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ABSTRACT

Provision of large openings in domes of inner and outer containment of double containment system
is a unique requirement of Indian PHWR starting from Narora / Kakrapar Stations. This has been
evolved firstly for Kaiga/ Rajasthan stations of 220MWe units. Solving a large number of issues
regarding concept, design, analysis, detailing of prestressing and constructability, it has now been
standardised as a system of 4 openings for 220MWe stations and as a system of two openings for
540MWe stations.
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1. INTRODUCTION

The Indian PHWR programme has required many unique structural arrangements to be provided in
its containment vessels. Requirement of providing large openings in the domes of containment is one
such feature which is unique to Indian PHWR Stations.

In the earlier generation of containments constructed at Narora and Kakrapar, the Steam
Generators (SGs) were located on top of containment slab (Ref. Fig.1) which served as a boundary of
inner containment. The SGs were partially housed inside and projected partially above the
containment slab. The portion of reactor building projecting above containment slab was the extended
part of the volume between inner and outer containment forming secondary volume of the double
containment system. At Narora station, the SGs were erected side-wise from the opening in the
cylindrical wall of this enclosure above containment slab and they were manoeuvred in vertical
position and then lowered down the openings in containment slab. The obvious and desirable
improvement was the facilitation of erection through the opening in the dome of the outer containment
located directly above the final locations of SGs as was done for Kakrapar Station (Ref. Fig.2). Thus
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originated the concept of special SG openings in the containment boundary and covering the same
with ‘steel hatches’ which could be re-opened, if necessary, for removal / major re-furbishing and
replacement of SGs.

In case of Narora and Kakrapar designs, the integrity of boundary of inner containment at SG
openings was ensured by stainless steel bellows fitted between the SG and the containment slab.
Engineering of this connection together with the supporting arrangement of SGs was an extremely
challenging task. The challenges and the solutions are reported elsewhere (12™ FIP Congress
Washington 1994 — The Containment Slab of the Narora and Kakrapar Atomic Power Project, India)

In the next generation of stations of 220 MWe design at Kaiga and Rajasthan, the general
arrangement of containment was drastically changed as shown in Fig.3. However, the advantages of
erection of SGs from the top were many and it was decided to retain this feature. It also meant that
four numbers of large openings in closely spaced pairs were to be made in the prestressed concrete
dome of inner containment. This feature was another ‘first’ in the world. It is to be realised that the
inner containments of Indian PHWR are not having steel liners to ensure leak-tightness under
conditions of the Design Basis Accident (LOCA & MSLB). As such, they rely fully on the ‘crack-free’
behaviour of prestressed containment even in the regions of stress concentrations around the large
openings. Thus the challenge was to conceive, design, analyse and construct such arrangement in a
reliable way. This has been a process of development through improvements made in various
aspects of the same over three stations at three locations over a period of time. Presently, two types
of solutions are developed and are being used for two types of reactors, one for 220 MWe units, with 4
nos. of openings, and other for 540 MWe units, with two nos. of openings. Various developmental
aspects of this effort are discussed below.

2. DESIGNER’S POINT OF VIEW

A designer has to understand functional requirements and finalise all aspects of the solution for a
project within practical time-frame without compromising safety. He has to stay within limitations of
available construction technology and also not disregard economy. These decisions involve:

a) Evolving practical and achievable performance specifications,

b) Formulating sound basic design philosophy,

¢) Choosing appropriate materials of construction where proportion and behaviour is known to a
certain level of accuracy (based on the past experience in nuclear and non-nuclear operations).

d) Conceiving broad design solution covering minimum but essential components of the solution
which is expected to work,

e) Carry out series of analyses and develop details, and

f) Finalise practically workable solution taking constructability (i.e. technology) into account.

This last step needs thorough knowledge of available technology, construction methods and their
strengths and weaknesses, adoption of practical construction schedules including its likely variations
in a practical situation, implications of these deviations and methods to mitigate their impact. Also,
introduction of Quality Assurance methods to assure reliable construction is needed which includes
preparation of mock-ups to evolve methods of working and for training of workers. The development
of “openings” has undergone through all these stages.

3. DESIGN PHILOSOPHY AND ANALYSIS

The design philosophy of Indian PHWR is to control leak rates by using double containment
system with :

a) Prestressed concrete Inner Containment (I.C.) acting as a high-pressure / temperature resisting
barrier, and no separate steel liner is provided for the same.

b) Outer Containment (O.C.) in RCC, totally enclosing the I.C. and forming annular secondary
volume which is maintained at a slightly negative pressure.

c) The Inner and Outer Containments are designed to have sufficient strength to resist the loads
acting on them. ‘Limit State Philosophy’ of design using partial-safety-factor method to ensure
overall safety is adopted. The Indian design codes are similar to French RCC-G using slightly
modified partial factors and adopted for Indian materials.

This approach has been retained also for the design of local zones around S.G. Openings. As
such, in detailed design the control of tensile strains in the concrete and avoiding cracks leading to
leakage becomes of primary importance. This control is even more important than ensuring the
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structural safety margins beyond accident pressure condition using appropriate partial factors (since
this strength is never required to be mobilised). The methods of analyses estimating stresses and
strains have to be accurate and reliable. This requires use of powerful Finite Element Techniques of
analysis.

Classical methods of analysis of calculating stress concentration around the openings were
adequate for design of RCC openings in Outer Containment for Narora and Kakrapar Stations.
However, for the design of openings in pre-stressed inner containments, Finite Element Method (FEM)
analyses became a must. It is necessary to use an appropriate element with sufficiently small mesh-
size in such a way that the sharp variations of bending stresses around the openings can be
adequately reflected in the analysis. Also facility to apply the concentrated prestressing loads
including the local anchorage forces becomes very important. It should be noted that in the portion of
concrete laying very close to the free edge of the opening, the normal plate bending elements are not
able to properly describe the local variation of stresses within the thickness of the concrete
(St.Venant's principle) and use of 3D solid elements becomes unavoidable. Since the serviceability
design requirements calls for linear behaviour and are governing the design, the use of non-linear
methods to understand the behaviour at ultimate load conditions is not called for, thereby simplifying
the analysis to some extent.

4. CHOICE OF PRESTRESSING CABLE-LAYOUT AND DETAILING OF REINFORCEMENT

In a normal situation of a single opening of a relatively small size as compared to that of the main
shell, the prestressing cables are deviated locally around the opening. This arrangement more or less
reproduces in opposite direction (compressive stress field) the effects created by the accident
pressure (tensile stress field). With the size of the opening becoming larger, the prestressing cables
cannot be subjected to large deviations and some of them are terminated on the face of the opening.
Thus the natural balancing or pressure load by opposite prestressing loads is locally distributed and
one needs extra local cables placed around the openings to lap with the discontinued cables which
are terminated on the face of the opening. These cables are normally provided within the zone of
extra thickening. This is how the large openings in a typical cylindrical containment are taken care of.

However, in case of doubly curved surface of the dome where the openings are large, and also
they are closely spaced, overlapping of highly stressed tensile zones take place. The zone of
concrete between the two openings cannot be brought into predominantly membrane action and local
bending stresses become significant. Additional hoop cables going around the openings and heavy
reinforcement is required. The reinforcement has also to be suitably concentrated in this region. The
overall effect of these requirements makes the zone very difficult for detailing of reinforcement and
prestressing cables. To make the matters worse, embedded steel EP supporting steel hatches also
has to be anchored to the concrete with its anchoring arrangement, which overlaps with prestressing
anchorages and its bursting and spalling reinforcement. This congestion makes concreting in this
region an extremely challenging job. The methods for achieving concreting and suitable detailing to
ensure proper concreting have to be evolved by making large scale drawings of alternatives, and
developing them in such a way as to ensure proper flow of concrete and availability of proper windows
for vibrating needles while concreting. Finally these details have to be tried and improved upon by
mock-ups conducted at site.

The schematic cable layout and reinforcement arrangement around the group of two openings is
shown in Fig.4.

5. CONSTRUCTION

The first group of such four openings was provided for reactor building no.1 at Kaiga Atomic Power
Project. The lower portion of concrete below prestressing cables in the central region of the dome
away from the openings, delaminated. This accident had required demolition of the dome and
reconstruction of the same from the ring beam upwards. The process of demolition was a controlled
operation of cutting the concrete in segments, and this method provided a unique opportunity of re-
examining the actual quality of concrete achieved in the field. It was realised that the concreting
methods needs to be further improved to eliminate some of the local defects observed. General
improvements in the detailing such as re-aligning of cables and reinforcement layers in such a way
that as large as possible windows become available for introduction of concrete and needle vibrators,
were made.
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6. FURTHER IMPROVEMENTS

Although the experience of Kaiga accident helped to improve the construction methods, it also
initiated re-examination of design and evaluation of the primary and secondary effects. Also, the
methods established by practice, - and therefore considered safe and reliable, - were re-examined.
This has proved beneficial in the long run. Although in the first re-designed portion some over-safe
provisions were made, after successful completion and pressure testing of the containment, the
confidence was re-established and part of over-safe provisions were withdrawn in the next group of
reactor buildings. The process of design has come back to a more normal and rational path.

7. DEVELOPMENT OF TWO WIDELY SPACED OPENINGS IN 500MWe UNIT

Even at the time of development of provision of 4 openings for 220 MWe Kaiga containments, an
alternative of providing two openings by sharing one opening between two Steam Generators was
under consideration. This arrangement had major impact on the internal layouts, supporting systems,
piping and manoeuvring of SGs inside reactor building.

During development of designs for 540 MWe project, it was possible to make suitable changes in
the SG arrangements from the beginning, and thus eliminate need for 4-openings - one for each SG.
One opening is now shared between two SGs in the design of 540 MWe reactor building. This leads to
two widely spaced (structurally not interfering) openings. This change simplified many of the
complications involved in engineering two closely spaced large openings, which efforts have been
described in preceding sections. The arrangement has been simplified and became comparable in its
simplicity to provision of opening in a cylinder.

Further improvement was possible in the shape of opening and arrangement of EP. The openings
have vertical boundaries to minimise the size in case of 4 openings. It was possible to make this
opening somewhat larger but placed radially to dome. This arrangement avoided formation of acute-
angled junctions below the EP which were difficult for concreting. This change made concreting
easier.

8. CONCRETE STRENGTH AND PERMEABILITY

In the original design of Kaiga Containment the strength of concrete of M45 (cube) was found to be
adequate from the strength point of view for the containment as a whole as well as for the local stress
concentration effects. However, the reconstruction of collapsed dome was done with High
Performance Concrete of M60 strength. This was done in order to gain the advantage of increased
tensile strength of concrete (from 2.76 MPa to 3.48 MPa). Also the improved leak-tightness
achievable by the use of silica fume was considered as beneficial. Use of this M-60 concrete was
continued for the first station of 540MWe at Tarapur, although this additional strength is not required
by the design. With the increased level of confidence, it was possible to switch back to M45 concrete,
for next set of 220 MWe units, which are presently under construction. While taking this decision,
apart from compromising on reduction of tensile strength marginally, the other advantages such as
reduction of heat of hydration, reduced creep and shrinkage effects, and better internal crack
distribution in the concretes of comparatively lower strength than the concretes of high strength were
given due weightage.

9. CONCLUSION

The presentation above described in detail, the process of development of a concept over a period
of time. It can be seen that the designer has to find solutions which are safe, economical and staying
within the limitations of available technology. However, design options remain open for
reconsideration as the experience accumulates and the technological developments take place. A
holistic and open-minded approach by the designer/owner is the crux of the matter, which ensures
success at a given time in spite of limitations of knowledge, as well as allows improvements and
progress over a period of time.
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Lowering of SG at Kakrapar Atomic Power Project
Fig.1 Fig.2
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Fig.3: General Arrangement of Containment  Fig.4 : Schematic Cable Layout of four
openings
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