was heated on 
both sides by electric radiant heaters* These could be retracted 
by motor drive when the upper limiting temperature wae reached. 
Tubular assemblies were then swung into position through which 
compressed air was blown to cool the disc. Depending on tempe
rature range, the cycle times were between 9 and 10 minutes, As 
well selected arrangement of the conductors irt the radiant 
heaters ensured a roughly, constant temperature over the major 
portion of the test disc Where measurements Were made, 

Temperatures-corrected high-temperature strain gauges measured 
the strains prevented from occurring. The change-over from 
heating to cooling duty was automatic and controlled by the 
limiting temperatures in the centre of the disc which were 
measured by thermocouples. The first test run was run on Speci
mens of material as used for the liner of the THTR 300 in 
Schmehausen, It was found that under cyclic loading up to an 
upper limiting temperature of 300 °C the material withetood 
about 5ООО load cycles until the first incipient crack was 
noted; this is much more than the design requirements. I have 
already mentioned that about 800 to 1400 losd cycles are pro
posed. To improve the temperature profile aeross the disc and 
to make it easier for lha disc to be fixed In position, tha 
test setup was modified, In conjunction with a major research 
project the tests will ba conducted with other materials, too, 
These new test runs have now commenced. 

Following this brief outline of the Krupp heat-insulting system 
let me now sum up the frsaential advantages 6f this concept, The 
liner is at all times accessible inslde'for inspection or, if 
necessary, for repairs and not concealed behind insulation. The 



S y s t e m is so simple in design that breakdowns as a result of 
essential components failing heed not be feared. Plastic flow 
of the liner is allowed for in the design and not prevented by 
any expensive measures; at the complex connections and pene* 
trations this would hardly be possible anyway ; Owing to the low 
yield point of the liner material, the anchoring forces can be 
kept within tolerable limits. 

Extensive studies rnd experiments have shown that these parti
cular advantages of the Krupp heat-insulating system can be 
utilized in PCPVs for high-temperature reactors, if only will 
be provided for, that the liner temperature can be kept below 
300 °C. 
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