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A B S T R A C T

Double barrier sodium/water steam raising units were incorporated
into the early DFR which has been operating since 1958» but to be
economically viable the PFR units had to adopt a single wall con-
cept. It should be remembered that the design style of PPR was
decided upon in the early 196O's, when a very cautious approach
had to be made. It was vital to ensure that a steam raising unit
had the maximum availability and so a forced circulation system
was chosen, making the steam generators consistent with all other
power station boilers installed in the U.K. at that time. It is
only recently that once-through steam cycles have been accepted in
this country by the CEGB and these are on the A. G. R. stations
currently being built .

The 250 MWe Prototype Fast Reactor incorporates the world's largest
sodium heated boilers and having gone crit ical some 6 months ago
is currently undergoing various commissioning t r ia l s prior to i t s
run-up to full power.

The paper gives a brief description of these, with comments on
particular features of Design, Development, Manufacture and
Commissioning. Some of the special difficulties and problems en-
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countered to date are discussed, together with the way in which
these have been overcome.

Extensive research and development work has been carried out in
support of Prototype Reactor and some of this continues well into the
manufacture and commissioning programme. Critical areas such as
tube—to—tubesheet welding, tube-grid fretting, burst disc and sodium/
water reaction work involves costly and time-consuming development.

Sodium heated steam generators pose a greater number of problems to
the designer than either fossil-fired or other types of nuclear
steam raising plant. As in any boiler, economics demand that the
heat exchanger surface is as compact as possible whilst retaining
good flow distribution inside and outside the tubes. Besides
achieving a good thermal and mechanical design, the designer is faced
with the possibility of a leak occurring and has to cater for the
sodium/water reaction which may follow.

Valuable experience has been gained in dealing with the sodium
heated steam generators problems arising over the last few
years, these have not been welcomed, but lessons have been
learnt which will benefit CPR I, the next fully commercial
demonstration 1300 MWe reactor now being designed and planned
for the late 197O's or early 1980's.

Introduction

In the UK the first large scale liquid metal/water heat exchangers
were built many years ago in the mid 1950's for the 60 MW(Thermal)
Dounreay Past Reactor and these have operated very satisfactorily
to date. The DPR is essentially a fuel element test facility but has
contributed a great deal to our experience of liquid metal handling
and operation of a complete power producing reactor system.

The safety philosophy laid down at that time result in a double
barrier concept being adopted for the design of the steam raising
units. A tube containing the water or steam is surrounded by four
more containing sodium potassium and all five embedded in a matrix
of copper blocks, this should prevent a water leak reaching the Ha
or vice versa and give ample warning of a leak through a detection
system. The steam plant consists of 12 separate boiler units, each
of 6 MW thermal rating. Each boiler unit consists of 10 banks of
13 element units. The elements are made with 5 stainless steel
pipes arranged as 1 centre water/steam and 4 outer pipes for the
liquid metal. The 5 pipes are bonded together over 8 ft. of
thsir length with •§•" thick copper laminations threaded and brazed
to the walls of the pipes with a brazing foil of copper, manganese
and nickel, (see Fig. 10)

A unit column of 13 elements has the 8 ft. straight lengths joined
together at the ends by bend sections to form a column about 7 metres
high of a composite 5 tube continuous vertical hairpin arrangement.
Thus, the 4 sodium potassium pipes run continuously vertically
downwards, passing alongside the various sections of a single
water/sodium tube system of an economiser, evaporator and superheater
(3 straight element lengths for the economiser, 8 for the evaporator
and 2 for the superheater).

Each boiler unit is contained in an open topped, lagged metal box
about 8 x 4 x 4 metres. 12 forced circulation systems, complete with

BCP and drums, produce saturated steam which is passed on to the
superheat section of the unit, or an alternative hot water/seawater
dump heat exchanger can be switched in to reject 6 MW of heat if
required.

The copper bonded type of boiler is unfortunately a costly item
when extrapolated to a large, modern power station design, but its
performance to date is very impressive. Since commissioned,around
1961, the availability of the actual unit has been very nearly 100$.
Two liquid metal leaks have occurred some years ago which did not
cause reactor downtime - the leaks being detected by visible drip
deposition on to the floor of the building and the leaks repaired
during reactor fuel handling periods.

Numerous water leaks have occurred due to a particular design
of bolted joint in the economiser but when this does occur, the
offending section is manually valved off without dropping load.

The steam conditions (200 psia, 280 C) are, however, well outside
modern day practice and it was soon evident during the PPR design
studies that it would be necessary to go to a single tube wall
design in order to produce an economical and viable steam raising
unit for current boiler plant conditions

The power output of the PPR is based on the requirement that it
should be the smallest reactor capable of providing, with confidence,
the information necessary for the installation and operation of a
commercial fast reactor in the United Kingdom in the early 1980's.
After consideration of the fuel development, physics and safety
aspects, and finally of the engineering features of the reactor,
it was concluded that a minimum power output of 600 MW(H) was
necessary.

The main features of the design are the use of U/Pu dioxide fuel
clad in S/S, the layout and containment of the single tank primary
circuit, the fuel handling arrangements, the use of single wall
steam generators and the adoption of temperatures which permit
modern steam conditions of 2300 psig at 960 to 1050°F (162 kg/cm

2

at 51б-5бб°С), to be used. This enable a standard turbine to
be specified, almost identical to one which was at that time being
currently ordered for the latest fossil-fired Eritish Power Stations.

A very cautious design philosophy was adopted for the whole of the
PFK and this applied to the steam generators in that a forced
circulation steam generator was used with simple tj tube heat
exchangers to provide the inherent reliability considered essential
for the first ever large scale single wall sodium heated steam
generator concept in the U.K. There is extensive experience in
Britain of forced circulation systems and, in general, they are
less onerous on material selection, dryout and control when compared
to the once through boilers.

The following notes describe the PFR steam generators which are the

world's largest sodium heated boilers. The problems encountered

and the solutions adopted are noted and commented upon.

Description of the PFR steam plant

The overall plant layout of the station is shown in Fig 1 and
2 and a simplified flowsheet and temperature heat diagram are
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shown in Pig 3 and 4. The system is divided into three distinct
loops each with a steam generator, reheater, centrifugal pump and
two intermediate heat exchangers. The primary sodium passes upwards
through the core and breeder sub-assemblies and then flows downwards
through the tubes of the six intermediate heat exchangers and into the
primary sodium tank. The secondary sodium transports the heat from
the intermediate heat exchangers to three steam generators and
reheaters. The sodium flow from two intermediate heat exchangers
is split to pass through a reheater and superheater in parallel
from where i t is mixed and passed through an evaporator. Prom the
evaporator the sodium flows into a free surface centrifugal pump
before returning to the intermediate heat exchanger.

The water steam side is common at a feed water header, main steam
header, cold reheat header, hot reheat header and a turbine bypass
line. The feed is passed directly into the steam drums from where
it is circulated through the evaporator at five times the evaporation
rate. The superheaters fed from the drum water separators provide
steam to the high pressure cylinder of the turbine. The exhaust
from the cylinder is taken back to the reheaters before entering
the intermediate pressure cylinder of the turbine. Any one of the
three loops is capable of being isolated with the other two on
power by isolation of the primary sodium at the two appropriate
intermediate heat exchangers and isolation of water and steam
at the headers.

To facilitate start up of the plant each superheater and reheater
is provided with a steam bypass and each reheater outlet has an
auxiliary pressure control valve. An intermediate heat exchanger
sodium bypass is also provided to the reheater inlet. Operation
of these bypasses at start up differs depending on how long the
turbine has been shut down or whether any of the other circuits
are on power. They are required to give system temperature control
and to ensure that only steam at conditions considered safe for
operation of the heat exchangers is admitted to them at start up.
Apart from conventional requirements of turbine metal temperature
matching and general avoidance of thermal shock in the system;
these conditions are:

(a) To provide some insurance against stress corrosion of the
stainless steel superheater and reheater units no steam
shall be admitted until the sodium temperature entering
is 25°C above the steam saturation temperature. In addition
no wet steam shall be admitted to the reheater.

(b) To ensure that sodium can never enter the steam circuit,
the pressure of the steam entering the reheater shall
always be at a pressure above the sodium pressure in the
heat exchanger.

A dump system capable of condensing approximately 20$ full load steam
to the turbine is provided for flexibility during start-up and load
changing. The main condenser is used for this purpose and the
temperature and pressure of the dump steam is reduced by a series
of pressure reduction valves and desuperheaters. There is a single
100$ capacity feed pump driven by a steam turbine which is normally
fed by bled steam but can accept live steam during start-up or
periods of low load on the main turbine. There is a 10$ steam
driven emergency feed pump. A full flow condensate clean-up plant

is provided, consisting of resin-bearing filters with means of
introducing additional capacity to prevent carry-over of chloride
in the event of a condenser tube failure.

The turbo-generator is a conventional multi-cylinder tandem machine
with single reheater, comprising HP, IP and two double flow LP
cylinders, the rotors being solidly coupled. The set is designed
to operate at a stop valve temperature of 1,050°F (566°C). There
are eight feed heating stages, three are HP surface heaters and five
direct contact. The condenser is arranged longitudinally under the
LP cylinder.

With a single wall between the sodium and water in the steam generator
i t is prudent, despite high standards of manufacture and development,
to assume that a leak can occur and ensure that the system design
is safe under the resulting sodium/water reaction. The secondary
sodium circuits are protected against the high pressure that mi^it
result from sudden tube failure or fast propagation to secondary
failures by a relief system for the safe discharge of the reaction
products. Moreover, a water steam isolation and dump system
automatically initiated from a bursting-device failure or hydrogen
detector has been installed.

The effluent system (Pig 5) consists of mild steel pipes from the
steam generators leading to a sodium dump tank where, should a
sodium/water reaction discharge occur, settling of the sodium takes
place. The hydrogen and some entrained sodium rise to a cyclone,
where the remaining sodium is removed before allowing the hydrogen
to Ъе vented to atmosphere through a stack.

This system is designed assuming an instantaneous single tube burst
in an evaporator which quickly propagates, within the twenty-second
water dump-time, to complete failure of the surrounding six tubes.
It is capable of safely carrying the total amount of hydrogen and
sodium slugs assuming all the water released reacts with the
sodium instantaneously. It has been shown by mathematical model
with many pessimistic assumptions that the velocities and resulting
reaction forces in the sodium circuit and discharge system are not
unduly high. Some work has been carried out and further work is
in hand to confirm the calculation methods by full-scale testing
on the sodium/water reaction rig at Dounreay.

Although the above safety measures have been taken i t is expected
by comparison of experimental propagation times with detection
times that leaks will be detected before they have time to develop
to the proportions described. An early-warning system based upon
hydrogen detection in the secondary sodium and blanket gas has
been installed. The detectors will register first an alarm condition
followed by a t r ip condition at preset levels. The action taken is
dependent upon how the leak develops. On receipt of an alarm signal
manual shutdown and water/steam dumping under controlled conditions
can be initiated. If the action taken is not sufficient to prevent
the tr ip level being reached, the automatic fast dump system takes
over in which the water is isolated and that contained dumped, the
intermediate heat exchangers isolated from the steam generator and
the secondary pumps stopped.
Steam generator unit design

Each of the three steam generators is capable of utilisation of
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200 MW of heat for the production and reheating of steam for use
in a modern turbine generator with 2300 psia, 513°C steam conditions
at the turbine stop valve. The reheat system is admitted to an
intermediate pressure turbine at 390 psia, 513°C. Figure 6 shows
the breakdown of a steam generator into its three major heat exchangers,
evaporator, superheater and reheater. These units together with a
conventional steam drum and circulating pump are piped together as
shown in Fig 3 to form a forced circulation boiler.

The heat exchangers are all vertically mounted shell and 'U'-tube
units (See Fig 1, 8 and 9) and the evaporator employs parallel—flow
between the water in the tubes and sodium in the shell. The super-
heater and reheater operate with counter-flow, the other main difference
is the method of arranging the tube where the evaporator has a single
large tube plate and header whilst the steam units have concentric
annular tube plates and headers. All the units have trapped-gas
spaces between the sodium—free surfaces and the tube plates.

The shell design has been confirmed by large water leak—rate tests
into large quantities of sodium using the SUPERNOAH rig at Dounreay.
The design pressure used is nearly twice the design pressure of
the test vessel which has already withstood 13 reactions. The
pressure—relief connection from the shell to the effluent system
consists of a hinged plate supporting a nickel membrane, which is
the sodium seal, the plate itself being held by a shear pin
which fails at about twice the normal circuit operating pressure.
The nickel membrane is supported over most of its area, avoiding
the creep problem to which a bursting disc would be subject at
high sodium temperatures. The other advantage is that the stressed
component (the shear pin) can be changed from outside the shells
without sodium dumping or disassembly.

The selection of materials for the different heat exchangers
required the consideration of two problems. The first is carbon
and mass transfer on the sodium side and the second, accelerated
corrosion of materials normally used in sodium systems by chloride
concentration on the water side. Despite the emphasis put on high
water purity it was decided that the possibility of stress corrosion
still limited the choice of evaporator tube material to ferritic
steels. The actual steel used was 2%fo CR 1$ Mo stabilised with
niobium since it offered a longer term possibility of being an
economic material capable of being used in all sections of future
steam generators. Since at that time mass transfer and strength
properties were not available above 475°C for this material,
316-type stainless steel was selected for the superheater and
reheater.

In the design of the individual units the prime consideration was
that of simplicity and reliability of the sodium/steam-water
interface, in order to achieve high integrity, avoidance of water
leaks and thereby high availability. High quality seamless tubing
subject to very stringent non-destructive testing was used. No
tube welds were allowed under sodium, thus, the maximum available
single length of seamless tubing affected to some extent the size
of units.

With the design envisaged for PFR, tube plates were adopted, and
to prevent these tube plates and the tube/tube plate joints being
subjected to a sodium environment and associated high thermal

transients a gas blanket was provided. This has tne additional
advantage of keeping sodium away from the mechanical joint on the
vessel, providing a buffer volume in the event of a Na/l^O reaction
and providing a convenient space for a hydrogen detection meter.

Development

Prior to the contract being placed for the PFR steam generators
a fairly extensive development programme was completed to ensure
the feasibility of the design proposed. This work included flow
modelling and tube vibration in a 1.2 full size segment model,
fretting between tube and tube support, tube bending and burst
tests and tube/tube plate welding. The flow modelling work
was carried out with water at room temperature which gave a
similar Reynolds No giving a reasonable representation of vibration
problems. This test suggested that the tube support system would
prevent serious vibration problems at all loads and also the inlet
and outlet geometry was reasonable. The fretting tests were carried
out in static sodium with various material combinations and
contact surfaces.

Two modes of fretting were investigated, high frequency low
amplitude caused in preactice by flow induced vibration and low
frequency high amplitude caused by expansion movements. The results
of this work enabled the designer to select suitable materials and
contact profiles for the tube support system. The tube bending
work was initiated to prove that bent tubes with a degree of wall
thinning were as strong as straight tubes which if successful would
obviate the need for increasing the tube thickness. This development
work also investigated various bending methods, wall thinning and
ovality and the conclusion was that tubes could be bent in production
with minimum thinning and ovality and that their final strength was
in excess of the original straight tube. The tube/tube plate weld
development was a very comprehensive programme and investigated the
welding of various material combinations with different joint
geometries. The welding which was undertaken at a later stage
was carried out on the basis of the specific tube sizes and materials
to be used and was undertaken to finalise all the production
procedures and acceptance standard. This part of the work took
considerably longer than originally anticipated but procedures
giving acceptable welds were finally developed.

To enable the final design to be proved and to enable detail
manufacturing processes to be finalised, further development was
undertaken which included a -5- scale flow model of evaporator,dryout
experiments in the evaporator and further tube/tube plate welding
trials. The flow model work was undertaken to test the flow
distribution at inlet and outlet of the evaporator unit together
with an investigation into gas entrainment. A % scale model was
chosen as it was of a convenient scale and gave reasonable
similiarity with the Froude and Reynolds numbers of the prototype
unit.

More general development was undertaken which started during the
design study phase and in some instances is still continuing today.
This work includes Na/HgO reaction experiments, development of
hydrogen and Na/HjO detection equipment, material testing and the
development of an in situ tube inspection probe. The Na/l^O
reaction experiments and the development of detection equipment is
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a very long and complicated programme which is- not covered Ъу this
paper but the results available at the time the PPR steam generators
were being designed were sufficient to give the required confidence
in the design procedures being adopted.

Although considerable effort both in design and development has
been made to ensure that steam blanketting of evaporator tubes will
not take place under normal operation, it cannot be avoided during
some of the plant transient situations. In order to confirm that
accelerated corrosion due to breakdown of magnetite layer will not
occur under the small number of cycles expected, extensive
experimental work has been carried out. When nucleate boiling gives
way to film boiling in a conventional boiler, failure of the tube
can occur due to overheating ('Burnout'). This situation is not
possible in a sodium—heated evaporator because the very high heat
fluxes are associated with relatively small temperature differences
between the sodium and water. Thus, a temperature-limited situation
exists in which premature failure can only be brought about by
overstress of the magnetite protective layer caused by large thermal
stress cycling of the tube—wall skin.

The main feature of the development work therefore is the provision
of a heater capable of giving the necessary high heat flux with
limited temperature.

There were many other detailed problems which could only be solved
by development work, some of which is still continuing in various
laboratories within the UK.

One of the main problems with development carried out at an early

stage of design is to ensure that the results are not undermined

by changes in concept or design style. It is obviously difficult

to ensure that some of the early development is not wasted but any

work that is peculiar to a specific design should be held until the

design is frozen and any model made sufficiently flexible to accept

detail variations. This particular problem did occur on some of the

PER development and the lesson to be learned is that detail design

must be undertaken early in the overall time scale of a project.

Manufacture and installation

As one would expect with a project of this nature several manufacturing
problems were encountered but the most interesting and possibly the
most important was tube/tube plate welding, supply of tubing to the
correct standard and the supply of the large tube plates.

It was found on tube/tube plate welding that the weld profile was
very sensitive to parameter variations and as this was an important
feature of an acceptable weld considerable work was required to
stabilise variables to obtain the desired profile on production
To ensure that welds of the correct standard could be produced on
a production basis and to ensure that the minimum of faulty welds
were made on the steam generator tube plates it was specified in the
manufacturers contract that at least one hundred consecutive welds
without faults should be produced for each unit under production
conditions before work could commence on the actual steam generator
units. This requirement was rather difficult to meet but it did
ensure that once production started it was able to continue at a
reasonable rate. This particular exercise brought out the difficulty

of transferring a process which was producing satisfactory results
in the experimental department to produce the same results on the
shop floor. This transfer took a great deal of time demonstrating
once again that detail work should be started as early as possible.
The method of inspection adopted for each weld started with a visual
examination followed by a radiograph using a thulium source, a
pressure test and helium leak test. On the completion of the tube
bundle a final pressure test was carried out. The radiograph method
was specially developed for this particular work, the source being
inserted into the tube beneath the tube plate. The particular
geometry of the joint was ideally suited to this method of inspection
and definition and inspection capability was very good.

Due to the overruling requirement to produce single wall steam
generators with the best possible integrity the manufacture and
supply of the tubing was given a considerable amount of attention.
No information was available on the effect of various defects on
the final integrity and operational life of the tube but it was
obvious that a minimum risk approach was necessary, so the
specification fianlly selected was for the best tubing that could
be produced commercially at that time. This meant new production
schedules at the manufacturers to obtain the standard required,
which was checked by specially developed inspection methods, which
entailed full ultrasonic inspection followed by an eddy current
test.

Tube handling was given considerable attention, the obective being

to ensure that the high surface finish of the drawn tube did not

deteriorate as it passed through the various operations and as it

was handled between stages. This requirement necessitated a

completely new approach on tube handling and manipulation in the tube

manufacturers works and in particular the boiler fabrication shops.

PFR is a prototype system and it is hoped that this will generate
information which can be passed over to future stations. One such
piece of information is the effect of defects and manufacturing
route on the tube integrity. In an attempt to provide this
information a complete record has been kept of tube history from
the formation of the billet to the installation of the tube in the
steam generators. The record includes a printed trace from the
ultrasonic examination which can always be compared later with a
failed tube to see if the cause of failure can be explained on
the trace. If a series of failures occur these may then be traced
back to a particular manufacturing route or tube billet but it is
not anticipated that such information will be required. The object
of this exercise is to build up data which may help in the
specification of suitable tubes for later stations.

The features of interest in the supply of the large tube plates
especially those for the evaporators was the requirement to ensure
that surface defect level was of a suitable standard to enable
high quality tube/tube plate welds to be produced, to ensure that
the mechanical properties were achieved and also the difficulty of
drilling the plates to the required accuracy. All these problems
were overcome but to achieve this end result considerable inspection
effort had to be applied and in some cases the removal of defects
and the subsequent repair of the forgings had to be undertaken. It
was decided to tube up and assemble the units in the vertical this
ensured that the gravity effects causing weld 'slumping' especially
in the thick walled superheater, were minimised.
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The ultimate objective of the plant is to produce power at a
satisfactory availability to build confidence in the single barrier
sodium to water steam generators. It is of l i t t l e use to produce
tubes of a satisfactory standard if they are allowed to deteriorate
through the manufacturing route, during transport to site, during
site installation and storage and during the commissioning and
early operation. The main problems during construction have been
centred on the maintenance of satisfactory conditions for the tubes
at all times to ensure that deterioration did not take place.
Apart from the obvious precautions taken during transport and
handling it was considered that the most effective way to ensure
that the tubes remained in a satisfactory condition was to maintain
a blanket of dry nitrogen on both sides at all times. Due to programme
considerations the steam generator shells were delivered to site
ahead of the tube bundles and this meant that the bundles had to be
stored at the works. Once the bundles were assembled into the
shells every effort was again applied to ensure that the tubes were
blanketted with a dry inert gas but this was not completely
satisfactory due to the problem of opening up the circuit to make
connections on both the water and sodium side.

Problems

(a) Tube/tube plate welds

Extensive pre-production development work was undertaken to prove the
TIG welding procedure and a great deal of time was spent in eliminating
very small surface cracks which occurred in the tail-off regions of
the stainless steel welds. This problem had not come to light in the
pre-contract work but when the actual tube and plate materials were
used minor differences in tube composition which were within the
specification requirements contributed to the difficulties.

As the weld cooled down in the ta i l off region a combination of
thermal stress and material composition caused crater cracking (very
tiny surface cracks - less than 0.010 deep). The adjustment of the
welding current at the final cut—off point reduced the thermal stress
and eliminated crater cracking to a large extent. However, i t was
found necessary when the actual production welding started on the
bundles proper, to devise a unique, special purpose grinding tool -
rather like a robust but precise dental dril l . This was used to
grind out any crater cracks occurring on the joint which could not
be removed by re-welding. It was found that consistent weld profile
shapes were readily obtainable providing strict quality control was
observed. Stringent NDT testing of the finished welds which included:
pressure tests, x-ray and helium leak testing and visual inspection
with introscopes ensured a finished weld product of the highest
integrity.

A full programme of destructive testing has been completed including
fatigue and thermal shock tests.

fhiExplosive plugging

On the final superheater unit to be tested a leak developed at the
tube-to-tubesheet weld of an inner row tube. A final visual
inspection of the tube bundles, before the outer baffles were fitted,
showed damage to ал outside tube on a reheater unit. The position of
these tubes and the stage of manufacture reached precluded replace-
ment, i t was therefore decided to plug each end of the tubes.

A very extensive development programme.for explosively welded plugs
was nearing completion and this technique was employed very success-
fully to plug the tubesheet holes for the above superheater and
reheater. The possibility of explosive plugging the prototype fast
reactor steam generators was first reviewed very early in the project
with a view to possible long term development of the process for
in-service repair to leaking tubes. Up to that time plugging
techniques had, in less critical situations, relied upon mechanical
wedge or screwed plugs and in more critical situations fusion welded
plugs have been used. Initial development work indicated that this
process was ideal for the prototype fast reactor steam generators
and could be satisfactorily developed into a production technique
for use under site conditions.

A full development programme was instituted to develop the process
for all three heat exchanger units, i.e. superheater, reheater and
evaporator. The criteria for a satisfactory plugging technique was
established from a consideration of the following:

(a) Plant outage time.

(b) Amount of removal of the structure of the plant, i.e. pipes,
headers, lagging, etc.

(c) Ability of the plug to withstand plant design conditions.

(d) Consequencies of failure of the plug in service.

(e) Reproducibility of plugging technique.

(f) Non-destructive testing of plug.

It was also necessary to satisfy the criteria that the plugs must not
have a front face crevice between plug and tubesheet, to eliminate the
possibility of chloride stress corrosion problems on the austenitic
superheater and reheater units.

The PFR design of SGU is not ideal from the point of view of tube
access and this explosive plug system is ideal for difficult access
situations. We now have a valuable tool for the future repair of any
type of steam generator. A novel form of welding torch has also been
developed to go down any tube of the PFR unit to burn a small hole
in a defective tube should it be necessary to couple the underside of
a plug to the gas space beneath the tube sheet. This enables the
hydrogen detection system to effectively monitor the plug for leakage
during the life of the plant.

(c) Vibration

During the final assembly of the units at the works some concern was
expressed about the apparent very flexible nature of the unsupported
span of the tube bends in the superheater and reheater. They could be
made to touch and rattle against each other with very l i t t l e force,
indeed due to tolerance build-ups some tubes were already in contact.
In the early stages of the project some original flow/model work was
carried out but this was on a more flexible grid support system which
was changed to a solid plate design in the production of the steam
generators.
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At this point in time information Ъесате available regarding the
failure of other steam generator units (mainly in the USA) from
vibration problems — reports were to hand in which existing heat
exchangers had Ъееп urgently modified and extra tube supports
inserted.

A more rigorous programme of theoretical analysis than was carried
out in the initial design stage was undertaken which revealed that
under certain conditions and assumptions tube resonance could
occur. A water test on a complete secondary circuit had been
planned for some time and so it was decided to design and procure
anti-vibration support devices to be fitted to the units if found
necessary on the water test.

These devices posed a very difficult problem, the units being by

now completely built and access was extremely difficult especially

in the case of the superheater.

The theoretical work on this type of analysis is not conclusive and

still requires some degree of individual interpretation or judgement

and so it was thought prudent to fit these before the water test

since it was acknowledged that although they may not have been

absolutely necessary they would not impair the integrity of the unit.

A big factor in arriving at this decision to fit extra supports before
assessing the problem on the water test was the substantial saving
in programme time compared to the case of fitting being necessary
after the test.

Extra supports were eventually fitted to the region of cross flow
at the inlet and outlet of the units as well as at the tube bends.
The devices fitted to the cross flow regions took the form of a
metal strip with small hook attachments to grip the tubes, inserted
between the tube rows.

These picked up a complete line of tubes and applied a mechanical
load to each which effectively introduced another support point,
cutting down the previously large unsupported span at the inlet and
outlet cross flow regions, ensuring separation between natural tube
frequencies and coolant eddy shedding frequency.

The devices as fitted to the bend region, did not ensure a direct

positive load on each but merely separated the tubes limiting the

amplitude of vibration and preventing 'live' steam tubes from

touching. In the event when fitted good tube contact was obtained

and a sideways loading of the tube produced.

) Water test

Throughout the manufacturing and erection stages, design and development
work was obviously continuing. A number of problems, although
emenable to theoretical solution, were regarded as having insufficient
confidence margin. To maintain the high level of reliability and
to provide further assurance before the system was filled with sodium,
the number three secondary sodium circuit was subject to a water test.
The object of this test was to simulate as near as possible the
operational dynamic behaviour of the circuit whilst operating with
water as the circuit working medium. The main objective being to
establish that the steam generator tubes and the secondary sodium
pipework were free from unacceptable vibration levels. The opportunity

was taken to carry out further tests on gas entrainment, noise
measurement, hydrogen leak detection and the hydraulic performance
of the complete system.

In the event, vibration levels were found to be negligible, but

discrepancies were found between design prediction and actual

performance in other areas. The outcome being the necessity to

carry out some modifications to the plant. The solution to these

problems and the operating experience gained has proved invaluable and has

enabled sodium fill and plant operation to proceed with a very high

degree of confidence.

It was a major exercise to establish on site a team of competent
engineers to carry out a 24 hour cover for a continuous testing
programme and special equipment had to be designed, developed
and tested. For the vibration tests a probe was designed consisting
of two accelerometers mounted so as to measure accelerations at
right angles to each other and perpendicular to the longitudinal
axis of the tube. The probe would be held against the internal
surface of the tube by a rubber jacket pressurised by compressed
air. Several probes were manufactured suitable for various duties:

(a) Normal tube access regions.

(b) Reduced access areas.

(o) A single accelerometer probe for investigating the bend
regions.

(d) A double accelerometer probe to measure tube rotations
across tube support and displacement within the support.

Development of a probe to measure bending strains directly was also
successfully carried out. This system operated a pressure jacket
holding a strain gauge against the tube bore by means of a friction
pad. After extensive tests the strain gauge probe was found to give
an accuracy of * 10$ on true stress levels. As the accelerometer
probes give a measurement of stress derived from velocity measurements
and is dependent on a prediction of the mode shape, using this method
was considered to give an accuracy of * 20$ of true stress value.
Test work indicated that maximum stress levels, obtained from
accelerometer probes, would be closer than this. However, due to the
necessity of a more thorough tube scan, when using the accelerometer
probe, a decision was made to use the strain gauge probe as a primary
testing instrument. When a strong vibrating signal was found a more
thorough scan was made using all available types of probe.

All types of probe were connected to instruments which would give

readings of RMS values, oscilloscope traces and analysis of signal

by frequency.

The highest bending stresses measured were well below the acceptable
fatigue stress levels, and due to the flatness of the fatigue curve
at high cycle values, the highest stress recorded would not
result in fatigue damage occurring during the life of the plant. Both
flow energy and flow velocity were modelled, and sufficient extra
flow was achieved for confidence to be held that changes in material
properties due to temperature would not result in unforeseen damaging
resonances. Resonances measured on the superheater and evaporator
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at design flow conditions tended to Ъе of a given stress value, from

which it may Ъе inferred that damping is such as to limit tube

vibrations caused Ъу similar excitation to a typical level. The

reheater, being subjected to much lower sodium flow, exhibited very

low levels of stress. As expected, the tubes with the highest

amplitude of vibration were in regions of high crossflow. The fact

that the sample of tubes chosen has a large number of such tubes in

high crossflow gives confidence that no other tubes were vibrating

at significantly higher levels. This, coupled with the observations

on stress above, leads us to state that no tube vibrations resulting

in fatigue damage are to be expected during the plant life.

Tape recordings of probe signals for selected tubes at one foot
intervals throughout the length of the tube were taken for detailed
further analysis.

Hydrogen leak detection instruments are built into the units in order
to pick up a leak before it has chance to propagate into a major
fracture or do significant damage on an adjacent tube - the water
test afforded an opportunity to do work on this.

Tests were done consisting of injection into the flowing water of
potassium 40 to establish the sampling efficiency of the sodium
hydrogen detectors and gas injection into the steam generators to
check the possibility of using noise detectors for further leak
detection. The sampling of the hydrogen detector was found to be
excellent and noise detection, although not conclusive, showed
considerable promise for future application. Similar tests injecting
small amounts of water into the sodium during commissioning operations
with sodium in the circuits, have now started and the results to date
are encouraging.

The device for water injection into sodium has been designed and
developed using the large leak sodium/water reaction facility at
Dounreay ('NOAH') and works on the principle of pumping into a
flowing argon stream, in a capilliary, a metered quantity of water.
The initial flow being started by bursting a membrane at the end of
the capilliary. The object of the injection of water into the sodium
is to establish the response of the numerous detectors around the
circuit to leaks of different sizes in the various heat exchangers.
During the water test it was discovered that the gas spaces in all the
heat exchangers were unstable, indicated by a rising level of water
at constant pump speed. The evaporator gas space in particular,
rapidly disappeared, the superheater and reheater gas was entrained
at a much slower rate. This phenomena came as a surprise, since
prior to freezing the design, water model testing was carried out
in which the flow patterns and baffles were optimised specifically
to eliminate gas entrainment. By carrying out a series of trial and
error modifications it was established that in each case, entrainment
was taking place due to design details in the heat exchangers that
were not modelled during the pre-production development. For example,
the significance of drain holes and engineering gaps in the evaporator
gas space region had not been recognised. Acceptable modifications
were found which cured the gross entrainment leaving only a slow loss
of level in some spaces. To facilitate control of the gas spaces
an automatic gas make up system was fitted to the circuits.

The gas spaces, although different in design all suffered the same

basic problem, which was failure to appreciate the importance of

very small differences between the models and the production units.

(e)Corrosion

After being stored in its shell on site for several months the number
3 evaporator unit was found to have several tubes contaminated with
water.

A visual inspection with an intrascope showed a certain amount of
surface corrosion, it was soon realised that the biggest problem could
be the areas that were not accessible with intrascopes. available. It
was also realised that corrosion products could be obscuring detailed
examination of the tube surface. To obtain a clear picture of the
tube surface, and to remove all residual products, it was decided to
chemically clean the unit.

After extensive testing a citric acid chemical clean followed by a

hydrazine passivation was chosen as the cleaning method. This was

carried out successfully and the unit stored with an inert gas.

A further inspection of the tubes with an intrascope indicated that
all the corrosion products had been removed. It was however difficult
to obtain a clear picture of the tube wall surface due to the residual
deposition of black oxide following the passivation process. To remove
the free oxide adhering to the surface,felt plugs were blown through
all the tubes. This condition was good enough for the majority of
tubes, however, in some areas of corrosion pitting it was found
impossible to inspect. Selected tubes were then cleaned by a twin
rotary nylon brush, the resulting bore surface was very good allowing
the observation of very small pits and minor surface defects. As
a result of this work all the tubes were re-cleaned by the use of
rotary nylon brushes.

Suitable equipment for visual inspection of the bores in the tight
bend region was not available at the time. It is useful to note
that we now have a fibre scope and TV camera facility currently under
development which will in the near future be able to go down a •§• in.
bore tube» and observe tube surfaces including the bend.

Eddy current probing of the tube bore was being developed to allow

in—service inspection of tubes. Standard Circograph eddy current

equipment was used in conjunction with a specially designed flexible

rotating probe capable of examining both the straight and the U-bends as

far as the centre line of the bend.

On completion of an 100$ inspection on the unit, all the data
accumulated were tabulated and every tube examined critically. The
criteria for acceptability of the tubes was based entirely upon
obtaining as high an integrity tube bundle as possible. The final
sentencing condemned 38 tubes to be explosively plugged. The effect
of plugging these tubes on the thermal conditions of adjacent
unplugged tubes required assessment for all design cases and operating
conditions of interest, e.g. dryout, temperature stratification,
stability etc, etc. A ferruled evaporator design had been chosen,
during the development period, to enable greater control over dryout
margin, flow distribution and stability. A ferruled design also has
the advantage of providing means of adjustment of flow in tubes around
plugged tubes, to compensate for higher sodium temperatures immediately
around the plugged tube. Advantage was taken of this feature and the
ferrule sizes adjusted in the cell 3 evaporator to allow the unit
to operate very near its design operating conditions.
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(f) Drum carry over

A very small percentage of water (about 0.1$) is carried over from
the steam drum to the superheater which is made of austenitic stainless
steel and is therefore sensitive to chloride stress corrosion cracking.

Very tight control is maintained of the water quality (re a full flow
polishing plant NaCI = 0.1 ppm; 0„ = 0.001 ppm and a constant drum
blowdown greater than 2$) but it nas been considered prudent to fit a
steam injector or jet pump item at the entrance to the superheater.
This is a device for recirculating up to 25$ of the S/н outlet flow
back to the inlet and to dry off the drum steam supply before it gets
to the heat transfer surfaces of the S/S units.

The steam is actually dried whilst it is still contained in the

ferritic steel pipes.

A scale model of the irea concerned is currently being built and the
rig will be used to demonstrate the effectiveness of the technique
before installing the device onto the full size units on site.

Current Status (September 1974)

Extensive testing on both the sodium and waterside plant areas have

now been completed.

Modifications to the steam generators to prevent gas entrainment of
the argon cover gas over the sodium in the shell side have been shown
to be successful on circuits which have been modified. Due to programme
requirements one of the evaporators has not yet been modified; this will
shortly be carried out in situ by raising the bundle approximately 2m
out of the shell with a bagging technique and carrying out a unique
and difficult cutting and welding engineering modification under inert
atmosphere conditions. This should be extremely interesting and valuable
contribution to our knowledge of inspection and repair techniques under
real plant conditions.

All units have been successfully hot helium leak tested by pressurising
with helium on the tube side to 500 psi and monitoring by sampling/con-
centration techniques the helium content of the shell side cover gas.
Equipment problems were initially such that the first circuit tested took
several weeks, but improvements have now got this time down to about one
week.

Water injection tests have been conducted on one of the circuits
under static and dynamic sodium side conditions to help commission
the in-sodium and gas phase hydrogen detection equipment. This is
a vital element to establish the characteristic responses of the
protective tube leak detection system, enabling values of trip
and alarm leaks to be chosen with the knowledge of real circuit
transit times and solubilities etc.

The equipment was previously developed and tested on the large
sodium water reaction test rig facility at Dounreay, and has worked
extremely well. It was originally intended to remove the water
injection facility but it has now been decided to leave the
equipment in place to give the capability of carrying out check
injection trials from time to time, during reactor operation, any
new H

2
 detection device (ion pump system) can now be installed and

its performance quickly evaluated.

We have had our share of trouble with the so-called "conventional"
steam plant items, valve leakages, bolted joints etc, but the steam
side commissioning is now progressing quite well.

All three circuits are sodium filled, the BCP system checked and one

circuit is now steaming through the evaporator at a pressure of 90 bars.

Conclusions
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The Past Reactor Design Office started work on the 15 ME(e) DFR as
far back as 1950 and has continued to push ahead with reactor design
and development with the co-operation and assistance of many external
bodies. The 250 MW(e) PPR feasibility studies commenced in earnest
about 1959 and followed up with design studies on the 1300 MW(e) CPR
about 1969. Thus, we have a design team with a tremendous depth of
experience behind it, which is available for our current and future
designs.

Two Prototype Reactors have been built in the last ?4 years but this rate
of progress is expected to accelerate substantially over the next
decade or so and it is anticipated that by the late 1980's a proven
design will be ready for introduction on a big scale into the U.K.
power programme. Thus, historically, extreme caution •:as shown in the
early DPR design - double wall/barrier concept with very low steam
temperature and pressure conditions. Having gained some experience of
handling sodium and water and with the incentive of meeting practical
economic parameters of modern H. P. steam plant conditions, a radical
change was introduced in the PPR 'single wall' steam generators.

The choice of an easily removable U-tube design style has proved to be
of tremendous importance in the light of our PFR experiences over the
last few years. The facilities available through keeping the tubes
accessible and of simple geometry have been invaluable. It is not
conceivable that the extensive tube inspection, strain gauging, tube
cleaning, fitting of extra tube supports, gas entrainment modifications
could have been carried out as easily on some of the more advanced designs
now being proposed by all design groups for future fast reactor systems.

Clearly our experience has already demonstrated that with the right
design, inspection tools and easily removable tube bundles,
protective and emergency maintenance can be carried out without too
much difficulty. These observations lead us to question whether
the drive for lower cost compact heat exchangers with heavily
manipulated tubes, which are after all "the" barrier between the
sodium and water, is correct in the light of the sodium/water
reaction problem and the very limited experience available in the
world on the large sodium heated boilers.

The next 12 months operation of the PPR will have a tremendous

impact on the rate of progress of the L.M.P.B.R. system, very high

standards of engineering have been incorporated in the fabrication

of the boilers, so that if tube leakages become a serious problem,
the concept of single wall steam generators will be seriously questioned.

An improved and up dated version of the PFR units is currently being

considered in partial circulation and forced circulation designs for CPR I.
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1. Reactor Core

2. Intermediate Heat Exchanger

3. Primary Sodium Pump

4. Fuel Handling Flask

5. Fuel Transfer Rotor

6. Fuel Examination Caves 13. Evaporator

7. Fuel Transit Flask 14. Reheater

8. Fuel Storage 15. Circulating Pump

9. Secondary Sodium Pump 16. Turbo-Generator

10. Expansion Tank 17. Reactor Hall Operating Floor

11. Sodium Dump Tank 18. Vault Cooling Duct

12. Superheater 19. Steam Generator Building
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FIG. 4.
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