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Summary

The original safety Case for the Prototype Fast Reactor (PFR) at Dounreay was based on the
Double-ended-guillotine failure (DEGF) of one tube followed by six more DEGFs spread out
at 3s intervals. Because the DEGF (lowrate in the Evaporator units was considerably greater
than those for the Superheater and Reheatcr units, pressure loading predictions were based on a
leak incident in the Evaporator.

As data became available from sodium-water reaction experiments, this Design Basis Accident
(DBA) was revised to be the failure of a single tube (1DEGF). Pressure loadings for the plant
were still based on the Evaporator. The plant was, however, designed against the original DBA
of 1 +6 DEGFs.

The under sodium leak in Superheater 2, in which a total of 40 DEGFs occurred in a short
period of time, cast doubt on the choice of DBA for PFR and it was obvious that multiple tube
failure incidents had to be considered.

A revised Safety Case for PFR was constructed based on an event tree and is presented in this
paper.

Also in this paper the engineering work carried out on the plant in order to reduce the
frequency of occurrence of multiple tube failures and the R&D programme initiated to remove
unnecessary pessimism from the postulated multiple lube failure incidenis are described.

The engineering work included:
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• replacement of the Superheaters and Kehcatcrs with Replacement Till« Bundle (RTU) unils

• modification to the Hydrogen Detection (IF2FJ) System signal processing algorithm and re-
installation of its automatic trip function

• addition of a pressure trip in the Evaporator gas space

• commissioning of the fast steam dump valves on the Superheaters

• modifications to the bursting disc assemblies to reduce the probability of their failure to
operate

• replacement of some discs by ones of a different design and method of operation to reduce
the common mode failure frequency.

• modifications to the water isolation valves to improve their reliability

The R&D programme includes:

• experiments to investigate the rale of wastage at the PFR Evaporator conditions in which
saturated or sub-cooled water is injected into sodium at a higher temperature

• experiments to determine the life of tubes at elevated temperature as a function of internal
stress

• experiments to validate the theoretical model used to predict reaction temperatures

• experiments to measure tube-wall heat Duxes during intermediate sized leaks during normal
sodium and walcr/stcamsidc conditions and during post-trip conditions

• experiments to demonstrate that there is a design dependent upper limit to the number of
tubes (hat can fail due to overheating

• production of a new quality assured and validated version of the ARK code. QUARK, for
pressure loading calculations

• experiments to provide data on the How of choking, reacting, Iwo-pliasc mixtures of steam
and sodium, to validate the QUARK code for application to the PFR Effluent System

• experiments to validate calculations of the ASMH Level "D" pressure limit for the II IXs.

1.0 INTRODUCTION

An under sodium steam leak occurred in Superheater 2 in PFR in February 1987. This leak
resulted in a total of 40 failed tubes due to overheating and temperature weakening of (he steel.
A further 70 lubes suffered some swelling and alwut 50% of the tubes in the bundle
experienced temperatures in excess of 800 oC 111.

This event has demonstrated th.it there is a mechanism by which multiple tubes can fail in a
relatively short period of time: the data recorded during ihe event in Superheater 2 indicates
that the 40 lubes failed in a period of about 10s. A consequence of this lias been that it lias been
necessary to revise the safety case for PFR in relation to leak events in the Secondary Circuit
Steam Generators. This paper describes the revised safely case for PFR and the engineering
and experimental programmes required to support it.
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2.0 THE ORIGINAL DESIGN BASIS ACCIDENT

As described in [1], each PFR Secondary Circuit contains three Steam Generators; an
Evaporator, a Superheater and a Reheater. Because the tubes in the Evaporator arc water-filled,
failure of a tube in these units represent the worst case. Therefore the Design Basis Accident
for the PFR Secondary Circuits has been based on the Evaporators.

The PFR secondary circuits and effluent systems were designed such that the most severe,
credible, sodium-water reaction would threaten neither the integrity of the primary
containment, at the IHX's, nor that of the secondary circuit. Based on early (i.e. prc-1970) tests
in the NOAH Rig this most severe accident - the Design Basis Accident - was taken as a
complete fracture of an evaporator tube to give unrestricted flow from the two open ends of the
lube (i.e. a Double-Ended Guillotine Fracture or DEGF). It was further assumed that this
would be followed by a further six DEGF's at 3 second intervals during the plant shutdown.
Later tests in the Super Noah Rig showed that for an evaporator DEGF (flow rate >10 kg s "')
piston expulsion of sodium occurred and that no further failures would result. The Design
Basis Accident was therefore modified to a single DEGF in an evaporator, although it should
be noted that the plant was designed and built against the initial more severe incident. It was
further assumed that the initial flow rate from such a failure under operating conditions would
be 23 kg s"1.

3.0 INITIAL CONSEQUENCES OF THE SUPERHEATER 2
LEAK ON THE SAFETY CASE

Following the preliminary examination of the Superheater 2 tube bundle and from the pressure
loading calculations performed, it was concluded that [ 11:

(a) this leak event was initiated by fretting damage, which was generic to all the original
superheaters and rehcaters

(b) the initial small leak would probably have been detected by the under sodium hydrogen
detection system if it had been operational and if its trip had been armed

(c) the damage to the lube bundle was beyond that covered by the Design Basis Accident
(DBA)

(d) the maximum leakrate during the incident was less than the 23 kg s"1 assumed in the
DBA

(e) the pressure loadings on the Intermediate Heat Exchangers was less than that predicted
for the DBA.

It was decided that all the remaining original stainless steel superheaters and rehcatcrs had to
be replaced by the Replacement Tube Bundle 9CrlMo units which were of a design that was
more resistant to fretting. This would remove the intiating event of the Superheater 2 leak, and
would therefore reduce the frequency of under sodium leaks.

A programme of inspection of the evaporator tubes was initiated to confirm that these tubes
were in good condition. Acoustic noise monitoring was performed on all units, evaporalors and
Replacement superheaters and reheaters, to confirm that tube rattling was not a problem in
these units.
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It was decided to reinstate (he under sodium hydrogen detection system as an armed trip. It
was however recognised that the arguments concerning its false trip rale used 1» justify its
removal in the past were still valid. Therefore a new signal processing algorithm was
developed and tested on the plant, prior to arming the trip. This system is described in Section
4.1.

It was also recognised that rapid depressurisation of the Superheaters following a sodium-
watcr reaction trip signal was important and the fast dump valves on these units were
commisioncd. The Evaporator units already had fast waterside depressurisation.

Further detailed examination of the tube bundle and allied experimental work was initiated to
dcvlopcd an understanding of the mechanism/mechanisms responsible for the observed
damage. This was required to enable a case to be made for the type of multiple lube failure
incidents that may he possible in the Evaporator units.

Work was intiatcd to review the ASME l-cvcl I) picssurc limit for the Intermediate Heal
Exchangers (IHXs) and to assess the Suite failure scenarios which would produce loadings
below this limit and which events would produce loadings greater than this limit.

The ARK code used to predict pressure loadings was subjected to peer review. This review
endorsed the modelling assumptions in the code but recommended that a new, quality assured
code be produced, since it was obvious (hat sodium-water reaction events would in the future
be required to be considered in the nuclear safety case for PFR. Prior to this event, it was
believed that the frequency of occurrence of multiple tube failure events in PFR were loo low
to be required to be considered.

The safety of the secondary circuits was reassessed on the basis of an fault tree. The objective
of this fault tree was to determine the failure frequency of die II IXs. The chosen criterion for
failure was a pressure loading in excess of the ASME I.cvcl D limit. The factors taken into
account in this fault tree were:

• the frequency of occurrence of under sodium leaks

• (he reliability of (he leak detection systems

• the reliability to operate of the bursting disks

• the reliability of the water isolation system

• the period of time over which the multiple tul>c failures occurred

• the number of tubes which ruptured.

It was recognised (hat there was not a sufficient understanding of the overheating mechanism
to predict the evolution of leaks in the evaporator. Accordingly experimental work was
commissioned to determine the data necessary to allow such a model to be developed. This is
discussed in Scclion 5.4. In the interim it was necessary lo consider some bounding cvcnls in
terms of number of tubes and time over which they failed in the fault tree. Calculations of
pressure loadings showed thai if less than 150 IIIIKS failed, or if more than 150 lubes failed
over a time greater than 5s, the IIIX pressure loading was below the currently assessed ASME
Level D linn whether water isolation was successful or not. It was argued that the worst
primary leak for an overheating event in an evaporator was of the order of 1 kg s . Any larger
leak would be detected very rapidly by the Pressure Trip or by bursting disc rupture and would
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not provide much time for heating tubes before the trip. It was further argued that the zone of
high temperature resulting from a 1 kg s'1 leak would be limited to about 100 to 200 tubes, and
that not all of these tubes would be heated at the same rate due to the spatial and temporal
variations in temperature and heat (lux, observed in experiments. Data from previous
intermediate leak experiments indicated that overheating failures took several seconds to
develop, typically tens of seconds, and data from single tube experiments. Section 5.1, were
confirming this. It was therefore accepted that 150 tubes failing over 5s was a pessimistic
bounding case.

The fault tree showed that an important contribution to the failure frequency of the IIIXs was
the failure to operate of the bursting discs. The pressure loading calculations indicated that out
of the six bursting discs in each circuit, one of the four evaporator discs was required to rupture
to relieve the pressure sufficiently rapidly to prevent MX failure for leaks less than 150 tubes
in 5s. The design of the bursting discs were considered in great detail to assess sources of
systematic failures and to assess the common mode failure frequency for them. A modification
was made to the shear gap on one evaporator outlet and one evaporator inlet bursting disc
assembly in each circuit, to reduce the probability of jamming of the backing plate (Figure 1).
To further improve the situation, some discs in each circuit were replaced by reverse buckling
discs, to introduce diversity and therefore to increase further the reliability of the busrting
discs.

The pressure loading calculations indicated that isolation of the evaporator from its supply of
water was of importance in limiting the mass of water available for injection into the unit. The
operating history of the water isolation system was reviewed and it was concluded that
previous problems had almost been completely confined to pilot valve performance. Therefore
modifications to the pilot valve arrangement were made [Figure 2J. The modified arrangement
provides three pilot valves for each main valve and enables sequential operation of these main
valves, triggcrrcd by two-out-of-lhrce operation oflimit switches on the valve CF5 [Figure 2).
The reliability of the operation of the limit switches has also been improved by increasing the
number of striker arms from one to three. A further imrovement was made by the addition of
logic to close SI (wo seconds after CF5 is signalled lo close, if the limit switches have nol
already done so.

These modifications have improved the reliability of the water isolation system, and this has
been included in the fault tree.

4.0 MODIFICATIONS TO THE LEAK DETECTION SYSTEMS
ON PFR

4.1 THE HYDROGEN DETECTION SYSTEM

Following the incident the under-sodium hydrogen detection system has been reinstated as a
trip system. The mode of operation of the system has been changed such that it will give a trip
signal if the water burden is consistently increasing at greater than a pre-defined rate. The time
for a trip depends upon the injection rate because it is initiated by the observed water burden
exceeding the pre-defined ramp (50 g hr'1 ) by a given value (18 g). The original system
merely compared the change in signal between time intervals equivalent to the sodium
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circulation time around the circuit. If this change in signal exceeded a predefined value a trip
was initialed. The new system is marginally slower for leaks which would have been delected
on their first pass by the old system. Inn is very much faster for leaks smaller lhan this and
increases the probabilty of leak detection Ircforc secondary failure. The previous problem of
false trips has been overcome by the introduction of the comparison with a predetermined
ramp rate which has been chosen on the basis of the observed drift in signal in the ubsccncc of
a leak. The new system uses the original sampling loops, membranes and katlu'romclcrs, only
the signal treatment has been altcrrcd.

The modified system was tested without the trip armed lo demonstrate that ihc earlier problems
of false trips had been eliminated. This demonstration was successful and the system is now
armed.

4.2 THK PRKSSURK TRIP SYSTKM

The original pressure trip system operated on the measurement of pressure in (he large gas
space volume in the Expansion Tank. Following the Superheater 2 leak, nil additional pressure
trip system was installed. This is based on the measurement of pressure in the evaporator gas
space. Initially, this trip has been set al a pressure value just below the bursting disc rupture
value. Monitoring of (he measured pressure is being conducted to determine what lower
threshold could be used without introducing false trips during normal operational transients.

5.0 TIIK R&D PROGRAMME TO SUPPORT THE SAFETY
C A S E

5.1 KXPKRIMKN TS TO All) TIIK INTKRPRKTATION OF TIIK
MECHANISM RESPONSIBLE FOR TlIKTUHE FAILURES IN
SUPKRIIKATKR 2

As stated in | 1 | , the tube failures in Superheater 2 exhibited features which could have been
attributed to corrosion. Three scries of tests were carried mil which aided the interpretation of
the Superheater 2 leak, enabling overheating to lie conclusively identified as the doininnni
failure mechanism.

5.1.1 EXPERIMENTS TO DETERMINE THE GROWTH OI' GRAINS IN THE
SUPERHEATER 2 TUKE MATERIAL AS A FUNCTION OF TEMPERATURE AND
EXPOSURE TIME

It was found (hat existing data on the rale of grain growth in 316 ss al elevated temperatures
was only available for relatively long exposure times, a minimum of 5 minutes |2| . It was
therefore decided to perform a series of short exposure experiments using 316 ss of the cast
types found in the Superheater 2 mix; bundle. The results from these experiments are shown in
Figures 3-5. This data was used to ascribe maximum temperatures experienced by lubes in the
Superheater 2 tulic bundle on the assumption ofa 10s exposure during the leak cvcnt( 11.

I'-Rt ft
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5.1.2 EXPERIMENTS TO DETERMINE THE LIFE OF PFR STEAM GENERATOR
TUBES AS A FUNCTION OF TEMPERATURE AND INTERNAL PRESSURE

A series of experiments were performed in which tubes were heated in a furnace to a pre-
determined temperature and then rapidly pressurised, to determine the life of the tube as a
function of its temperature and hoop stress. The tubes considered were PFR evaporator tubes
(7, 1/4 CrlMo, 25 mm OD, 2.3 mm wall thickness), superheater tubes (316 ss, 15.8 mm OD,
2.0 mm wall thickness), reheater tubes ( 316 ss, 20.6 mm OD, 1.2 mm wall thickness).
Replacement superheater tubes (9Cr IMo, 21.97 mm OD, 3.05 mm wall thickness) and
Replacement rehcater tubes (9Cr IMo, 23.86 mm OD, 1.77 mm wall thickness). It was
recognised that due to the relatively long heating times involved in this rig, final grain size and
other metallurgical features would not be representative, but it was expected that the tubes
nipture life would be. The results from these experiments are summarised in Figurcsö -8. At
the full 130 bars superheater pressure, tubes will fa:! in about 6 s at 1200 ° C and in about 150
sat 1100 °C. At 75 bars, a superheater tube could survive for about lOOsat 1200 °C.

The data from these experiments is of use in devloping a model of the overheating behaviour
of tubes as well as of aiding the interpretation of the lube failure mechanism in the Superheater
2 leak.

5.13 EXPERIMENTS TO DETERMINE TUBE LIFE AM> :?.UPTURE ISEUAVIOUR
AS A FUNCTION OF TUBE STRESS AND RATE OF RISE OF TEMPERATURE

A further scries of experiments were performed using RF heating to enable tubes to be rapidly
heated up to failure temperatures; rates of up to 70 °C s'1 were investigated. There were two
types of test:

• ones in which the pressure was applied and then the tube rapidly heated

• ones in which the tubes were rapidly heated and then the pressure applied.

The results from the first type of experiments showed that the failure categories observed in the
316 ss tubes in the Superheater 2 tube bundle were ieproducible without the presence of any
corrostve media. Tubes at pressures of the order of the full pressure in the Superheater at the
time of the trip, displayed ductile ruptures, category 1 failures, and the failure temperature was
relatively low, about 1200 °C. As the tube pressure is decreased, and the rate of increase of
temperature is increased, category 2, 3 and finally brittle, category 4 failures arc produced.

The results from the second type of experiments, indicated that the tube lives derived from the
experiments described in the previous section were valid.

The results from all of these rapid heating experiments on 316 ss arc summarised in Table 1
and typic! failures are shown in Figure 9-10.

The results from these experiments provided strong evidence to support the conclusion that the
dominant failure mechanism during the Superheater 2 leak was overheating.
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5.2 EXPERIMENTS T(> DETERMINE THE FLOW Of VvYi'i £U
THROUGH A DOUHLE ENDEf> GUIM.O'HNE Wi-UKI iX AN
EVAPORATOR TUBE

Most PFR evaporator tubes have inlet orifices which limit Ihe steady state How through a
DF.GF to a value les than that for a tube without suili an inlet restriction. The DIIGF value used
in conjunction with the DBA in force at the time of the Superheater 2 leak was 23 kg s'1. A
scries of experiments were carried out to determine the flow through the inlet leg of a failed
evaporator tube as a function of the upstream pressure and size of inlet ferrule installed.

The results from these experiments arc summarised in Figure 11. On the basis of this work it
was accpctcd that 13 kg s'1 was a more appropriate value to use when modelling incidents
during which many evaporator tubes arc failing over a time period. Of course the value of 13
kg s per tube decreases as the steam pressure decreases during the incident. This value is
pessimistic in that it is based on the assumption that the total (low is (hat for the inlet leg with a
typical orifice plus Ihe inlet leg flow without an orifice. This ignores the fact that the water in
the outlet leg is in fact a two-phase mixture and therefore the flow from the outlet side will be
less than that assumed in this determination nf the DF.GF flow. It was agreed that this degree of
pessimism was acceptable.

5.3 E X P E R I M E N T S T O INVESTIGATE T H E WASTAGE RATE F R O M
S M A L L L E A K S AT T H E W O R S T I 'FR EVAPORATOR C O N D I T I O N S

The original estimates of wastage rates for under sodium leaks in a I'FR evaporator were
derived from steam leaks at isothermal conditions. These predict maximum wastage rates at
Ihe sodium inlet where the temperature is approximately 470 C, giving a secondary failure
time of about 12 s. However, the tubes at the sodium inlet arc protected by shrouds, to
minimise high heat fluxes, and these will inhibit wastage if a leak should occur in this region.
A more realistic estimate of wastage rates is therefore required for the region immediately
below the shrouds where Ihe sodium temperature is slightly lower.

In the event of a leak occurring below the shrouds, sub-cooled water at about 325 C would be
injected into sodium at about 440 C. Hie maximum wastage rate will occur al a certain leak
rate if a jet impinges directly on the closest neighbouring lube. Previous studies of water
injection into sodium suggested much lower wastage rates than those observed from steam
injection.

A scries of tests have been carried to examine wastage rales for conditions at the Ixjttom of the
shroud, investigating leakratcs upto about 6 gs'1. The results from these experiments are given
in Figure 12. along with the predicted wastage curve based on isothermal steam injection. It
can be seen that there is a small reduction in the maximum wastage rate to 0.09 mm s"'
compared to the predicted, steam value, of 0.119 mm s . This means that the minimum lime to
target tube penetration in a PFR Evaporator is about 25 s, a factor of two longer than that
considered in the past when steam injection dala al 470 "C was used.
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5.4 EXPERIMENTS IN SUPPORT OF DEVELOPING A MODEL OF
OVERHEATING

To be able to predict the overheating behaviour of leaks it is necessary to be able to predict:

• The temperatures produced by a sodium-water reaction - including spatial and temporal
variations

• The heat transfer coefficient between the reaction zone and the tube - including spatial and
temporal variations

• The heat conduction through the tube wall

• The heat transfer between the tube inner wall and the water/steam inside the tube

• The life of a tube as a function of its temperature and internal pressure.

The development of an overheating model is a joint European activity in support of EFR.
However some additional experimental work has been performed, and is planned for the
future, to provide data specifically for PFR. Much of this data is of generic interest and will
benefit the EFR programme as well.

5.4.1 EXPERIMENTS TO VAUDATETIIETEMPERATURE PREDICTIONS BASED
ON A TIIERMODYNAMIC EQUILIBRIUM SODIUM-WATER REACTION MODKL

A theoretical model of a serfium-watcr reaction has been used to predict (he post reaction
product composition and temperature as a function of the mole ratio of the rcactants and the
sodiumside pressure. Temperature predictions from this model for sodium pressures of 1 and 5
bars absolute are shown in Figure 13. It can be seen that the temperatures across the entire
range of mole ratios are higher at the higher pressure, and that the temperatures predicted at 5
bars are in the range of those derived from the grain growth in the Superheater 2 tubes [ I ].

Although temperature predictions from this model were qualitatively in agreement with
measurement.1; made in various sodium-water reaction experiments, there had not been an
attempt to confirm the predicted effect of pressure on the post-reaction temperature. A series of
experiments were performed in which steam and sodium were mixed in a nozzle to produce a
reacting aerosol. The steam and sodium mole ratios in the mixing nozzle were varied and the
pressure in the containment vessel in which the aerosol was being discharged into was also
varied.

It is not possible to associate a particular temperature measurement with a particular pre-
reaction mole ratio because the actual conditions at the measuring locations are not known.
However, the data did demonstrate that the maximum temperature recorded during any test
was correlated !o the pressure, and the maximum values recorded at 1 and 5 bars are shown in
Figure 13.
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5.4.2 LARGE SCALE EXPERIMENTS IN THE SUPER NOAH RIG TO
INVESTIGATE THE RATE OK FAILURE OK TUBES DUE TO OVERHEATING

The objectives of these tests arc as follows:

• Measure reaction zone temperatures and heat fluxes through lu!>cs in order in demonstrate
variation in space and time

• Demonstrate that an intermediate leak will not cause tubes to fail due to ovet healing in the
period prior to the trip activated by the detection system in a PFR Evaporator operating at its
normal water and sodium side conditions

• Demonstrate that a large numlicr of tubes cannot fail during the stunting down phase when
the sodium flow is reducing and the slcamsicle pressure is reducing

• Provide data to validate a model of lube failure due to overheating.

The Super Noah Rig is currently being modified to allow modelling of Ixjlh the water/
sleamsidc and sodiuniside conditions of How, temperature and pressure for I'FR and Fil-R
conditions. A flow diagram of the new Rig is given ill Figure 14. The test section for each type
of lest conducted will be installed in the Reaction Test Vessel, and it is possible to install more
than one such test assembly at a time.

The important parameters to measure during these tests arc the reaction zone temperatures and
tube wall heat lluxcs. It is also important to incxlel the internal cooling of the lul>cs during the
period prior to leak detection and during the shutting down phase as closely as possible. It also
very important to control the internal pressure in the tubes to within very small tolerances due
to the sensitivity of lifetime at elevated temperature to internal stress.

The test section has been designed to utilise full PFR Evaporator length and diameter lubes
with the correct geometrical arrangement. 'Hie only scaling is that of the number of lubes, 9
rather than the full 498 lubes in PFR. I Icnce the scaling factor is 1/55. It is judged that the size
of lest section adopted is sufficiently large lo meet the objective of demonstrating spatial and
temporal variations in temperature and heal flux

It is also important lo model closely the sodiiimsidc conditions of temperature, flow and
pressure. The modifications under way on the Super Noah Rig will allow this to be achieved
during these experiments. The mass flowratc of sodium will be correctly scaled to ensure the
correct sodium velocity in the test section prior lo commencement of the injection of steam.

Previous intermediate leak tests in the Super Noah Rig have not included modelling of the
sodiumside pressure, nor the sodium flow. During an intermediate sized sodium-walcr
reaction, the reaction zone temperature will vary throughout ils volume and will depend on
local conditions of mole ratio of steam to sodium, as well as pressure. It is however believed
that heat transfer to (lie tubes becomes less efficient in the regions of the zone in which only
gases are present due to ihe very high temperature. It is believed that the most effective heat
transfer conditions are related to the boiling point of sodium, which is a function of the sodium
pressure. Hence previous tests in Super Noah have possibly been optimistic because they have
been carried out at atmospheric pressure.

An important objective of these tests is to measure Ihe reaction zone temperature and the
associated heat fluxes. This will be achieved by installing thermocouples on the outside.
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sodium side, of the tubes, and by installing thermocouples within the wall thickness of the
tubes.

During each test in this category, there will be 18 sets of thermocouples measuring heat flux
and an additional 37 thermocouples located on the sodiumsidc of the tubes measuring reaction
temperatures.

The heat (lux measurements will be made by using a group of three thermocouples [Figure 15|:

• one on the outside wall

• one inside the wall, about 0.25 mm from the sodiumsidc

• one inside the wall, about 0.75 mm from the sodiumsidc.

The precise depths into the wall of the two embedded thermocouples will be derived after
some development work on their installation. It is important that these thermocouples arc
installed in such a way that their location is known with a high accuracy. It is also important
that the method of installation docs not significantly weaken !hc tube. Hence the requirement
for development work prior to fixing the details.

The three thermocouples in each group will ideally lie along the same radial line, at worst the
lateral spread of these thermocouples will be less than the wall thickness. Development work
will also be required on the calibration of these heat flux 'meters' for steady and transient heat
fluxes.

These experiments are programmed to be performed during the second half of 1991, after the
modifications to the Rig have been completed.

5.4 J EXPERIMENTS IN THE SUPER NOAH RIG TO DEMONSTRATE THE
EXISTENCE OF AN UPPER BOUND TO THE NUMHER OF TUIJES WHICH CAN
FAIL IN A PFR EVAPORATOR DUE TO OVERHEATING

During these experiments, the conditions prevailing during a multiple tube failure incident will
be simulated. The starting conditions will model a steam flow into the sodiumside
representative of a significant number of double-ended guillotine failures (DEGFs), about 30.
The objective of these tests is to show that the cooling effect of the excess steam in the reaction
zone once 30 or so DEGFs have occurred, dominates the temperature, and that no further tubes
will fail.

During these experiments, sodium will also be injected into the reaction zone, and the effect of
different steam to sodium mole ratios will be examined.

In essence these tests are designed to demonstrate that "piston expulsion" will occur at a high
enough leak rate. Arguments had been made in the past that piston expulsion would occur
during a 1 DEGF incident in an Evaporator. The model was that the sodium was rapidly
expelled from the SGU as a piston, driven by the unrcactcd steam and hydrogen gas resulting
from the reaction, and that high temperatures were not experienced by tubes for long enough to
cause further failures. The Superheater 2 leak has called this hypothesis into question.
However, consideration of two-phase flow regimes as a function of gas and liquid mass fluxes,
supports the hypothesis that such behaviour will ultimately occur. It may be that more than 1

Pigcl l
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lube needs to fail in an Evaporator before the steam llowrate is large enough to not only eject
the sodium as a piston, but also to strip off the residual sodium film from the IIIIH; wall, to
prevent heat from the subsequent reaction of that I'IIIM from causing the lube to fail due to high
temperature weakening.

Experiments have l>ceu carried out in various experimental rigs in the past, including Super
Noah, to examine the effect of I DF.GF in a .SOU. Without exception, these previous tests have
resulted in rapid expulsion of the sodium from the SGU nuxlcl, and no tulics have failed cither
due to wastage nor overheating. The Superheater 2 leak in PFR is the only event which has
resulted in lubes failing after more than I DliGF has occurred. Two factors have probably been
important:

• In the previous rig experiments, there has been no simulation of a intermediate si?cd leak
heating lubes prior to the commencement of the I DF.GF leak

• The llowratc per DEGF in the PFR Stipci healer is nlxnil I kg/s, compared to 10-20 kg/s in
the typical evaporator units which have been studied in the previous large leak experiments.

During these proposed experiments, there will he no rruxlclling of any precursor intermediate
leaks nor of the escalation scenario leading to the starting conditinns. The tests will be started
by ejecting the sodium from the SGU model (lest section) by argon gas, leaving behind a
residual film of sodium. The steam injection will then commence, simulating about 30 DHGFs.
Sodium will be injected into the test section at a rate representative of uplo about 20% of the
normal sodium flow. Since the SGU pressure will have increased to of the order of 30 bars, ills
not thought credible that such a large sodium flow could he maintained into the Evaporator.
I lence these experiments will lie pessimistic.

It is planned to simulate a range of stcain-tosodiiim mole ratios and to consider two sodium
injection points. In this way, it is planned to envelop expected conditions in (he real unit.

5.5 PRODUCTION OF A NEW, QUALITY ASSURED VERSION OF THF,
ARK CODE, QUARK

Following the Siipcrdcalcr 2 leak it was agreed that the code used to predict the pressure
loadings in the IHXs arising from multiple tube failure events in the slcam generators must lie
properly verified and validated for the application. Accordingly a new code, QUARK, is being
developed under a QA system. This code models liquids as being incompressible, but docs
allow for the compressibility of gases and two-phase mixtures. This code will be completed by
April 1991.

5.6 EXPERIMENTS IN SUPER NOAH TO PROVIDE DATA TO
VALIDATE THE TWO-PHASE FLOW ASSUMPTIONS IN THE QUARK
CODE

The ARK code has been used to predict the pressure loadings on the PFR Intermediate Heat
Excrsnngcrs(IIIXs) during multiple tube failure events in tde Evaporator, Superheater and
Rchcatcr. The modelling assumptions in this code were subjected to review and the single-
phase dow assumptions were found to be ncccpiahlc. Reservations were raised about ilie
validation of the Iwo-pliasc flow modelling in the code. The homogeneous model adopted is
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generally believed to be pessimistic, but no data was available for two-phase, possibly
reacting, steam/ hydrogen mixtures to establish this for the particular application to PFR. ARK
predicts that the vessel with the multiple tube failure event is rapidly vented of scx'Vim and that
subsequently steam is discharged from that vessel into the effluent manifold jure 16).
However, sodium is still being discharged from the other vessel, creating a two-f. ; mixture
in the manifold. ARK predicts that this two-phase mixture is choked, and that tl..; resultant
back-pressure required to vent it, dominates the maximum quasi-steady pressure experienced
by the IHXs.

The objective of this category of Super Noah tests is to provide two-phase steam/hydrogen
data to validate the QUARK code. The code will also be compared with single-phase liquid
(low data, large leak Super Noah test data (piston expulsion), gas-ws'cr dai.< simulating large
sodium-water reactions and non-reacting two-phase (low data from the I1TFS database. The
code will also be compared with the LWR code, TRAC.

In these tests, a 1/12ih scale (linear) model of the important features of Ilie PFR Effluent
System will be used. The 600 mm ID manifold will be modelled by a 50 mm ID pipe and the
sodium and steam will be introduced into a mixing Tec at the inlet of this pipe from 50 mm ID
pipes (one for steam, one for sodium). The difficulty in measuring two-phase mixture
properties of a reacting steam/sodium mixture moving at high velocity has been recognised.
Therefore, the code validation will be based on the accurate and reliable measurement of a
simple parameter. The sodium will be displaced into the lest section by argon gas pressure
supplied from a Reservoir. This reservoir will be of a similar volume as Ihc sodium supply
vessel, and therefore the pressure in the reservoir will drop considerably during the test. The
rate of decrease of this pressure will be a direct measure of the venting resistance of the two-
phase mixture in the test section. This parameter will be easy to measure since there will be no
sodium present in the reservoir and the temperature will be wilhin a range that docs not present
difficulties to pressure transducers. The temperature will be measured at regular intervals down
Ihc test section to determine the extent of reaction. This additional daia will be used to support
the choice of extent of reaction used in calculations in support of Ihc PFR safety case.

The steam and sodium mass flowrates have been chosen, on the basis of ARK calculations, to
model the two-phase mixture predicted to exist during an incident in which 150 DHGFs occur
in a period of 5s and during which waterside isolation of the Evaporator has been unsuccessful.
This incident represents a fairly severe incident, in which a two-phase mixture of low choking
sonic velocity is predicted, on the basis of homogeneous How. It is expected thai the results
from these experiments will establish that the choice of a homogeneous model is pessimistic
and that in reality, the gas flows at a higher velocity than the liquid, requiring a lower back-
pressure to effect the venting.

It is proposed to carry out between two and four tests involving steam and sodium. There will
also be the option of carrying out a number of water/argon non-reacting tests to compare with
the reacting cases and to supplement the non-reacting two-phase (low database used for
validation of the code.

These experiments will be the first to be carried out in the modified Super Noah Rig, during the
summer of 1991.

5.7 ASSESSMKNT OK THK ASMK I.KVI-X I) LIMIT FOR TIIK I'FR
INTERMEDIATE 11 RAT EXCHANGERS

The NIX was rc-asscsscd to determine its ASMF. l-cvcl D pressure limit, llccausc of the
operational history of ihcsc units, it was considered necessary to consider the effect of cracks
in ihc lower luhcplalc weld crevice on the strength of the units. Some experimental
investigations on fracture toughness were carried out which validated (he code used lo assess
the fracture mechanics of possible cracks. This work has resulted in n higher ASMK I-cvcl IJ
limit than originally assumed, and, when formally endorsed, will have the effect of increasing
the maximum event which is within this level to all lubes failing in an evaporator in Is with
failure of (he walcr isolation!

6.0 THE FINAL CONSEQUENCES OF THE SUPERHEATER 2
LEAK ON THE PFR SAFETY CASE

The work in progress al present is expected lo result in a further revision of the PFR safely
case.

The revised strength of the IMXs will result in them being able to withstand failure of all the
tubes (49H) in an evaporator in a timescale of Is, even in the case in which waterside isolation
fails.

On Ihc othcrhand, it is expected that once Ihc overheating niixlcl is refined and validated, Ihc
upper bound multiple tube failure event, wilhin the frequency range of concern for Ihc safely
case, will be revised lo lie of a smaller number of tul>cs failing over a longer period of lime,
than ihc current 150 lubes over 5s. It is expected dial a leak incident of something like 40 tubes
failing over 10s will be established as Ihc upper limit. In olhcrwords, Ihc .Superheater 2 leak
was essentially Ihc worst case in a PFR steam generator.

7.0 CONCLUSIONS

The Superheater 2 under sodium leak has resulted in a thorough review of the I'FR safely case
which had been based on ihc failure of a single lul>c.

A programme of engineering work was initiated on the plan! lo reduce the frequency of under
sodium leaks and lo increase the probability of detection before escalation lo an overheating
event. Modifications were also made on Ihc plant lo improve the rcliablity of Ihc water
isolation system.

The safety case is now based on a fault tree, in which a multiple lube failure incident of 150
lubes failing over 5s is taken as an important limiting event. Ixaks more severe than this result
in predictions of IIIX pressure loadings greater than Ihc ASMIi Level D limit which had Ixrcn
used in cnnjuclion with the safely case in force at Ihe lime of the Superheater 2 leak.

An RAD programme was initialed to support this safely case.
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The ASME Level D limit for the IHXs has been revised, and once formally endorsed , the
limiting event that the IHXs can withstand will be increased to all tubes failing over Is, even in
the case of failure to isolate the unit on the waterside.

Furthermore, it is expected that it will be established that the maximum leak event possible in
the plant in the frequency range of interest for the safety case will be established as being very
much smaller than 150 tubes Tailing over a period of 5s. It is likely that the maximum event
which need be considered will be shown to be of the order of the Superheater 2 leak, i.e. 40
tubes failing over IOs. The large scale experiments to be performed in the modified Super
Noah Rig will be of great importance for validating the overheating model and justifying the
maximum incident requiring to be considered in the safety case.
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TUBE BURST TEST DATA FOR PFR SGU MATERIALS TUBE BURST TEST DATA FOR PFR SGU MATERIALS
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TUBE BURST TEST DATA FOR PFR SGU MATERIALS
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Non-lsotherma! Wastage Dato From the NIWT Rig

1.000 and 320 NIWT results at 440 C sodium and 325 C water

The curve is the prediction of the wastage correlolion
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