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PRESTRESSED CONCRETE PRESSURE VESSELS FOR BOILI IG

WATER REACTORS

Work has been in progress since 1967 in the four

Scandinavian countries - Denmark, Finland, Norway

and Sweden - on prestressed concrete reactor

vessels (PCRVs) for BWRs. The objective of the

work was to produce a redundant reactor pressure

vessel with high inherent safety characteristics

for BWRs. Using the ASEA-ATOM BWR as the reference

plant, the vessel design was to be based on PCRV

technologies developed for GCRs.

The motives for this development programme have

been to attain

Very high safety standards by taking ad-
vantage of such PCRV characteristics as
redundancy, gradual approach to failure
and relative ease of inspection.

Very large unit outputs, which may become
desirable once the current consolidation
period with 1300 MWe units has passed.

Advantageous operating properties allowing
rapid depressnrization and rapid refuelling.

The technical and econimic feasibility of BWR-PCRVs

were demonstrated in the earlier phases of develop-

ment of such vessels in Scandinavia. During the

first phase, a large-scale model PCRV was built

and tested, demonstrating, in a most satisfactory

manner, the function of the special features of

the Scandinavian design, i.e. the removable lid and

the thermal insulation design, under service and si-

mulated accident conditions.

During the second phase, the model successfully

weathered the simulation of certain extreme accidents

(e.g. steam pipe rupture) as well as structural tests

up to 2.5 x design pressure. A project study was made

of a 900 MWe BWR. Cost comparison with a steel vessel
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version showed marginal savings for the PCRV alter-

native. As part of phase 2, a specification was

made of a programme of further experimental and

other verification considered necessary before

a decision could be taken to build a BWR with a

PCRV.

Phase 3f the carrying out of this verification

programme, was completed in 1976. In this phase,

in addition to the original Scandinavian count-

ries, a number of organizations from France, the

U.K. and Italy took part as associates or obser-

vers. Some highlights of the technical results

were:

- An effective system was developed for
venting the pressure build-up in con-
crete due to eventual gas leaks in the
liner.

A reliable basis was established for the
structural analysis in the over-load
regime of PCRV closures. Tests on the
upper part of the vessel, including the
lid, showed an ultimate load capacity in
excess of 315 bar (approx. 3.75 x Design
pressure).

A lower bound value of 250 bar was estab-
lished as the ultimate load capacity of
the BWR-PCRV bottom slab when tested as
a separate component. Cast as part of a
model vessel, it could not be taken to
failure due to liner leakage at 288 bar.

A full-scale mock-up of a section of the
BWR-PCRV bottom slab was produced using
electron beam welding techniques.

Removable thermal insulation for the bottom
slab was successfully tested. Corrosion and
radiolysis tests on the insulation and in-
sulation gas respectively gave satisfactory
results.

The reference design was modified to cope
with seismic effects and the requirements
of easier accessibility for service. An
alternative development design was sketched
where serviceability promises to be even
better. Even though the phase 3 programme
did not include an economic analysis, these
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alterations were not foreseen to signifi-
cantly affect the economics of the Scan-
dinavian PCRV-BWR in comparison with that
of a steel vessel version.

A safety philosophy, based on the American
and British codes, was developed. This
takes into account the special aspects
of water reactors. *. very preliminary
estimation of vessel failure probability
indicated that this is - assuming statis-
tical independence of prestressing tendons
- several orders of magnitude less than
the 10""6 or 10"' normally mentioned for
steel reactor vessels. Further analysis
is required to justify the assumptions
made.

Parallel to the phase 3 programme, a comparative

assessment was made of the problems and possibili-

ties of PCRVs with cold and hot liners respectively.

This study was carried out by a team of French and

Swedish engineers working in collaboration. In the

opinion of the project team, the cold liner con-

cept for a BWR-PCRV has the advantages of an

established technology. Its problems seem to be

amenable to conventional engineering solutions.

The hot liner concept leads, in theory, to a

simpler design. It has problems, however, of a

fundamental and basic character, the solutions

of which are not yet available.

To sum up, the technical and analytical results

of phase 3 confirmed by and large the judgements

of phases 1 and 2. A vessel design has been deve-

looped based mainly on techniques matured and ex-

periences gained on PCRVs for GCR applications.

The ASEA-ATOM BWR with internal pumps has been

utilized with minimal changes from the standard

steel vessel version. Above all, the safety-related

tests and analyses of phase 3 demonstrated the

extremely high safety characteristics of the Scan-

dinavian BWR-PCRV design.
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In order to give an overview of the work that has

been performed so far, the following four reports

are presented as appendices:

Appendix I

Verification Programme of Tests and Studies on

Scandinavian BWR-PCRV.

Appendix II

Development and Test of a Liner Venting System.

Appendix III

PCRVs for BWRs: Preliminary Safety Philosophy (Draft)

Appendix IV

Comparative Assessment of Cold and Hot Liner PCRVs.
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Lista A

This paper has been accepted for presentation at the 4th

International Conference on Structural Mechanics in Reactor

Technology, San Francisco, 1977.

1. Introduction

Work has been in progress since 1967 in the four Scandina-

vian countries - Denmark, Finland, Norway and Sweden - on

prestressed concrete reactor vessels (PCRVs) for LWRs. The

development work has Mainly concerned BWRs which from certain

viewpoints lend themselves more easily to the use of such

vessels than PWRs. The objective of the work was to produce

a redundant reactor pressure vessel with high inherent

safety characteristics for water reactors. The vessel design

was to be based on the large amount of experience gained on

the PCRVs for GCR applications. The ASEA-Atom BUR with

internal pumps was to be used as the reference plant. A

basic aim was to minimize changes from standard steel vessel

BUR designs.

The motives for this development programme have been to

adapt the steel vessel BUR for attaining

Very high safety standards with less difficult
inspection programmes by taking advantage of such
PCRV characteristics as redundancy and gradual
approach to failure.

Very large unit outputs, which may become desirable
once the current consolidation period with 1 300
MWe units has passed.

Advantageous operating properties due to the
absence of thick pressure bearing steel parts at
high temperatures. This allows rapid depressuri-
zation and rapid refueling.
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The two earlier phases of the development work included the

successful testing of a large-scale andel (scale 1:3.5) of

the PCIV for a 900 W e m t as veil as project studies of a

BWt-PCRV plant of that size [1]. These phases had established

the technical and economic feasibility of the BHR-PCRV. As

part of the second phase, a specification had been made of a

programme of experimental and other verification considered

necessary before a decision could be taken to build a BUR

with a PCIV. The tests and studies proposed were mainly

safety-oriented. See appendix for the results of the safety

analysis.

This report describes the results of the third development

phase during which the above programme was carried out. The

work was performed under an agreement between:

Atomic Energy Commission, Denmark

Institute for Atomic Energy, Norway

Finnatom, Finland

AB Atomenergi, AB ASEA-AT0H, Swedish State Power
Board, Sweden

In addition, there were a number of organizations that took

part in the project as associates or observers from the

Scandinavian countries, France, Britain and Italy. Among

these were:

Commissariat ä I'Energie Atomiquj, Electricité de
France, Societé d'Etude de Caissons Nucliaire,
France

Central Electricity Generating Board, United
Kingdom Atomic Energy Authority, England

Ente Nazionale per l'Energia Elettrica,
Istituto Sperimentale Modelli e Strutture, Italy

In contrast to the earlier phases, where most of the work by

ihe participating Scandinavian countries was performed in

Sweden, phase 3 projects were carried out in a decentralized

manner in Denmark, Norway, Finland, Sweden, France, Italy

and the United Kingdom.
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2. Verification Progri

2.1 Design Studies

The characteristics of the Scandinavian BWR-PCRV include a

removable lid, a "cold" liner with removable internal thermal

insulation and radial penetrations of the barrel. The reference

design has been Modified to cope with seismic effects and

the requirements of accessibility for service. The design of

the containment has been altered so that the entire vessel

is now in the dry well (Fig 1). Further development has

taken place of the design of the removable bottom slab

insulation and the insulation casing lid.

A proposal has been made for an alternative design permitting

even easier inspection, service and maintenance. The pro-

posals involve the interface between insulation and liner as

well as the hoop prestressing of the vessel. The design is

characterized by having a divided insulation casing, both

halves being supported separately from the liner on conical

support skirts. The upper casing is fitted with gas-filled

insulation, while the insulation of the lower casing is

water-filled. The casings overlap near the water level in

the reactor, forming a water lock. There is a gas pocket at

the lower end of the lower casing. This functions as a

flexible barrier between the cold water in the insulation

gap and the hot reactor water.

An alternative method of hoop-prestressing the vessel by

conventional tendons in ducts instead of wire-winding has

also been proposed.

2.2.1 Development of a Liner Venting System [2]

Prestressed Concrete Pressure Vessels are relatively thick-

walled and are designed on the basis of internal pressure

acting on a leak-tight liner. If a crack should develop in
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this liner, the pressurization of concrete could reduce the

vessel's factor of safety against failure. Some existing

codes for GCR vessels attempt to cope with the concrete

pressurization problea through a liner leak by designing the

vessel for an assuaed worst-case or "ultimate" pressure

load. As the BHR-PCRV is relatively aore thickwalled than

that for a GCR, the Scandinavian criteria goes one step

further and tries to liait the pressure load in concrete by

venting away the leaking gas.

For designing the venting systea, an analysis was aade of

the potential leakage paths for gas through the concrete.

Cast-ir details such as reinforceaent, cooling pipes, etc

were identified as being very significant contributory

factors to gas leakage through concrete. A design basis

crack of 0.2 • in the lirzr was postulated. The venting

systea itself consists of two layers (one vertical, one

helical) of cored-out ducts in the heavily reinforced concrete

adjacent to the liner. This layer of concrete functions as

the catchment area for the venting systea. A aodel scale of

1:4 (in diaaeter) of a 1 000 MWe BHR-PCRV was chosen as

being adequate for testing the outward transport of gas

through the vessel wall and the function of a systea to vent

this gas. Liner cracks were simulated by rows of 4 as holes.

The catchment area of the venting systea was represented in

full scale to siaplify correlation of test results with a

full-size vessel. A vertical section through the model

vessel that was built and tested at Studsvik, Sweden is

shown in Fig 2.

After pilot tests on a 2.1 a 0/D ring aodel to test the

function of gas pressure instrumentation, the 1:4 scale

pressure vessel aodel was built during March - June 1974.

Leakage flows and pressure profiles in concrete were studied

at 40, 70 and 85 ato. Pressurization was through horizontal

liner cracks opposite normal concrete, as in the barrel, at

the corner and at a construction joint as well as through a

vertical crack. Measurements were made without venting and
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compared with those with the leakage vented. The 85 ato

tests could, for the most part, only be carried out under

vented conditions.

The tests showed that the venting system is an effective

method for relieving the pressure build-up in concrete due

to large gas leaks through the liner (see Fig 3, 4 and 5).

Conservatively estimated, under BUR service pressure con-

ditions, the relative reduction of the forces due to gas

pressurization in a vented vessel was between 50 - 70 Z of

those in a non-vented one. Over 70 Z of the leaking flow

through large leaks was vented through the venting channels.

The system as designed at present seems to have an adequate

margin of reserve capacity to cope with leakages through

considerably larger cracks than the 0.2 design basis crack

tested on the model. Specially at pressures of 70 and 35 ato,

pressure profiles in excess of the linear have been obtained

in the vessel wall in the non-vented condition. It is there-

fore considered that, for such thick-walled, high-pressure

vessels as those for a BWR, a liner venting system must be a

safety requirement.

2.2.2 Overload Tests in Vessel Components

Nine lid models (Fig 7) were tested on the test facility

(Fig 8) at Ris**, Denmark, the last representing an optimized

design based on earlier test results. The most important

parameters governing the ultimate load capacity of lids seem

to be depth-span ratio and the compressive strength of

concrete. The tests showed that the ultimate load capacity

of at least 3.75 x design pressure can be met by even thinner

lids than the present (optimized) design. Operational require-

ments have limited the reductions from the original refe-

rence design dimensions [3]. The top structure of the vessel

was modelled on the M6 model at Trondheim. It was very near

structural collapse at 315 bar when failure of the sealing

membrane stopped the tests. The behaviour of the top struc-

ture as it approached this pressure was progressive, detec-

table and predictable [4]. Vessel deflections are shown on

Fig 9.
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The bottom slab model tested ai Risrf suffered a punch-out

failure of the central, perforated zone, just above 250 bar

(ca 2.95 x design pressure) [5]. The use of shear anchors on

the liner penetrations ought to increase the ultimate load

capacity, though by how much is a matter of speculation,

until backed by further experimental work. The Trondheim M5

model of the same slab built into a vessel could be taken to

288*bar (ca 3.4 x design pressure) without structural failure

or even cracks occurring [4]. From the results of the Danish

and Norwegian tests on the lid region and the bottom slab, a

case might be made for reducing the factor of safety of

| 3.75 x design pressure for these regions to a figure nearer

the 2.5 x design pressure factor as at the barrel of the

vessel.

2.2.3 Earthquake Analysis

The Scandinavian PCRV and internals for a 900 MWe BWR were

analysed to study the effects of a Safe Shut-down Earthquake

with a horizontal ground acceleration of 0.25 g [6]. The

analysis of the design led to several modifications. The

main changes have been that the support ring of the vessel

has been stiffened considerably and that the insulation

casing is supported on a conical skirt instead of being

suspended on straps.

2.2.4 Vessel Failure Probability [7]

The safety of steel reactor vessels is nowadays expressed in

» terms of their failure probabilities. Various studies have
-6 -7

fixed such failure probability values at 10 to 10 . For

comparing the safety of PCRVs with steel vessels, it was

attempted to calculate failure probabilities for PCRVs. A

large number of PCRV models have been pressurized to fai-

lure. While thay have been useful to study modes of failure

and reserve load capacities, the failure pressures have been

several times the design pressure. The subject studied in

this phase 3 was the probability of failure at design pressure.
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It was assumed that vessel failure is due to loss of pre-

stressing. Prestressing was assumed to be lost in various

locations and approximate conditions for vessel failure were

evaluated. Elastic calculations were made to find the amount

of prestressing which can be lost before the liner becomes

under tension. Both even and locally concentrated distri-

butions of failed tendons were considered. The results are

adequately accurate and serve as a conservative lower bound

for allowable percentage of broken tendons. Upper bound

solutions were obtained with plastic analysis of the failure

modes shown in Fig 6. The results of the plastic limit state

analysis are mors uncertain than the elastic analysis. The

loss of hoop and axial tendons were considered separately.

No case of simultaneous losses were considered. The results

of this analysis are summarized in the following table:

Circunferential tendons

Vertical tendons

Percentage of broken tendons

Evenly distributed

Z

20

70

57

83

100

Result

liner tension

vessel rupture

liner tension

flange anchor-
age fails

no vessel rup-
ture if flange
does not fail

Locally concentrated

Z Result

10 liner tension

26* vessel rupture

33 liner tension

25 successive buck-
ling of struts
(conservative)

48 flange fails
(conservative)

This result was obtained from the shear failure of
vessel wall and is probably strongly conservative.
On the other hand "punch-out" failure of the
bottom slab could not be analyzed with sufficient
reliability.

If statistical independence of the tendons is assumed, an

extremely low probability of a significant prestressing loss

is obtained. To take a numerical example: if the chances of

a tendon to fail is 10 /year, the probability of losing

10 Z of 240 tendons is less than 10* /year and that of

losing these within a limited area of the vessel is even

less.
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The above estimates are based on very simplified assumptions

and calculations. They reflect, however, the extremely redun-

dant behaviour of PCRVs, with one important proviso: the

tendons are statistically independent units. In practice,

this means that inspection and surveillance methods must be

such as to ensure that common mode failures of tendons can

be ruled out. The phase 3 studies have not covered this

subject.

2.2.5 Preliminary Safety Philosophy

A draft safety philosophy has been produced [8]. The philo-

sophy is derived from the one that forms the basis for the

American and British codes of practice for such vessels for

GCRs and is meant to serve as guidelines for designers. The

BWR considered in the draft is the ASEA-Atom BWR. It is

possible that some of the criteria laid down in this philo-

sophy needs to be revised on the basis of the results of

some of the tests performed during phase 3.

2.2.6 Italian Studies and Experiments

An agreement between the Scandinavian project and Ente

Nazionale per l'Energia Elettrica (ENEL) of Italy, under

which ENEL, together with Istituto Sperimentale Modelli e

Strutture (ISMES), were to develop a thin-walled version of

the Scandinavian BWR-PCRV, has had the following results:

The bottom slab structure has been optimized
using a finite element computer programme.

A 1:10 scale model of the thin-walled vessel was
pressurized to failure. Failure occurred at
237 bar with several hoop tendons at the barrel
failing. The end slabs were intact. The test
showed that overload criteria can be met by quite
thin-walled structures.

A design has been developed for a removable lid.
Two lid models with different thickr->sses were
pressurized to failure. The first failed at
268 kg/cm while the second (a "super-thin"
version) collapsed at 174 kg/cm . Tests are
planned on a vessel with a lid of the first
design.
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Manufacturing problems of the bottom slab of a BWR-PCRV were

studied on a full-scale mock-up of part of such a slab at

Studsvik [9]. Among the new techniques used were electron

beam welding of the penetration nozzles to the liner as well

as the embedment of cooling pipes in lead against the liner.

The welding techniques had been developed at the Saclay

Laboratories of the CEA, France, who also carried out the

welding of the mock-up details. After the welding of the

steel details and the embedment of the cooling pipes, the

4.2 m slab section was concreted.

Positional displacement of the nozzles was about 5 - 1 0

times as much as had been expected. However, based on the

experience from the pilot tests and the mock-up, it should

be possible to predict the displacement of electron-beam-

welded nozzles on a full size bottom slab and to compensate

for it. The other phases of construction do not contribute

very much to the final displacement of the nozzles. This

seems to imply that no machining of the nozzles is necessary

after welding.

The feasibility of a remotely removable bottom slab insu-

lation was demonstrated on the Studsvik PCRV model. The

insulation was tested with higher than normal lateral water

flow on the hot face as well as under blow-down conditions.

The insulation proved to be satisfactory [10].

Stainless steel foil and mesh insulation of the Creusot-

Loire type successfully weathered 5 000-hour corrosion tests

under BWR-type water-filled conditions as well as under

refuelling and start-up conditions [11]. Irradiation tests

on Nitrogen in the insulation gas gap showed that the addition

of 0.5 % by volume of Hydrogen would suppress the formation

of nitrous and nitric acids and form the relatively benign

ammonia instead.
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3. Conclusions

Phases 1 and 2 of the Scandinavian development programme for

PCRVs for BWRs had proved the technical and economic feasi-

bility of such vessels. The objective of phase 3 was to

provide detail verification on a number of salient points

prior to commercial utilization.

During phase 3, the reference design of the Scandinavian

PCRV has been altered to take into account mainly the effects

of seismic loading and the requirements of greater and

easier accessibility for service and maintenance. An alter-

native "development" design has been prepared in outline

where a divided insulation skirt has been introduced. A

safety philosophy to cover PCRVs for BWRs has been deve-

loped, based mainly on the American and British codes of

practice for similar vessels for gas cooled reactors.

An effective system has been developed for venting the

pressure build-up in concrete due to large gas leaks in the

liner. Wide-ranging series of tests have shown that the lid

and bottom slab regions of the vessel have more than ade-

quate margins of safety against failure. The feasibility of

a removable bottom slab insulation has been demonstrated.

The foil and mesh type barrel insulation has successfully

weathered long-term corrosion tests. Manufacturing techniques

for the accurate production of the bottom slab have been

developed.

A very rough estimation has been made of the failure pro-

bability of the vessel at design pressure due to loss of

prestessing tendons. If statistical independence of the

tendons is assumed, there appears to be an extremely low

probability of losing sufficient cables as to cause vessel
—ft

failure - several orders of magnitude less than the 10 or

10 normally mentioned for steel reactor pressure vessels.

This assumes that inspection procedures rule out all common

mode failures of tendons. "Punch-out" failure of the bottom

slab has not been analysed with sufficient reliability.

These two areas require further study.
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To sum up, the technical and analytical results of phase 3

have by and large confirmed the judgements of phases 1 and

2. A vessel design has been developed based mainly on tech-

niques matured and experiences gained on PCRVs for GCR

applications. The ASEA-Atom BWR with internal pumps has been

utilized with minimal changes from the standard steel vessel

version. Above all, the safety-related tests and analyses of

phase 3 have demonstrated the extremely high safety charac-

teristics of the Scandinavian BWR-PCRV design.

However, taking into account the trend today towards con-

solidation in the nuclear industry, it is considered that

further steps are required before a BWR with a PCRV cculd be

launched. These should include the production of detail

designs and safety analyses, specially with regard to inspec-

tion requirements. Sufficient incentives for such a con-

tinuation will arise only if reactor pressure vessel safety

is given a more central role in the safety evaluation of

reactor systems. There are indications today that such a

development may well take place in countries where reactor

sites sufficiently remote from population centres are hard

to find. Another factor that may possibly trigger off a re-

evaluation of reactor pressure vessel safety can be pro-

posals to locate reactors for combined electricity produc-

tion and industrial heat or district heating close to built-

up areas.
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APPENDIX II

DEVELOPflENT AND TESTING OF A LINER VENTING SYSTEM

SHANKAR MENON, BÖRJE JOHNSSON

STUDSVIK ENERGITEKNIK AB, S-611 82 NYKÖPING, SWEDEN

ABSTRACT

Prestressed Concrete Pressure Vessels are relatively thickwalled
and are designed on the basis of internal pressure acting on a
leak-tight liner. If a crack should develop in this liner, the
pressurization of concrete could reduce the vessel's factor of
safety against failure. Some existing PCRV codes for GCRs
attempt to cope with this problem by designing the vessel for
an assumed worst case. The Scandinavian criteria tries to limit
the pressure load by venting away the leaking gas.

For designing the venting system, an analysis was made of the
potential leakage paths for gas through concrete. Based on the
results of the analysis a design basis crack of 0.2 mm in the
liner was postulated. The venting system itself consists of two
layers (one vertical, one helical) of cored-out ducts in the
heavily reinforced concrete adjacent to the liner. This layer of
concrete functions as the catchment area for the venting system.
A model with an I/D of 1.8 m and wall thickness of 0.8 m, was
judged to be adequately large for testing the outward transport
of gas through the vessel wall and the function of a system to
vent this gas. Liner cracks were simulated by rows of 4 mm holes.
The catchment area of the venting system was represented in full
scale to simplify correlation of test results with a full-size
vessel.

After pilot tests on a 2.1 m O/D ring, the pressure vessel model
was build during March-June 1974. Leakage flows and pressure
profiles in concrete were studied at 40, 70 and 85 ato. Measure-



ments were made without venting and compared with those with
the leakage vented.

The results presented in the paper show that the venting system
is an effective method for relieving the pressure build-up in
concrete due to large gas leaks through the liner. Conserva-
tively estimated, at 70 bar vessel pressure the relative reduc-
tion of the forces due to gas pressurization in a vented vessel
w^s between 50-70% of those in a nonvented one. Over 70% of the
leaking flow through large leaks was vented through the venting
channels. The system as designed at present seems to have an
adequate margin of reserve capacity.

1. DESIGN ASPECTS

1.1 Background

Compared to conventional metallic pressure vessels, all pre-
stressed concrete reactor vessels (PCRVs) are relatively thick-
walled. They are designed on a basis of the internal pressure
acting in a leak-tight liner. If a crack should develop in this
liner, the concrete behind the liner may become pressurized by
the coolant. In effect, this increases the pressurized diameter
of the PCRV, thereby reducing its factor of safety against fai-
lure.

Several existing PCRV codes for GCRs attempt to cope with this
problem by designing the vessel for an assumed worst case. In
the British Standard for PCRVs, for instance, it states that
"calculations for this hypothetical form of loading shall indi-
cate an ultimate pressure of not less than 1.5 times design
pressure, or such larger factor as may be specified by the
Purchaser". The decay of pressure from the main cavity to the
outside surface of the vessel is assumed to be linear.

In the Scandinavian PCRV design, a two-fold approach has been
adopted for the »cconunodation of the effects of gas pressuriza-
tion of concrete through a crack in the liner.

a. The vessel is designed for a certain hypothetical "ulti-
mate" loading case for pressurized crack conditions.
Enough prestressing and reinforcement is provided to en-
sure that there is no structural collapse of the vessel
in this state. Specifically, a calculation is asked for
to check that the vessel's load-carrying components are
not overloaded under the following circumstances:

1.5 x Design pressure in the vessel and in the
reinforcement and anchorage zone nearest the
liner.

Linear pressure gradient from the outside of
this reinforcement zone to atmospheric pressure
at the outside of the vessel.



- Contribution of the liner to the strength of the
vessel to be neglected.

Under the above loads, the prestressing tendons are not
loaded to more than 0.2% proof stress and the bonded rein-
forcement is not to be taken to more than yield stress.

b. A liner ventilation system is to be provided to ensure the
re-usability of the PCRV after a liner leakage accident.
The function of this system in other words, is to limit
the pressure gradient x.i the concrete, and thereby the
strains on the prestressing tendons and the bonded rein-
forcement to such values that the vessel remains in the
"steel-elastic" state after such an accident. It is pro-
posed that the venting system should be capable of perform-
ing this function at the design pressure of the vessel.

For a liner venting system (LVS) to be effective, it should be
placed as close as possible to the liner. The proposed system I
consists of a network of cored-out ducts in concrete. Two as-
pects of interest are:

transport of gas from the liner crack to the LVS;

postulated size of liner crack.

Transport of gas through concrete can be either by diffusion
through mass concrete or by flow through leakage paths in the
concrete structure. Early analysis showed that the predominant
mode of transport is through leakage paths. An analysis was
therefore made of the occurrence of potential leakage paths in
concrete and the consequences thereof.

1.2 Potential Leakage Paths in Concrete

Very generally, potential leakage paths in the concrete of a
PCRV can be classified as follows:

a. Leakage paths along in-cast details.

b. Cracks due to various reasons.

b.l Surface cracks due to thermal contraction.
b.2 Transverse cracks due to thermal contraction.
b.3 Cracks due to long-term drying shrinkage.
b.4 Cracks due to loads imposed on vessel.

c. Construction joints.

d. Porous parts due to insufficient compaction.

Our analysis showed that when studying gas transport through
the wall of a PCRV and the function of a liner venting system,
potential leakage paths of type a, b.2 and c have primary
importance. Defects of type b.4 can have significance at over-



load conditions while those of type b.l, b.3 and d have little
or no significance.

1.3 Postulated Size of Crack in Liner

For the purposes of the present study of and tests on a liner
venting system, it was decided to assume (conservatively) that
the width of the crack in the liner is equal to that of a
"design basis crack" in the concrete structure of the vessel.
This design basis crack has been defined by making approxima-
tions of the widths of some of the potential leakage paths in
concrete as described earlier. For instance:

Transverse cracks due to thermal contraction (type b.2)
can very in size but a width of 0.2 mm can be considered
as a characteristic value.

According to certain standards for reinforced concrete,
cracks of width 0.1 mm can be expected when reinforced
concrete is subjected to tensile stresses of the order
of its tensile strength.

A design study in a BWR-PCRV had arrived at the following
typical values for crack width:

0.1 mm in the RZ plane at just over 1.5 x Design pressure.
0.26 mm in the corner at 1.5 * Design pressure.

Even though the liner of a PCRV with internal thermal insula-
tion is normally under compressive stresses due to the pre-
stressing forces and the thermal gradient in the wall of the
vessel, high tensile stresses cannot be ruled out after a major
accident of the thermal insulation system of the vessel.

1.4 Proposal for a Liner Venting System

On most PCRVs, the innermost layer of concrete - about 25 cm
adjacent to the liner - contains a very large amount of cast-in
steel details. On the liner itself, there are welded-on cooling
pipes and anchor studs. Close to the liner there are layers of
vertical and hoop reinforcement. Due to the large amount of
cast-in details (and, consequently, the large number of leakage
paths), this layer of concrete should function as an efficient
catchment area for a venting system. The venting system is loca-
ted inside and/or at the outer edge of this catchment area.

The venting system itself consists of two layers of cored-out
ducts. The inner layer is of vertical ducts just within the
catchment concrete zone. The outer layer consists of spiral
ducts at 45© to the vertical, at the outer edge of the catchment
zone. The venting channels are cored-out using the established
"ductube" technique, where inflated rubber tubes are fitted be-
fore concreting. After the concrete has set, these tubes are
deflated and removed.
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A liner venting system can perform two functions:

for the detection of leaks from the liner;

for ventilating the leaking gas from the vessel wall,
i.e. pressure relief.

The former function is important from the point of view of
vessel operation while the latter is very significant for vessel
safety. The choice of instrumentation and the design of the sys-
tem outside the vessel would, to some extent, depend on which of
these functions was the predominant requirement.

2. EXPERIMENTAL VERIFICATION

The function of the system was tested on a 1:4 scale model of
a 1000 MWe BWR vessel. Prior to this:

instrumentation was developed for the measurement of local
gas pressures in concrete;

pilot tests were carried out on a ring-shaped model.

2.1 Model Scale and Simulation Aspects

It is important that there is realistic simulation of the de-
fects (giving rise to leakage paths) that could be of signif-
icance in a test to study the outward transport of gas through
a wall of a concrete vessel and the function of a system to
vent this gas. For the purpose of the experiment, the cylindri-
cal wall of a PCRV can be considered to consists of 3 radial
zones:

an inner reinforced zone which contains a large amount of
cast-in details and functions as the catchment area for
the liner venting system. This zone is most significant
for the function of the venting system;

a large intermediate zone mainly of mass concrete pene-
trated by vertical tendon ducts.

an outer reinforced zone.

For defect simulation to be realistic:

The inner reinforced zone (i.e. the catchment area) would
have to be reproduced to scale 1:1 on the model vessel,
in order to avoid problems of correlation;

Construction joints must be made in the same manner as on
a full scale vessel;



For cracks due to loads to appear in the same manner as
on the prototype, the test vessel must be a scale model
of the prototype.

On the model vessel, the inner reinforced zone had practically
the same thickness as on the prototype, i.e. 24 cm compared to
25 cm on the prototype. Outside this was the intermediate layer
(39 cm thick) that represented the mass concrete of the press-
ure vessel wall. The outer layer of concrete containing the
hoop cables and reinforcement was 17 cm thick, giving a total
wall thickness of 80 cm. This 80 cm thick wall was to scale
1:4 compared to the prototype vessel wall. The same scale was
chosen for the diameter of the model vessel.

On the pressure vessel model, each 0.2 mm liner crack was simu-
lated by a number of closely pitched holes in the liner. This
was necessary in order to be able to pressurize a specific
crack for a specific experiment. Gas to pressurize the cracks
was piped to each hole from inside the vessel. The pipes were
interconnected in suitable circuits and led out of the vessel.
In order to be able to choose robust components and thereby
ensure leak-free operation of this pipe system, a hole size of
0 4 mm and a pitch of ca 63 mm were selected.

An analysis was made to study the manner in which gas leakage
and pressure profiles in concrete were affected by using a
line of holes to simulate a crack in the liner. It showed that
the differences in effects between the crack and the line of
holes were marginal and within the range of experimental error.

2.2 Pilot Tests

The aim of the tests was, in the first instance, to verify the
function of instrumentation that had been developed for the
measurement of local gas pressures in concrete. When enough
results had been gathered in order to do this, further tests
were made

to study pressure profiles in concrete with cracks of
various sizes;

to study the effect of opening and closing venting
channels on leakage through the crack and on the pressure
profile.

The tests were carried out during the summer and autumn of
1973 on a reinforced and prestressed concrete ring with the
following main data:

Height
Outside diameter

Inside diameter

Liner thickness

1900
2100

780

20

mm
mm
mm
mm
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The inner reinforced zone was 250 mm thick and contained bonded
reinforcement that had the same percentual area ratio between
steel and concrete as on the prototype. In this zone and at its
outer border were located 4 vertical and 3 spiral venting chan-
nels between 90° and 270° in plan, i.e. only half the ring was
vented. The liner crack was simulated by 40 0 4 mm holes on a
horizontal plane. Pressurization was by N2. A section through
the test ring is shown in Fig. 1.

Various devices had been tested earlier for the measurement of
local gas pressure in concrete. 113 such devices, each of which
created a small measurement chamber in concrete, were fitted in
the model before concreting, each chamber being connected to
its respective manometer. The manometers were arranged on two
screens, which could be photographed for the registration of
pressures (see Fig. 2).

The test results, examplified in Figs. 3 and 4, indicated that
the venting system showed considerable promise as a means of
pressure relief.

2.3 Pressure Vessel Model Test

With the successful conclusion of the pilot tests, a decision
was taken to design, build and test the pressure vessel model,
A vertical section through the model vessel is shown in Fig. 5,
The vessel had the following data:

Design pressure 85 ato

Design temperature

Temperature in vessel

Service pressure

Diameter: Inside

Outside

Wall thickness (including liner)

End slab thickness (including liner)

Height: Inside

Total

The vessel had 16 axial and 16 spiral venting channels. The
inner reinforcement zone was 24 cm thick. The model was pro-
vided with a number of simulated liner cracks:

Crack No. 1
A horizontal crack at a construction joint in concrete.

Crack No. 2
A horizontal crack in the liner with "normal" concrete
outside.

70°C
20° -- 70°C
70 ato

1780

3400

810

1050

3600

6250

mm

mm
mm
mm
mm

mm
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Crack No. 3
A horizontal crack at the bottom corner of the vessel.

Crack No. 4
A vertical crack extending between Cracks No. 1 and 2.

Crack No. 5
Two single hole defects, one under each steam outlet.

Cracks No. 1, 2 and 3 extend right round the vessel. Each of
these consisted of 90 0 4 mm equ^-spaced holes. Crack No. 4
consisted of 33 0 4 mm holes. The gas supply pipes to Cracks
No. 1, 2 and 3 were connected in such a manner that gas could
be supplied to 30 holes (every third hole), 60 holes or all
90 holes (see Figs. 6 and 7).

The vessel was water-filled during test conditions. There was
a heater and pump circuit for maintaining the chosen tempera-
ture inside the vessel. Pressurization was by means of a gas
system acting on the water surface in the model.

Cracks were pressurized by gas from storage units through
suitable reducing valves. Two compressors were installed
(Fig. 8) to charge the storage units with compressed air during
tests.

Gas pressure profiles in the wall were mapped by means of
pressure measurement at 311 points in the concrete, each point
being connected to its respective manometer. The manometers
were arranged on 6 screens (see Fig. 9) where they could be
photographed for registration.

Other instrumentation included dynamometers for 12 axial ren-
dons, 10 crack detectors and 10 moisture measurement devices.

The pressure vessel was built during March-June 1974. The ves-
sel was cast in 5 pours. Construction joints were made in the
following manner in order to achieve a good bond:

The top face of concrete was blasted with water and
compressed air about 10 hours after the pour.

A thin layer of cement mortar was applied on the water/
air blasted face immediately before the pouring of the
next layer of concrete.

The vessel was prestressed in August-September 1974 and proof-
tested in November.

Leakage flows and pressure profiles in concrete were studied
under the following conditions:

Varying crack-widths at Crack No. 2 (normal well-compac-
ted concrete) at 40 ato;
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Full crack-width (0.2 mm) at Crack Nos. 1, 2 and 3 at
40 and 70 ato, with and without venting.

Full crack-width at Crack Nos. 1 and 3 at 85 ato with
venting channels open.

Full crack-width at Crack No. 4 (vertical crack) at
70 and 85 ato with and without venting.

All the above tests were performed with gas pressurizing. In
addition there were tests with gas pressurization of defects
under penetrations at 70 ato as well as water pressurizetion
at 70 ato of Crack Nos. 2, 3 and 4.

Some typical results are shown in Figs. 10-15. The results
indicate the following:

The venting system tested in the model has proved itself
to be an effective method of relieving the pressure
build-up in concrete due to large gas leaks in the liner,
thus significantly reducing the forces to be accomodated
by the vessel structure under such conditions. Under ser-
vice pressure conditions the relative reduction, con-
servatively estimated, in forces due to gas pressuriza-
tion to be taken up by a vented vessel is between 50-70%
of those in a non-vented one. Over 70% of the leakage
flow through large leaks is vented through the channels.

There was fairly even distribution of flow between vent-
ing channels for large circumferential leaks. Even for
smaller leaks, the unevenness of flow distribution was
not significant. This was shown by the fact that the
shutting off of the channels with the maximum flows did
not reduce the total leakage through the crack. The flow
was redistributed instead through the other channels.

The tests on the model were performed with a "design
basis crack" width of 0.2 mm. Later analysis has shown
that cracks of up to 1 mm in width can occur as a result
or extreme thermal shocks. However, the gas velocities
through the crack and the venting channels indicate that
there exists an adequate margin of reserve capacity in
the venting system which can cope with the leakage
through a 1 mm crack.

Tests on the model have shown that with crack sizes of
0.2 mm, a linear pressure profile from the liner to the
outside of the vessel is not a conservative estimation.
Profiles in excess of the linear have been obtained with
the venting channels closed. It is therefore considered
that an effective liner venting system would enhance the
safety characteristics of GCR concrete pressure vessels.
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APPENDIX III

PCRVs for BWRs: PRELIMINARY SAFETY PHILOSOPHY

2J General

The srfety philosophy that is described in this report

covers prestr*. ssed concrete pressure vessels for boiling

water reactors (BUR). It is derived from the philosophy

that forms the basis for the American [l] and the British

[23 codes of practice for similar pressure vessels for gas

cooled reactors.

The safety philosophy is meant to serve as design guidelines.

The principles of design of various components will be

described later in a separate report. This description of

the safety philosophy of concrete pressure vessels reflects

the situation and evaluations of today. The execution

of the current BT-3 program can be expected to give rise to

later adjustments.

The design of the reactor and the main lines of layout are

based on ASEA-ATOM's BWR. Some of the charcteristics of

such a BWR with a concrete pressure vessel are:

A removable lid that permits access to the inside

of the vessel for refueling, maintenance and

inspection.

A cold liner that normally is in compression.

Removable internal thermal insulation that per-

mits the inspection of the cold liner.

A bottom slab with penetrations for control rods,

incore instrumentation as well as main circula-

tion pumps. The pump casings are cast in concrete.
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Penetrations for steam, feed-water and core-

spray in the barrel of the vessel. The steam

lines are so arranged that they do not pass

through a layer of water.

Hoop prestress by means of an external system,

for instance "wire-winding"'. Axial prestress by

means of prestressing tendons passing through

cable ducts in concrete.

- A venting system in concrete adjacent to the

vessel's liner, for the detection and evacuation

of gas leakage through a possible crack in the

liner.

A secondary containment of the "pressure suppres-

sion" type which surrounds the entire pressure

vessel.

A vertical section through the pressure vessel with contain-

ment is shown 'n Fig 1.

2. Safety philosophy for pressure vessel

2.1

2.2

The pressure vessel shall be designed for service

conditions that are laid down in the design

specifications of the plant. Levels of stress,

strain and deformation shall be limited to such

values that an essentially elastic response is

assured under all conditions that can occur

during the normal service life of the pressure

vessel.

The pressure vessel shall be proof tested at am-

bient temperature to 1.3 times the design pressure

and shall be so designed that all principal

sections of the structure shall be maintained in

net membrane compression at this pressure. This

choice of proof pressure is based on the assump-

tion that, during the normal service life of the

vessel, .all loads in access of 1.3 times the

design pressure are considered to be hypothetical.

Comments on underlined phrases in chapter 3.
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2.3

2.4

2.5

The pressure vessel shall be designed in such a

manner that the principal load carrying elements

are a combination of prestressing tendons and

bonded reinforcement or, for certain parts, only

bonded reinforcement. Where considered suitable,

the vessel pressure can be utilized aŝ  the pre-

stressing force.

For load carrying elements (prestressing tendons)

under high tensile stresses during the normal

service life of the vessel, redundance is a require-

ment, i.e. failure of a number of such elements

shall not in any significant manner affect the

safety of the pressure vessel. The pressure vessel

should be so dimensioned and designed that load

carrying elements in tension are not subject to

loads that vary significantly with time. Such

elements should also be shielded from irradiation

in a satisfactory manner.

Elements without redundance that carry or transfer

loads shall be under compressive stresses or low

tensile stresses during the normal service life

of the pressure vessel.

The pressure vessel shall be designed in such a

manner as to allow inspection of load carrying

elements whose failure could lead to a structural

failure of the pressure vessel during its normal

service life.

Not withstanding the low probability of the

occurrence of pressures over 1.3 times the design

pressure, calculations shall be made to verify

that the vessel has a suitable safety factor

(a minimum of 2.5 times the design pressure)

against structural failure as a result of a

gradually increasing hypothetical internal pressure

at ambient temperature. In these calculations it

is assumed that the liner does not leak and that

the pressure acts only on the inner surfaces of

the vessel.
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Furthermore, the pressure vessel shall have such

dimensions and be so provided with prestressing

and bonded reinforcement that when its structural

capacity (i.e. failure caused be increasing

pressure at ambient temperature) is approached,

the response of the vessel is gradual, observable

and predictable.

For those parts of the vessel where response

to approaching failure cannot be shown to be

gradual, observable and predictable, a higher

safety factor against failure shall be applied

(at present 1.5 times the minimum safety factor

against failure).

2.6 Calculations shall also be made to verify that

the vessel can withstand a certain hypothetical

pressure (1.5 times the design pressure at present),

together with a certain assumed pressure profile

through the wall. Adequate prestressing and

bonded reinforcement shall be provided in order

to ensure that structural failure does not take

place due to this loading condition.

In order to reduce the risk of the vessel being

at all exposed to such a loading condition, a

venting system shall be provided in the concrete

adjacent to the liner. The purpose of this system

is to limit to acceptable levels the pressure

profile in concrete resulting from gas leakage
i

through a crack in the liner.

2.7 Reactor plants with prestressed concrete pressure

vessels shall be subject to an accident analysis

of the same sort as BWR plants with steel pressure

vessels. The consequences of these accidents shall

be within the framework of the current safety

criteria for light water reactors. In addition,

accidents that are specific for concrete pressure

vessels shall also be considered.
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2.8

2.9

3.

In the case of pipe rupture or the malfunction of

any of the pressure vessel's auxiliary systems

(or of any of the reactor systems) the safety of

the vessel should depend on "passive" features,

i.e. the safety of the vessel should not depend

on more engineered safeguards that those in

existance today for BWR plants with steel pressure

vessels.

Reactor plants with prestressed concrete pressure

vessels shall fulfill the same requirements

regarding environmental factors as demanded from

light water reactors with steel pressure vessels

today.

Comments on safety philosophy

Regarding_2^1

"Service conditions": These are described in a later report

on the principles of design of the vessel. The pressure vessel

design shall specifically consider the following effects:

The influence of the deflections of the vessel

on the function of the various reactor and plant

components.

Foundation settlement.

Creep and shrinkage of concrete.

Relaxation of steel.

Irradiation effects on the material properties of

liner, concrete, and reinforcing and prestressing

steels.

Thermal effects on material properties of liner,

concrete, and reinforcing and prestressing steels.

"Essentially elastic response": This means that all primary

force-carrying elements shall behave elastically. Non-elrstic

behaviour can occur locally, for instance in the concrete

behind the liner at the corner of the vessel.
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"Normal service life": Among the conditions that can prevail

during the normal service life of the pressure vessel are

"normal", "upset" or "testing conditions". "Emergency" or

"faulted conditions" are not included in this consideration

of the normal service life. The conditions sited here are

according to the definitions in ASME-III [ö]• This means that

"emergency" and "faulted conditions" can occur with a frequency

that is mentioned in ASME-III. On such occasions, which how-

ever have low probabilities, there is no requirement for an

essentially elastic response.

Regarding^

"Design pressure": By design pressure is meant the calcula-

tion pressure for the pressure vessel, which is the maximum

persmissible service pressure.

"1.3 times design pressure": The purpose is to enable repeated

proof testing to this pressure during the life time of the

reactor. It ought to be pointed out that the proof pressure

(1.3 times the design pressure) is not the limit for

elastic behaviour of the vessel. This limit is usually over

1.5 times the design pressure.

"Hypothetical pressure": The maximum pressure in the vessel

is limited by means of a number of safety valves together

with the other safety systems of the reactor. The probability

that the design pressure of the pressure vessel is exceeded

by more than 30 % is considered to be negligible.

Regarding^

"Prestressing tendons and bonded reinforcement": According

to the American code [l] it is also permissible to design

pressure vessels where the load carrying elements consist

only of prestressing tendons. The Scandinavian project

considers however that suitably placed bonded reinforcement

can give a more ductile (and therefore, from the safety

point of view, less dangerous) mode of failure. This has

been shown by failure tests on model pressure vessels at

the Norwegian Technical University in Trondheim.
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"Vessel pressure as prestressing force": In the Scandinavian

design of the removable lid, the lid itself is introduced

into the pressure vessel so that the major part of the body

of the lid is exposed to the pressure that prevails inside

the vessel. This pressure functions as a uniformly distri-

buted radial prestressing system on that part of the lid.

"High tensile stresses": By this is meant stresses of the

order of 70 Z of the ultimate strength of the material,

"Any significant manner": The failure of an axial tendon

hardly affects the total deformation of the vessel (order

of magnitude: 1 mm locally). This means that the forces in

an adjacent tendon, which in its normally prestressed

state has a total deformation of about 100 mm, are affected

by a maximum of only 1 %.

"Elements without redundance": As examples of such elements

can be mentioned the flanges for the lid and the vessel at

its upper part.

"Compressive stresses or low tensile stresses": The idea

behind this is that postulated local cracks or failures in

such elements should not lead to the structural failure of

the pressure vessel during its normal service life. Such

components ought to be preferably under compressive stresses.

With "low tensile stresses" is meant such stresses as are

calculated not to give rise to spontaneous crack propagation.

"Inspection": Inspectability of the load carrying elements

is of primary significance for the safety of prestressed

concrete pressure vessels. Certain experts consider this

factor as the one that, more than any other, makes such

vessels safer than reactor pressure vessels of steel [3],

mainly because inspection can, according to the author,

be carried out more effectively on concrete pressure vessels,

than on vessels of steel. The fact that some of the measure-

ments can be made while the reactor is in operation increases

the safety. Among such are load measurements on a chosei.

number of the pressure vessel's primary load carrying units.
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Such advantages are obvious with the use of prestressing

tendons that are passed through steel duct tubes in the

concrete (which is the design for the axial prestressing

of the concrete pressure vessel). Stress measurement

systems for elements in a wire-winding system (for hoop

prestressing) are not yet developed to the same degree

as for non-grouted tendons in duct tubes.

Inspectability is a requirement for the load carrying

welds of the penetrations of the pressure vessel as well

as for the load carrying or load transmitting components

in the upper part of the vessel. It ought to be pointed

out that the liner does not have a load carrying function

and is therefore not counted among the load carrying

elements which have to be inspected. On the other hand,

it has a sealing function which should be checked.

"Safety factor against structure failure": By this is

meant that relationship between the pressure vessel's

ultimate and design pressures. The ultimate pressure is

defined as the minimum pressure which, at ambient

temperature, can theoretically lead to the failure of

a significant part of the load carrying system of the

pressure vessel (structural failure).

The safety factor mentioned here (a minimum of 2.5 times

the design pressure) ought not to be regarded as a factor

against a conceivable loading case. It ought to be con-

sidered rather as an insurance against the possibility

that both identifiable and unknown factors may cause the

deterioration of material in the vessel and make it unfit

for service. As examples of such factors can be mentioned

shrinkage and creep in concrete, a relaxation of steel,

effects of irradiation, etc. The effects of such identi-

fiable factors are naturally taken into account in the

design of the vessel.

"Ambient temperature": The temperature profile that pre-

vails in the walls of the vessel during service is

considered to have only marginal or almost no influence

on the failure pressure of the vessel. The reference
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calculations on the vessel's failure pressure are made at

ambient- temperature for yet another reason: it is the

general practice to confirm such calculations vith model

tests. During such tests to failure it is almost impossible

to reflect the temperature gradient accurately.

Regarding_2^5

"Gradual, observable and predictable": The vessel response

to loading by increasing internal pressure at ambient

temperature shall be characterized oy these features which

are explained below:

Gradual response: Deformations shall increase gradually

with pressure until failure occurs.

Observable response: It should be able to register the

deformations with the help of current

instrument technology.

Predictable
response:

The behaviour of the vessel under con-

ditions of increasing internal pressure

should be predictable by calculations

and/or earlier model tests.

Over and above these requirements, it is also necessary

that the deformations that occur just before structural

failure takes place are large compared to the ones during

service conditions. Wide-spread cracking shall also give

warning regarding approaching failure. A laree number of

model tests and calculations have shown that such a mode of

failure is obtained in the barrel of a properly designed

prestressed concrete pressure vessel [AJ .

"Higher safety factor against failure": The geometry of

certain component parts of the pressure vessel is not as

easy to simulate in calculations and model tests as that

of the barrel of the vessel. The removable lid and the

perforated bottom slab are two such component. In order

to obtain a better basis for safety evaluations, a

comprehensive failure test series has been performed on

8 models of the lid at the research establishment of the

il

J
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Danish Atomic Energy Commission. Tests are also planned

on scale models of the bottom slab. Especially in the

case of bottom slab a certain uncertainty can prevail

regarding the manner of scaling of the perforations and/or

the simulation of the correct conditions of fixation.

The failure tests that have been performed on slabs so far

show that large deformations are obtained before failure

takes place, but it is not certain that this will occur in

the form of a gradually developing bending failure. With

certain geometries, there is a risk for a more sudden

"shear-compression" type failure.

It has also been pointed out that there is a possibility

that the central perforated part of the bottom slab can

shrink in relation to the outer zone because of differences

in the thermal loading history. This can lead to a reduc-

tion of hoop prestressing that is transmitted from the

outer zone to the perforated zone [3]. This factor can

also increase the risks for shear failure. Bonded rein-

forcement can be used in the region between the zones to

reduce this risk. Such reinforcement is however not as

accessible to inspection as prestressing steel.

In the case f those parts of the pressure vessel where

the risk for shear failure cannot be completely eliminated,

a higher safety factor against failure is required than

for parts where the mode of failure can be shown to be

progressive and predictable. For the present, the follow-

ing safety factors have used:

2.5 times the design pressure as the minimum

calculated failure pressure at the barrel of

the vessel (shown to be a progressive mode of

failure).

3.75 times the design pressure as the minimum

calculated failure pressure for the upper part

of the vessel including the lid as well as the

bottom slab (risk for shear failure not comple-

tely eliminated).
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This means a 50 % increase in the safety factor at the

upper and lower ends of the vessel compared with that

at the barrel. It is very probable that with increased

knowledge (by model tests) on the mode of failure of

these parts of the vessel, this relatively high safety

factor can later be reduced.

To sum up, the pressure vessel designer shall investigate

all possible modes of failure and identify such modes as

do not satisfy the requirement of a progressive failure.

He shall also establish, either by calculations or model

tests, that failure in any manner other than progressive

can only take place at a higher pressure than the minimum

pressure for a gradual, observable and predictable

failure.

Regarding_2i6

"Pressure profile through the wall": In the calculations

on safety factor against failure (2.5), it is assumed that

the liuer of the vessel is still undamaged and does not

leak. In such a case, the vessel pressure acts only on the

inner surface of the liner. If or. the other hand, it is

assumed that cracks can occur in the liner and that it no

longer can be considered as leak-tight, the forces that

have to be taken up by the load-carrying components can be

considerably larger than in the case with a leak-tight

liner. The reason for this is that the concrete adjacent

to the cracked liner can be pressurized by the insulation

gas. If this pressure is distributed through concrete by

a process of diffusion, it is not expected to lead to a

significant increase in the loading of the vessel's force-

carrying elements. If however, the concrete is cracked or

if there are leakage paths in concrete due to settlement

under in-cast material, this pressure can spread over a

larger area.

Both the American [f| and the British [2j codes for concrete

pressure vessels consider the case of the eventual pressuriza-

tion of concrete through a crack in the liner. The American

code does not specify the manner in which the design of the
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vessel should take into account such a pressurization of

concrete. In the Scandinavian project, for veryfying the

ultimate safety of the vessel with gas pressure in concrete,

it is suggested that a hypothetical loading condition is

assumed, approximately the same as is suggested in the

British code. The loading condition is as follows:

1.5 times the design pressure in the vessel and

in the reinforced zone in the immediate neighbour-

hood of the liner (about 30 cm into the concrete).

The pressure is assumed to decrease from there

with a linear profile through the concrete to

atmospheric pressure at the outer surface of

the vessel wall.

As mentioned earlier, this loading condition ia considered

as a hypothetical case. Thus there is no requirement for

reusability of the pressure vessel. Both the vessel's pre-

stressing and reinforcement steels are allowed to reach

their respective elastic limits.

"Acceptable levels for the pressure profile"; In the

Scandinavian pressure vessel design, it is required that,

over and above the assurance that structural failure

does not take place in the "ultimate" case described

above, the vessel is also provided with a pressure

relief system (liner venting system) which limits the

build-up pressure in concrete. By this means the strains

in the prestressing and bonded reinforcement steels are

held to such values that the vessel would still be in the

"steel-elastic" region after such an accident. A "design

basis crack" of 0.2 mm width and running around the entire

perifery is assumed in the liner in this analysis [5̂  . One

of the purposes of the venting system is that operation of

the plant should not need to be interrupted in case of a

minor leakage in the liner.

"Passive features"; An example of this is that the liner is

designed to withstand the operating temperature of the
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reactor a certain number of times, so that the accident

analysis of the vessel does not need to call for a 100 7.

secured liner cooling system.

Regarding_2^2

"Environmental factors"• Under such factors are included

the effects of earthquakes and external missiles.
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APPENDIX IV

Comparative Assessment of Cold and Hot Liner PCRV

1. GENERAL

The assessment was part of a French-Swedish colla-

boration aimed to achieve a common design of a BWR

with a PCRV for industrial application. This con-

cept offers advantages in the fields of safety,

application to larger outputs and shorter construc-

tion time. The Swedish integral pump feature was

incorporated to allow the entire primary circuit

proper to be included within the PCRV, thus making

the most of the PCRVs safety features.

The extensive earlier work in Scandinavia and

France had been based on different approaches to

the concept of liner and thermal insulation of a

PCRV for a BWR. The Scandinavian vessel design has

a cold liner, with metallic thermal insulation

placed inside the liner. The French approach had

been to place the thermal insulation outside the

liner, thus having a hot liner, though work had

in addition been done on a cold liner. In order

to make a decision on whether the common design of

the BWR - PCRV is to be based on a cold or a hot

liner, the first part of the Conceptual Design

Phase was devoted to making an assessment of the

problems and possibilities of PCRVs with cold and

hot liners respectively. This assessment was carried

out by a joint French-Swedish team during the period

February-June 1975.

The organizations participating in the assessment

were;

Société Générale pour l'Entreprise de Réacteurs
et de Centrales Atomiques

Electricité de FRance

Commissariat å l'Energie Atomique

from France and



AB ASEA-ATOM

Statens Vattenfallsverk

AB Atomenergi (now Studsvik Energiteknik AB)

from Sweden.

2. TERMS OF REFERENCE

In assessing the cold and hot liner designs of

PCRVs, the following terms of reference were used:

2.1 The PCRV was designed as the reactor

pressure vessel for an ASEA-ATOM BWR of

900-1000 MWe size. The design was based

on the Forsmark plant (with internal main

circulating pumps.) The plant has a -hermal

output of 2700 MW and a net output cf

890 MWe. During the later stages of the

study, the number of barrel penetrations

of the vessel were altered to suit the

BWR-75 (net output of 1000 I!We) now being

marketed by ASEA-ATOM.

2.2 The reference design of the cold liner

PCRV was the one that was presented at the

end of Phase 2 of the Scandinavian Project.

This design was later modified, and further

developed during both Phase 3 of the Scan-

dinavian Project and during the current

Project Study.

Work on the reference design of the hot

liner had started already in September 1974,

but the design studied in this assessment

was mainly developed during the Project

Study itself.

The Project Team was also to examine and

assess possible developments of the cold

and hot liner reference designs.



2.3 The task of the Project Team was to carry

out an assessment of the cold and hot liner

designs.

2.4 Aspects to be considered in the assessment

were to include the following:

- Technical

- Safety and reliability

Construction/Manufac-.-.ure

- In-service inspection

- Repairability

- Seismic effects

- Economic aspects as influenced
by choice of liner

- Layout aspects as influenced by
choice of liner

2.5 Fatigue due to thermal cycling is an im-

portant aspect of the hot liner design. To

a lesser degree, thermal shock is also of

significance in assessing the cold liner

design. Estimation of fatigue life was to

be based as far as possible on the ASME

Boiler and Pressure Vessel Code, Section

III. All available experimental results

were, however, also to be scrutinized and

taken into account, as the ASME code is

not completely suitable to the working con-

ditions of the hot liner.

2.6 Phase la was to be terminated on June 30,

1975.

3. COMPARATIVE ASSESSMENT

The period available for the assessment study was

too limited to study all the aspects that were to

be considered. For instance, it was not possible

to investigate the economic aspects as influenced by

the choice of the liner concept. The project team

was however, of the opinion that:
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- all essential aspects for making a choice
for the liner concept for a common design
of a BWR-_CRV were considered in adequate
detail;

the evaluations on the key point of fatigue
life presented in this report would not,
in any meaningful manner, have been affec-
ted, if the period for the project study
had been extended within reasonable limits.

The reference design of the cold liner was based on

a liner concept that has been proven on a large num-

ber of vessels in service. However, the internal

thermal insulation was not directly applied on the

liner, but mounted on a removable skirt. This had

the very significant advantages of:

making the liner and the insulation
accessible for inspection and maintenance

using a well-tried and tested insulation
material

reducing the hot spot problems on the liner.

However, the reference design had the following

disadvantages:

the liner was exposed to the risk for
thermal shock

the introduction of the removable skirt
resulted in complicated barrel penetrations.
In order to remove this "removable" skirt,
it was necessary to cut all radial pene-
trations, an operation with a long outage
time

an inner shroud was necessary: the weld
between the shroud and the bottom liner was
a safety feature

gas in the insulation could cause operatio-
nal problems due to the risk for in-leakage
to the condenser. The size of the decay
tanks may be affected. A liner venting
system was a necessity to cope with the
consequences of a large leak in the liner.

The assessment study showed that these problems can

be accommodated, solved or at least considerably

reduced in magnitude by alternative feasible solu-

tions. Thus, the liner can be anchored to concrete



to withstand the effects of thermal shock. An in-

sulation system mounted on two skirts meeting at

the water surface, should make it possible to

carry out inspection, service and maintenance with

less time-consuming and extreme methods than on

the reference design.

Water-filled insulation up to the water surface

should considerably reduce the problems associated

with the gas system. In short, there seemed to be

engineering solutions to the cold liner problems.

It should be possible to verify these solutions

by an experimental program of 3 to 4 years.

The hot liner concept was a new one. Compared to

the cold liner vessel, it had the considerable ad-

vantage of being simpler in design. Having no re-

movable skirt with thermal insulation within the

vessel, it had no gas system problems and, essen-

tially, penetrations were of a simpler design than

on the cold liner.

However, the liner itself was plastically cycled

between the compressive and tensile states. There

were high local plastic strains at the joints bet-

ween the anchor ribs and the liner both during the

cooling down and the heating up processes as well

as during operating conditions. Calculations of

strain in this region were beset with uncertainties

regarding basic material data in the high plastic

range. Existing codes to take into account the

effects of biaxiality did not seem to be reliable.

The design life of a vessel was more than 300 cyclers

(between 20° and 286°C). The allowable life of the

standard part of the liner (without a rib causing

strain concentrations) was estimated to be 900

cycles. The estimated number of cycles allowable

at junctions between ribs and the liner would be

considerably less. Estimates varied between 160

and 15 cycles. Changes in liner and rib thickness

did not seem to affect these estimates significantly.



The "simplicity" of the hot liner consept was also

marred by necessity to keep the lid torus seal cool.

As a consequence there was a serious design problem

at the corner between the lid and vessel. A smaller

difficulty could be at the transition between the

cold bottom slab and the hot barrel liners. These

may not, however, be feasibility problems. It was

not possible, during the time limits of this project

study, to study these in detail.

There may be problems regarding the insulation con-

crete behind the hot liner. The concrete previously

developed for this purpose did not seem the best.

It was difficult to estimate the time required for

an experimental programme to develop and verify

solutions for the various hot liner problems. A

very rough estimate was 6 to 10 years.

To sum up, it was the opinion of the project team

that the cold liner concept for a BWR-PCRV had the

advantages of an established technology. Its pro-

blems seemed to be amenable to conventional engi-

neering solutions. The hot liner concept, which,

in theory, led to a simpler design, had problems

of a fundamental and basic character, the solutions

of which were not yet available.
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