
Plant optimisation depends frequently upon finding the best position between
pairs of opposing constraints. The more advanced the concept, the more
demanding are likely to be the judgements which must be taken. An economic
design may take materials towards the limits of their strength. Minimum
first cost must be set against lifetime reliability. Rigidity under static
loading must balance against resilience under cyclic loading.

The boilers for the Advanced Gas Cooled Reactors at Hartlepool and Heysham
I typify in many ways the optimisation decisions which are experienced so
keenly in high technology plant. Basic to their concept is compactness of
design. In fact, their heat transfer duty per unit of boiler volume is
substantially greater than that for any of the other gas cooled reactors in
the United Kingdom. This compact design uses eight vertical cylindrical
boilers, whose general arrangement is shown in figure 1. Each one has 285
small bore tubes arranged in 19 concentric helices wound around a central
spine. Each of these tubes is externally finned using the Integron process
and is made from three different materials, welded together to form one
continuous length. The lower part of the tube forms the primary economiser
and is made from carbon steel, whilst the top part forms the final
superheater and is made from type 316 stainless steel. Between these ends
is the greater part of each tube, being made from 9% chromium \% molybendum
steel. Located above this tube array is an austenitic steel helical
reheater.

At the time of the contract, the boilers were expected to meet the full
design output and to comply with the requirements that:-

a)

b)

no ferritic/austenitic tube transition joint should be wetted during
operation and there should be an adequate temperature margin to allow
for droplet impingement.

no time dependent mechanical stress
over the lifetime of the plant.

margins should be transgressed

These two requirements have remained as underlying principles throughout the
history of the plants. One additional constraint at this transition joint
has been the upper temperature limit for corrosion of the 9% chromium steel
in carbon dioxide. However, in practice, this has proved to be less
restrictive than the temperature limit for creep fatigue.

The helical design, apart from its compactness, appeared to offer the
advantage that circumferential differences in behaviour would be eliminated
by the fact that each tube passes many times around the unit. What was
originally less clear was the extent of radial distribution of behaviour.
Codes were available for one dimensional analysis of the behaviour of a
nominal tube or of a group of identical tubes. Such analysis showed that, in
order to achieve 1-D stability, an inlet resistance had to be provided for
each tube. In practice, it was found convenient to sub-divide this
resistance into two parts, namely a length of small bore restrictor tube and
a preceeding orifice in a ferrule.

It was, of course, appreciated that there would be radial effects. The
<nn arrangement of tailpipes around the reheater would give a non-uniform gas
•Ow temperature profile at the inlet to the main boiler. There would be heat
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Figure 1 Schematic diagram of boiler



losses to the casing and to the spine. On a few pods, the clearances between
190 the casing and the outermost tube row were at the low end of the tolerance

band. Allowance for these facts was made in the selection of different
orifice sizes in the ferrules for different tube rows. Originally, these
sizes were calculated by iteration between single dimensional performance
analyses for each row.

The CEGB embarked upon the evolution of more advanced calculational models
for the boilers on all of its AGR's. The PODMIX code is applicable to the
Hartlepool/Heysham I type. This represents the gas as flowing in discrete
annuli between adjacent coils of tubing. Transverse mixing between adjacent
annuli is represented in terms of a diffusion coefficient. One of the
results to emerge early in the application of this code was that the boiler
radial behaviour is strongly sensitive to dimensional tolerances and
particularly to the clearance between the outermost tubing row and the
casing.

Originally, it had been expected that the performance of all pods would be
sufficiently similar that a generalised confirmation could be obtained by
fitting transition joint thermocouples on selected tubes in one pod at
Hartlepool and one at Heysham I. The outcome of the sensitivity
calculations was to show that this was an inadequate level of instrument-
ation and that individual pod coverage was needed. By that time, it was no
longer possible to fit further instrumentation within the reactor pressure
vessel, so a decision was taken to instal thermocouples in the final
superheated steam from selected tubes on those instrumented pods and also
from selected tubes on some other pods.

During the commissioning trials on the first reactor at each station, these
superheater thermocouples confirmed that the pods were not identical.
Temperature profiles at the superheater outlet could show an upward radial
slope, a downward radial slope or humped distributions. Meanwhile, the
transition joint thermocouples on the single instrumented pods at each of
the two stations showed these to have substantially different character-
istics. The behavioural distortions at the superheater were largely enhanced
at the transition joints.

Using the designed ratio of gas to feedwater flows, most pods had
temperatures at the creep rupture limit for the tube material in the outer
rows, whilst the transition joints were wetted in several inner rows. Other
pods showed different anomalous behaviour. Some alleviation of the
distortion could be achieved by overblowing with coolant gas and correspond-
ingly reducing its top temperature. Not much surplus gas flow was available,
so that suitably high overblowing ratios were only achievable at reduced
feedwater flow and hence at reduced output. It is in this mode that the
boilers have had to operate.

One clear decision was that all pods must be fitted with thermocouples to
scan the final superheater temperature profiles and this has been done.
Ideally, of course, temperature measurements at the upper transition joints
would have been preferred, but this is not feasible. Two disadvantages are
implicit in relying upon measurements at the superheater position. The first
is that the temperature profiles at the important upper transition joint
location in most pods are only derived by calculation. The second is that

the sensitivity at the measured location is only about one fifth of that at

the critical site.

Although there is a wide spectrum of behaviour, one pattern is more typical
of the first reactor at Hartlepool, whilst another is more typical of the
other three reactors. This may correlate with manufacturing differences
affecting the clearance between the casing and the outermost tube row.
Unfortunately operating performance is sensitive to variations which lie
well within the manufacturing dimensional tolerances of the units. A
technique has therefore been evolved which uses the observed temperature
characteristics and calculates back to notional values for the dimensional
clearances and also to values for the gas mixing length. The technique is
empirical and lacks precision, so that it can only be used to determine the
direction and approximate magnitude of corrective action and it is not
suitable for design from first principles. Thus the attainment of conditions
for full output can only be an iterative process.

In order to remove the limitation upon load, a threefold approach has been
made, namely:-

a) to improve the modelling and to refine the analysis of boiler
behaviour.

b) to change the boiler ferrule design, to adopt a suitable profile of
orifice sizes and to modify the boiler inlet header to provide
flexibility for future iterative adjustments.

c) to re-examine the temperature constraints for the ferritic/austenitic
transition joints.

The first two of these objectives interact. The achieved performance feeds
back to refine the model and the analysis. In turn, this permits the
calculation of the adjustments needed for further improvements in perform-
ance.

Exploration of the superheater constraint is being conducted upon a large
experimental rig, which incorporates a full scale helical boiler tube of the
Heysham I design. An electrical heating system allows realistic heat fluxes
and temperatures to be applied, whilst feedwater of the required quality is
delivered to the test loop at the desired pressure. One feature of the rig
is that it can incorporate numerous welded joints which can occupy positions
corresponding to selected wetness or superheat of steam. Work on this
equipment is yielding results which will correlate acceptable superheat
margins with water chemistry. Meanwhile, until further experimental results
become available, a guideline has been adopted that only a very small
proportion of tubes should have a nominal superheat margin of less than 30"
at the upper transition joint. This value was computed from a model of the
behaviour of water droplets travelling in the high velocity steam, coupled
with allowances for tolerance in tube to tube dimensional differences. More
details of the work on materials constraints is contained in the paper by
Dr. James.

The original ferrules were designed as inserts into each tube end. They are
located by a weld which seals the ferrule to the tube and also seals the



tube to the tube plate. This weld was made in two parts, the first locating
the tube and the subsequent part fixing the ferrule. The upper section of
each ferrule is made from carbon steel, so that the closing welds to the
tube ends are between similar metals. The lower section of each ferrule is
made from Inconel and it has the control bore drilled through the base. The
upper and lower sections of the ferrule are joined by a shop weld. This
design of ferrule is shown in figure 2 (a). |

(a) EXISTING FERRLfLE

Figure 2

(a) Original ferrule design
(b) Replacement ferrule design

191 (b) PROPOSED NEW FERRULE

This arrangement is one which, intrinsically, is not suited to ferrule
changes, as it was not considered to be necessary. Removal of a ferrule
would involve cutting into the weld which also fixes the tube into the
tubesheet and which is therefore a part of the primary circuit pressure
boundary. Such an activity would require special high precision equipment on
each occasion when a ferrule was changed. The task is further complicated by
the fact that the tubesheet forms the lower part of a massive feed inlet
header, which needed to be cut open for any access to the ferrules and which
subsequently would need to be repaired.

Two other issues also arose in connection with the original ferrules. Dr.
Harrison describes the susceptibility to erosion/corrosion of the carbon
steel tubing downstream of the orifice. As designed and with the intended
water chemistry conditions, the damage to the tube walls would have been
sufficient to impair the length of life of the tubes. The research work
which he describes has made it possible to contain this problem by means of
appropriate, controlled oxygen, chemical treatment, but any ferrule replace-
ment should preferably aim to remove this problem altogether.

The second issue was that a similar design of ferrule on the boilers at a
Magnox station was giving rise to crevice corrosion between the ferrule and
the surrounding tube end. Pitting could therefore occur and this might limit
the useful life of either the tube or the ferrule. Either of these two
problems could result in undesirable outage times for tube blanking later in
the life of the station, thus impairing both availability and reliability.

It was therefore decided that a radical referruling exercise should take
place and that the design should seek to overcome all of these limiting
features. The resistance of the ferrules was to be increased to reduce the
sensitivity of the boilers. Their pattern was to be adjusted to correct the
radial distortions in temperature. Downstream of the orifices had to be
sections of tube which would be immune from erosion/ corrosion. There had to
be no crevices where enhanced corrosion could occur. Finally, the header
design and the ferrule locking system had to allow subsequent changes to be
made, so as to facilitate an iterative approach to maximum loading upon the
boilers.

The solutions to these various issues were explored in the laboratory.
Avoidance of erosion/corrosion required an extension tube made from a
resistant material to be located downstream of the orifice. The only way
identified for doing this was to fix the extension tubes as upstands above
the tubesheet. Several possible materials were examined for these upstands.
Some gave combinations with carbon steel which might stimulate electro-
chemical corrosion of the latter. Finally, Inconel was selected, but it was
considered to be unwise that the difficult site weld at the tubesheet face
should involve such dissimilar metals as Inconel and carbon steel.
Consequently, the lower part of the upstand tube was made from 1% chromium
0.5% molybendum steel, the two sections being joined using a shop weld. The
lower part could equally have been made from carbon steel, but it was
decided to use the low alloy steel which has a better resistance to
erosion/corrosion from any residual turbulence. Laboratory test work
established the minimum length of Inconel tube required to ensure that
re-attachment of the water flow to the tube wall was complete and that the
associated risk of erosion/corrosion was small. A suitable margin was then



added to the length of this part of the upstand. During this work on
192 erosion/ corrosion, the need was found for a very smooth internal surface at

the metal transition joint. The upstands were machined with threads at the
top, into which the ferrules were to fit.

The need for high resistance ferrules stimulated further development studies
in a full flow hydraulic rig. Single orifice ferrules could be made to
produce appropriate resistances. However, the resistance characteristics
were sensitive to the exact dimensions of the orifice, so that extreme
precision of manufacture would be required. Moreover, the characteristics
would be susceptible to any erosion of the orifice or its inlet and outlet
profiles. A less sensitive device has been adopted which uses two orifices
mounted in series in the same ferrule. The experimental work showed that
avoidance of unstable interactions between the two orifices at all loading
conditions made it necessary to specify the minimum separation between them.
It also showed the importance of the shape of the inlet profile to the
orifice. Some shapes were subject to wear and to associated changes in
resistance. The general arrangement of the upstand and ferrule is shown in
figure 2 (b).

Removal of the existing ferrules and the attachment of the upstands were
high precision activities which had to be carried out on the plant and in a
congested area (figure 3). Much of the development of the techniques centred
around the attachment weld between the upstand and the tubesheet. Two
parallel methods were pursued, namely bore welding and friction welding.

SUTERHEATEft
OUTLET
HEADER

Neither has previously been used in this way with tubing as small as 7.6 mm.
In the early stages, friction welding showed considerable promise, but the
quality of the finished work was found to be very sensitive to the
programmed conditions. Meanwhile, the development work showed that bore
welding could more easily give consistant results and would take less time.

A multi-purpose machine has been developed to carry out all of the
operations required for re-ferruling (figure 4). Clearly, for high precision
work, the exact location of the machine is important. To achieve this, the
upper part of the feed inlet header was cut off and the exposed face was
machined to provide a precisely level working base, upon which the machine
was mounted. The ferrules were then mapped and the machine was programmed so
that it could locate each one accurately. It then visited each position, was
precisely centred, and then drilled away the weld retaining the ferrule,
without disturbing the remaining part of the weld, and withdrew the ferrule.
Thereafter, each tube was fitted with a removable plug to retain swarf from
the subsequent operations.

Next, the machine re-visited each location and laid down a face weld
overlaying the existing weld between the tube end and the tubesheet. This
face weld protruded partly over the tube bore. Most of the excess weld metal
was removed by drilling and the remainder by reaming to produce a precisely
dimensioned smooth bore. The top of the face weld was then machined to
receive the upstand tube. Early experience showed the wisdom of conducting a
leak test on each tube at the end of this stage. The reason for this was
that a few of the original welds contained small porosities, but none of
them had leaked. When part of the original weld was machined away, then
through wall porosities might be exposed. In a few cases, a repair procedure
was necessary to close these pores.

Upstand tubes were located individually upon the face welds. The joints were
made using a programmed bore welding process. The machines also produced
test bores on dummy tubesheets and these were used as part of the quality
control process. After completion of the welds, their bores were machined to
a smooth finish. Figure 5 shows a typical tubesheet at the stage where some
of the upstands are in position.

Ferrules of different sizes were needed for various rows of tubing. These
ferrules were check-calibrated and were then placed in a template holder.
Individual sizes were colour coded on their closure covers. The ferrules
were then transferred from the template to the upstands and screwed into
position. Then locking strips, or, in some cases, locking springs were
attached so as to prevent unscrewing during service.

It was realised that the iterative process of securing maximum power output
would require that some ferrules would later need to be changed. The header
design was therefore changed, so that it would no longer be necessary to cut
and re-weld the header to gain access to the ferrules. A new type of
removable header closure was developed and this has been fitted to some of
the reactor boilers. Similar closures are to be fitted to the remaining
headers at overhaul periods in the near future.

At the time of this paper, three of the four reactors have the new ferrules
fitted, whilst the fourth is awaiting its major overhaul. The results of the

Figure 3 Schematic diagram of penetrations and headers



193 Figure 4 Multi-purpose drilling/reaming/welding/grinding machine Figure 5 Tubesheet with partly completed upstand array
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re-ferruling have been that higher loads can be carried without infringing
the temperature limits which have been set. As was expected, the first
selection of orifice sizes was not effective in permitting removal of all
power restrictions. However, learning from the experience of the first unit
to be treated (Heysham 1 Rl), the re-ferruling patterns on the second and
third units (Hartlepool R2 and Heysham I R2) have proved to be better
approximations to the required distributions. On these two units, it is not
yet known how high a load will be able to be carried without further
adjustment. For other reasons, unconnected with the boilers, there are load
limitations at present. At these loads, the boilers are still not at their
attainable limit.

These experiences on the Hartlepool and Heysham I boilers have shown that
performance calculations on complex helical boilers lie at the frontiers of
modelling knowledge. Even reasonable approaches to analysis require a very
advanced level of computer hardware and software. The relatively poor gas
mixing characteristics of this type of plant have become apparent, as has
the high sensitivity to dimensional variations between units and to the
precision of manufacture and assembly. Large advances have been made in the
understanding of the behaviour of these plants. The challenges of correcting
temperature and flow distributions have led to the development of new high
precision machines and also to the evolution of bore welding techniques to
smaller scale and greater accuracy and reproductability than had previously
been possible. It is confidently expected that further gains in output from
these boiler plants will result from the work planned over the next few
years, probably to the point at which the boilers do not become limiting at
the designed power station capacity.
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Abstract

The streamwise development of hot spots in a helical type heat exchanger

has been treated experimentally and theoretically as well. Velocity profiles

across the bundle have been measured varying the Reynolds number, Re, from
3 5

10 to 1.35 x 10 . Pressurized air or helium have been applied as coolant.

In an additional series of tests the length scale parameter of the turbu-

lence structure has been determined. It is correlated with the turbulent

Peclet number, Pe. , which occurs in the basic equation as an unknown

parameter. Its value was found to be independent of Re (Pe = 8.2). Intro-

ducing this value leads to a good agreement of theoretical and experimental

results.

1) Introduction

Hot spots may occur in steam generators due to failure of tubes or to unex-

pected dry-out effects. This can cause unadmissible thermal stresses of the

heat exchanger or of the succeeding components. Therefore it is necessary

to be able to predict the dispersion of the hot spot. For this purpose the

energy equation must be solved including the effects of turbulent exchange

of enthalpy. As will be seen later knowledge is required on the so-called

turbulent Peclet number Pe = u d/A . This quantity and its dependence on

Reynolds number has been measured by several scientists, but the experimen-

tal results exhibit departures by more than one order of magnitude. A para-
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