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INTRODUCTION

In the coolant circuits of an LMR, where there is turbulent mixing of coolant streams
at different temperatures, there are temperature fluctuations in the fluid. If an item of
the reactor structure is immersed in this fluid it will, because of the good heat transfer
from the flowing liquid metal, experience surface temperature fluctuations which will
induce dynamic surface strains.

It is necessary to design the reactor so that these temperature fluctuations do not, over
the life of the plant, cause damage. The potential for damage can be illustrated simply
as follows. If the surface of a fully-restrained structural member is subjected it
temperature fluctuations with a peak-to peak amplitude of AT the resulting thermal
strain range is aAT. For an austenitic steel with ct=18. lO-'/K, if AT exceeds about
110 K the strain range exceeds 0.002. If the temperature fluctuates with a frequency
of order 1 Hz then over a 40 year life at 80% load factor there will be 10'such cycles,
which is enough to cause significant damage. If to avoid damage a safety factor of 2
on strain is incorporated, temperature fluctuations in excess of 55 K would have to be
avoided. In a reactor where the core temperature rise may be 150 K or more, this
places severe restrictions on design, particularly for structures above the core outlet
where temperature differences will be greatest, both at the outlets of adjacent
subassemblies and at the boundary between the core and the breeder.

The purpose of this paper is to describe design procedures to prevent damage of this
type. Two such procedures are given, one to prevent the initiation of defects in a
nominally defect-free structure or to allow initiation only at the end of the component
life, and the other to prevent significant growth of undetectable pre-existing defects of
the order of 0.2 to 0.4 mm in depth. Experimental validation of these procedures is
described, and the way they can be applied in practice is indicated. To set the scene
the paper starts with a brief summary of cases in which damage of this type, or the
need to avoid such damage, have had important effects on reactor operation.

The phenomenon of high-cycle thermal strain is sometimes known as "thermal
striping". This name derives from a conceptual picture of streams of coolant at
different temperatures emerging from different fuel subassemblies of an LMR core.
These are envisaged as giving rise to "stripes" of coolant at different temperatures
twisting round each other in the above-core region and impinging on the structure.
This concept is neither physically accurate nor helpful. It is more accurate to think of
streams of coolant at different temperatures flowing side-by-side, and mixing by the

formation of eddies. The structure is then exposed at different times to hot eddies in
an otherwise cold flow, or cold eddies in a hot flow. The term "thermal striping" can
therefore be slightly misleading.

THERMAL FATIGUE DAMAGE IN PRACTICE

In 1992 extensive cracking was found in a control rod guide tube that had been
removed from the core of the sodium-cooled fast breeder reactor PFR (1). The
cracks, which penetrated the full thickness of the guide tube, originated at the corners
of rectangular windows, the purpose of which was to retain clips holding coolant-
sampling pipes that were part of the failed-fiiel location system. This system sampled
sodium from the outlet of each subassembly. The sample was directed across the gap
between the subassembly and the adjacent guide tube to impinge on the inlet of a
sampling pipe. Due to a requirement for excess flow some of the hot coolant, at core
outlet temperature, flowed down the gap between the subassembly and the guide tube.
Some of it then entered through the windows and mixed with cold coolant in the guide
tube. Extensive experimental investigation using a scale air model demonstrated this
to be the cause of the cracking. The incident was isolated, in that the temperature
difference was high because the particular guide tube was empty, with no control rod
to heat the sodium in it, and the adjacent subassemblies ran with high outlet
temperatures for the period when the guide tube was in position.

A further example is provided by the above-core structure of PFR, which was a grid
serving to locate the shroud tubes that contained the control rods and supported the
core outlet thermocouples. It was situated some 1.8 m above the subassembly outlets.
Shortly after the start of operation it was realised that it was subject to coolant flows at
widely different temperatures, especially in the vicinity of the boundary between the
core and the breeder. Since it was part of the permanent structure of the reactor,
which could have been replaced only with great difficulty and at great expense, it had
to be shown that the risk of significant damage over the life of the plant was negligible.
As a result, for the rest of the life of the reactor, the core loading was chosen to limit
differences between the outlet temperatures from neighbouring subassemblies to levels
which would not cause damage. The rules for determining the acceptability of core
loading patterns were derived empirically, making use of a 1/5 scale air model of the
core outlet and above-core structure region (2). Air flow rate and outlet temperature
from each of the model subassemblies were adjusted independently to represent a
range of reactor loading patterns, and the temperature amplitudes at the position of the
above-core structure were measured. From these measurements rules for avoiding
excessive fluctuations were deduced, and used for planning reloads. The accuracy of
the model was ascertained by comparison with measurements made in the reactor
using a special rig fitted with rapid-response thermocouples in the core outlet plenum.

In 1993, during the course of routine inspection, extensive surface crazing (leading in
one case to a through crack) was found in the secondary sodium pump vessels on
Phenix (3). It was found to have been caused by hot sodium which bypassed the steam
generators and was introduced into the otherwise cool pump vessels from bypass



pipes. During the life of the plant the bypass flowrate had been increased for
operational reasons, until the sodium emerging from the pipes was some 120 K hotter
than that in the vessels. Repair of the damaged vessels interrupted the reactor
operating programme.

Among the design objectives for the European Fast Reactor (EFR) were that it should
have high availability and reliability. To meet these objectives it was necessary to
show convincingly that the reactor structure, and in particular the permanent structure,
would not suffer damage from thermal fatigue. For this purpose design procedures
based on a theoretical assessment of the damage mechanism were set up, and then
tested by comparison with the results of experiments. The resulting validated
procedures, available for use in design, are the subject of this paper.

DESIGN PROCEDURE - CRACK INITIATION

This procedure is intended to ensure that no defects will be generated in a defect-free
structure during its operational life. It can be applied, therefore, only to a structure
which meets the following criteria.

• In its initial condition it has no significant surface imperfections (ie crack-like
defects) or surface scratches deeper than 0.1 mm.

• It is not subject to significant creep-fatigue or thermal shock damage during its
life.

• It is not subject to a corrosive environment (eg from the products of a sodium-
water reaction) during its life.

The procedure assumes that the structure is immersed in a flow in which coolant from
two different temperature sources is mixed. It is a development of the procedure
outlined in Ref 3. The first step is to assess whether the temperature difference
between the two sources is sufficient to cause damage on the basis of the fatigue
endurance limit for the material. If it is not, no further action has to be taken. If it is,
the actual temperature fluctuations at the structure have to be assessed to determine
the fatigue damage accumulation during the component lifetime. It is assumed that
these fluctuations can be determined, for example, by measurements on a model,
possibly using some other fluid to simulate sodium. The procedure has the following
steps.

1. An experimental fatigue data curve for the material must be established. This is in
the form of a relationship between the number of strain cycles to initiate cracks,
and the amplitude of the cycles.

2. From this a series of design-allowable fatigue curves (depending on temperature) is
deduced by reducing the strain amplitudes by a factor of 2 at the high-cycle end,
and by reducing the cycles to failure by a factor of 20 at the high-strain end
(Figure 1). The former factor is to allow for the effects of intra- and inter-cast
variations in material properties, manufacturing damage, variations in surface
finish, ageing, operational cycles and environmental damage which lead to surface
defects up to 0.1 mm deep.

3. The strain cycle amplitudes are then related to temperature amplitudes by

The form of this equation allows for the equivalence of stress between the tests on
which the fatigue curve is based, in which the stress is uniaxial, and the biaxially
restrained condition of the structure. The factor X allows for any reduction in
strain due to compliance of the structure to the thermal loading. In the absence of
definite indications that there is such compliance A, should be taken as 1.

4 If the source temperature difference is then less than AT,. the value of AT
corresponding to 109 cycles, the structure is acceptable, in the sense that no defects
will be initiated during its design life.

5 If the source temperature difference is not less than ATL, the actual temperature
fluctuations at the structure have to be assessed. If the maximum temperature
amplitudes, measured over a period of at least 12 hours, are less than AT,, the
structure is acceptable. The reason for specifying 12 hours is given below.

6 If the maximum temperature amplitudes are not less than this value, the cumulative
damage caused by the fluctuations of amplitude greater than ATj must be
determined. This is done by an application of Miner's method. It is assumed that
the damage done by a single cycle of a certain amplitude is inversely proportional
to the number of cycles of that amplitude which will cause failure, and that the
damage done by successive cycles of different amplitudes can be summed. If the
resulting total damage is less than 1, no initiation of defects will take place, and the
structure is acceptable.

It is necessary to assess temperature fluctuations over a period of at least 12 hours
because the damage is caused almost entirely by the largest fluctuations, within some
5% of the maximum amplitude. It has been found in practice that less than 104 of the
fluctuations fall into this range. Thus a 1-hour sample of fluctuations with a
characteristic frequency of around 1 Hz may or may not contain some of the largest,
most damaging, fluctuations, and different 1-hour samples can give widely different
estimates of the damage accumulation over a 40-year life. If 12 hours are sampled,
however, it has been found that there is much less variation and the probability of
observing amplitudes close to the maximum is much higher.

TABLE 1 ALLOWABLE TEMPERATURE AMPLITUDES FOR AVOIDANCE
OF CRACK INITIATION IN TYPE 3I6L(N) AND9CrlMo STEELS

Mean temperature, °C

AT,.(K);Type316L(N)

AT,.(K);9CrlMo

425

46.7

67.5

450

46.7

66.9

475

46.7

66.4

500

44.8

65.9

525

42.8

65.4

550

41.2

65.0

600

36.5

64.2

650

32.3

13*



Table 1 gives values of the allowable strain ranges and temperature amplitudes as
functions of temperature for 316 L(N) austenitic steel and 9Cr IMo ferritic steel.
These materials were chosen respectively for the primary circuit and the steam
generators of EFR. It will be seen that they are very restrictive, especially for Type
316L(N)steel.

Table 2 gives values of allowable temperature amplitude as a function of mean
exposure temperature for crack initiation after 300,000 hours (ie at the end of reactor
life) based on upper and lower bound damage rate temperature-time histories observed
in the SUPERSOMITE test facility (see below). Different flow configurations can be
expected to yield temperature-time histories which have different fatigue damage rates
even though they have the same maximum amplitudes. For Type 316L(N) steel at
550 flC mean temperature (typical of an above-core component), the maximum
amplitude must be limited to 61 - 65 K for 300,000 hours' life, increasing to 84 K for
6000 hours' life.

TABLE 2 ALLOWABLE TEMPERATURE AMPLITUDES FOR CRACK
INITIATION IN TYPE 316L(N) AND 9CrlMo STEELS AFTER 300,000
HOURS

Mean temperature, °C

AT(K);Type316L(N)

AT(K);9CrlMo

425

71-74

92-97

450

70-73

91-96

475

69-72

90-95

500

67-71

90-94

525

64-67

89-93

550

61-65

88-93

600

55-58

87-92

650

50-52

DESIGN PROCEDURE - LIMITED CRACK GROWTH

In view of the limitations of non-destructive testing methods it is not always possible
to be certain that the structure is free of defects 0.1 mm or more deep. In this case the
design procedure described above is unrealistic. In addition it can be seen from Tables
1 and 2 that to avoid the initiation of defects the fluctuation amplitude has to be very
low, typically less than 43 K for 316 L(N) steel at 550 °C, or 61 - 65 K to ensure no
initiation in 300,000 hours. Thus, in practice, it may be necessary for a structure to
operate under conditions in which crack-like defects more than 0.1 mm deep are
present and may grow under the imposed thermal loadings. This is acceptable in
LMRs for parts of the structures which are lightly stressed. For such structures an
alternative approach based on fracture mechanics is necessary.

If the stress intensity factor range AK induced by the fluctuations in temperature
exceeds a critical value AKtn (the threshold for growth), a crack will grow. If the
stress across the crack were uniform AK would get larger as the crack deepened, so
the driving force for crack growth would continually increase. However the
temperature fluctuations at the metal surface are attenuated exponentially as they
penetrate from the surface, and as a result the stress intensity factor range AK passes
through a maximum as the crack gets deeper. The result is that a pre-existing defect
grows rapidly to a certain depth, but thereafter the growth rate decreases to zero as the
stress intensity factor range falls below the threshold value, and the crack "arrests".
The depth at which it arrests depends on the amplitude of the surface temperature
fluctuations, the frequency content, the thermal properties of the metal, and the mean
stress in the structure.

For the purposes of this procedure crack arrest at a depth of up to 0.5 mm is envisaged
since the presence of a crack of this depth is unlikely to affect the structural stiffness of
sections of typical thickness.

Crack-like defects 0.1 to 0.5 mm deep would normally be expected to behave as short
cracks, with correspondingly low values of threshold stress intensity factor generally
independent of mean stress or R-ratio. Calculations using the Tomkins equation (4) of
the time to grow to a depth approaching 0.5 mm show that this is likely to be short
compared with the overall component life (5). For notch-like defects the time to
initiate a crack (estimated using, for example, the c j approach(6)) may be similarly
short.

This procedure is therefore intended to ensure that any defects in the structure do not
grow deeper than 0.5 mm. It is based on a simplifying assumption that the surface is
subjected to temperature fluctuations of amplitude equal to the source temperature
difference, and having a characteristic frequency f0 (though a maximum temperature
amplitude measured at the surface could equally well be used if it were available). It
uses the methods of linear elastic fracture mechanics (LEFM) to calculate the stress
intensity factor range at the crack tip. It has been set out in a computer code TBL (7),
and has the following steps.

1. The threshold stress intensity factor range AKTII is determined. This depends
primarily on the mean stress in the component, that is, on the R-ratio (the ratio of
minimum to maximum stress in the thermal cycle). For example, for 316 L(N)
steel at 550 °C AKTU is estimated to be 12 MPam"2 for a stress ratio of-1
(corresponding to zero mean stress), and 8 MPam"2 for R = 0 (intermediate
stress).

2. The corresponding surface temperature fluctuation amplitude AT for a 0.5 mm
defect is determined. The relationship between AT and AKTn takes into account
the attenuation of the fluctuations as they penetrate into the structure. It depends
on the frequency of the fluctuations as well as the shape of the defect and the
degree of constraint of the structure.

3. If the source temperature difference is less than AT the structure is acceptable, in
the sense that defects will not grow deeper than 0.5 mm.



The relationship between AK and AT is shown in non-dimensional form in Figure 2, for
various crack shapes, degrees of restraint and component thicknesses. The assessment
method can be extended to take account of the shape of the structure, the frequency
content of the temperature fluctuations, and their spatial coherence. Figure 3 shows
the maximum allowable amplitude as a function of crack shape and plate thickness for
a component with zero mean stress, ie R = - 1 .

Table 3 gives typical values for the allowable temperature amplitude for 316 L(N) steel
at 550 °C. It will be seen that, if the mean stress is low, this procedure allows much
higher temperature ranges than the previous one. A degree of conservatism may have
to be built in to take account of variability in measured values of threshold stress
intensity factor (by using lower bound values) and mean stress calculations. Note that
no design margin has been included in the figures in Table 3.

TABLE 3 ALLOWABLE MAXIMUM TEMPERATURE AMPLITUDES FOR
CRACK ARREST AT 0.5 mm DEPTH FOR TYPE 316L(N) STEEL AT 550 °C

Mean stress

Stress ratio R

AKTM; MPam"2

AT;K

High

0.7

4

32

Intermediate

0

8

66

Low

-1

12

100

EXPERIMENTAL VALIDATION

The validity of these design procedures was investigated by tests in the
SUPERSOMITE facility at AEA Technology, Risley. The facility has been described
in detail elsewhere (8). It enabled test sections to be subjected to a mixing flow of hot
and cold sodium for periods of up to 2000 hours. The test section is shown in
Figure 4. It contained two specimens, an outer cylinder forming one boundary of the
sodium flow, and an inner coaxial cylinder, the bottom end of which was blanked off,
forming the other boundary.

The test section was fed by two separate sodium streams from concentric pipes as
shown. The hot sodium was at temperatures up to 650 °C, while the cold was as low
as 250 °C, giving source temperature differences up to 400 K. The flow rates could be
adjusted up to 0.7 kg/s, giving a mean velocity past the test section of 1 m/s. In most

of the tests the hot and cold flow rates and the velocities of the hot and cold streams as
they entered the mixing region were equal, so that the turbulence in the test section
was typical of normal pipe flow, without any enhancement due to velocity shear at the
mixing point. This condition gave minimum decay of the temperature fluctuations with
distance downstream, which was necessary to give as large a volume of fluctuations as
possible in the test section. During commissioning the magnitude of the temperature
fluctuations was measured using comprehensively instrumented test specimens with
thermocouples in both the fluid and the wall.

The tests were designed to investigate both the conditions for formation of surface
cracks and the growth of cracks from defined defects. Notches were machined in the
specimens by means of a slitter wheel. Typical notch dimensions are shown in
Figure 4. Because the fluctuations decayed as they were convected downstream a
single test run could test the response of the specimens to a range of amplitudes.

During the tests the sodium temperature was monitored by fast-response 0.5 mm
coaxial thermocouples placed in contact with the specimen wall with their hot
junctions 0.25 mm from the notches. Work during the commissioning of the facility
had shown that the surface fluctuation amplitudes could be measured with sufficient
accuracy by such thermocouples. The fluid temperature fluctuations close to the
surface were compared directly with fluctuations in the metal measured 0.25 mm
below the surface. These measurements used technology developed by Sheriff in his
work on heat transfer from turbulent flowing sodium with temperature fluctuations to
metal surfaces (9).

During each test 4-hour records of the temperature fluctuations at each notch were
recorded on multi-track analogue tape recorders. These records allowed later detailed
analysis of the temperature range cycles as the work of reconciling crack initiation and
crack growth with the fluctuating temperatures proceeded. In addition on-line signal
processing using the "Rainflow" logic for analysing the fluctuations in terms of
equivalent cycles of different amplitudes (appropriate to damage estimates based on
Miner's method) enabled estimates of the accumulated damage to be made for each
notch as a function of time. This information was also used in post-test analysis.

The test programme was thus capable of providing data on both the damage induced in
the specimens and full records of amplitudes and repetition rates of the local
temperature fluctuations. From this the damaging effects of surface temperature
fluctuations were quantified, and the methodology given in this paper was deduced.

Typical results from SUPERSOMITE are given in Figure 5. This shows the
relationship between the maximum amplitude of temperature fluctuations and the
initiation of defects consisting of surface "crazing", detected by eddy currents. At a
maximum surface amplitude of 225 K, surface cracks were formed on Type 316L(N)
specimens within the test period of 2000 hours, with the damage accumulation rate
indicating that it would occur after 100 hours or so. For lower amplitudes no such
damage was observed for a total exposure of 6000hours. For those parts of the
specimens subjected to even lower amplitudes the fatigue damage rate was such as to
predict failure times approaching 300,000 hours. Amplitudes of 110 K or less would
be expected to give an infinite life (i.e. crack initiation would be avoided altogether).



Figure 6 shows statistical data relating the amplitude of individual temperature
fluctuations to frequency of occurrence. The shape of this curve is typical of the flow
in SUPERSOMITE, but may be different in other situations.

The growth of cracks from pre-existing defects was also studied in SUPERSOMITE.
Figures 7 and 8 show the growth of cracks in Type 316L(N) from the roots of the
lower and middle 1 mm deep notches in the outer specimen during a 6000-hour test,
measured at inspections at 2000 and 4000 hours. No growth was observed from the
notches in the wall of the inner specimen. Crack growth was measured by ultrasonic
time-of-flight diffraction (TOFD) techniques. The observed circumferential non-
uniformity (particularly near the test section inlet) is related to asymmetry in the mixing
flow, which tends to disappear farther up the channel.

This crack-growth behaviour, and in particular the absence of detectable growth at the
middle notch after 2000 hours, has been interpreted by calculating the time for crack
initiation at the notch root using an approach similar to that involving o j (6),
embodying the methods of Creager and Neuber. A full description is given in Ref 5.
Essentially the stress field at the tip of a crack of the same depth as the notch is used to
compute strain ranges (and hence crack initiation) at the notch root. The stress field is
computed from the stress intensity factor ranges at the crack tip under the action of the
surface temperature fluctuations using the computer code CLOUDBURST. Then the
crack growth rate for an initially short crack is computer using the Tomkins equation
(4). This methodology was shown to be conservative for the middle notch (crack
initiation and growth being suggested after 2000 hours), and it correctly predicted an
absence of crack initiation after 6000 hours for the upper notch.

As the crack approaches a transition depth from short crack behaviour, its extension
rate can be predicted by means of LEFM. In these tests crack growth rates could be
reconciled with Paris laws relating extension rate to stress intensity factor range only if
threshold stress intensity factors AKn , were greater than 13 MPam"2 at zero mean
stress (ie R = -1). This agrees with data from push-pull tests for R = 0 to 0.7.

However in order to study the behaviour of pre-existing notch-like defects (ie 0.2 to
0.5 mm deep), an additional experiment was designed with four pairs of notches in the
outer specimen, each pair consisting of 0.2 and 0.5 mm notches 15 mm apart. Notches
were chosen as they were considered likely to represent manufacturing defects more
closely than cracks. Results after 1000 hours exposure showed crack initiation and
growth at the notch root to a total depth of 1.2 mm for a 0.5 mm notch subjected to a
maximum temperature amplitude of 155K, while no crack was initiated at the adjacent
0.2 mm notch. Ail other notches which were subjected to slightly lower amplitudes
(down to 106K) showed no crack initiation, in line with the predictions of the above
methodology.

Unfortunately the test programme was curtailed before further tests could be done to
investigate the arrest of these cracks and provide further support for the limited crack
growth procedure.

APPLICATION IN PRACTICE

The use of the analysis in practical situations requires a knowledge of the temperature
fluctuation field near to the structural component in question. The amount of detail
needed depends on whether there is a potential for damaging fluctuations in the
thermal environment.

The first stage of the assessment is to determine the maximum source temperature
difference of mixing flow streams which could be present. If the source differences are
below the level of damage threshold amplitude for the material for infinite life
(Table 1), then there is no need to proceed further. It is essential to review plant with
care during this initial phase however because flow leakages may go unrecognised
initially or may develop during plant life and can form a trap for the unwary. Similarly,
the possibility of infrequently-used non-standard operational modes which may become
necessary during the life of the plant should not be ignored.

If the first stage reveals a potential for generation of temperature fluctuations of
sufficient amplitude in the flow field, it is necessary to provide a detailed assessment of
the fluctuation field at the component surfaces. From this, the life of the component
can be predicted using the methods of this paper.

The assessment method for prediction of crack initiation and subsequent crack growth
requires fluctuating temperature-time history data for the component. In the UK, the
methodology was developed for PFR and is based on the use of fully-detailed physical
models of appropriate scale to set up the turbulent flow field. Generally atmospheric
air was used as working fluid. In the case of PFR, a model of 0.2 scale was used and
validated against in-reactor measurements of temperature fluctuations. This technique
and validation was described briefly by Betts et al (10).

The use of air as an analogue fluid for sodium in temperature fluctuation work was
investigated more extensively in a purpose-built experiment (9). This experiment was
conducted by AEA Technology in the AKB sodium facility in Siemens (formerly
Interatom), Bensberg, Germany. The results define the boundaries within which air
can be shown to be a good analogue for liquid sodium.

The experiment at Bensberg consisted of an array of seven tubes representing PFR fuel
assemblies at full scale, which discharged two hot and five cold sodium flows into a
plenum. The arrangement represented broadly the core-breeder boundary region.
Temperature fluctuations were recorded in the downstream region in for a wide variety
of flowrates and flow ratios.

The parametric range covered Peclet numbers ranging from typical full power reactor
operating conditions to about 10% of full power. In this range there were clear
differences in the observed decay of temperature fluctuations with distance
downstream as a function of both Peclet number and flow ratio. In general fluctuations
persisted longer at high Peclet number and with minimum shear between hot and cold
flows. In the detailed analysis the differences as a function of Peclet number could be
rationalised in terms of rate of change of temperature at the centre of an eddy in which
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the fluid was assumed turbulent at the level of the flow as a whole. The eddy
temperature depends on the total difJiisivity (which is dependent on Peclet number), on
the ratio of the eddy diffusivities of heat and momentum and on the ratio of total
diffusivity to thermal diflusivity. In the experiment the last varied from 8, where
turbulence dominates, to 1, where fluid conductivity is equally important. Typical
power reactor values would be up to about 15.

The companion full scale air model showed very good agreement in terms of
fluctuating fluid temperature amplitude as a function of downstream position in
conditions of high turbulence. All aspects of the sodium fluctuations were reproduced
although in some cases the air data contained fluctuations which could be interpreted
in terms of very small essentially laminar eddies which could not, in the high
conductivity sodium environment, support temperature differences. The effect of these
was on frequency rather than amplitude. The ratio of total to thermal diflusivity in the
air analogue tests was typically 115 so that turbulence always dominated.

Thus it was concluded that an air model will give reliable predictions of the fluid
temperature behaviour in sodium when the Peclet number in sodium is high enough for
eddy diffusivity of heat to dominate over thermal diffusivity. The extensive sodium
data available also made possible a semi-empirical method for estimating the degree of
pessimism which air data might give compared with lower Peclet number situations.

The use of air would certainly be more accurate than a sodium-based model which
operated , by virtue of lower scale, flows and power, at conditions of lower Peclet
number than the plant. It would also be cheaper by many orders of magnitude!

Once an air rig has been built and operated it can be used to give detailed data on the
fluid temperature fluctuations. These can be combined with information on the
attenuation in the boundary layer (9) to predict both crack initiation and crack growth,
and to apply the design procedures described above.

CONCLUSIONS

1 Structural damage caused by high-cycle thermal fatigue has had a significant
adverse influence on the operation of LMRs on several occasions. It is necessary to
eliminate the risk of such damage at the design stage.

2 In the absence of detailed knowledge of the temperature history to which it will
be subject, an LMR structure can be designed so that, if it is initially free of defects
more than 0.1 mm deep, no such defects will be initiated by high-cycle fatigue. This
can be done by ensuring that the maximum source temperature difference in the liquid
metal is less than a limiting value, which depends on temperature (see Table 1). The
limit is very low, however (eg 41.2 K at 550 °C), and likely to be restrictive. This
method, by virtue of its safety margin of 2, takes into account pre-existing surface
crack-like defects up to 0.1 mm deep.

3 If the surface temperature-time history for points on the component is known,
the procedure allows the calculation of allowable surface temperature amplitudes such

that crack initiation will not occur before the end of the component life. This imposes
a less restrictive limit, but it still might be 65K for a life of 300,000hours. It is also
dependent on the nature of the surface temperature fluctuations, in particular the
infrequent large fluctuations.

4 In practice it is difficult to ensure that a structure "as built" is free from defects
greater than 0.1 mm deep, and it has to be recognised that such defects may grow
under the imposed thermal loading. A procedure based on limited crack growth and
arrest at a depth of about 0.5 mm has been developed. It requires a knowledge of the
maximum surface temperature amplitude and the frequency spectrum if the
fluctuations, as well as the stress state of the component and the postulated crack
shape. For a nominally unstressed structure this procedure is less restrictive and can
give allowable amplitudes of 100K at 550 °C (though a design safety factor is not
included).

5 Detailed information on the temperature fluctuations can in principle be
obtained from measurements on the plant or in a liquid metal rig, but it has been shown
that if the modelling is correct an air model can provide reliable and conservative
information, and can provide it more quickly and economically.
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Crack initiation observations from SUPERSOMITE
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