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ABSTRACT

This paper describes the experimental and analytical
investigations of the gas-side heat transfer and flow characteristics of
steam generators in the AGR stations carried out by CERL. The majority
of the experimental work on heat transfer and flow characteristics of
close-packed tube arrangements in cross-flow of gases is carried out in a
pressurised heat exchanger rig. The rig is operated on-line by a
dedicated PDP 11/40 computer over the range of Reynolds number lO4 to
3 x 10 . Atmospheric wind tunnels employing either small or large scale
models of the specific sections of steam generators are used for a
variety of supplementary and development studies. Various measurements
techniques and, in particular, LDA and hot wire anemometry employed in
these studies are described. The more important aspects of various
investigations are illustrated by typical results.

In order to ensure the efficient operation and integrity of
steam generators under asymmetric boundary conditions a MIX suite of 2-
dimensional codes has been developed. The codes calculate the gas and
water/steam flow and temperature distributions in each channel of the
steam generator taking into account thermal mixing in the gas as it
passes through the generator. Application of the MIX codes to the
solution of various operational problems is illustrated by typical
examples and the continuing exercise of validating the codes against
plant operational data is discussed.



1. INTRODUCTION

The thermal performance of steam generators in gas cooled
reactor stations depends primarily on the gas-side heat transfer and flow
characteristics of the generator tubing. There was very little
information available in the literature on these characteristics at the
start of the nuclear power programme in the UK. In particular, there
were no data on the heat transfer and pressure losses in close-pitched
arrangements of finned tubes in cross-flow of gases and almost complete
lack of understanding of the physical processes in such arrangements.
Recognising the importance of accurate information in this field to the
efficient and safe operation of the Magnox stations, the CEGB initiated a
programme of investigations and set up appropriate test facilities at
CERL in 1958. The broad objective of these investigations was to develop
analytical methods and provide experimental data on heat transfer and
flow characteristics of tube arrangements in cross-flow of gases as
required for the assessment of the design, operational performance and
control of steam generators in the gas cooled reactor stations.

The commissioning and operation of once-through steam
generators in AGR stations has brought to light a variety of new thermal
problems specific to generator tube geometry in each station. In order
to provide rapid and effective solutions to these problems, additional
test facilities have been set up and appropriate experimental and
analytical studies carried out.

The paper describes the major test facilities employed at CERL
for the investigation of gas-side heat transfer and flow characteristics
of steam generators in the AGR stations. Examples of some more important
experimental studies are given and illustrated by typical results. The
development of a MIX suite of multitube steam generator models is briefly
described and the application of these models to the solution of the
design and operational problems discussed.

2. TEST FACILITIES

2.1 Pressurised Gas Heat Exchanger Rig

The first heat exchanger rig at CERL (Davies and Lis, 1960) was
designed to cover the range of gas-side Reynolds numbers in steam
generators of Magnox stations. This range was not wide enough to cover
the envisaged operational requirements of the AGR stations and a new,
larger and far more flexible test facility was commissioned in 1965.
With some modifications and improvements incorporating the recent
advances in control and measuring techniques, this basic test facility
has been used almost continuously over the past nineteen years for a
variety of investigations.

A general view and a schematic diagram of the pressurised gas
heat exchanger rig are shown in Fig. 1 and 2, respectively. Essentially,
the rig consists of a closed loop circular duct incorporating a
centrifugal fan, electrical heater bank, test section and the necessary
control and measuring instrumentation.

The gas is circulated by the fan designed to deliver 2.35 m3/s
of C02 at 7 bar and 80°C against a static head of 250 mbar. The fan is
driven by a 165 kW dc motor with a thyristor controlled stepless



regulation of speed from 30 to 1500 rpm. Gas mass flow rate is measured
by a Dall tube with a 1:1.755 throat ratio situated in a 17.25 in bore
duct about 25 diameters downstream of the blower. After passing through
a supplementary cooler and a 180° elbow incorporating an expansion
bellow, the gas flows through a 1:4.5 area ratio diffuser into a 550 kW
electric heater where its temperature is raised up to 150°C. The gas
temperature at the heater outlet is controlled by a thyristor unit in
conjunction with a set of sensing thermocouples placed at the inlet to
the test section. The transition from the heater bank to the test
section is through a 1:1.6 area ratio diffuser and a 7:1 area ratio
contraction. Each diffuser contains a number of gauzes of appropriate
mesh. The pressure vessel containing the test section and its upstream
and downstream instrumented ducts consists of three cylinders. Access to
the test section is obtained by sliding the large diameter cylinder in
the centre (see Fig. 1) over the smaller diameter cylinder on the right
hand side.

2.1.1 Test section

The test section (see Fig. la) was designed to allow a quick
and easy assembly of test baskets from a standard length of tubing. It
consists essentially of a frame 460 mm wide and 530 mm high * 1300 mm
long, incorporating two detachable plates with holes drilled to the
required tube pitching configuration. The tubes are usually arranged
vertically between these plates and are connected on the outside by 180°
bends to form two or more passes for the cooling water. The same method
of construction is used for assembling cross-inclined test baskets in
which straight tubes are employed to simulate the configurations of
counter-rotating helical coils. The two side walls of the frame
incorporate thermocouple and hot wire anemometer traversing assemblies.
The positioning of these walls and hence the width of the test basket
depends on the transverse pitch of the tubing under investigation and is
suitably adjusted to preserve the symmetry of tube arrangement. In the
case of staggered arrangements, this symmetry is also ensured by fitting
dummy half tubes to the side walls.

The general arrangement of the rig is sufficiently flexible to
incorporate, if required, other types of test section. Thus, for
example, by fitting a suitable transition piece to the inlet and outlet
inner ducts it was possible to carry out a series of tests on various
arrangements of helical coil heat exchangers with the maximum diameter of
1 m.

2.1.2 Cooling Water Circuit

A diagramatic arrangement of the cooling water circuit is shown
in Fig. 3. The circuit comprises:

(i) a closed loop, filled with de-ionised water, which cools the
test section, and

(ii) a secondary, raw water loop which provides the heat sink and
temperature control for the primary water loop.

The two loops are interconnected through two shell and tube heat
exchangers arranged in series.



- 3 -

The water in the primary loop is circulated by a centrifugal
pump delivering up to 4 kg/s at 27.5 bar and driven by a thyristor
controlled motor. The flow rate is adjusted to the required value by a
control valve situated immediately downstream of the pump and the water
then flows through the shell and tube heat exchangers, the metering
section incorporating an orifice, the test bank, an automatic weigh tank
or the by-pass sleeve and then through a de-aerator and back to the
pump.

The water flow orifice is regularly calibrated using the
automatic weigh tank and the orifice constant is updated if it has
altered by ±1% from the value originally determined during commissioning.
The weigh tank load cell is separately calibrated by temporarily applying
a pivoted beam with a known effective mass to the weigh tank suspension
linkage.

2.1.3 Control and Instrumentation

The rig is operated on line by a dedicated PDP 11/40 computer.
The rig is connected to the computer via a high level (±10 mV) analogue
input/output multiplexer and by a multichannel digital input output
system. All measurements on the rig such as temperatures, absolute and
differential pressures, flow rates, etc. are converted into 'mV level
signals by means of suitable transducers. The outputs from these
transducers are converted into the ±10 mV range for input to the computer
by amplifiers which are calibrated on-line for 'zero' and 'gain'. The
system also incorporates suitable facilities for on-line calibration of
all transducers.

Control signals for switching on pumps or providing pulses for
controlling stepper motors are generated using the digital output system
and position information of the on/off variety from the digital input
system such as a valve fully open or traverser at limit of travel.
Proportional control signals required for various thyristors are obtained
using the analogue output system.

The continuous data processing, available from the computer,
allows comprehensive instrumentation checks and measurement verification
to be carried out prior to and during an experimental run. During the
test sequence, instrument calibrations are carried out at each gas
pressure change. Any discrepancy promotes a second calibration check and
if this is still unsuccessful the rig is automatically closed down. For
heat transfer and pressure loss tests five complete sets of measurements
are taken at each programmed value of gas-side Reynolds number. If
conditions are found to be unsteady during the measuring period or the
energy balance is outside the specified range of 0.97 < Iw^g ^ 1.03
the analysis of data is suspended and the calibration routine re-
introduced. The five sets of measurements are then repeated and, unless
they are found to be acceptable, the rig is shut down.

All rig circuits are arranged on a 'fail safe1 principle with
the loss of any supply closing the rig down. In addition, a continuous
train of pulses is generated as a part of the computer program and
applied as a series of signals to an output channel. The suspension of
these signals for more than 1 s, indicating a computer failure,
immediately closes down the rig.
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The entire software package for the control of rig operations
and analysis of test results is written in Coral 66.

All temperature measurements on the rig are made with insulated
junction, sheathed, mineral insulated nickel-chromium/constantan
thermocouples. To ensure consistency, the thermocouples were made from
cable produced from the same batch of starting material. Calibrations of
the representative sample of thermocouples showed deviations less than
±0.1K at the maximum operational temperature of 150°C. All the
thermocouples are taken to a thermally insulated ambient temperature
reference enclosure, the temperature of which is separately determined
with thermocouples referred to a melting ice cold junction. Strain
gauged, diaphragm type pressure transducers are fitted to measure gas
static pressure in the rig and the differential pressures across the Dall
tube, the test section, the gas circulator and the water flow orifices.

2.2 Atmospheric Wind Tunnels

A general arrangement of two atmospheric wind tunnels employed
in the investigations of gas-side heat transfer and flow characteristics
of steam generators in the AGR stations is shown in Fig. 4. Both tunnels
can accommodate test baskets from the pressurised heat exchanger for a
complementary or exploratory study of some specific feature of a given
tube arrangement. The main application of these tunnels is, however, to
the investigations of gas flow distribution in the scaled up or down
models of various sections of steam generators using LDA and hot wire
anemometry measuring techniques.

2.3 High Temperature Rig

The rig was designed to assist the investigations of specific
gas-side problems in steam generators of High Temperature Reactors and to
extend the operational range of test facilities for general purpose
studies. The maximum values of the more important operating parameters
of the rig are as follows:

(i) gas pressure, temperature and flow rate - 15 bar, 500°C,
1.4 kg/s of He

(ii) cooling water pressure, temperature and flow rate - 105 bar,
280°C, 1.5 kg/s

Similarly to the already described pressurised gas heat exchanger test
facility, this rig consists of a closed loop circular duct incorporating
a Rateau gas blower (ex Dragon project), a 500 kW electrical heater, a 30
mm wide x 30 mm high x 60 mm long test section, a helical coil gas to
water heat exchanger and the necessary control and measuring
instrumentation. The plain or finned tubes of the test section are
arranged in cross-flow to gas and are cooled by the high pressure water
circulating inside them. The rig is operated on-line by a dedicated
computer on the same general principles of control and data acquisition
as those used for the pressurised heat exchanger rig.
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2.4 Miscellaneous Rigs

From time to time a specific problem arises which cannot be
resolved satisfactorily by investigations in the available test
facilities or there is a need to supplement the already obtained
information by additional data. In such cases, special purpose test rigs
ranging in size from bench top facilities to large loops are quickly
constructed and after providing the required data, dismantled. Over the
past twenty five years many test facilities of this kind have been used
at CERL and only few examples can be given here to illustrate the variety
and range of applications.

One of the first of such rigs was a water loop designed to
measure heat transfer to water flowing inside short sections of tube
connected by 180° bends, (Lis and Thelwell, 1963). Accurate data on heat
transfer in such arrangements were not available at that time and the
information was urgently required for the analysis of test results from
the pressurised heat exchanger rig. The correlation derived from this
investigation is still employed by CERL and other organisations working
in this field in the UK.

One of the requirements of the early design studies of the AGR
stations was to assess the effects of gas-side oxidation on the
performance of steam generators. A survey of the literature indicated
that published data on the thermal conductivity of iron oxides differed
by almost two orders of magnitude and there were no data on thin oxide
layers in the 'as-formed' conditions. A special apparatus was,
therefore, developed and used to measure the thermal conductivity of iron
oxide layers 0.025 mm to 0.48 mm thick which formed on low alloy steels
in CO-CO2 gas containing up to 1200 vpm of water at pressures up to 20
bar and temperatures up to 600°C (Lis and Kellard, 1968). It was found
that the thermal conductivity decreased with oxide porosity and the
measured values were effectively correlated as a function of porosity
(see Fig. 5).

Prior to the construction of the high temperature rig a
preliminary investigation was carried out to assess the effect of varying
gas physical properties on convective heat transfer to a bank of tubes in
cross-flow (Preece, Lis and Hitchcock, 1975). The general arrangement of
the gas circuit in a rig specially adapted for this purpose is shown in
Fig. 6. Both the required mean bulk temperature of the air and the flow
rate at the test section were achieved by mixing cool air supplied from a
blower with combustion products from a gas-oil-fired combustion chamber.
The air bulk to tube wall temperature differences could be varied between
100°C and 400°C with the tube wall remaining constant at about 40°C or
120°C. It was found that the variation in physical properties could be
accommodated by evaluating all properties in the dimensionless groups of
the conventional type of correlation at the air bulk temperature.

More recently, a test facility has been constructed and is
still being employed for determining the steady state and transient
characteristics of various thermocouple assemblies installed in the AGR
steam generators. Precise knowledge of these characteristics is
especially important in the case of CS/9Cr 1 Mo and 9Cr lMo/316 SS
transition thermocouples which form a part of the plant protection system
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and are also used for control of steam generator operations. A schematic
diagram of the thermocouple response rig is shown in Fig. 7. The
thermocouple assembly under test is mounted in a duct fitted with a
bellmouth intake through which atmospheric air is drawn. Water is
initially circulated round a by-pass loop containing a heater and when
the required constant temperature is obtained the flow is diverted by a
three-way valve to the test section to provide a step change in
temperature. All test section and rig instrumentation is continuously
monitored until a new steady state has been achieved. The water is then
diverted back to the by-pass loop and air and water flow rates adjusted
for the next test. The rig is controlled on-line to a PDP 11/40 computer
and rig operation is entirely automatic.

A new test facility is now being designed to measure the heat
transfer and flow characteristics of close-pitched arrangements of tubing
in cross-flow under the combined forced/natural convection gas flow
conditions. With the increased emphasis on all aspects of safety in the
AGR plant operations, accurate information on these characteristics is
required for the assessment of the decay heat removal duties and
temperature distribution in steam generators under various post-trip
conditions. The rig will consist essentially of a vertical closed loop
duct about 10 m high, one side of which, incorporating a 125 kW
electrical heater and a gas flow venturi, will constitute the hot leg and
the other side, housing the standard CERL test basket section with the
automatic traversing devices in side walls, the cold leg for the natural
convection. A centrifugal fan driven by a variable speed motor will be
placed in the bottom return leg of the loop to provide the required
forced circulation. Full simulation of the steam generator dynamic
conditions will be obtained by using SFg gas at 1.4 bar pressure.

2.5 Temperature Calibration Facilities

Comprehensive facilities for calibrating temperature measuring
devices against the accepted references standards form an essential part
of support services in the CERL programme of work on steam generators.
The most important components of these facilities are: water bath for
temperatures up to 85°C, silicone fluid bath, 80°C to 225°C and nitrate
bath, 180°C to 625°C. The silicon fluid and nitrate baths are based on
the NPL models (Grace and Hall, 1943) which have been modified by
reducing the thermal capacity, fitting directly immersed heaters and
using proportional temperature controllers. The temperature stability
and uniformity obtained is ±0.02K for the silicon bath and ±0.03K for the
nitrate bath.

3. EXPERIMENTAL INVESTIGATIONS

3.1 Heat Transfer and Pressure Loss Characteristics of Close-
pitched Tube Arrangements in Cross-flow

The main objective of these investigations is to provide
accurate data required for the assessment of design, control and
operational performance of steam generators in the Magnox and AGR
stations. The arrangements of tubing in each steam generator are first
tested at the tender design stage to assess the validity of the design
submissions and, subsequently, the tests are repeated, as required, to
determine the implications of any design modifications and the effects of
manufacturing and assembly tolerances.
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The measurements of the gas-side heat transfer and pressure
loss in a given arrangement of tubing are analyzed using generally
accepted procedures. The overall heat transfer coefficient, u^, is
evaluated from the installed heating surface area and the measured values
of heat gained by water, qw, and the logarithmic mean of terminal
temperature differences between gas and water, 9m. The mean gas-side
heat transfer coefficient, hg, is then derived from the usual
relationship for thermal resistances of gas, tube wall and water in
series. In calculation of the water-side thermal resistance, an
allowance is made for the effects of bends, thermal boundary layer
development and radial temperature distribution by a general correlation
proposed by Lis and Thelwell (1963). In the case of finned tubes, the
measured coefficient, ho, is converted into the gas-film heat transfer
coefficient, hf, using the fin efficiency proposed by Gardner (1945)
with the fin height modified by the addition of a half fin thickness.

The heat transfer results are correlated in the form,

j = Nu Pr~1/3 = a Rem

and log j = A (log Re) (log Re) + B log Re + C

The measurements of pressure loss across the test bank are
carried out under conditions of zero heat flux and correlated in the
form,

f = b Ren

and log f = D (log Re) (log Re) + E log Re + F

where f is the pressure loss coefficient defined as the number of
velocity heads lost per one row of tubing.

For both the heat transfer and pressure loss data, all physical
properties in the dimensionless parameters are evaluated at the mean gas
bulk temperature. For each set of test results, the regression line and
the 95% confidence limits are evaluated by statistical analysis. Typical
experimental data obtained in the pressurised heat exchanger rig are
shown in Fig. 8. It will be seen that the plot of j against Re in the
log-log coordinates has a definite curvature and the best correlation of
data is obtained by using a second degree polynomial curve. There is
also a characteristic change in the slope of f against Re plot at Re -
1.2 x 105 indicating a transition to a flow regime where the pressure
loss coefficient becomes independent of the Reynolds number. For the
majority of the tube configurations tested so far at CERL, the curvature
of the heat transfer data plots is usually negligible over the range of
Reynolds numbers covered and the traditional straight line correlation is
perfectly adequate. The characteristic change in the slope of the
pressure loss characteristics has been observed to occur for all
arrangements of finned tubes at about 8 x 10^ < Re < 1.2 x 105, except
for the cross-inclined configurations where the transition in flow regime
takes place at appreciably lower Reynolds numbers.



The reproducibility of results obtained in this type of tests
on the pressurised heat exchanger rig is illustrated in Fig. 9. The data
were derived over a period of about nine months using the same
configuration of plain tubes in three separate series of tests employing
air, carbon dioxide and helium.

3.2 Gas Flow Distribution

One of the problems encountered occasionally in the large steam
generator units employing curved tube arrangements is the maldistribution
of gas flow caused by the asymmetries of tube pitching at the casing
walls. With the casing/edge tube gaps larger than those required to
preserve the symmetry of tube arrangement there could be a considerable
amount of gas by-passing the steam generator, whereas smaller gaps will
cause a starvation of gas flow at the edge tubes. In order to provide
the information required for the operational control of steam generators
with such asymmetries (see Section 4) a comprehensive investigation of
this problem is being carried out at CERL. The measurements of gas flow
distribution are most conveniently carried out on scale-down models of
various sections of steam generator. This allows the correct
representation of the steam generator aspect ratio and depth within the
frame of the standard CERL test section. Banks of full scale finned,
tubes representing a relevant part of the steam generator section, are
also used to provide supplementary information.

The measurements of velocity distribution are carried out using
laser Doppler and hot wire anemometers. For the preliminary measurements
(Fallows and Massey, 1982a) a 5 mW He-Ne laser provided the source for
the forward scatter operation of one component counter based DISA system.
More recently, the LDA facility has been extended by the addition of a 2W
Ar laser and a back scatter module. For measurements of velocities
between the narrowly spaced tubes and within the casing/edge tube gaps,
the recently developed DISA triple split fibre probes were found to be
most useful. The experience gained so far have shown these probes to be
more rebust and less sensitive to contamination than the classical wire
probes. Trials are now being carried out on the suitability of these
probes for measurements in the pressurised heat exchanger rig.

The more important characteristics of the by-pass flows were
found to be generally as expected. At the inlet, the velocity profile is
distorted by the movement of gas towards the gap. The velocity within
the gap increases gradually by the inflow of gas from the body of the
bank until an asymptotic value is attained at a bank depth which is
function of the gap width. Downstream of the bank there is usually an
extensive recirculation region of the gas emerging from the gap. It is
evident that in order to describe the distribution of gas flow in this
complex situation it is necessary to define the magnitude of the
transverse flow component and the development of flow within the gap.
The evaluation of the transverse flow is especially important, since,
apart from affecting the overall flow distribution, it provides also a
convective component of the overall gas thermal mixing. The magnitude of
the transverse flow will depend on the transverse pressure gradients
generated by the differences in gas velocities and densities across the
bank and on the transverse flow resistance factor of a given tube



- 9 -

arrangement. Realising that the direct measurements of the transverse
flow resistance would be very difficult because of the complicated nature
of flow, a simplifying concept of a pressure equalisation factor, X, was
used in a mathematical model developed at CERL (Fallows and Massey,
1982b) to predict the flow distribution and thermal diffusion in models
of steam generators with gas by-passing. X = 1 represents a complete
equalisation of pressure at a given level of the tube bank and X = 0
defines zero pressure equalisation, i.e. the gas flow profile remains
unchanged at that level of the bank. A comparison of this model
predictions with a typical set of velocity measurements carried out in a
1/4 scale model of a section of the Dungeness TBr steam generator is
shown in Fig. 10.

3.3 Gas Thermal Mixing

The maldistribution of fluid and metal temperatures in a steam
generator operating under asymmetric conditions will depend essentially
on the gas thermal mixing. The overall mixing comprises the already
mentioned convective component and in most situations a predominant
diffusive component. Heat transfer by diffusion is assumed to take place
normal to the main flow direction and can be conveniently expressed as a
turbulent Peclet number, PE, based on the total thermal conductivity,
Xtot = \nol + ^turbulent' A t P r e s e n t there is no complete theory of
diffusive mixing in banks of tubes in cross-flow and it is necessary to
determine experimentally the turbulent Peclet number for each arrangement
of tubing.

Preliminary investigations of diffusive mixing in staggered and
in-line arrangements of both plain and finned tubes in cross-flow were
carried out in an atmospheric wind tunnel at zero heat flux conditions
(Jones, Lis and Massey, 1978). A thermal spike was generated upstream of
the test bank and the decay of this spike was measured by thermocouples
traversing the gas flow at various positions within and downstream of the
test bank. For the great majority of tube arrangements covered in this
investigation there was a uniform decay of the temperature spike as shown
in Fig. 11. It is assumed that the mixing process may be described by
the simple diffusion equation

where T is the gas temperature, De is the equivalent diameter and x and
y are distances in the direction and normal to the overall gas flow,
respectively. This equation was solved numerically for PE by the Crank-
Nicolson method (1947) using three points at the corresponding positions
near and at the peak on each of two experimentaly determined temperature
profile curves. It was found that in the range of Reynolds numbers
covered, 1.1 x lO*4 < Re < 6.6 x 10^, the turbulent Peclet number for
different tube configurations varied between 12 and 30. There was no
strong dependence of PE on Reynolds number. One striking exception to
these general characteristics was a close-pitched in-line arrangement of
plain tubes. It will be seen from Fig. 12 that there is a distinct
sideways drift of the peak on each successive temperature profile curve.
The direction of the drift was found to be random with respect to
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Reynolds number and (x,y) plane. The occurrence of drift has been
confirmed by smoke and tuft tests and Batham (1973) has deduced a similar
effect from measurements of pressure distribution on tubes in an in-line
square arrangement with P^/D = 1.25. The effects were absent, however,
when the pitch to tube diameter ratio was increased to 2.0. The physical
processes involved in drift are not fully understood at present and the
most often advanced explanation is some form of Coanda jet switching
mechanism.

It is readily apparent that the simple diffusion equation
cannot be used to describe the complex mixing processes involving drift.
In fact this method of analysis fails also to describe symmetrical
diffusion adequately because it defines only a part of rather than the
whole process. In both cases it would be preferable to use the entire
temperature profile curve in the analysis. At present, this cannot be
done directly and a method of fitting temperature profiles predicted by
the mathematical model (Fallows and Massey, 1978b) for a range of PE with
the measured profiles has been employed for all subsequent
investigations. The great majority of these investigations were carried
out in the pressurised heat exchanger rig over the operationally relevant
range of Reynolds numbers and heat fluxes. Two techniques were
employed:

(i) A stream of hot gas with uniform temperature was passed over a
bank of water cooled tubes in which one or more longitudinal tube rows
were blanked off.

(ii) A temperature profile was generated at the bank inlet by
injecting isokinetically a stream of hotter gas into the hot mainstream
gas and the decay of this temperature spike in a bank of water cooled
tubes was measured.

Both these techniques provide close simulation of the more important
causes of asymmetrical conditions in the AGR steam generators and as such
are a considerable improvement on the originally employed test procedure.
Also, the close control of the pressurised heat exchanger rig operations
by the dedicated computer and the use the automatic thermocouple
traversers (see Fig. la) has appreciably improved the accuracy of
experimental data and increased the scope of investigations. A typical
set of experimental data obtained using technique (i) is shown in Fig. 13
together with the predictions of the mathematical model. It will be seen
that the predicted development of the temperature spike for PE = 12 is in
good agreement with the measurements. It is of some interest to note
that a very similar shape of the gas outlet temperature profile was
generated by a large casing/edge tubes by-pass gap with all tubes cooled
by water. In this case, however, the best fit PE was about 30 indicating
appreciably lower mixing. Repeat tests on the in-line arrangement of
plain tubes using technique (i) have confirmed the presence of drift in
this configuration of tubing and, what is even more Important, showed
that with PE ranging from 0.3 to 0.7, thermal mixing in this tubing is
more than an order of magnitude higher than in all other arrangements of
tubing tested at CERL. This confirmatory finding is of particular
importance to the operation and control of steam generators in the
Hinkley Point 'Br, Hunterston 'B1, Heysham II and Torness AGR station
where this particular In-line arrangement of plain tubes is used in the
9%Cr IMo sections of the generators.
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The improved experimental and analytical techniques have
revealed many new interesting features and, in some cases, very
considerable complexity of gas thermal mixing processes in banks of tubes
in cross-flow. In an attempt to throw some light on these processes,
comprehensive investigations combining detailed measurements of gas flow
and temperature fields are being carried out.

3.4 Other Experimental Investigations

The scope of this paper does not allow even brief description
of all the major investigations carried out by CERL on the gas-side heat
transfer and flow characteristics of steam generators in the AGR and
Magnox stations. Some typical examples of these investigations are given
in Section 2.4 in conjunction with the description of miscellaneous test
facilities and few more will be described briefly here to illustrate the
wide range of our studies.

A series of comprehensive studies have been undertaken at an
early stage of our programme of work to obtain a better understanding of
the heat transfer and flow processes within banks of finned tubes in
cross-flow. In one series of such investigations (Neal and Hitchcock,
1966), a four times scale model bank of annular finned tubes in staggered
arrangement was used. The test section was situated inside a Perspex
duct of an atmospheric wind tunnel and comprised nine transverse rows of
finned tubes. One of these tubes, which could be positioned in any row,
had an internal radiant heater and was comprehensively instrumented with
thermocouples and miniature disc heat-flux meters. A constant
temperature 0.005 mm dia. hot wire anemometer was used for measurements
of velocity, turbulence and boundary layer development. These
measurements were supplemented by flow visualisation studies using smoke
and fine silk tufts. The investigations yielded most valuable
information on the overall and local heat transfer processes and revealed
several adverse characteristics of this type of extended surface.

The next logical step in this study was to apply the obtained
information to the development of improved heat transfer surfaces for
tubes in cross-flow (Neal and Hitchcock, 1970). Preliminary
investigations indicated that a rib roughened surface offered the most
promising solution and a series of tests on the large scale model were
carried out to determine the optimum rib size and pitch. The
pitch/height ratio finally selected was 7.54:1 and tests in the
pressurised rig on a set of 38 mm dia. tubes with integrally machined
ribs showed a 41% increase in heat transfer at Re = 1.4 x 105 over the
corresponding arrangement of plain tubes. The main reason for this
increase is the markedly improved heat transfer over the front half of
the tube (see Fig. 14). Further investigations in this field have led to
the development of tubes with two or more start helically wound ribs. It
is worth noting that this roughened surface should be generally less
susceptible to the flow induced vibration problems because it cannot
sustain any regular shedding of vortices.

4. MIX SUITE OF 2-DIMENSI0NAL STEAM GENERATOR CODES

The MIX suite of codes has been developed to predict the steady
state performance of Magnox and AGR steam generators operating under
asymmetric conditions. The codes calculate the distribution of gas,
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water/steam and tube wall temperatures along each tube of the steam
generator for a number of different boundary conditions. The diversity
of the various designs of gas heated steam generators in nuclear stations
made it impractical to perform multi tube calculations for all stations
with a single code. Consequently, codes have been developed for
individual stations or groups of similar stations employing a number of
common subroutines, steam tables, gas physical properties and the input
and output routines. The codes comprising the MIX suite are listed in
Fig. 15.

All codes of the MIX suite are based on the mathematical model,
of a multi-pass cross-flow heat exchanger with primary fluid mixing
described in a paper by Fallows, Gane, Jones, Lis and Massey (1979).
Taking into account the computational capacity of the available main
frame computer and the need to provide a practical and flexible tool for
the steam generator designers and operators, it was assumed that the
variations of the temperature and flow fields in the direction of tube
axes can be ignored and that 2-dimensional representation would be
perfectly adequate for the great majority of applications. Fig. 16 shows
a 2-dimensional representation of typical in-line and staggered tube
banks. The shaded region in each of these diagrams indicates the
symmetry units of the banks which are used as the basis of the numerical
solution. On the gas side the model solves the equations of conservation
of heat and momentum to determine the gas temperature and flow conditions
respectively. The heat balance equation relates the convective and
diffusive components of heat transfer in the gas to the loss of heat to
water/steam. The turbulent Peclet number, PE, and the gas pressure
equalisation factor, X, are input to the model to account for the gas
thermal mixing. The distribution of the mainstream gas flow is evaluated
using appropriate friction factors for each gas stream and any gas by-
pass lane present in the tube arrangement. The water/steam flow
distribution is determined by consideration of the pressure losses due to
friction, gravity and acceleration. For a given gas side flow and
temperature distribution the water side temperature/enthalpy distribution
is determined from the heat transfer rate equation. The overall heat
transfer between the gas and water/steam is evaluated using appropriate
heat transfer correlations for gas, metal, water, 2-phase water/steam and
superheated steam. Additional heat transfer resistances on the gas and
water/steam side may be included as required. The boundary conditions
specify the gas and water/steam temperature profiles at opposite ends of
the counterflow steam generator and hence the gas and water-side
equations can only be solved iteratively. Thus the calculation procedure
consists of an inner iteration, which evaluates the gas side heat
transfer and flow for a given water flow and temperature distribution,
and an outer iteration which adjusts the water flow distribution to meet
the new boundary conditions. The process is repeated until the change in
gas temperatures between the successive iterations is less than the
specified value. Each code can be used either to evaluate steam
generator conditions with the installed feed water flow orifices or to
define the orifices which would give the required water/steam enthalpy at
a given position in the steam generator. Additional iterations are
included in each code to meet the specific operational and control
requirements of a given type of steam generator. Thus, for example,
there are 53 calculation options available in DUNMIX.
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5. APPLICATION AND VALIDATION OF MIX CODES

The validation of any new complex mathematical model of the
once-through steam generator is bound to be a prolonged, or, perhaps,
even a continuing exercise. The initial steps of such an exercise will
involve usually comparisons with the predictions of other established,
but generally simpler, models and with data obtained from the laboratory
rigs simulating a specific aspect of plant operations. Each completed
step along this route will increase the level of confidence in the model
validity. The complete validity can, however, be demonstrated only by a
good agreement between the model predictions and plant data obtained over
a wide range of operating conditions.

Some comparisons of the predictions of the mathematical model
incorporated into the MIX suite of codes with the rig data have been
already discussed in Sections 3.2 and 3.3 of this paper. Several
examples of the initial application of this model to the design and
operational problems in once-through steam generators of the AGR and
Magnox stations are given in a paper by Balfour et al. (1979).

One of the first cases of the model application concerned a
severe maldistribution of feed flows in the Wylfa steam generator
operating with a number of water passes blanked off. The problem was
compounded by the dynamic instability of water/steam flows in some
platens. WYLMIX code was used to assess the existing situation and then
to evaluate the feed ferrule distribution required to restore the
operating conditions to the design level. Measurements of the individual
tube flow rates made at the start of the exercise and after re-ferruling
were found to be in good agreement with the model predictions.

At an early stage of power raising at Hinkley Point fB' a
number of feed flow orifices became defective causing a severe violation
of the 90K minimum steam superheat constraint at the entry to the
austenitic steel sections of the steam generator operating at 82% MCR.
As a temporary remedial measure it was decided to operate the generators
in a 'pinch' mode at a reduced power level. This mode of operation
required a careful choice of boundary conditions and, in particular, an
accurate definition of feed pressure to ensure the preservation of the
superheat constraint and the dynamic stability of water/steam flows. An
early version of HEYMIX was used in conjunction with the dynamic
stability code SPOTS to evaluate the required conditions and the steam
generators operated successfully at about 60% MCR until the modified feed
orifices became available.

A comparison of the PODMIX prediction with the plant data
obtained at the early commissioning phases of Heysham I is shown in Fig.
17. The main point of interest in the steam generator behaviour was the
rather unexpected reduction in the tube wall temperatures of the
innermost helices during Phase III which all but disappeared during Phase
IV operations. The power level for both phases was about the same, but
Phase IV operated with lower gas flow rate at higher inlet temprature.
These differences in the operational boundary conditions had a large
effect on the steam generator heat losses to the spine and it will be
seen that PODMIX accounted for these differences very accurately.
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Finally, the application of the MIX codes to design of steam
generators is illustrated by considering the effects of inlet feed
throttling on the sensitivity of a once-through steam generator to
perturbations in boundary conditions such as gas inlet temperature
profile, heat transfer coefficients, water/steam side friction factors,
heat losses through the containing wall, blanked off tubes, etc.
Preliminary investigations indicated that the uncertainties in the
individual parameters can be conveniently combined into three types of
perturbations, namely water-side, gas-side and blocked tubes. For each
level of inlet impedance the distribution of ferrule sizes required to
give 50K of steam superheat at the 9%Cr lMo/316 SS transition in each
tube for the best estimate of all parameter values was calculated. Using
the ferrules defined in this manner, the steam temperatures at the
transition were then evaluated for the perturbed boundary conditions and
the standard deviation, a, of the perturbed temperature from the
corresponding reference temperature determined. The results are shown in
Fig. 18 where it will be seen that the rate of change of a becomes
negligible above 12 bar inlet impedance for 100% load and 2.5 bar for
40.5% load. Taking into account the contribution of the restrictor tubes
and hydrostatic head, a ferrule giving effective impedance of 12 bar at
100% will provide only 0.6 bar impedance at 40.5% load. Such a ferrule
will obviously have little effect on the steam generator sensitivity,
which may also become statically unstable. In order to reduce the steam
generator sensitivity and ensure stability at low loads the impedance of
2.5 bar is clearly required. However, the corresponding effective
impedance at 100% load will be 24 bar, i.e. twice the value required by
the stability and sensitivity considerations. The problem of excessive
parasitic pressure losses at higher loads could, of course, be solved by
the installation of a variable throat ferrule, if such devices were
available.
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