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SUMMARY

The installed boiler plant, for two 1300 MW AGR stations, is
comprehensively instrumented for boiler control, performance
assessment and component monitoring to ensure the integrity and safe
operation of the plant during normal and faulty operating conditions.
Plant instrumentation and computer systems installed at site for
vibration analysis during the engineering runs and data acquisition
during the power raising stage have been described. The results, from
early rig investigations and the vibration testing during the
unfuelled engineering runs, indicate that the behaviour of the plant
within the practical range of operating conditions is free from
vibration problems. Also the analysis of the steady state thermal and
hydrodynamic behaviour of the boiler plant during the power raising
phase confirms the methods and computer models used for the boiler
design.

1. INTRODUCTION

The boiler plant for two recently commissioned U.K. AGR
stations (Hartlepool and Heysham) consists of 4 boilers per
reactor. Each of these boilers incorporates 2 boiler units
(pods) which are separated on the primary (gas) side and
connected on the feed side. The boiler section is of the high
pressure once-through type with the reheater section above it.
These heating surfaces are formed from helically coiled tubes
composed of three materials; mild steel, 9% Cr & 1% Mo and 316
stainless steel in the HP section and 316 stainless steel in
the reheating surface. They are arranged (Fig. 1) with all the
boiler penetrations at the top (passing through a concrete
head), thus enabling the withdrawal of the boiler units for
inspection and maintenance.

The boiler heating surfaces are composed of tubes with equal
length and connected to common headers at the secondary inlet
and outlet. For uniform primary temperature distribution at
the boiler inlet and equal primary and secondary flow rates,
the axial temperature distribution and thermal duty are the
same for all the tubes. The tube C0£ gas side and steam side
corrosion, together with the tube material strength properties
have imposed upper limits on the temperatures of the tube walls
for the three materials used and a lower limit on the
temperatures of the steam in the austenitic section of the
boiler. To achieve optimum power without violating these
temperature constraints, careful scheduling of the boiler's
terminal parameters is essential. Moreover, due to
manufacturing and assembly tolerances, the boiler behaviour



Babcock
cannot be adequately represented using a single tube
measurement and the 2D characteristics of the boiler must be
investigated to fully assess its performance.

The boiler control requirements together with the need to
understand the boiler behaviour have led to a comprehensive
measurement and instrumentation scheme (Fig. 2) designed to
monitor the boiler constraints and measure the terminal
parameters during the various operating conditions of the
plant. The instruments provide primary data of the terminal
parameters for all the boilers and additional metal, gas and
steam temperatures at various horizontal levels of a specially
instrumented boiler unit which is treated as a thermal analogue
of the other units. The measurements from the instrumented pod
are used to interpret and extrapolate to the conditions of
those uninstrumented units. Also the other pod of the boiler
containing the specially instrumented unit, is fitted with
strain gauges and accelerometers for the measurement of the
vibration response of the boilers particularly during the
Unfuelled Engineering Runs (UFER).

Although various components had been tested individually in
rigs, the Unf uelled Engineering Runs were the first and only
opportunity to see how the components would behave assembled
and in conditions which were dynamically very similar to those
which would be experienced during power generation. The UFER
programme of testing was carried out on the Hartlepool Unit MA7
and the Heysham I Unit MA23 during 1980/81 and on the Heysham I
unit MA31 during early 1983. This programme was instigated in
order to confirm the integrity of the boiler components in the
reactor gas circuit with respect to vibration due to circulator
noise, gas flow or mechanical transmission from other affected
components. It would also serve to establish operating margins
for power generation over the station lifetime.

The boiler testing programme during power raising which started
in 1983 is principally aimed at ensuring that operating and
design limits are not transgressed, providing supplementary
data necessary to understand boiler behaviour and gaining
operating experience of the plant. To achieve these objectives
two types of testing are carried out; steady state and dynamic
tests. The latter type of tests involving the whole of the
plant rather than simply the boilers themselves, is for
monitoring performance and closely associated control
parameters likely to approach operating limits. The steady
state testing which includes symmetric and asymmetric
operations of the plant is designed to check and if necessary,
amend the operating schedules and to assess the boilers
operating margins by investigating the sensitivity of the
constraints to the boiler terminal conditions and their spread
due to systematic and random factors. For symmetrical
operations, the terminal conditions of all the units are
matched up with the instrumented unit and for asymmetric tests,
the instrumented pod is selected to be the most affected by the
prevailing conditions.
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Measurements, during the testing and power raising programmes,
have been continuously collected by the station data processing
system, the commissioning data logger and temporary recorders
and data loggers. The thermal and hydrodynamic measurements
after suitable corrections, are subsequently used to assist in
understanding the boiler behaviour and assess the operating
margins. Collected data are also employed to validate the
computer model predictions of the plant performance.

2. VIBRATION MONITORING

The boiler components can be divided into two categories for
the purposes of vibration testing and monitoring, according to
the dominant excitation mechanism. Plate-like structures, for
instance baffles, are excited acoustically whilst the vibration
of tubes is largely due to gas flow effects such as vortex -
shedding and turbulent buffeting. Theoretical analysis of the
vibrational behaviour of the HP and reheater tube banks
indicated a large number of modes with some of them close in
frequency to predicted excitation frequencies. Thus the
possibility of large-amplitude vibration occurring due to
positive-feedback effects was considered. It was also
postulated that, in an extreme case, the coils themselves,
rather than individual tube spans could pulsate (whole boiler
modes) with large amplitudes, perhaps assisted by an acoustic
standing wave.

2.1 Preliminary Testing

Expected stress levels during UFER were established before
commissioning by a combination of testing and analysis. For
acoustically dominated components, the instrumented pod (unit
MA5) was excited by a loudspeaker. The stresses obtained were
extrapolated to the expected SPL during commissioning. Also, a
test bank of 4 helical multistart coils each 40 rows deep was
constructed to investigate the behaviour of the HP bank. This
half scale bank, with the tube span length of the outer coil as
that of the outer coil of the boiler, was extensively
instrumented with accelerometers on both tubes and strap
supports and installed inside a pressurised CO2 loop. Contract
conditions of gas density and velocity could be achieved or
even exceeded in the rig.

The rig provided data on bank response as functions of gas
flow, density and temperature. It was also operated
continuously over two 1000 hour periods in order to provide
information on fretting wear at the tube/strap interface. The
level of response, for the conditions prevailing in the AGR
boilers was low (accelerometer reading less than lg with
calculated amplitudes less than 0.1mm). Some accelerometer
response curves (plotted against gas velocity) showed peaks due
to narrow-band excitation, but none was high. The peak to
baseline response ratio (Q) was only around 2 to 5, indicating
high damping. The accelerometer results were used to calculate
the expected stresses in the boiler and reheater banks.
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2.2 Unfuelled Engineering Runs Testing

2.2.1 Instrumentation

The Hartlepool boiler unit MA7 was instrumented with
300 strain gauges fitted to around 20 boiler
components. Also, a limited number of microphones at
the top and bottom of the boiler were used for the
detection of acoustic standing waves and to confirm
whether a component response was due to acoustic
excitation. The strain gauge signals were fed via a
multiplexer unit to a PDP11 computer connected to a
Genrad signal analyser. Fast-Fourier-Transformation
was performed by the analyser on the signals to provide
r.m.s. and Power Spectral Density plots. The analyser
could also provide the cross-correlation and phase
between two selected signals. All transformed signals
were stored on hard disk and a 14-track tape recorder
was available for recording untransformed signals for
more detailed analysis at a later date. Ancillary
equipment included a Hewlett-Packard 3582 signal
analyser for spot checks and an oscilloscope with
storage facility for visual checks on gauge signals.

Heysham I unit MA31 was similarly instrumented with 300
accelerometers of which 50 were available to Babcock
during UFER. The signals were analysed with a Hewlett-
Packard HP85 computer and recorded on 14 channel tape.

2.2.2 UFER Testing

Contract conditions of gas velocity, density and
acoustic velocity at three planes (boiler gas outlet,
mid-HP-surface and superheater gas inlet) were achieved
by means of varying the Inlet Guide Vanes (IGV's)
position, gas temperature and CO2 mixture (with
nitrogen). Testing was carried out at three
temperatures 150,246 and 288°C. At each temperature,
the gas density was increased in stages and the IGV
angle varied in increments of 10°to 2°from fully open
(-10°) to almost closed (82°) positions. Testing began
with the IGV at an intermediate setting (70°) since the
maximum acoustic excitation was expected at the nearly
closed position. On the other hand, maximum flow-
induced excitation was expected at the fully open
position. Initially, the gauges were monitored up to
2000 Hz frequency, but subsequently up to 250 Hz owing
to the low level of response above this frequency.
Also, to save time and improve resolution, only a
selection of 60 'priority' gauges with consistently
high readings, was monitored at every IGV setting. The
acquisition of data for the Genrad was automatically
controlled by programming the PDP11.
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At the end of each test, the r.m.s. stresses would be
compared with the component expected maximum stresses
and fatigue/fretting stress limits. For on-line
interpretation and assessment, PSD plots of some gauge
readings were printed. All the gauges, however, would
be monitored on the overnight conditions and whenever a
particular contract condition was reached.

Faulty or noisy gauges were often identified by
unusually high stress readings. Examination of the PSD
plots would confirm the fault/noise. D/C switching or
50 Hz mains pickup due to poor insulation resistance
would be observed on these plots.

The Heysham unit MA31 with accelerometers on coil 19
was tested in the same way, but with fewer readings
(50) to monitor at a time. Also, the settings of the
IGV were refined to 0.5 degree intervals. The main aim
of these tests was to investigate boiler resonance over
very narrow frequency/velocity ranges.

2.2.3 Test Results and Conclusions

Stresses measured in all the boiler components were
lower than the previously calculated maximum expected
values (see Table 1). The stresses of some of the
acoustically excited components, such as the top gas
baffle and debris screen were close to the expected
values owing to the small degree of pessimism involved
in calculating these values. Careful analyses of the
test results of the coiled tube banks indicate the
following:

a) There was no sudden and large take-off in response
that would indicate the presence of fluidelastic
instability.

b) The excitation was chiefly due to turbulent
buffeting since the dominant frequencies did not
change with gas velocity, and stresses were
approximately proportional to velocity head, (" V .

c) There was evidence of Strouhal type (proportional
to velocity) excitation of the tubes at around
30Hz but the contribution to r.m.s. stress was
minimal. A value of Strouhal number = 0.12 was
derived which agrees well with earlier test work.

d) Cross correlation with pressure transducers
revealed no significant acoustic excitation.

e) There was no coherence between gauges at the top
and bottom of the boiler that would indicate a
whole boiler mode of vibration.
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3. THERMAL AND HYDRODYNAMIC DATA MONITORING

3.1 Data Acquisition and Processing

The various data items, necessary for Babcock to effectively
monitor the boiler plant during the power raising of the
Hartlepool and Heysham stations are collected and recorded on
disks by the CEGB Station Commissioning and Optimization
(SCOOP) computer system [1]. This involves the recording of
some 200 signals for each station representing the terminal
parameters of all the boiler units, the metal and gas
temperatures of the heating surfaces of the specially
instrumented unit and the helical coils outlet steam
temperatures in the superheater headers.

The recorded disks are despatched regularly from both sites to
the Babcock1s London Offices for processing. Twenty four hours
worth of thermal and hydrodynamic data items, on each disk, are
read and processed by the LSI 11/2 computer, in London, which
is connected to a line printer and a graphics screen attached
to a dot printer (fig. 4). The data processing is normally
carried out at three stages, the first of which involves the
conversion of the recorded signals to engineering units (if not
already converted at site), detection of transmission, standard
types and out of range errors and the production of selected
(initial) plots representing the variation, with time, of the
main plant parameters. These initial plots (usually for 24
hours periods) are chosen to enable the following of the main
operating conditions of the plant and the specification of the
data processing to be carried out at the following stages. A
flow chart, of the main processing operations in the first
stage, is shown in fig. 3. An error logger as well as the
initial plots are produced at the end of this stage.

The instrument signals from the stations are scanned at two
different rates, a slow scan rate (1 or 10 minutes) and a fast
scan rate (3 or 8 seconds). The signals are usually recorded
at the low scan rate of 1 or 10 minutes and the fast scan rate
is only carried out following the initiation of and during
selected plant transients. The slow scan data items are
processed further in the second stage which includes the
production of a diary containing the boilers terminal
parameters and a description of the plant states identified
from the interrogation of selected plant parameters such as
feed flow, IGV position and gas circulator speed. Each of the
main plant operating states is associated with a unique set of
values or range of values of these parameters. Additional
graphical or tabular outputs may also be obtained at this stage
to allow more detailed investigations of the plant conditions
to be carried out. The processing of the slow scan signals is
shown diagrammatically in Fig. 4.
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Following the completion of the initial processing described
earlier, the recorded data items are reduced by performing
statistical analysis on the signals during the steady state
periods of the plant operation. The reduced information, which
includes the parameter values at the beginning and end of the
steady state, means and standard deviations, is stored
permanently on disks for future analyses of the plant
performance. Measurements associated with non-steady state
operating conditions are also reduced and stored on the
permanent disks. The third stage of processing is mainly
concerned with the preparation of plant data for use as input
data to the computer models developed specially for
investigating the thermal performance of the Hartlepool/Heysham
boilers.

Typical plots, produced in the 1st stage of data processing,
are given in Fig. 5 which shows the variation, with time, of
the outlet steam temperatures of boilers C and D and the feed
flow of boiler C. Fig. 6, showing the reheater inlet and
outlet steam temperatures and the bypass valve position during
the connection of the reheater, is typical of the plots which
can be produced on request at the 2nd stage of processing.

3.2 Components Integrity Monitoring

To safeguard the integrity of the boiler components, that are
predicted to operate close to their design temperature limits,
a close watch is kept on the temperatures of these components
during the various power raising stages particularly when the
plant is operated for the first time at a new set of
conditions. These temperatures are continuously checked and
their values compared with the predictions and the limits
established prior to the power raising programme. When these
temperatures exceed the recommended limits, the plant
conditions, whenever possible, are adjusted to satisfy the
limits. Also the boiler plant terminal conditions are
monitored regularly to compare their values with previous
theoretical predictions and to assess the thermal and
hydrodynamic performance of the boilers.

4. BOILERS PERFORMANCE ANALYSIS

The design of the boilers involves the calculation of the
heating surfaces and the optimization of the
dimensions/arrangement of the tubes forming these surfaces
which are required to perform a specific thermal duty within
limited space envelope and specified design margins. The
design calculations are frequently performed using computer
models representing the geometrical details and thermal and
hydrodynamic characteristics of the boilers and associated
plant. These characteristics are based on the results of
experimental investigations carried out in test rigs, which are
usually idealization of the boiler geometry, to derive general
correlations economically and within limited time scale. Under
the actual plant operating conditions, the characteristics may
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vary from those derived experimentally and to gain sufficient
confidence in the computer models using the experimentally
determined characteristics, it is thus necessary to verify the
model predictions using plant data. This data can be obtained
from the specially designed tests planned during the power
raising programme.

Following the completion of the thermal design, investigations
of the performance of the boilers under the anticipated
operating conditions are carried out to determine the thermal
operating cycles for the various boiler components. These
cycles are subsequently used for the stress analysis and the
mechanical design of the components. Both simple and
sophisticated computer programs, including some of those used
in the design stage of the boiler, are employed to determine
the operating cycles and to establish the plant thermal duty at
the various operating conditions. Two main computer models
were developed and extensively used by Babcock for the design
and performance analyses of the two AGR boiler plants under
consideration. The first of these models is a multibank
unidimensional representation of the plant while the other
model is a two-dimensional representation of the boiler main
heating surfaces. The application of these models and
comparisons of their predictions with early commissioning plant
data are briefly discussed below.

4.1 Multibank Boiler Model

Babcock developed a boiler performance computer program [2]
capable of carrying out mono-tube performance calculations on
several tube banks within a multibank network including once-
through steam generators. The primary (heating) fluids which
can be handled by the program include carbon dioxide and helium
and the secondary fluids are water and steam. The program
contains a number of standard heat transfer and pressure loss
correlations and can accept user written FORTRAN coding for
special analysis of boiler peripherals. It is also structured
in such a way that a large amount of information, such as the
geometrical details and boiler configuration etc. which are the
same for a number of runs, is stored in data banks. These
banks together with the loading conditions form the input data
to the program. Although the data banks can be edited by the
user, he is not permitted to modify the data banks and only
authorized users are allowed to add new banks which may be
accessed by the program. Initial estimate, for the flows and
the pressures and enthalpies at the terminal points of the
heating surfaces, is included in the data banks to enable fast
convergence to the final solution.

Extensive user testing of the program was carried out before
its release for general use, and it is hoped to be able to
verify the program using plant data from the power raising
programme testing. The program has also been successfully used
for the assessment of the boiler performance during start-up [3
and 4] of the Hartlepool and Heysham stations. Typical results
of this assessment are plotted in Figs. 7 and 8 for Hartlepool
and Heysham respectively. The plots show the axial profiles,
in the HP and R/H sections of the boiler, of the tube, metal
and the primary and secondary fluid temperatures.
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4.2 Two-dimensional Boiler Model

A two-dimensional analysis capability has been added to the
Babcock multibank computer program [2] to enable the
investigation of the asymmetric behaviour of the boiler and
allow mixing between the primary streams while the secondary
fluid flow inside the parallel tube paths can vary to maintain
a common header to header pressure drop. Two mixing
calculation options are available in the program, in the first
of which the primary flow streams are isolated and equal
pressure drop across the bank can be maintained. In the other
option (equi-pressure) equalisation of the pressure at every
section of the tube bank is carried out, thus allowing a
transverse flow between the primary streams to occur. In the
longitudinal direction, the tube bank can be subdivided up to
18 sections, and in the transverse direction, the primary fluid
is divided into 20 streams. Heat transfer to or from the
boundaries of the 2-D banks can be allowed for in the
calculation. Also for the graphical presentation of the
results, the program accesses a plotting file on which the
results from a series of runs for the same configuration can be
stored.

Early site data during the start up of the Heysham boilers
(phase 3) have been analysed using the part load program [5],
The temperature profiles calculated for this phase at three
selected axial locations in the boiler are shown in Figs. 9-12
for the isolated streams option. The inlet gas temperature
profile to the 9% CR section of the boiler and the superheater
outlet steam temperature profiles are plotted in Figs. 9 and
10. The metal temperature profiles at the stainless steel/9%Cr
and the 9% CR/Mild Steel tube transitions are shown in Figs. 11
and 12 for the same start-up phase.
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Boiler
Component

Debris Screen

Gas Seal

Noise Baffle Plate

Feed Inlet Tail Strap

Feed Inlet Tail

Radial Arm

Boiler Casing

S/H Outlet Tails

R/H Inlet Tails

R/H Surface

Top Gas Baffle

R/H Outlet Tails

Spine

GFR Support Strap

Acoustic Angle

C.S. Tubes

S.S. Tubes

9% Cr Finned Tubes

Maximum
150°C

H'pool

483

24

101

33

105

28

15

82

82

64

219

136

33

90

77

100

61

151

Stresse

Heysham

860

13

30

77

27

55

37

60

26

28

170

159

136

84

54

80

110

194

=s at:-
246°C

H'pool

570

25

65

27

84

35

25

107

60

71

312

107

39

65

80

103

81

91

Heysham

566

12

25

72

102

19

14

59

20

25

140

224

13

52

23

62

84

95

282°C
H'pool

640

23

59

23

125

16

17

104

75

82

204

104

21

103

66

-

-

-

Heysham

676

11

22

78

78

11

12

66

23

26

114

96

11

40

18

80

120

97

TABLE 1 COMPARISON OF HARTLEPOOL & HEYSHAM UFER VIBRATION TESTS (6)
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Fig. 5 Initial Plots of the Superheater Outlet Steam TemperatureB and Boiler
Feed Flow
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