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1. FOREWORD 

High Temperature Reactors [HTR) are particularly safe and 
this results from both inherent safety features and basic
ally safe engineering provisions. 

It is known that the inherent safety of the hTR is in 
relation with the graphite moderator which is an important 
heat sink which makes it possible to accommodate power 
excursions without excessive temperature increases a,id the 
resistance of which increases as the temperature becomes 
-higher. Another factor is the negative Doppler coefficient 
which limits power excursions throughout the life of the 
reactor. 

Amongst trie engineering characteristics, the reactor and 
the primary circuit are completely embedded in a presiressed 
concrete reactor vessel (PCRV), the design of which, in 
relation with the nature of the material, makes it possible 
to preclude any rupture cf the construction. 

The safety characteristics of such PCRV's for CC?-cooled 
reactors has been demonstrated with the plants built in the 
United Kingdom and in France. 
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This technique is also adequate for HTR's as for the Fort 
Saint Vrain plant in the USA and the THTR in Germany. 

A further step toward the overall safety of the plant could 
be achieved for the HHT power station, since in this case, 
the whole power generating equipment, from the reactor 
to the gas turbine (directly inserted in the primary 
circuit), is integrated in the PCRV. 

This concept has brought about several design problems 
relevant to safety for which solutions had to be found in 
agreement with requirements of the licensing authorities. 

As compared to reactor vessels already built, the HHT-PCRV 
has the following pecularities : 

- many large dimension cavities; the horizontal turbine 
cavity makes the geometry of the structure more complex : 
ducts, sometimes quite long, connect the cavities; 

- in normal operation, the pressure is not identical in the 
different -avities; 

- the cavity liner is in direct contact with the coolant 
the temperature of which is high; it is thus a warm liner; 

- the removable closures of the cavities are numerous and 
of large diameter. 

The existing standards and guidelines do not apply straight
forwardly to this work. 



In the following, we will expose certain important problems 
relating to the vessel design with respect to its safety 
and present the sight in which solutions have to be searched 
for. 

2. DESCRIPTION OF THE PCRV 

The PCRV hereafter briefly described concerns the HHT-
Oemonstration Plant with a power of 1640 MWt (about 670 MWe) 
which is jointly developed in Germany and Switzerland . 

The vessel (fig. 1 to 3) has the shape of a cylinder of 
prestressed concrete of 46,00 m diameter and 46,00 m height. 
The core of the reactor is placed along the axis of the 
vessel; the turbine is placed horizontally in the lower slab. 
The two recuperators, the four coolers and the four emergency 
coolers are disposed vertically in cavities surrounding the 
core. 

The vertical prestressing is achieved by means of 920 cables 
of 13,9 MN ultimate strength. The horizontal prestressing is 
realized on 4/5 of the vessel iieight by annular wrapping with 
0.6" diameter cable. In the vicinity of the turbine, pre
stressing is applied by cables of the same strength as the 
vertical ones, in majority wrapped around the outside of the 
pressure vessel and throughgoing for some of them. 

1/ This work has already been described in automn 1978 at the 
Specialists' Meeting on PCRV organized by the IAEA in Lausanne 
(Switzerland) with reference to the paper "PCRV for the HHT-670 MWe 
Oemo-Flantj R. Lafitte. 3.0. Marchand. 

2/ The design of the PCRV is undertaken jointly by Hochtemperatur 
Reaktorbau GmbH. Mannheim (HRB) and Bonnard & Gardel Consulting 
Engineers Ltd, Lausanne, under the leadership of HRB. 

The thermal diagram (fig. 4) shows that the coolant, i.e. 
Helium, comes out of the core at 874 C and 70 bars to enter 
directly in the gas turbine in which its energy is released 
and comes out at 504 C and 25 bars. The gas flows then 
through the recuperator and in the coolers; its temperature 
is 16 C and its pressure 23 bars. It is subsequently 
compressed o first time, then cooled and compressed again : 
its temperature is 105 °C and its pressure 73 bars. It flows 
then through the other section of the recuperators and 
then returns into the reactor at 457 °C and 71 bars. 

Gas at low temperature being available, the circuit may be 
arranged in such a way that the temperature on the walls of 
the cavities does not become too high, i.e. below 200 °C. 

It is thus possible to design a liner which is in direct 
contact with the gas, without thermal insulation. From the 
inside to the outside of the cavities, the walls comprise 
(fig. 5) : 

- the liner stiffened by ribs and anchored with anchor bolts 
to the structural concrete, 

- the warm concrete layer 20 cm thick with its function 
of insulation and tranemission of the pressure stresses 
to the prestressed structure, 

- the cooling circuit installed where the warm concrete 
joins with the structural concrete. 

In addition, a drainage system is foreseen close -.o the line: 
in order to remove the free water from the concrete which, 
because of the temperature, turns to vapour. This makes it 



possible to avoid a possible corrosion process of the 
liner and its anchorages. This drainage system could alsc be 
used for detecting gas leaks through the liner. The delicate 
question about eliminating the risk of a gas pressure within 
the walls will be examined later. 

Tha closures sealing the cavities (certain of which have 
diameters up to 5,80 m) ars designed as reinforced concrete 
shells. They fulfil the two following functions : 

- resistance to pressure, the shell transmitting its stresses 
to the edges of the vessel by means of removable supports .• 
stands or wedges: 

- gas leaktightness achieved by means of a liner independent 
of the closure. 

3. DIFFERENT PRESSURES IN THE CAVITIES 
3.1. Pressure values 
As already mentioned in the description of the thermal 
diagram, the following pressure conditions are found in the 
cavities in normal operation at 100 % power (fig. 6 and 7) : 

- reactor core : 71 bars 
- 2 recuperators : 25 bars in the lower part and 72 bars 

in the upper part, separated by a steel dome 

- 2 coolers before the low pressure compressor : 24 bars 

- 2 coolers after the low pressure compressor : 41 bars 
- 4 emergency coolers : 73 bars 
- turbine and compressors : 23 to 73 bars. 

with respect to the safety of the vessel, it is obviously 
essential that all assurance has to be given that the maximum 
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pressure of 73 bars will not be exceeded. Provisions are "*' 
therefore taken in the control and shutdown system of the reactor 
for achieving this goal, even in the case of an accident. In 
addition, in order to get an increased safety, safety valves 
are foreseen in the walls of the vessel to prevent any in
crease of the pressure beyond 5 % of the maximum value, i.e. 
77 bars. 

The most important accidents considered on the primary circuit 
are the rupture of the turbine or of the compressors blaaing 
or the rupture of the rotor of the generator. Further, 
the rupture of the steel partition dome of a recuperator or 
the rupture of a coaxial duct are also taken into consideration. 

In these different cases, the high and low pressure regions 
may be suddenly put into communication : the pressure equalizes 
at a value of the order of 52 bars in all the cavities. One 
must however be sure that, during the transient, the shock 
waves do not create important overpressures, exceeding the 
equilibrium pressure or even the maximum pressure of 73 bars. 

Finally, the pressure tests carried out before the commision-
ing of the plant and during its operation (5 to 10 times) must 
also be considered as vessel loading cases. 

3.2. Design and test pressures 

Which pressure must be finally chosen for the design of the 
vessel ? 

First, for the control of the stresses and deformations in 
the vessel structure under operating conditions (normal 



conditions, incidents and accidents] throughout the life of 
the plant, the same design pressure may be assumed for all 
the cavities, equal to the maximum possible pressure of 77 bars 
(opening pressure of the safety valves). It is quite obvious 
that this procedure results in an oversizing of the 
vessel Cprestressing and thickness of the concrete) in the 
regions surrounding the cavities which, in normal operation, 
are submitted to pressures 2 to 3 times lower (6 cavities with 
41 to 23 bars). In addition, during most part of the plant 
life, this being in operation and the vessel under pressure, 
the regions of the low pressure cavities are strongly stressed 
with a prestressing too high with respect to the normal oper
ating conditions. 

It thus appears that the control of stresses and deformations 
should be done with the cavities pressures which occur for 
each case of operating conditions. Therefore, different 
design pressures according to the cavities will be considered. 
Their values will take into consideration the limits set for 
the opening of the safety valves, being possibly different 
according to the thermal circuit region. 

The vessel would thus be sized by an envelope of possible 
cases; e.g. 77 bars for the region of the core and of the 
turbine with simultaneously lower pressures in the other 
regions; or also for the low or mean pressure cavities 
(coolers, recuperators). 55 bars (equilibrium pressure of 
52 bars multiplied by 1.05) associated with an identical 
pressure in the region of the core and of the turbine. 

What about the case of the test pressure ? It should be 
reminded that the purpose of the pressure test is to check 
the leaktightness of the liner and not the resistance of 
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the vessel which is checked in a very severe way, for the 
cables as well as for the concrete, during the prestressing 
operations. 
The test pressure generally admitted is 10 \ higher than the 
design pressure. Here also, a test pressure of 65 bars, calcu
lated from the maximum design pressure of 77 bars and applied 
to all the cavities results in oversizing the vessel. If, 
however, higher permissible stresses are admitted in the 
regions of the low pressure cavities, the pressure test may 
unnecessarily deteriorate the vessel. 

One should therefore consider to realize a test with different 
pressures in the cavities, e.g. two regions at respectively 
85 and 60 bars. 

Finally, the choice between identical or different pressures 
according to the cavities results from an optimum research 
between two terms : 

- When identical pressures are supposed, ceri.=?in cavities are 
submitted to higher pressures than those happening during 
operating conditions or tests. The prestressing is over-
dimensioned in certain parts of the PCRV, thus more expensive. 

- When different pressures are supposed, the prestressing is 
more exactly sized; however, for the test, different 
pressures must be effectively created which means the 
placing of temporary diaphgrams on certain ducts leading 
to the cavities. Beyond the cost of such diaphragms, the 
inconvenients of their taking up and down must be considered, 
not only during the first test but also for those to be 
realized during the plant life. 



In order to have a quantitative element for this choice, we 
have determined the prestressing system in both cases, this 
for the HHT-PCRV. It appears that the steel weight difference 
for the tendons and wires is of about 10% for the vertical 
and 5 % for the horizontal prestressing. 

Considering a cost of prestressing of about 50 millions 
Swiss francs, it is consequently a possible economy of 3 to 
3.5 millions that would be realized on the vessel cost if 
different pressures in the cavities were considered. Compared 
to the probable cost and above all the exploitation difficulties 
with temporary diaphragms, this economy does not appear deter
minant at this stage of the project. 

In conclusion, it is admitted that identical calculating and 
test pressures in all the cavities should be considered. 

3.3. Ultimate pi>«eaur« 

Finally, the question of the choice must be raised of the 
pressure which would theoretically cause the collapse of 
the PCRV structure. 

Concerning an hypothetical pressure it does not seem logical 
to determine it on the base of a factor applied to a design 
pressure admitted identical in all the cavities. It seems 
that the simplest solution consists in increasing the 
values of the maximum pressures in each cavity under opera
ting conditions by a safety factor and to assume that these 
pressures act simultaneously in the different cavities of 
the vessel. 

It should be reminded that the safety factor is not meant to 
cover uncertainties on the pressures acting on the vessel bu 
to provide a safety margin with respect to the unaccuracies 
of the calculations, possible secondary stresses or strains 
and possible variations in the resistance and the behaviour 
of the materials. It further allows to ensure that, in oper
ating conditions, the ultimate state is sufficiently remote 
from the operating conditions under which the vessel behavio 
has to be reversible under all loads applied to it. At this 
stage of design, this factor, applicable to the different 
design pressures, should not be lower than 2,5. 

The ultimate analysis is generally carried out with pressure 
only as, in the rupture phase, the structure is already 
cracked and thermal stresses are negligible. One can however 
consider that the thermal effects have an influence over the 
development of the cracking process which can finally modify 
the failure strength of the thick PCVR walls. The importance 
of this phenomenon must be investigated with nan linear 
analysis by increasing thermal loads and pressure up to 
collapse, the structure being priorly submitted to several 
load cases, 

4. DRAINAGE NETWORK 

According to the existing standards the prestressing must 
be sufficiently high to ensure that the concrete on any 
plane passing through any pressurized cavity is maintained 
predominantly in compression, This applies to all cases 
of operating conditions (normal conditions, incidents and 
accidents) during the life of the plant. 

1/ for example, Specification for PCRV for nuclear reactors, British 
Standards Institution. 



In a multi-cavity vessel as in the case of the HHT, it is 
not possible to make sure that this condition is fulfilled 
in all the sections parts of the vessel. It is notably the 
case for certain angles of cavity or for the connections 
between the ducts and the cavities and in the warm concrete. 
These zones sould be as limited as possible and an important 
passive reinforcement must be placed in the concrete in order 
that the tensile stresses be taken up. 

But how does the behaviour of the vessel look if, in these 
tensile zones the lir.er loses its leaktightness and gas 
penetrates into cracks in the concrete ? This may be checked 
without great difficulty by means of a non-linear calculation 
with pressurized cracks. 

Generally speaking, the existing standards prescribe that 
a rupture calculation must be carried out in the case of 
lost of leaktightness of the liner. This would provoke, even 
if the concrete is compressed, owing to the porosity of the 
concrete and the construction joints, a gas pressure in the 
walls. It is admitted, for example for the HTGR vessel (fig.8], 
that the pressure existing in the cavities could create an 
intersticial pressure in the vertical or horizontal complete 
sections with a linear decrease towards the outer edges. The 
pressure resulting in the rupture of the vessel should not be 
lower than l.S the design pressure. 

This problem is wellknown in the projects of concrete gravity 
dams and we think interesting to mention it as there is SQ 
years experience on the subject. The upstream face is submitted 
to the water pressure (of about maximum 25 bars for the highest 
dams known) and is not covered by a liner. It is admitted that 
water intersticial pressure exists in the horizontal sections 

of the dam, with linear drecrease from the upstream to the m 

downstream face. The condition introduced by Maurice Lftvy for 
a horizontal crack not to open is that the vertical compressive 
stress on the upstream face of the dam, calculated considering 
the lifting force produced by the intersticial pressure, should 
be greater than the water pressure. This condition is generally 
applied} moreover a drainage net is always realized, vertical 
shaft 0,8 to 2 m diameter a few meters apart and placed near 
the upstream face (3 to 5 m)» these shafts are connected to 
downstream face by longitudinal galleries. 

Unfortunately, for the HHT vessel, a 1,5 safety factor for 
the loading case with intersticial pressure in the walls ia 
net realistic (and even leas the condition of Maurice Levy) 
because of the great thickness of ths walls wlch therefore 
makes possible the hypothetical creation of very large sur
faces submitted to intersticial pressure and consequently 
forces impossible to equilibrate with the prestressing system. 

On the best of terms, the ultimate strength safety factor can 
be set at 1,1 for example (and not 1,5) in order to guarantee 
a non fragile rupture of the vessel. The sense of such a 
safety is however arguable : in fact when the prestressing 
system cables are near, rupture, they present such a lengthening 
(about 15 cm for the vertical cables) that the vessel is 
greatly cracked. The leahages are considerable, long before 
the rupture and it is difficult to imagine that the cavities 
would still be under pressure. 

It is therefore essential for the vessel safety to foresee 
a drainage network, It should be deslgned according to the import -
ance of the gas leakage and f J W conditions in the concrete. 



The analysis of these elements is still to be done. The measure 
of the possible cracks in the liner is difficult to determine] 
it can be anticipated that it should not exceed one milimetre. 
The flow in the concrete could be described as a fluid perco
lation in a porous medium (law of Darcy) the discharge is smalli 
the pressure decreases but not linearly. 

A flow through the possible cracks in the concrete should also 
be considered. The most probable, hypothesis is that it is a 
flow with much friction and low speed, about a few metres/sec 
(flow Joule-Thompson). In this case also the pressure does not 
decrease linearly. Of course the discharge is more important 
than in trie former percolation case. 

In our opinion the drainage network ought to be designed 
in the following system (fig. 9) s 

- a drainage made out 01 small tubes a few cm2 section and 
about 10 to 10 cm apart, directly in contact with the liner, 
tightly fitted to it. Its purpose is to eliminate all small 
leakages and to give the possibility of detecting them. Its 
function is facilitated by the fact, verified on already 
built vessels, that because of the shrinkage of the concrete, 
the liner does not stick exactly to the wall. The tubes also 
evacuate the steam of the warmed concrete] 

- a drainage network, placed at a distance of about 2 to 3 m 
of the edge of the cavities subject to high pressure. This 
largely dimensioned network is made of shafts. 20 cm diameter 
for example. 2 to 2.5 m apart. Its function is to evacuate all 
eventual important leakages maintaining the pressure in the 
shafts at the lowest possible level in such a way that the 
structure of the vessel beyond the network is not submitted 
to any pressure. 

5. WARM LINER II 

S.l. lin«r behaviour 

The liner behaviour is first briefly described, It is fixed 
to the structural concrete by anchor bolts and is submitted 
to all the vessel deformations (prestressing, creep). It is 
not free to expand because of the structural concrete, the 
temperature of which does not rise above 65 C, As its tem
perature can reach 200 °C, the liner is submitted to high 
compressive stresses. The main problem is however the fatigue 
caused by the temperature cycles. 

The difficulties of the liner design do not occur for the 
normal parts (which form the biggest surfaces of the liner) 
but for the singularities : cavity angles, wall penetrations, 
connecting ducts, etc. It is thus necessary to determine the 
strains of the structural concrete at these singularities 
since they are Imposed to the liner. The computations to be 
done are complex s first, analysis of the whole vessel and 
then analyses of each singularity with a finer finite elements 
mesh by using the results of the first computation as boundary 
conditions. 

S.l. Temperature oondition$ 

As a basis of the design of a safw warm liner, the temperature! 
at which it is submitted must be clearly determined. Not only 
the temperatures and temperature cycles of the (;as in contact 
with the liner must be known during the operation conditions 
of the vessel (normal operations, incidents, accidents) but 
also the possible temnerature disparities of the wall tempe
ratures during permanent or transient conditions. 

For the HUT vessel, thj following determinant temperatures 
have been fixed. They are valid during the plant life and 



for on* of the most stressed part which Is the upper third 
of the reactor cavity. 

Temperature °C Cycle number 

40-130 900 
130-40 200 

1-0-70-130 200 
30-40-190-40 700 

Normal operating conditions 
Start up 
shut down 

Load break 
Emergency shutdown 

5.3. Coefficient of thermal expanaion 

The steel chosen for the warm liner of the HHT vessel is 
a fine groin carbon steal with a low yield limit and a high 
ultimate strain (WSt E 29 for example). 

The computations have shown that the liner is feasible for 
the normal parts but that difficulties arise for the singular
ities although the temperatures do not rise above 2C0 CC. 

Instead of trying to reduce the temperature and the *>nplitude 
of the thermal cycles, the solution should also be looked for 
with a steel having a lower coefficient of thermal expansion. 
A first investigation has been done towards this solution and 
is presented hereafter 

The mean temperature of the prestressed concrete structure is 
58 °C, The vessel temperatura before operations is supposed tc 
be 20 °C. The mean maximal liner temperature during normal 

1/Wa wart to thank Prof. 3. Paschoud, Ecole Polytechnique Federate de 
Lausanne, who has brought very precious information on this subject. 

operation is about 150 °C in the recuperators. The concrete 
coefficient of thermal expansion is 6.10 / CC. The optimal 
valua of the steel coefficient of thermal expansion is given 
bv the following expression • 

Ac • liner strain - concrete strain • 0 
from which i 

« c 1 5 0 « (56-20) • 6 • '1.0** - (150-20). a 

o r ' e • 1,75 • 10" 6 / °C 

This value should be compared to the one of cartoon steel which 
has been admitted up to now for the liner, i.e. 12 • 10 /°C. 

The low steel coefficient of thermal expansion should be 
valid in the range 50 to 250 °C. 

For some metals of the ferro-magnetlc transition, in parti
cular Fe. Co, Ni, the phenomena of lowering of self magnetism 
at temperatures lower than the Curie point, *ra accompanied 
by contractions which reduce and even Inverse the expansion. 
The alloys of these metals have for this temperature range, 
a behaviour with small thermal expansion. 

Some Fe-Ni alloys, called Invar 36 I Nl, are used in the 
construction of methane tankers. We have been Interested to 
this type of steel (considering also that its mean coefficient 
of thermal expansion could be further reduced by adding 3 to 
4 V of Co). 

The coefficient, of thermal expansion of the alloy Invar 
36 * Ni is sn> Her than 3 • 10* /°C for a temperature uo to 



250 °C; the values are Riven in the following! table aa a 
function of the liner temperature T aa well as the resulting 
thermal stresses variations in the liner between SO °C and T. 
The corresponding values are also given for the carbon steel. 

Liner stresses variations due to temperature 
T C°C) 50 100 150 200 250 
a Invar 
(10"6/°C) 1.13 1.26 1.62 2.02 2.79 

a ojlnvar 
lN/mm2) 0 - 12 - 33 - 61 - 113 
A o,Carbon1/ 

1 steel 
(N/mm2) 0 - 171 342* - 514» - 686* 
* fictive stresses 

1/ Twice the stress intensity amplitude Sa 

The thermal stresses variations are. for the Invar, up to 
200 °C. always under the 0,1 % yield limit which is 240 N/imi2 
at 20 °C and 100 N/mm2 at 250 °C. The tensile strength is 
500 N/mm2 at 20 °C and 430 N/mm2 at 250 °C. The elasticity 
modulus is constant, equal to 140.000 N/mm2. 

The Invar thus shows a much more favourable behaviour : the 
stress variation due to the temperature cycles is, at 200 °C, 
about eight time smaller than for the carbon steel. 

The other properties of this alloy are still to be analyzed. 

No data have been found about the fatigue limit of tha Invar. 
The reducing of the carbon content and the adding of nickel 
are however eenerally favourable, in metallurgy, to the fatigue 

atrength) the fatigue propartlea of the Invar can thus ba 
conservatively taken at leaat equal to the one of the carbon 
ateel foreseen for the liner. 

The welding technique is known, good experiences have been 
done in the USA during the construction of methane tankers. 

The irradiation fatigue ought not to be very different than 
the one of the carbon steal. The possible change of the Curia 
point under the influence of y rays and neutrons should also 
be investigated. 

The corrosion raslatanca is better due to the nickel content, 

Finally, the price of the Invar can be estimated At Swias 
francs 20 per kilogram. The total price of the liner would 
thus be Sfr 46 to 50/kg, to be compared to the price of 4 
carbon nteel liner at Sfr 307kg, The price difference does 
thus not exclude thia solution. 

The delay problem should finally be pointed out an it can 
arise due to acceptation by the security authority of a new 
steel quality, 

6, CLOSURES 
Different typos of closures axlst (fig. 10) made out of «te*l, 
reinforced or prestresaed c:&n»rete, simply connected to the 
upper face of the vessel or imbedded in it, 

For the HHT project, the studies have yield to an imbedded 
closure designed as a reinforced concrete shell (fig. 11 to 13) 
The closure must be removable and consequently, its supports 
are built with steal stands or concrete wedgta. 



9.1. Cloture aollioitationa 

Tha closure has to withstand tha praasura forcas and tha 
thermal effects and at tha aama tima haa to atay perfectly 
tight. 

Tha shall lias on tha adgas of tha cavity which daforms as 
part of tha vassal itsslf. During construction tha cavity adgas 
ara circular (basida tha construction tolarancaa) Tha pro-
stressing tands to closa them up in an oval ahapa (fig. 14), 
Craap incraisas this tandancy. Aftar tha closura is placad, this 
phenomenon goas on. Whan tha reactor is shut down, tha cavity 
expands in an irragular way naar tha adgas, dua to tha prassura 
and tha taiaparatura affacts. 

Tha closure doas thus not lis uniformly on its supports causing 
asymmetrical solliciations which introduce flaxura in tha shall. 

Sliding on its inclined supports which move aaida, the 
closure moves up (fig. 15, displacement caused by the pressure 
only). In order to limit this displacement, one could initial* 
ly prastress the closura by pushing it down with Jacks placad 
on the upper supports. 

Ouring the vessel shut down, the cavity, the pressure of which 
decreases, retracts and pushes the closure down on tha lower 
supports. The vessel creep, acting in tha same diiection, also 
tends to strongly compress the closure. 

From another point of view, tha closura introduces forcas 
into tha vessel which tands to limit tha deformation of the 
edges. 

The closure has also to be designed for tha loading ease If 
created by tha fall of a load from the crane. 

f.l. Dttign of tht eloturt 

Tha reinforced concrete shell is extremely resistant and does 
not offer any particular problem. Finite elements computations 
easily determine stresses and strains caused by asymmetrical 
loadings. 

Tha design of the upper and lower supports la mora difficult 
because of tha influences of the daformat ion of tha cavity 
edges. The mors the support forcas of tha closure on ita 
uppar faca (with stands or wedges) tend te be vertical, 
the more the vertical displacements of tha closura ara small. 
Tenslla stresses however appear at tha lower periphery of the 
shell, The dimensions of the closurs and Its support* however 
Influence the overall height of the vessel. 

Tha analysis of this problem has shown that an angle of 
10 °C is favourable. 

As far as the lower support is concerned, its inclination 
allows a batter introduction of tha support forces when the 
closure is pushed down following the phenomena previously 
described. 

Tha design with double shall offers very good support 
conditions. The uppr; shall forms the main resisting element 
of the closurs and is supported by the lower shall which trans
mits the forcas on the cavity edges. 

It should be noted that the behaviour analysis of the closure 
and its supports has also to be done with model testing. 



6.3. Closure leaktightneaa 

The closure leaktightness is the most difficult problem. 
This comes first from the fact that the values of the cavity 
deformations a""d closure displacements are not determined 
with accuracy because of the uncertainties on the material 
chardLLeristics and the simplifloating hypotheses of the 
computation (even for sophisticated mathematical models). 

The sealing ri .g should be designed to support not only the 
pressure but also the relative displacements of the closure 
and the cavity edges. These sollicitations are cyclical and 
fatigue phenomena have to be taken into account. 

Leaktightness and strength are better separated as two 
different functions. 

Leaktightness is realized by a steel liner attached to the 
one of the cavity but supported by the closure. The connection 
is made by an Omega-ring. The solution presented in the 
figure 16, designed by Sulzer. withstand the cyclical sollici
tations of the operating conditions. 

A 50 cm2 limit is imposed to the leak surface for the gas 
in case of cracking. This can be done with discharge lirnit-
ators which can be included in the Omega-ring or in the 
circumferential space (between the closure and the cavity) 
around the closure. 

CONCLUSION 17 
The PCRV of the HHT project differs from those realized 
up to this day by the important nurrtber of cavities, by the 
different cavity pressures and by a liner in contact with 
hot gas. The problems related to the o-.oign of this structure 
and its safety, that we have just investigated, are summarized 
below. 

For the cases of operating conditions, the computations can 
be based on an identical pressure in all the cavities. The 
overdimensioning of the vessel which results is not a deter
mining factor at this stage of the project. 

The possible loss of leaktightness of the liner can introduce 
gas pressure into the walls of the vessel. The great thickness 
of the walls makes it impossible to withstand the resulting 
forces with prestressing in offering sufficient safety factor 
against collapse. It is thus important to design a drainage 
network largely dimensioned. 

The warm liner appears at this staee of the oroiect too hiehlv 
stressed by fatieue at the singularity points.(ducts between 
cavities, areles). A solution is proposed which limits the 
variations of thermal stresses by using a steel with low 
coefficient of thermal expansion. The alloy Invar 36 '-, Ni 
appears to be a solution technically interesting and still 
acceptable from the economical point of view. 



7.4. The cavity closures, which are numerous and some with large 
dimensions, are an important aspect of the vessel safety. 
Their design and particularly their leaktightness is a 
difficult problem because of the closure displacements and 
the deformations of the cavity edges. A solution of reinforced 
concrete shell with independent liner is proposed. 
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