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SUMMARY
The Full Scale Leak Test (FSLT) experiment is designed to replicate an accidental leak of LeadBismuth Eutectic (LBE) liquid metal from the MEGAPIE neutron spallation source [1]. The neutron
source is totally encased in an aluminium containment hull cooled by heavy water. Any liquid metal
which would, in a hypothetical accident, leak into the helium-filled insulation gap between the source
and the aluminium containment hull, would immediately impact the hull. Furthermore, during irradiation
in the PSI SINQ facility [3], the LBE in the MEGAPIE Lower Liquid Metal Container (LLMC)
accumulates radio-active substances which, in the event of a leak, must be cooled and contained
under controlled conditions, as they may otherwise contaminate the facility.
The FSLT experiment has been devised to fully test the structural integrity of the containment hull
against a sudden liquid metal leak, and in addition, to resolve the peak temperature of the coolant, to
validate the sensors used in detecting a leak and to proof-test the analytical methods used in
predicting the consequences of a leak.
The FSLT experiment has been analysed ahead of the test, and both thermal and structural aspects
calculated using commercial codes. The predictions applied conservative assumptions to the analysis
of the thermal shock so as to preclude the likelihood of an unforeseen failure of the hull. In this
document, these initial predictions are compared to the temperature and strain data recorded in the
experiment. Further analysis, to be published at a later stage, will focus on applying actual conditions
realised in the experiment, as opposed to the envelope case used in the test predictions,
The integrity of the containment hull under loads resulting from a liquid metal leak is therefore the focal
point of the experiment described in the current document, and serves as a key reference test for the
licensing of the facility.
The data recorded during the FSLT experiment shows that the MEGAPIE containment hull is capable
of withstanding the shock of a sudden liquid metal leak, and also confirms that the prior analysis
achieved its goal of delivering an accurate estimate of the temperatures and strains recorded in the
experiment.
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1. INTRODUCTION
The experiment was performed on a full-scale as-built duplicate of the MEGAPIE Lower Target
Enclosure (LTE), a double-hulled, heavy-water-cooled aluminium containment hull enclosing the
MEGAPIE target The leak experiment consists in a Lead Bismuth Eutectic (LBE) liquid metal jet
impacting the LTE containment hull. Temperatures and strains are measured in the LTE. It should be
noted that the LTE to be installed in SINQ will be cooled by heavy water; whereas in the experiment
light water is used instead. The water entrance temperature is 40 C and the minimum relative
pressure in the water loop is 6 Bar
The MEGAPIE target is represented in Figure 1; the dimensions are approximately 5 metres in length,
with a lower diameter of 20 cm and an upper diameter of 40 cm.
The schematic representation in Figure 2 depicts the overall thermo-hydraulic exchanges LBE is
pumped down an outer annulus (1) towards the lower hemispherical dome (2) of the LLMC This socalled "target window" is penetrated by a proton beam which impacts the LBE in the inner annulus to a
depth of 27 cm (3). The LBE then rises up the inner annulus driven by the electro-magnetic pump (4)
which consists of a stack of conducting coils that impel the liquid metal upwards by electro-magnetic
forces alone Once it exits the pump, the LBE sheds its heat through an internal heat exchanger (5)
containing a Diphyl coolant, which in turn passes on the heat to an external heat exchanger (6) cooled
by heavy water and not shown in the figure. This multi-stage approach enhances safety, as does the
LTE, an aluminium double hull (7) cooled by water and designed to withstand a total failure of the
liquid metal target. Verifying the integrity of this hull is the focus of the experiment described hereafter.

Fig. 1: MEGAPIE cross-section

Fig. 2: Thermo-hydraulic scheme

2. DESIGN OF THE FSLT EXPERIMENT
ACCIDENT SCENARIO
The critical accident, which may hypothetical^ lead to a leak of pressurised liquid metal into the LTE,
is a concatenation of several individual component failures happening in quick succession; it can be
regarded as an overriding envelope case.
Initially, failure is assumed to occur in the Diphyl oil heat exchanger (5), which then leaks Diphyl into
the LBE in the target. The valves in the Diphyl circuit then close, first on the entrance side then at the
exit, thus maintaining the Diphyl at 10 Bar relative pressure, and hence also pressurising the LBE in
the target through the leak in the heat exchanger. Assuming the worst case, the 10 Bar relative
pressure rise in the LLMC may be just sufficient to trigger rapid crack propagation in the LLMC window
(2). Indeed, during irradiation of the target, structural weakening of the window is anticipated as it is
impacted by the proton beam and becomes brittle. Then failure of the LLMC (8) would follow,
releasing LBE into the LTE (7), through a puncture of indeterminate shape and size but which may, for
the purpose of the test, be determined so as to represent the worst case. Such a rapid worst-case
succession of component failures leads to a sudden leak of LBE out of the LLMC (8) and into the
Helium gap (9) driven by 10 Bar internal relative pressure.

TEST ARTICLE
The accident scenario seeks to provide an all-encompassing test case for validating the containment
hull in particular the lower portion thereof designated LTE (Pos.7 in Fig. 1/Fig. 2 & Drawing Fig. 3).
The Upper Target Enclosure or UTE (Pos. 10 in Fig. 1/Fig. 2), of the containment hull is made of
stainless steel and not cooled; it is less critical and will not be tested.
The exact dimension of the gap (Pos. 9 in Fig.1) between the LTE and the lower part of the MEGAPIE
target must be reproduced in the test as it governs the flow of LBE immediately after the LLMC
(8/Fig.1) has been punctured. The pressure in the LLMC driving the LBE jet is held constant at 10 Bar
relative, by connecting the LLMC to a pressure tank with a 30 times larger volume of gas at 10 Bar
relative pressure. In the actual target, once the LBE has filled the gap (9/Fig.1) between the LTE and
LLMC, the liquid metal reaches the mid-section of the target and penetrates in the UTE (10/Fig.1). The
gap between the upper part of MEGAPIE and the upper target enclosure is contiguous with the lower
Helium gap and contains the same Helium at 0.5 Bar absolute. This Helium-filled space (9/Fig.1)
inside the containment hull does not influence the initial flow of LBE exiting through a puncture in the
target window area. However as the LBE level flows up the gap (9/Fig.1), the Helium gas in the gap initially at 0.5 Bar absolute pressure- will be steadily compressed exerting a back-pressure on the
outflow of LBE, and will retard the LBE flow. Therefore the design of the test has to take account of the
0.5 Bar Helium-filled spaces inside the UTE (10/Fig.1) as a closed vessel encompassing
approximately the same volume as between the target and the UTE target (30 I). In this manner, the
retarding effect on the leak rate due to the Helium gas being compressed will be adequately
reproduced in the test. The vessel used in the test to contain the helium gas cushion is designated
Overflow Tank (OT/Fig. 5). The complete design is shown in Fig. 5 and Fig. 6.
According to initial calculations, the greatest increase in temperature, and the highest stresses occur
when the LBE liquid metal jet is still active. The temperature starts to taper off once the LBE is brought
to a standstill. Hence, in order to limit design expense, the test set-up contains just enough LBE to
feed the initial pressure-driven LBE jet until equilibrium is reached with the backpressure in the vessel
the LBE leaks into. The hull should be able to withstand the thermal shock without the benefit of any
insulation either on the LLMC or LTE. Nor is any insulation needed to lower the heat flux entering the
cooling circuit from the leaked LBE to prevent boiling of the coolant. Hence no insulating blanket will
be used in the FSLT test. The actual target may use one to ease up cooling requirements in the SINQ
irradiation facility if requested by the operator. Such a decision would have no bearing on the
relevance of the current FSLT test, since it demonstrates the hull can survive without insulation.
The LBE inside the LLMC in the test is heated to 300°C, the average of 240°C in the actual MEGAPIE
target annular down-comer (1/Fig.1) and 350°C in the target riser tube (3/Fig.1). In order to obtain an
equal temperature over the height of the LLMC, heating elements must be distributed equally over the
entire length of the heater rod (Fig.7). In addition a secondary heater at the base of the LLMC on the
plunger will ensure that the cooling power imposed by the LTE coolant at the apex of the window does
not cause a cold spot in the lower part of the LLMC, which would otherwise induce a strong
temperature gradient up the column of LBE inside the LLMC.
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Fig. 3: Full Scale Leak Test MEGAPIE Lower Target Enclosure engineering drawings
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Fig. 4: Cooling principle cut-away drawing of MEGAPIE Lower Target Enclosure
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Fig. 5: MEGAPIE FSLT cross-section

Fig. 6: FSLT functional schema

Fig. 5 and Fig. 6 illustrate how the leak valve works; it is opened via a heater rod, which serves at the same
time as an actuator arm. The pneumatic actuator at the top of the assembly lifts the rod by approximately 30
mm, a movement that must be accommodated whilst guaranteeing an internal pressure inside the LLMC of
10 Bar relative. This is achieved by means of a long extensible bellow (Fig. 8), which can accommodate a
relative movement between the shaft and the container.
The liquid metal jet occurs when the plunger is lifted, which initially seals the exit hole by pressing down a
spherical cap against a conical seat in the lower bulkhead of LLMC. Once the plunger is lifted by 30 mm, the

LBE is free to flow down a funnel in the base of the LLMC and out into the helium gap (Fig 7). where a leak
detector is installed as in the actual target, to test its safe operation.
The LBE is heated continuously along the main heater rod (blue cables in Fig. 7). An auxiliary heater cable
(shown in yellow) keeps the fill and drain tube warm to avoid freezing during fill operations It also pumps
additional heat into the nozzle area where the effect of water-cooling is strongest. By fine-tuning the auxiliary
heater, the emergence of a temperature gradient in the LBE up the 2.5m height can be somewhat mitigated.

Fig. 7: Detail of FSLT LBE Jet Valve.

Fig. 8: Valve actuator

ASSEMBLY
The test article shown in Fig. 5 is a complex assembly of separate components each fulfilling a specific task
The design presents the advantage of stacking up the different components such that they can be
manufactured independently and then integrated shortly before the test. This practice saves manufacturing
time and provides for rapid disassembly should a problem occur during testing.
The next following figures show photographs of the stacking procedure accompanied by cut-away drawings
taken from the CAD model to give an overview of the mechanisms and assembly process
As shown in Fig. 9, and Fig. 10, the overflow tank (OT) is first mounted onto the test stand. Then the LTE
safety hull is bolted from underneath onto the lower interface flange of the overflow tank which serves to
distribute cooling water. This completes the water loop, which is then ready for testing.
The LLMC together with its interface flange and the side-mounted leak detector are then inserted through the
top opening in the overflow tank and lowered in place inside the LTE now mounted to the interface flange on
the test stand (Fig. 11 and Fig. 12).
Finally the central heating rod is lowered inside the LLMC together with the plunger at the lower end and the
bellow and heater feeds at the top (Fig. 13 and Fig. 14). The pneumatic actuator unit can then be lowered in
place and connected to the actuator arm top lug (Fig. 15 and Fig. 16). This final stage completes the
assembly of the test article proper
The instrumentation of the test can then be wired up. including strain gauges, thermo-couples, pressure
transducers, position transducers, and flow meter Installing all these instruments results in a vast web of
cables, electronic control boxes etc, not shown in the following pages for the sake of clarity However the
instrumentation is described at length in a dedicated paragraph further on.

Fig. 9: Cut-away of LTE hull mating to the
Overflow Tank

Fig. 10: Mounting of the LTE onto the water
distribution I/F flange

Fig. 11: Cut-away of LLMC placed in LTE/OT

Fig. 12: Insertion of the LLMC in the LTE/OT

Fig. 13: Cut-away of heater rod placed in the LLMC

Fig. 15: Flexible bellow inside actuator support

Fig. 14: Insertion of heater rod in LLMC

Fig. 16: Installation of pneumatic actuator

10

DESCRIPTION OF THE ANCILLARY SYSTEMS
The test article illustrated in Fig. 1 to Fig. 16 is integrated into a test bed providing the required
pressurisation, cooling, and electrical systems as well as data recording. Fig. 17 presents an overview of the
test facility, completed by ancillary systems, which are described in the following.

Fig. 17: MEGAPIE FSLT test bed
The ancillary systems strive to reproduce conditions in the real target block insofar as cooling and pressure
are concerned. The rationale behind this design and its limitations are also explained in section 7 dedicated
to the test predictions.
The schematic in Fig. 18 sums up the functions of the various ancillary systems. It comprises mainly the
cooling functions with an open/closed water loop, the electrical heating and pressurisation.
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Fig. 18: MEGAPIE FSLT ancillary systems
The following pages illustrate the overall concept with the help of photographs taken on the test stand and
annotated in accordance with the nomenclature in Fig. 18. For clarity the test stand is shown without the
cabling from the thermo-couples and strain gauges.
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Fig. 20: exit water loop

Fig. 19: FSLT : entrance water loop

Outlet Water
Tern nerat lire
Fig. 21: FSLT : Pressure source

Fig. 22: Overflow tank and water loop exit
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Fig. 23: FSLT electrical power

Fig. 24: Power supply and pressurisation of LLMC

3. INSTRUMENTATION
Instrumentation of the test comprises mainly strain gauges and thermo-couples that are placed in the water
duct down the length of the safety hull and at various positions in the LLMC container holding the LBE liquid
metal. There are also pressure transducers (Fig. 22) and a flow meter (Fig. 19) to monitor water and gas
flows. The position of the leak valve is measured at the actuator piston by means of electro-magnetic
transducers.

INSTRUMENTATION TEST IN LIQUID METAL
One of the main areas of interest in this test is the hemispherical concave cap at the lower end of the LTE,
also designated "LTE beam window" The name stems from the fact that the proton beam shoots right
through the LTE metal cap shedding a small portion of its power; only 0.8% is deposited in the double-walled
hull, or 4.3 [kW/mA]. The hull is therefore as transparent to protons as glass would be to light
The LTE beam window instrumentation is challenging because of access restrictions The only way to lead a
cable out of this confined area is through the double-hulled LTE enclosure, which entails breaking through
the cooling channel A concept has been devised as illustrated in the CAD drawing in Fig 25.
Such a design relies on very small screws with a central hole that achieves leak tightness by compressing a
stack of O-nngs Although the design proved satisfactory for thermo-couple cables, which are essentially
very fine steel tubes, the Kevlar-wrapped strain gauge turned out to be more problematic The installation of
these cables was difficult to achieve; in the course of the installation they were abraded to such an extent
that cooling water from the channel leaked through the cable sheath and into the copper strands, resulting in
the loss of a significant number of strain gauge signals, although two-thirds survived
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Fig. 25: MEGAPIE FSLT connector concept for sensors in hull
Another hurdle in this test is the effect of 300°C LBE impacting a strain gauge. The liquid metal is very hot,
electrically conductive and fast flowing with a high density. For this reason a prototype was built to test the
strain gauges under stringent conditions. The strain gauge was glued onto a glass plate so as to observe
any changes in the appearance of the bond. It was then inserted in a 10 Bar relative pressure/ 300°C LBE
bath as shown in Fig. 26 .
The connectors for passing through the cables out of the LBE chamber (shown in Fig. 25) were also tested
to assess them at high temperature and under pressure. The strain gauge side exposed to LBE along with
the cables were protected by high temperature silicone sealant. The results were satisfactory and recordings
showed temperature and strain data could be collected in this way. Thermo-couples also inserted in the
chamber worked satisfactorily.

Fig. 26: Instrumentation in a 10 Bar relative pressure/ 300°C LBE filled test chamber: strain gauge on
glass sample in the test chamber (left) and after exposure (right)
Although the test chamber proved the concept was adequate, implementing it in the more complex geometry
of the actual FSLT window with its water-cooled channel posed a challenge The channel had not been
reproduced in the test chamber, an oversight that lead to unexpected problems when the connectors were
put into operation in the actual FSLT hull.
The following pictures illustrate the practical application to the LTE of the design tested previously. A first
attempt at inserting the strain gauges and thermo-couples in the FSLT hull rapidly ran into problems; Fig. 28
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shows a water leak from the cooling channel into the inner hull after a first attempt at installing the
connectors From a practical standpoint the strain gauges on the inner hull were the most difficult to put in,
and gave rise to a number of leaks in and around the connectors. The inner hull needs to be absolutely air
and watertight as it contains a leak detector which would not distinguish a water leak from an LBE leak.
Hence the detector would not give the awaited signal during the leak test experiment if there were an
involuntary water leak from the cooling jacket into the inside of the hull before the "real" LBE leak Such a
water leak would also interact with the LBE and provoke a sudden pressure increase by producing steam.

Fig. 27: Implementation of the instrumentation concept: Strain gauge on inner surface of inner hull
(left) with the corresponding cable connectors on the outer surface of the inner hull (right)

rl

1 %-ML

Fig. 28: Ingress over 30 seconds of water into safety hull from cooling channel during connector pretesting
Changing the connectors fixed the problem of the leak into the safety hull shown above in Fig. 28. However,
once this problem was fixed and the instrumentation put in place with the inner hull and the LTE hull sealed
and made watertight by electron beam welding, water penetrated into some of the strain gauge wires via the
damaged Kevlar sheath and shorted the signal. Unfortunately these were the gauges located on the inner
hull, such that in the end only one gauge survived on the inner hull. It did manage to register a shock
response when the LBE jet hit the hemispherical LTE window.

THERMO-COUPLE POSITIONING
The LTE is extensively instrumented with both strain gauges and thermo-couples; the next pages sum up the
position of the various sensors.
The thermo-couple positions selected for the test have been retained with two objectives in mind; one is to
monitor the LBE jet and resulting thermal impact on the hull, the other to monitor systems parameters that
may be used to assess the overall boundary conditions in the test.
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The thermo-couples monitoring the jet impact are summed up in Fig. 29, on the left-hand side. The righthand side of the same figure shows the thermo-couples used in assessing the overall system performance.
Note that almost all LTE thermo-couples are attached to the wall, and hence measure an average of wall
temperature and fluid near-wall temperature. There are a few exceptions to this general rule; one is at the
bottom of the water channel where thermo-couples TE1 and TE2 have been positioned in such a way to
measure the bulk water temperature. Also, the inlet and outlet water temperatures TE16 and TE17 are taken
in the centre of the inlet and outlet pipes. Finally TE12 and TE18 measure respectively the gas temperature
at the top of the LLMC liquid metal container and at the top of the OT, the overflow tank. Hence when LBE
flows into these containers, it may come into contact with the thermo-couples and foul the gas temperature
reading.
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Fig. 29: Positioning of thermo-couples attached to LTE hull (left) and systems (right).

The following table and photographs sum up the location, description and function of all thermo-couples.
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Symbol
TE1
TE2
TE3
TE4
TE5
TE6
TE7
TE8
TE9
TE10
TE11
TE12
TE13
TE13S
TE14
TE15
TE16
TE17
TE18

Location
Held in middle of water channel below jet impact point. Bulk Temperature.
Held in middle of water channel outflow (exit side). Bulk Temperature.
Temperature of inner wall 2 mm below surface. Close to wall temperature.
Top Helium gap LTE wall temperature, outflow (exit side). Attached to wall, in fluid.
Top Helium gap LTE wall temperature, inflow (entrance side). Attached to wall, in fluid.
Bottom Helium gap LTE wall temperature, outflow (exit side). Attached to wall in fluid.
Bottom Helium gap LTE wall temperature, outflow Attached to wall, in fluid.
Bottom water channel LTE wall temperature, inflow Attached to wall, in fluid.
Bottom water channel LTE wall temperature, outflow Attached to wall, in fluid.
LLMC container mid position, submerged in LBE
LLMC container on plunger
LLMC container, 50 mm from top bulkhead, submerged in LBE or in Helium
LLMC container, 400 mm from top bulkhead, submerged in LBE
Leak detector TC, heated
Leak detector TC, unheated
Leak detector TC, unheated
Water loop entrance temperature
Water loop exit temperature
Overflow tank temperature, 100 mm from top bulkhead
Table 1: Thermo-couple designation

Fig. 30: Thermo-couples on inner surface of outer hull (left) / in water channel (right) after assembly

Fig. 31: Thermo-couples inside LTE (left) and on leak detector (bottom)
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STRAIN GAUGE POSITIONING
The strain gauge positions have been chosen so as to measure the peak stresses predicted in a thermomechanical analysis performed prior to the test. They are listed hereafter. For clarity the positions of the
strain gauges that were damaged during mounting, are left out of the diagram.

(DMS11)
on opposite side

Fig. 32: Cut-away drawing showing position of strain gauges attached to LTE

The different strain gauge positions and function are summed up in Table 2. Both operating and nonoperating strain gauges are listed for completeness. The Z-coordinate is taken as positive upwards and zero
at the bottom of the LTE.
Symbol

Location

Status

DMS1
DMS2
DMS3
DMS4
DMS5
DMS6
DMS7
DMS8
DMS9
DMS10
DMS11
DMS12
DMS13

On inner surface of inner LTE window
Axial direction. Flow divider. Outer surface of outer LTE window
Axial direction. Flow divider. Outer surface of outer LTE window
On inner surface of inner LTE window
Axial direction. Flow divider. Outer surface of outer LTE window
On inner surface of inner LTE window
Axial direction. Channel rib. Outer surface of outer LTE window
Axial direction. Channel rib. Outer surface of outer LTE window
Axial direction. Channel rib. Outer surface of inner LTE window
Axial direction. Channel rib. Outer surface of outer LTE window
Axial direction. Flow divider. Outer surface of outer LTE window
Axial direction on outer hull, below top flange, inlet side
Axial direction on outer hull, below top flange, outlet side

shorted
operational
operational
shorted
operational
shorted
operational
operational
operational
operational
operational
operational
operational

Table 2: Strain gauge designation
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Zcoordinate
N.a.
86-^91.5mm
55->60.5mm
N.a
65-70.5
N.a
63—•68.5mm
80.5-^86mm
62->67.5mm
53—•58.5mm
85->91mm
1900mm
1900mm

Fig. 33: Strain gauges attached to LTE window inner hull (left) and outer hull (right) before the test

Fig. 34: Strain gauges attached to LTE outer window after test positioneu along flow divider (left) and
channel rib (right), after testing

In addition, four pressure transducers, two position transducers along with a flowmeter were used in the test,
as summed up in Table 3
Symbol

Location

Range

Make

P1
P2
P3
P4
Q1
SL
SH

Water inlet pressure
Water outlet pressure
Overflow tank pressure
LLMC tank pressure
Flow rate
Top pneumatic position transducer
Bottom pneumatic position transducer

0-10 Bar
0-10 Bar
0-20 Bar
0-20 Bar
1.2-45m J /hr
0-30 V
0-30 V

Kistler
RAG25R10BC1B
Kistler
RAG25R20BC1B
Siemens MAG 5100W
Festo
SMEO-1-S-24-B

Table 3: Transducer designation
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Ref.
F<g.
22
22
19
16

4. THERMO-HYDRAULIC CALCULATION OF A CENTRAL LEAK
One of the goals of the current experiment is to interpret the recorded temperature and strains so as to be
able to extrapolate the results to other types of leak of varying shape and location. Therefore, prior to the
central leak test, the experiment is simulated using a range of mathematical and numerical tools in order to
achieve the best possible interpretation of the data recorded by the sensors. The simulation of the leak
follows a staged approach starting with simple analytical models and progressing towards more complex
CFD numerical models.

PARTIAL DIFFERENTIAL EQUATIONS FOR A LUMPED-MASS CONDUCTION MODEL
One dimensional conduction model
Initially, a key feature in the design and hence in the analytical model was a protective layer of Zirconia
insulator coating the LLMC, thus filling up part of the Helium gap, the intention being to retard and lessen the
peak temperature in the coolant during a leak. The dimensions and indeed the necessity of this insulating
barrier are questions that should be answered at minimum cost as a prerequisite to the full-scale leak test.
Hence the simple approach proposed in this section as a kind of systems-level analysis.
The analysis is based on a lumped mass approach, whereby the main components of the experiment are
modelled as point masses linked by thermal resistances. From a mathematical point of view the approach is
akin to analysing an electrical circuit and is described in full in Ref [4] from which the following illustration is
taken. The helium gap is assumed to fill very rapidly with LBE that is thereby brought to a standstill and
freezes, such that conduction dominates thermal exchanges and no significant convection heating occurs,
from the LBE rushing into the gap. This simplification is a prerequisite to solving the partial differential
equations easily, but is also the main drawback of the method.
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• 0 d D 198mm
•0
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Lower Target
Enclosure
Double hull
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Lower Liquid
Metal Container

T,

Beam Windo1
Central Leak

Fig. 35: One-dimensional analytical model of the leak

The main assumptions and resulting equations used in the model are listed hereafter:
•

The temperature in the container TL remains constant over time; it is fixed at its initial value.

•

The initial temperature of the LBE in the gap TG (t=0; z) of the D20 coolant TB (t=0; z) and of the wall
T w (t=0; z) are constant with respect to values of z, at the initial time t = 0.
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•

The temperature of the D 2 0 coolant at the entrance of the cooling duct T B (t; z=0) is fixed for all
values of time.

The definition of all heat flows is derived by considering an elemental half-cylinder section with an elemental
height equal to dz. The model solution is obtained by solving the following set of equilibrium equations
describing the circuit shown in Fig. 35;
[EQ1]

qh-qD = O

[EQ2]

q w - q c + qh =0

[EQ3]

q G - qi + qc = 0

Wherein;
qh

=

heat transfer through cooling jacket

qD

=

heat dissipation in water over elemental height dz

qw

=

heat dump into aluminium wall

qG

=

heat dump into LBE in gap

qi

=

heat transferred from LLMC

Once solved, the following equations describe the system, in particular the water temperature (T 8 ), the
temperature of the aluminium wall (T w ) and of the LBE in the gap (T G ):

[EQ4]

TG(t,z

)=c, e '

r1

+C

[EQ5]
[EQ6]

•i)c,]«* +
TB(t,z ) = TBQ

C

-r

I
T^ 1

-(^+i)c 2 ]^'

l-e"CoZ)-r

All the constants above are dependent on the geometry and materials chosen, and are described in detail in
Ref [4]. The governing parameters for a sample length are as follows;
Tube Length:

1 [m]

Insulation thickness:

1 [mm]

Insulation conductivity: 1.5 [W/mK]
Initial conditions:

T B (t=0;z)

= 40°C

TB(t;z=0)

= 40°C

T w (t=0;z)

= 40°C

T G (t=0;z)

= 350°C

T L (t;z)

= 350°C

A poor insulator was deliberately chosen, so as to ease the task of designing an insulating blanket. The
graphs in Fig. 36 show results obtained for the sample geometry alongside a comparison with numerical
results obtained from an FEM model of the same simplified geometry. The results of the two different
methods are sufficiently close to give confidence in the analytical solution. For a first estimate, the onedimensional analytical method is therefore sufficient to gauge the effect of an insulating barrier on the LLMC.
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Fig. 36: Temperature calculated from a one-dimensional analytical model for a sample one meter
length of LTE tube
Linked conduction models along the cooling duct
The model can be further refined by adding on the effect of the increased heat transfer in the window region.
This is achieved by linking three one-dimensional models as illustrated in Fig. 37, such that in outflow
direction each individual one-dimensional model uses as an initial condition the output temperatures of the
preceding model.
D,O Coolant

.O Coolant

LBE at
350°C
Section I. downward flow

Section I. upward flow
~
4

Section I Water Outlet (t)

Section I Water Inlet ( t - d t )

Section II Water Inlet ( t - d t )

Section II Water Outlet (t)

Section II. target window flow
Fig. 37: Lumped mass full model of the leak derived from coupled one-dimensional models
The results of this full model, using the same geometric parameters and initial conditions as before are
shown in the charts in Fig. 38. Most noteworthy is the increased heat transfer in the region of the window,
denoted by a sudden change in the slope of the curves at 2[m] to 2.5[m] in Fig. 38 and which is an effect of
the modified heat conduction model for that region (Section II in Fig 37). The resulting temperatures at the
water outlet are also shown. An interesting outcome of this first analytical approach is the cooling water
temperature peak. Indeed, despite the absence of insulation, the temperature stays below the boiling point
which stands at 165°C for 6 Bar relative static pressure in the cooling circuit. This result is only valid if the
leak is dominated by conduction alone Were convective heating of LBE streaming into the gap taken into
account, the water would possibly reach a higher temperature.
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Fig. 38: Temperature of the lumped mass analytical model along the cooling duct, no insulation

It is now possible to use this analytical tool to choose an appropriate insulation by changing the conductivity
and thickness parameters in order to optimise the temperature peak The most efficient option is to increase
the insulation thickness rather than to lower the conductivity. With such a choice, the peak temperature of the
coolant could be lowered by 40°C as shown in Fig. 39.
Coolant Temperature

Temperatur* m DjO coolant
Z =0 m
2 = 1 Om
Centre Window
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00
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Fig. 39: Temperature along the cooling duct for an optimised insulation
For production reasons however, the uninsulated version is implemented in the FSLT experiment and is the
focus of more detail study in the following sections.
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BOUNDARY CONDITIONS FOR THE CENTRAL LEAK
The current document focuses on simulations performed prior to the test and aimed at predicting the main
system parameters such as the peak stresses in the LTE and the maximum temperature in the cooling
circuit. The simulation documented in this paragraph uses a commercial CFD package to accomplish that
goal. There are however certain aspects of the leak for which using these software packages is not normally
foreseen. Therefore, certain ad-hoc solutions, detailed in the following paragraphs, have been implemented
which may call for more rigorous validation later on. This issue is not addressed in the current report.
The initial conditions and boundary conditions used in the CFD analysis are strongly transient due to the very
nature of the leak. The simulation used for the predictions has to simplify these complex conditions, by
providing envelope conditions that stay on the conservative side but may at times be a poor reflection of
reality.
The LBE inside the LLMC is initially at 300°C and otherwise unconstrained during the leak. When the lower
end of the target leaks LBE into the gap it retains thermal inertia from the inner steel structure and also from
the upper part of the target. The LBE mass in the LLMC serves as thermal mass inertia in the model, as this
is fairly close to what would happen in reality. Indeed, the operating system will switch off the proton beam
immediately in the event of a leak; hence only the energy present up to the leak occurring need be
contained.
The aluminium hull is initially at 40°C, the temperature of the cooling water. The cooling duct is assumed to
provide a constant source of D2O coolant at 40°C at a constant flow rate of 2 litres per second and at 6 Bar
relative pressure. H2O is used in the test instead of D2O in operation, so the flow rate in the test is scaled
according to the density ratio and set at 2.2 Litres per second of water. These parameters are dependent on
the SINQ operating system and are valid at the time of the full-scale leak test. A review of all operating
procedures prior to irradiating the target will ultimately decide on such operational parameters.
Establishment of the liquid metal leak jet flow rate
The leak jet velocity is modelled as a Dirac function which cuts off after a time corresponding to the time
needed to fill the gap entirely. This is a conservative assumption needed to help accelerate numerical
convergence. In reality the jet impact will be less severe; there will be a ramp-up and ramp-down function
depending on the effects of friction and backpressure inside the gap.
A series of calculations were needed to compute the velocity at the exit of the LLMC. Initially the jet enters a
free space, and the jet velocity can be deduced from a free jet approach. Then the lower part of the LTE fills
up and friction in the annular gap takes over which implies more restricted flow conditions, as in a steadystate annular flow. These two conditions are studied from the point of view of providing upper bound values
for the flow rate. The point in time at which either of the two jet leak rates is applicable depends on the filling
time, which is again a function of the leak rate itself. To add to the complication of the analysis, the size of
the hole is indeterminate, and a credible case has to be made for establishing the critical size of the hole in
terms of peak temperature and stress. Fig. 40 shows the velocity profile used in the CFD calculation.
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Fig. 40: 30 mm diameter leak jet velocity step function /(time) used in the CFD
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The next paragraph explains how the leak jet dimensions were arrived at along with the corresponding leak
rates. The process is presented as a logic flow diagram for clarity The different steps needed to obtain the
desired worst-case configuration are explained in more detail in the following pages.

Compute gap volume dV
in LTE as a function of
height /
CFD analyses of flow
in gap geometry.
Rotationally
symmetric half model

Hstablish relation between
leak rate and hole
diameter Di for free jet

Establish relation between
driving pressure and leak
rate for flooded LTE

Time needed to till lower
LTE. and change to
second leak rate f( D\)

Time needed to till entire
LTE.and OT and bring
leak rate to zero

D| hole diameter =
f'(Leak rate)

Upper bound for hole diameter D|
for a uiven drivine pressure
Peak temperature in coolant as a
function Hole diameter Di

CRITICAL
DIAMHTHR

Fig. 41: Analytical process for deriving the critical leak jet diameter and leak rate

The calculation starts with the computation of sub-volumes in the gap as a function of height Fig 42
illustrates this; the gap volume is divided up into individual sub-volumes which are charted as a function of
the position corresponding to the centre of each sub-volume.

Fig. 42: CAD computed LBE volume up the helium gap

Friction opposing fully developed liquid metal flow in the annular gap
CFD analyses are then needed to determine the friction opposing flow up the annular gap and around the
lower target window as the LBE jet impacts the hull. The time needed to fill the LTE can then be determined
based on the leak rate. The CFD used in the free jet analyses is shown in Fig 43 depicting the pressure
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distribution in the LBE container and along the axis as well as the velocity for two different diameters. The
velocity profile across the diameter is integrated and a function is obtained for the leak rate as a function of
the hole diameter for a 10 Bar relative pressure driven flow. This function, shown in Fig. 44, induces higher
friction losses than found in analytical solutions, although the overall hole size dependency is the same.
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Fig. 43: CFD of the free jet leak rate for two different hole diameters.
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Fig. 44: Free jet leak rate as a function of the hole diameter derived from CFD analysis.
Subsequently a rotationally symmetric half-model of the gap is used to determine flow conditions once the
gap is flooded by LBE Investigations show that the pressure increase up the gap is then independent of the
hole diameter as it is restricted by the core catcher at the bottom of the gap which protrudes into the annulus
The pressure loss in the gap being equal to the driving pressure in the LLMC, the maximum possible leak
flow rate is derived from Fig. 46. For a pressure of 10 Bar relative, this upper bound value for the leak rate is
12.04 [litres/s]

Fig. 45: CFD analysis of the flooded annular gap. Pressure (left) and velocity (right)
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Fig. 46: Back-pressure up flooded annulus as a function of the jet leak rate from CFD analysis.
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Critical diameter of the puncture in the LLMC
The graph in Fig 44 can be used to determine the appropriate diameter of the puncture that will deliver
12.04 litres per second Computationally by applying the numerical polynomial approximation shown in Fig.
44, a maximum hole size of 34 [mm] is derived. This entails that any hole larger than this diameter would
result in the LBE flow being choked once the bottom of the LTE is filled up and LBE reaches the bottom
entrance to the annulus. The choice in diameter is therefore limited to diameters smaller than 34 [mm]. In
order to estimate which diameter will yield the highest temperature, a relation must be found between the
leak rate and the water temperature. Two methods are attempted; a simple analytical model considering a
steady-state counter-flowing annular heat exchanger and also a series of CFD calculations in which the CFD
model described in the next section is run for different leak rates / diameters. The result of both these
calculations is shown in terms of the exit temperature in the coolant as a function of the leak rate. The graph
in Fig. 47 using the CFD method shows quite clearly that the higher the diameter the greater the exit
temperature in the coolant.
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Fig. 47: Bulk water temperature at the cooling duct outlet for various sizes of leaks
Assuming constant flow during leak for 010 and 040 mm, and zero velocity after 2 seconds for 0137mm
The analytical method based on the VDI German industry guidelines, designated VDI Wärmeatlas 8th edition,
section Gb is implemented in an excel spreadsheet format as shown in Table 4 hereafter for an example flow
rate of LBE of 10 l/s corresponding to a jet diameter of 30mm. In the table, the water flow rate is doubled as
the flow in the LTE is split between the inlet and outlet side of the 4 m total duct length, whereas the VDI
method relates to flow in a full annulus. Fig. 48 shows more generally the relationship between water exit
temperature and leak rate using the VDI method applied to different leak rates.
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Fig. 48: Outlet water temperature for various sizes of leaks at steady state

29

Press for iteration

Heal Calculations ace To VDI Gb 8" Ed 1997

Pressure Calculations ace To ESDU 66027

External Annulus

1

II Dimensions
Outer Diameter
Inner Diameter
Tube length
N' of annular segments
Flow conditions
Entrance Bulk Temperature
Flow rate
I Thermal properties @ TJV8,aaa
Density
Thermal capacity
Dynamic viscosity
Conductivity
Prandtl @ Temp of 76'C
Prandll @ Temp of 127'C
Roughnesse

Output Data

Intermediate Parameters

Input Data
I Case selection

H2O

0 206
0 198
4000
1
40

°C

4.4 Itr/sec
of 75 8
974 kg/m
4200 J/kgK
333E-04 kg/ms
0 668 W/mK

2 17
1 55

I General
Velocity in channel
Mass to*
In Diam /OutDiam
Hydraulic Diameter
Reynolds number
Heat Transfer
Nu „ „ „ / / V u , U1 .
Parameter z
Logarithmic 17"
Exit temperature iterative , i T
Pressure
SqrtfFc) ESDU66027/eq 3 11
Iterative sqrt(Fc)
Iterative 1 (Fc)

1.73
4.29
0 96

m/s
kg/sec

0 008
40 634
0 865
0 0217
41 2
0

Nusselt Number Tube at TÄ.v.
Nusselt Number Ring at T,,„
Nusselt Number Ring at T„,
Heat Coefficient
Transferred Heat for a full ring
Wall Temperature
Increase in Bulk Temperature
Exit Bulk Temperature
Pressure Loss

167 7
145 1
150 6
12 571
1 287 818
126.80
71 5

W/m'K
W
X
X

111.5
338.3

X
mBars

0 107
0 108
0 001
0 046229

1 00E-03

Separation wall
Input Data
thickness
conductivity

0.003
[m]
18 [W/mK]

Intermediate Parameters
Iterative . i Heat transfer cold /hot side

Output Data
0 66%

Temperature gradient

86.26

Internal Annulus
Input Data
Case selection

2

LBE

I General
Velocity in channel

II Dimensions
Outer Diameter

0 192

Mass flow

Inner Diameter

0 184

Tube length
N' of annular segments
Flow conditions
Entrance Bulk Temperature
Flow rate
I Thermal properties @ T,..,, a .

4000
1

In Diam /OutDiam
Hydraulic Diameter
Reynolds number
Heat Transfer
Nu R„g/Nu
r„b.
Parameter z
Logarithmic . 1 7"

Density
Thermal capacity
Dynamic viscosity
Conductivity
Prandtl @ Temp of 258'C
Prandtl® Temp ot 213'C
Roughness e
Case 1

Output Data

Intermediate Parameters

300
°C
10.0 Itr/sec
of 257 7
10416
147
0 00215
12 25
0 0255
0 0299
1 OOE-03

kg/m
J/kgK
kg/ms
W/mK

4.23
104.16
0 96
0 008
164 145

Exit temperature iterative I T
III Pressure
Sqrt(Fc) ESDU66027/eq 3 11
Iterative sqrt(Fc)
Iterative I (Fc)

m/s

Nusselt Number Tube at T Ali

kg/sec

Nusselt Number Ring at T Alig

154

Nusselt Number Ring at TCJ1C

151

m

0 864
00161
-232

X

0

X

178

Heat Coefficient
Transferred Heat for a fullnna
Wall Temperature

23 129
-1 296 381
213.06

Increase in Bulk Temperature

84 7
215.3

Exit Bulk Temperature

W/m2K
W
X
X
X

20818.6

Pressure Loss

mBars

Synoptic View
112X*

-

40 X

0 106
0 106
0 000
0 044620

m
Case 2

Case 3

Table 4: Example calculation for a counter-flowing annular heat exchanger based on VDI Wärmeatlas,
8th edition Section Gb

Both the CFD and the analytical approach lead to the same conclusion; increasing the leak rate initially
increases the cooling water exit temperature However above 10 L/s the effect tapers off significantly.
Hence in view of the restriction on the diameter to less than 33 8 [mm] due to the pressure build-up in the
gap and also limitations in the design of the valve metal seal, a diameter of 30 fmm] is retained for the leak
hole. The corresponding inlet velocity for a 30 mm hole is derived from the profile in Fig 43
Furthermore, the simple lumped mass model has shown there is no need for insulation on the LLMC to
prevent boiling Hence, subsequent computations focus on an uninsulated design that is easier and quicker
to produce.
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CFD MODEL DESCRIPTION
The CFD model used in the simulation of the leak is described in the following. It conforms to the limitations
listed in Table 5. As well as the boundary conditions outlined in the previous section, a number of tests have
been run to check the overall performance of the model, and only the results predicting the thermo-hydraulic
behaviour of a leak are outlined here. For more specific information on CFD issues, refer to Ref [5]. The goal
of the current analysis is restricted to providing test predictions and includes a number of unconventional
implementations of CFD as summed up in Table 5.
Model problem / limitation of the code

Ad-hoc solution implemented

The cooling water enters from one side of the LTE
and exits from the other half thus destroying the
symmetry.

Two rotationally symmetric models are created sideby-side, one for the water inlet side, the other for the
outlet side.

A singularity point arises in a rotationally
symmetric model where the flow crosses over the
apex of the window,

A Cartesian coordinate sub-model is inserted over
the central part of the window linking the two
rotationally symmetric % models of the cooling duct.

The LBE jet entering the Helium gap creates a
two-phase flow problem.

The leak is modelled as a submerged jet, with 300°C
LBE injected into a gap pre-filled with "cold" 40°C
LBE.
The conductivity of the LBE is programmed to be
close to zero when cold, such that the pre-filled cold
LBE does not allow heat transfer before the 300°C
LBE from the jet fills its place.
The viscosity of the LBE is programmed to be close
to zero when cold, such that the pre-filled cold LBE
does not oppose friction along the walls when
pushed back by the LBE from the jet.
The losses from accelerating the cold pre-filled LBE
instead of helium cannot be compensated for, but are
smaller than the wall friction losses that are
modelled.

In reality, the helium filling the gap before the
leaked LBE enters, conducts less heat than the
pre-filled LBE.
The helium in the gap opposes less friction than
LBE.

The helium in the gap is less dense than LBE and
therefore needs less force to be pushed back up
the gap.

Table 5: Synopsis of all major CFD model assumptions

Fig. 49: Step function /(T) applied to LBE dynamic viscosity and conductivity

The LBE properties used in the CFD model are listed in Table 6. In accordance with Table 5, a step function
is applied to the viscosity and conductivity that cuts in at 125°C as shown in the graph, Fig. 49.
Symbol

Magnitude

Variability

Density [kg / m ]

P

Constant

Dynamic viscosity [kg / m s]
Thermal conductivity [W / m K]
Specific heat [J / kg K]

M
A
C

10360
1.937 x 10 3
12.7
147

/(T) *>
Constant

Prandtl number

Pr = C u / A

0.0224

Constant

Physical Parameter
3

f(Tf

p
p

Table 6: Physical properties of LBE at 20°C
*' Refer to Fig. 49
As shown in the figures hereafter, the model is essentially composed of two rotationally symmetric halves,
one for the inlet side, where cooling water enters into the cooling jacket and flows down towards the target
window. The second half is strictly identical but has cooling water flowing in the opposite direction from the
window target up towards the outlet.
The point where the two models meet along the centreline has been studied at length. The interface is
simple enough when the two halves are solid. In such a case the thickness along the centreline is zero, and
no heat transfer occurs across the boundary separating the two halves of the model. This is logical in terms
of heat transfer since a central core can only shed heat outwards in radial direction.
The main problem in relation to non-symmetry arises in the cooling duct where water flowing down the
channel on the left hand side has to cross over the apex of the window from the left and back up the channel
on the right-hand side. In this instance a Cartesian block is added to the centre of the model, to allow the
crossing to be made without going through a singularity. The model is briefly described in Fig. 50 below.
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Fig. 50: CFD Model representation
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Fig. 51: CFD Model detail: LTE window apex
The apex of the target window is treated specially with a mix of Cartesian and cylindrical coordinates. The
two distinct aluminium hulls are therefore somewhat twisted, particularly the inner hull since it's lower face
towards the water duct is constant in thickness, whereas the side facing the inner helium gap narrows down
to zero where it crosses over the symmetry axis. The inner hull has therefore a distorted temperature
distribution in the central region, which at a later stage needs to be homogenised in order to obtain the
correct stress distribution. It is a local distortion that does not affect the model as a whole.
The flow of LBE in the helium gap is rotationally symmetric. The water in the cooling duct is unaffected by the
change in coordinates; no discontinuity is observed where the water transits from cylindrical coordinates to
Cartesian coordinates. The CFD model described above is quite unconventional in its use of temperaturedependent conductivities and viscosities. Hence, in order to inspire more confidence in its validity, results of
a few model checks are presented in the next figures. In parallel with these checks, a two-phase model is the
focus of a calculation in Ref [5] and examines in detail the thermal boundary aspects of the current model by
comparing them to the more correct two-phase modelling results.

Model Parameter

Characteristic

Number of separate fluids (LBE / H2O)
Turbulence model (LBE and H2O)
Jet

2
SST non buoyant
Submerged one phase
LBE & H2O: constant temperature
LBE: Time dependent velocity (Fig. 40)
H2O: constant velocity (2.2 L/s)
Constant relative pressure
10's[s] to 10"1s]/10[s] total
83113
41301
82
504
40717

Inlet condition
Outlet condition
Time steps/ Duration
Number of nodes
Number of elements
Number of tetrahedrons (none in fluid)
Number of pentahedrons
Number of hexahedrons

Table 7: CFD model statistics and characteristics
The model described in Table 7 and Fig. 50 is run with the boundary conditions outlined in the previous
section and the results are documented in the form of temperature curves at locations of interest and
contours maps of relevant physical values at different times. The next following figures show key areas of the
mesh, to explain certain aspects of the modelling related to the definition of boundary layers, turbulence and
so forth.
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CFD model checks
The evolution of the spatial distribution of the LBE conductivity with respect to time is used to check the CFD
model This is equivalent to tracking the LBE front as the conductivity is programmed to switch over from
10% to 100% of its nominal value at the melting point
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Fig. 52: CFD one phase Model LBE conductivity maps as a function of time
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Fig. 53: CFD one phase Model LBE conductivity maps as a function of time (cont.)
The conductivity maps are consistent with a jet. Several interesting features appear in the maps, such as the
ripples from 0.008[s] to 0.02 [s], attributable to friction along the window surface. Also, a lump of LBE breaks
off from the main LBE jet stream at 0.03[s], and falls back into the lower portion of the window. Some of the
hot LBE then curves back in towards the centre (at 0.05[s], and 0.06[s]) where it amalgamates with the jet
flowing out of the hole (0.07[s]). It is interesting to note that as the hot lump of LBE descends, it exchanges
little heat whilst passing through the mesh of colder LBE, and continues to exist as a discrete lump of matter.
This model behaviour, one would expect from a two-phase model. Here however, it is reproduced with far
less numerical complexity.
Finally after several seconds and after the jet of LBE has been switched off, the LBE becomes sufficiently
cool to switch back to the cold LBE conductivity. This may introduce a small error in the model, but it is small
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in size On the other hand such an effect could be used as a technique to study freezing, since the cut-off
temperature for switching between the two conductivities is the freezing temperature of LBE, or 125X.
The way the model works may also be illustrated by plotting the heat transfer coefficient into the inner hull
along the window as a function of time Fig 54 shows a characteristic peak at the centre for time zero, which
then widens as the leak progresses with time.
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Fig. 54: CFD Model LBE heat transfer coefficient [W/m K] into the containment hull as a function of
time

5. RESULTS FROM THE CFD SIMULATION
The model described in the previous section is run with the relevant boundary conditions, to provide twodimensional thermal maps of the LTE. These maps have two main objectives The first is to determine
whether bulk boiling will occur. The second goal is to transfer the thermal map to a structural model in order
to calculate the thermal stresses
For clarity the overall temperature distribution in the entire model, the velocity in the gap and the temperature
in the hull are shown separately as a function of time.
The temperature distribution evolves rapidly with time in the entire LTE, particularly in the lower portion of the
hull, which is shown close up in the next following figures The evolution is rapid in the initial free jet phase
The contour maps in Fig 52 and Fig 53 may be compared to the conductivity maps in the previous section;
they indicate quite clearly rapid filling up of the lower hull in roughly 0.2 seconds The LBE jet has vortices
swirling off the front as it gushes out into the gap This is an effect of the viscosity from the pre-filled LBE that
stands at 10% of the hot LBE viscosity as indicated in Fig. 49
Once the lower cavity is filled, the flow is dominated by the annular flow up the helium gap Once the jet is
stopped, conduction takes over and the temperature in the gap drops off rapidly, whilst the internal heat
inside the LLMC keeps it at 300°C for a period of time longer than 10 seconds.
On the apex of the window there is quite clearly a stagnation point, where in the CFD the velocity of the jet
impacts the hull at right angle and transfers less heat than further downstream This is particularly visible in
the series of contours shown in Fig 58
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Fig. 55: CFD one phase Model temperature maps as a function of time
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Fig. 56: CFD one phase Model temperature maps as a function of time
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Fig. 57: Hull temperature maps as a function of time
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II

Fig. 58: Hull temperature maps as a function of time
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Fig. 59: LBE jet velocity in gap as a function of time
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Fig. 60: LBE jet velocity in gap as a function of time
The relevant CFD data can be extracted from the model above and applied to a structural model for
purposes of structural analysis The first step is to transfer the transient bulk temperatures in the LBE and in
the water along with the corresponding Heat Transfer Coefficients The structural model is given the required
solid thermal properties along with these boundary conditions from the CFD, and a heat transfer analysis is
conducted on the solid structural model This delivers a precise transient thermal map on the mesh of the
solid structural model that can then be applied for purposes of structural analysis The data extracted from
the model above is two-dimensional however and can contain errors dues to discretisation or time
integration, which must be filtered out beforehand. The process is described fully in Ref.[6] which covers the
structural analysis in detail
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The Heat Transfer Coefficient curves in Fig. 61 on the water channel side of the LTE reach 104 [W/m2K] and
105 [W/m2K] on the LBE side, once steady-state conditions are reached. The corresponding bulk
temperature graph is shown in Fig. 61. Interestingly, the CFD bulk temperature roughly follows the timedependent temperature curves calculated with a set of partial differential equations shown in Fig. 39.
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Fig. 61: CFD results along the LBE-wetted wall of the LTE hull
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Fig. 62: CFD results along the water-wetted wall of the LTE hull
The oscillations in Fig. 62 are numerical instabilities. In the calculation code, the Heat Transfer Coefficient is
derived from temperature variables that are the degrees of freedom for which the Navier-Stokes equations
are actually solved. Hence in a strongly transient thermal simulation, time integration errors may occur which
can lead to numerical oscillations on derived values such as in Fig. 62 for the initial jet impact at 0-100 [ms].
These errors are filtered out in the structural analysis.
Another area where numerical errors accumulate is the narrow gap near the core catcher. The local increase
in velocity leads to an unrealistic pressure distribution with two negative peaks that are physically impossible.
The local heat transfer coefficient spikes up as a result of this velocity as well. Hence in the structural
calculation, the areas in question are filtered out.
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Typical filtered vales of the thermo-hydraulic analysis are shown on Fig. 63 and the results applied to a
structural model as detailed in the following section.
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6. RESULTS FROM THE THERMO-STRUCTURAL SIMULATION
DESCRIPTION OF THE THERMO STRUCTURAL MODEL
The model used in calculating the stresses is a partial one and focuses on a segment with symmetry taken
about a rib. Hence only a 1/12th slice of the LTE is modelled This limitation is nevertheless sufficient to cover
the most highly stressed areas The boundaries of the model limit its use to predicting some but not all the
strain gauges Since the most critical locations are covered this is acceptable as proven by the data collected
at other points The less critical locations can be the focus of a refined analysis at a later stage if deemed
necessary. The results of the stress analysis are covered in detail in Ref [6]

Fig. 64: Partial segment model used in the structural analysis
Ref [6]
Transient boundary conditions taken from the preceding thermo-hydraulic calculation are applied to the
thermo structural model that is first run in transient thermal mode so as to provide a spatial distribution of
temperatures across the entire structural model as a function of time The structural calculations are then
carried out using an elasto-plastic model for the aluminium material property of the hull derived from
measurements made on representative samples of the actual hull. The aluminium material properties are
also made to be temperature-dependent For details of the model, refer to Ref.[6] The results at different
time steps are shown in the next following figures The element-averaged principal stresses and strains are
shown as a function of time in the following figure. Two areas are highly stressed; the central region beneath
the leak impact, and the end of the rib.
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Fig. 65: Aluminium hull material properties used in the structural analysis
RESULTS OF THE TRANSIENT THERMAL ANALYSIS
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Fig. 66: Aluminium hull principal stress as a function of time Ref[6]
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Fig. 67: Aluminium hull principal stress as a function of time Ref[6]
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RESULTS OF THE TRANSIENT STRUCTURAL ANALYSIS
The area that is of primary interest, is centred on the end of the rib and is examined next in more detail, it is
also the area where the most stressed strain gauges are located.
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Fig. 70: Aluminium hull stress in [MPa] (left) and deformations at different times

Ref[6]

STRAIN GAUGE PREDICTIONS FROM THE TRANSIENT STRUCTURAL ANALYSIS
The longitudinal stress and strain profile along the symmetry plane on the inner and outer hull are extracted
along the cut-out parallel to the rib as indicated in Fig. 70 and shown in the next following figures. These are
the locations along which strain gauges have been placed. The positions of the strain gauges as shown in
Fig. 32, Fig. 33 and Fig. 34 are indicated in the graphs in Fig. 71 and Fig. 72 to show the evolution of
longitudinal stresses with time. Only the first 10 seconds are shown, since the stresses reach their peak
value during that time.
The main stress raiser occurs close to the end of the rib, which is welded through to the outer hull, the weld
however stops 50 mm short of the end of the rib, and this has been modelled appropriately with a slip-plane
using contact elements. This rib weld placement is fortunate; otherwise if the rib were welded through until
the end of the section, the stress raiser would occur exactly at the crossing of the circumferential window
weld.
The limitations of the current CFD and structural models due to their relative rusticity could be improved upon
at a later stage in order to enhance the interpretation of the test results. Such an improvement is not
foreseen in the current document. Indeed, the approach adopted in the test is heavily biased towards
providing the highest possible degree of safety. The analysis contained in this document has therefore been
performed ahead of the test in order to deliver safety margins that ensure the test can be conducted safely.
In the next section results from the structural and thermo-hydraulic calculations made prior to the test are
compared with measurements. An attempt is made to derive the heat transfer characteristics of the leak as
well as the boundary conditions that existed in the test so as to form the best possible basis for any
foreseeable future analysis of the collected test data.
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Strains along Duct Surface of Inner Hull
V.50% TT7-7

Fig. 71: Longitudinal stress and strain profile along water-wetted surface of inner hull
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Strains along Outer Surface of Outer Hull

Fig. 72: Longitudinal stress and strain profile along external surface of outer hull
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7. TEST RESULTS AND COMPARISON WITH PREDICTIONS
TEST PROCEDURES
The test occurred on the 29th November 2005 at 16:56 hours CET, in the OLAA building at PSI. The PSI
personnel listed in the table below were present witnessing all test proceedings.

Name

Function

P. Barbagallo

Mechanic

J. Demont

Electrician

K. Geissmann

Head technical staff

T. Hoffmann

Technician

E. Manfrin

Instrumentation engineer

R. Reguilhem

Trainee engineer

K. Samec

FSLT lead engineer

K. Thomsen

Leak sensor scientist

Table 8: PSI personnel for FSLT test
The test started earlier in the day, by first filling and pressurising the 1000 litre buffer gas container, the
source pressure driving the leak jet. The Helium gap was then evacuated and subsequently pressurised to
the required 0.5 Bar absolute. The water loop was tested in both closed loop and open configurations, and
finally electrical and instrumentation checks were conducted.
Finally, one hour before the test the LLMC was filled to the top with LBE at 150°C. The filling was stopped as
soon as the TC situated at the top of the container detected the presence of liquid metal.
The heater rod was then switched on to full power to increase the LBE temperature to the required 300°C.
The increase in the LBE temperature was steady but slow. Meanwhile the temperature of the closed circuit
water loop was also increasing to reach 30°C. Since the predicted margin against boiling was only 10°C for a
40°C entrance temperature, it was decided to speed up heating of the LBE in order to retain sufficient safety
margin during the test. The helium inside the gap was evacuated to 0.1 Bar absolute which rapidly increased
the LBE temperature in the LLMC probably due to a decrease in convection in the Helium gap. The LBE
reached the desired temperature of 300°C rapidly, whilst the water temperature remained at about 30°C, at
which time the gap was pressurised back to 0.5 Bar absolute nominal.
The LLMC was brought to 10 Bar relative pressure by opening valve 2 in Fig. 18, and keeping it open for the
duration of the test. In this manner, the driving pressure remained at 10 Bar relative during the entire
emptying of the LLMC. This is explained by the 30 litres of displaced volume of LBE in the LLMC being much
smaller than the 1000 litres in the main buffer tank.
The closed circuit water loop was switched over to the open loop mode, 30 seconds before opening the leak
valve, by closing valve 4 and opening valve 3 (refer to Fig. 18). Thus the return flow of cooling water was
shunted into two 100-litre containers, avoiding returning steam-laden water into the closed circuit, and hot
water into the LTE inlet.
The leak valve was opened; a few seconds afterwards steam billowed from the steam exhaust in the outlet
portion of the open loop shown in Fig. 20. The instrumentation responded immediately as shown in Fig. 74.

MAIN OBSERVATIONS WERE
NO HARDWARE FAILURE DURING OR AFTER THE TEST
NO BOILING IN THE COOLING UNIT AT 6 BAR RELATIVE PRESSURE
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HARDWARE INSPECTION
The next following photographs were taken immediately after the test and disassembly of the test stand. The
bottom part of the LTE was sawn off to give access to the innards of the safety hull and examine the
condition of the inner surface.
Finally, once all the LBE had been melted out, the grand total for the mass of LBE used in the test came up
to;

TOTAL MASS OF LBE IN THE TEST
496 KG

LTE Window viewed from below

LLMC with detector viewed from below

Inside LTE window

Close-up inside LTE window

Fig. 73: Photographs of LTE and LLMC post-test

THERMO-COUPLE READINGS
Examination of the thermo-couple readings is grouped according to specific areas of interest for greater
clarity. Unravelling the data is complex due to the sudden and transient nature of the leak. The overall picture
is shown in Fig. 74.
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»Hum

Fig. 74: Photograph of monitor, 30 seconds after opening the leak valve

Thermo couples in the window; TEL TE2, TE3
Thermo-couple readings taken from the window area of the LTE, in particular the water channel are
compared to CFD predictions in Fig 75 A time lag appears in the measurement that is due to a finite valve
opening time of almost two seconds in the test, whereas the calculation assumes a sudden leak As a result,
in the CFD calculation, the heat of the LBE is transferred more to the hull wall than to the cooling water This
is reflected in the fact that TE3 is overestimated and TE1 and TE2 underestimated In addition, thermocouple TE3 is set in the flow divider, which connects the inner and outer hull and has more thermal inertia
than the section where the hulls are separate and which is the section represented in the CFD model.
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Fig. 75: Measurements vs. calculation or the thermo-couple TE1, TE2 and TE3 in the window
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Thermo couples in the cooling circuit; TE8, TE9, TE16, TE17
The temperature at the outlet is a major design consideration for the ancillary systems in SINQ. Test values
and predictions are compared in Fig. 76. The same time lag is observed due to the opening time of the leak
valve. The prediction in Ref [7], adjusted for a 30°C inlet temperature, showed a higher peak because the
calculation had assumed a 40mm diameter for the leak, and a longer leak period. These conservative
assumptions had been taken to stay on the safe side for the test.
The CFD computation documented hereafter for a 30mm leak show a slight delay of the temperature due to
the manner in which the leak jet is represented in the simulation, as will be explained in the next section.

o
£
3
2

OUTLET WATER TEMPERATURE

0)

-— Outlet Temperature Analytical predictions
-*- Outlet Temperature Measurement
— Inlet temperature

20

Time [Sec]
Fig. 76: Measurements vs. calculation for water loop thermo-couples TE16 (inlet) and TE17 (outlet)

The thermo-couples present in
seconds after the leak, there
inconsistency appears on TE9,
inlet temperature. The mode
inconsistency.

the cooling duct are all grouped together in Fig. 77. At steady state some 20
is a clear increase in temperature in downstream direction. However an
the inflow thermocouple in the window area, in particular as compared to the
of attachment of the thermo-couples is at fault and can explain this

Both inlet and outlet TCs, TE16 and TE17, are relatively rigid due to their larger diameter (1.5mm); the tips
are held in position by inserting the TC through a capillary tube such that the tip is positioned exactly in the
centre of the inlet and outlet tube. This guarantees an exact measurement of the bulk temperature.
Unfortunately this is not possible for TE8 and TE9 that are positioned down a 3 mm wide annular duct. The
TCs used are therefore small gauge (0.5mm) and the method improvised on the spot for attaching these TCs
involved using temperature resistant duct tape to attach them to the inner tube wall. On the inflow side this
means TE9 is swept back against the wall by the force of the current. On the outflow side the current has a
tendency to detach the tip of TE8 from the wall, as the water current wets the TC head-on. Hence the wall
temperature will pollute TE9 and TE8 will be closer to the bulk temperature.
The attachment therefore explains why TE9, despite being upstream, peaks at a higher temperature than
TE8 during the leak, and finishes at a lower temperature. TE9 is polluted by the outer hull wall temperature
that is -outside of the leak period- lower than the water temperature due to the fact that the temperature in
the test hall was barely 4°C. During the leak the inner hull passes on its peak temperature to the outer hull
via the ribs, which is then picked up by a TC attached to the wall such as TE9. This difference in the TCs
attachment also explains why the prediction on TE8 is higher than the measurement unlike TE9, where the
measured peak temperature is clearly higher than the prediction (see also Fig. 79).
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Fig. 77: Measured temperatures along the water loop

Thermo couples inside the LTE; TE4, TE5, TE6, TE7, TE15
The thermo-couples along the annular gap are examined next. They serve as a good indication of the
progress of LBE in the Helium gap between the LLMC and LTE The graph in Fig. 78 shows the entire
sequence just before, during and after the release of the leak valve.
The helium gap is evacuated to 0.1 Bar absolute pressure to increase the temperature of the LBE in the
LLMC rapidly (refer to the next section). Then, 200 seconds before the leak (arrow 1 in Fig. 78), the helium
pressure is brought back to the nominal value of 0.5 Bar absolute. This has an immediate effect on the
temperature in the LTE The graph shows quite clearly how the LTE temperatures are brought closer
together by the increased helium pressure, due to an improved natural circulation of the helium brought
about by the increase in pressure.
However, by bringing back the nominal helium pressure to 0 5 Bar absolute, more heat is lost from the LLMC
heater rod and the temperature in the LLMC tends to decline whilst there is a slight increase in the
temperature of the recirculating water This is why the pressure was brought back to nominal only shortly
before the test, so as to conserve heat in the LLMC and out of the cooling circuit
The leak itself (arrow 2 in Fig 78) draws an immediate response from the thermo-couples attached to the
inner hull on the LBE-wetted surface, whereas the surfaces wetted by the coolant react with a little more
inertia.
An estimate of the time needed to fill the annular gap can be derived from the measurements despite the low
time-resolution of 0 15 seconds between measurements Indeed, there is a time lag of 4 time steps between
the reaction of TE4/5 and TE6/7, or 0 6 seconds The distance between the thermo-couples at the bottom
and top of the gap is 1.2 metres This yields an average velocity of 1.2/0.6 = 2 m/s This velocity equates to a
leak rate of 4.73 L/s, which is confirmed by the leak rate estimated from the pressure rise in the Overflow
Tank and described in the following section.
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LTE WALL TEMPERATURES
— TE4 Isolation gas, top outflow
— TE5 - Isolation gas. top inflow
— TE6 Isolation gas, bottom outflow
— TE7 - Isolation gas, bottom inflow
TE8 - water duct outflow
— TE9 - water duct inflow
— TE15 - unheated Leak detector TC

200

LTE WALL TEMPERATURES
— TE4 Isolation gas, top outflow
• TE5 - Isolation gas. top inflow
—- TE6 Isolation gas, bottom outflow
—- TE7 - Isolation gas, bottom inflow
TE8 - water duct outflow
— TE9 - water duct inflow
— TE15 - unheated Leak detector TC

Fig. 78: Temperature measurements in the LTE & gap. Close-up of the leak (bottom).
TE6 and TE7 measure the temperature of the LBE entering the annular gap on the outflow and inflow side
respectively. Roughly 2 seconds into the leak quasi-steady state conditions are reached in the annulus,
which can be approximated as a heat exchanger and calculated with the method described in Table 4. The
method assumes any given time step may be considered as steady state for a short period, a very coarse
assumption. The calculation is performed at time frame 289 seconds of the leak sequence, for which some
degree of stability can observed in Fig. 78. The calculations are carried out on both the inflow and outflow
side. The LBE and water inlet conditions are taken from the measurements and the theoretical outlet
temperatures are then calculated and compared to the actual measured outlet temperatures.
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The difference between the calculated value and the measured value is quite significant for the LBE exit
temperature. To a large degree, this is due to the transient characteristic of the heat flow, which by its very
nature is difficult to approximate with a steady-state calculation as in Table 9.
Closer examination of the LBE exit temperatures, as measured by TE4 and TE5 shows an increase to
150°C, yet they peak above the melting point of 125CC only briefly from 3 to 7 seconds after the leak.
Nevertheless the LBE keeps flowing, witness the pressure rise This can be explained by the thermo-couples
measuring an average of fluid and wall temperature, which skews the results The same error affects the
water duct where TE7 and TE8 are also tack-welded to the wall. On the other hand TE17, which is placed
right in the middle of the outlet pipe, agrees very well with the calculated values.
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Table 9: steady-state correlation using VDI Wärmeatlas, Section Gb

The measurements can also be compared to the CFD results. Theoretical thermo-couples are placed in the
CFD model at locations corresponding to the actual thermo-couples. Fig 79 shows the calculated CFD
curves for TE4 to TE9 as continuous curves, plotted against measured data represented by points.
At the bottom outflow entrance of the annulus TE6 agrees well for the first 3 seconds. Then, the
measurement overshoots the calculation; an indication that the real leak rate is not as sharp as in the CFD
calculation Instead of following a 3 second Dirac function as in the CFD, the real leak is more progressive
and over a longer period resulting in a wetting of the thermo-couple with hot LBE over a longer period.
At the bottom entrance, on the inflow side, TE7 initially follows the theoretical curve and then breaks of with
an oscillation after 1 second Post-test examination has revealed debris of the leak detector broken off from
the attachment which was precisely situated on the inflow portion of the window; the surface has traces of
what seems to be a kind of metal foam which must have formed when the liquid metal got into the leak
detector and started "frothing up" (see close-up of window in Fig. 73). This may have clogged up the
entrance on the inflow side of the annulus. The oscillations and overall dissymmetry compared to TE6 is
indicative of some unforeseen event, particularly as TE4 and TE5 further up the gap are quite symmetric.
Also TE14 measured a small distance below the leak hole is exactly offset from TE6 by a constant
temperature of 20°C but is not consistent with TE7. Allowing for a measurement error in TE7 would also
explain why the steady-state correlation in Table 9 results in better agreement on the outflow side.
The LBE exit temperatures registered by TE4 and TE5 are more spread out than predicted as a result of the
delayed leak valve opening This delayed action of the valve has a far more immediate effect on the thermocouples in the LBE than those placed in the water channel. It is therefore logical to see the same
discrepancy as before on TE1 and TE2, albeit more noticeable. The inflow side of the hull TE5 is cooler than
the outflow side TE4, as it is cooled more efficiently.
Thermocouples TE8 and TE9 are placed on the water channel side of the hull, at the same height as TE6
and TE7. As explained above, TE8 measures the bulk temperature of the water whilst the wall influences
TE9 Therefore these TCs can, in combination with TE6 and TE7, be used to estimate the heat flux entering
the cooling duct at two locations at the bottom of the LTE. From the readings on TE7 this seems only
possible on the outflow side with TE6/TE8
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LTE WALL TEMPERATURES
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TE4 Isolation gas, top outflow
TE5 - Isolation gas. top inflow
TE6 Isolation gas. bottom outflow
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Fig. 79: Calculations compared to measurements in the LTE and helium gap

Heat balance measurements based on data derived from thermo couples
The amount of heat extracted by the cooling system can be derived from the inlet and outlet water
temperature using a simple heat balance equation. This value can be compared against the heat derived
from the losses in the wall. Unfortunately, as mentioned before, the thermo-couple readings on the wall are
somewhat polluted by the fluid. On the water-wetted surface there is a large gradient between the bulk
temperature and the wall temperature so it is safe to assume the water temperature dominates the thermocouple. This is less the case on the LBE-wetted surface where the heat transfer coefficient is an order-ofmagnitude higher, such that the wall temperature and bulk temperature are much closer. The comparison of
predictions and measured values in Fig. 79 for TE6 and TE7 indicates that on the LBE side the thermocouples pick up mainly the wall temperature. The error made by equating the thermo-couple reading with the
wall temperature along that surface is therefore small. Hence the following approximations can be made:
1.

Thermo-couple TE15 measures the LBE temperature just after the liquid metal jet exits the LLMC. It
is therefore quite close to the bulk temperature of the LBE transiting where TE6 / TE8 are located.
Hence TE15 is the bulk fluid temperature of the LBE TL f

2.

Thermo-couple TE6 on the inner LBE-wetted surface of LTE hull is the surface temperature TL w

3.

q L is the heat dissipated into the wall from the LBE flow

4.

q w is the heat loss through conduction in the wall

5.

q D Heat dissipated into the cooling channel through the wall

6.

q c is the convective heat transport of the coolant leading to a temperature increase of the bulk water
along the duct

Thus, the heat transfer coefficients and wall temperatures can be estimated by equating the losses through
the wall at the bottom of the LTE with the overall heat transiting through the system qc(t) measured at the
coolant outlet, and accounting for a time-lag of At = 1.2 seconds derived from the coolant velocity (1.6 m/s)
and the [2m] distance from TE8 to TE17, as follows.

61

Heat loss to cooling circuit:
[EQ7]

qc(t)=™-cP-(Tc>Oullel(t)-TCMel(t

Heat balance equations:
q c (t+ At) = qL (t) = q w (t) = q D (t)

qL(t)=aL(t)-2xrrL-(TLJ{t)-TLiW(t

Hence:
[EQ8]

2n-k-L-[Tlw(t)-Tc

w(t)]/ln(ro

[EQ9]

ac (T) -2nro-L- [TCW (t) -TCf(t)]

[EQ10]

aL(t)-2m-rL-(TLJ(t)-TLw(t))=m-CP

lr,) = m-CP-[TCßuüel(t

+ At)-TCMel(t

+ At)]

= m-CP- [TCOulle, (t + At) - Tcinlet (t + At)]
-[TCtOullel(t + At)-TCJnlel(t

+ At)]

Where:

#
m
=
a
=
k
=
r0 and ri=
L
=
TL,w
=
TL,f
=
Tc,f
=
Tc,w
=

is the mass flow of the coolant
is the heat transfer coefficient (subscript C=coolant, L=LBE)
the conductivity in the aluminium wall
the radii of the channel (subscript I = inner, o = outer)
the length of the channel
TE6
TE15
TE8, the coolant fluid bulk temperature
the coolant-wetted surface temperature

Tc.outiet =
Tc.lnlet =

TE17
TE16

Hence the instantaneous heat transiting thru the system at time t; is as;
[EQ11 ]

qc {t) = m-CP- (TCßmlet {t) - TCJnlel (t)) =m-CP- (TE\ 7 ( 0 - TE\ 6{t))

By reorganizing equations [EQ8] to [EQ10], integrating the measured values and solving the unknowns:
[EQ8]

2n-k-L-

{TE6(t) - Tc<w(t))/\n(r0 Ir,) = qc(t + At)

[EQ9]

ac(t) -2nro-L- (TE6(t) - TcJt))=

[EQ10]

q,{t) = a,(t)- (TLJ (t)- TLM=

qc(t + At)

<7c(' + &)

A solution can be found for the unknown T cw :
[EQ12]

TCw(t) = (m-CP • Mrolr^27t-k-hX[r£16<7

+ At)-TE\l{t

+

At)]+TE6(t)

In this manner the instantaneous transient heat transfer coefficient on the water side can be derived. As the
heat transferred via the wall is almost equal to the heat transferred from the liquid LBE, a tentative value for
the transient heat transfer coefficient on the LBE side is derived by using thermocouple TE15.
[EQ13]

ac(t) = qc(t + At)/[2m-0 • L • (TCw(t)

-TES(t))\

[EQ14]

aL(t) = = qc(t + At)/[TEl5(t) - TE6(t)]

The next following figures show the data computed from the equations above. The cooling power graph in
Fig. 81 shows the same characteristic time shift between the calculation and the measurement due to the
delayed opening of the jet leak valve. Refer to Fig. 54 for a comparison with calculated values.
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Fig. 80, shows results derived for the heat transfer coefficient from equations [EQ13] and [EQ14]. They
conform to prediction from the CFD model on the water side. However on the LBE side, measurements are
below CFD predictions. This may be an effect of the coarse mesh used in the systems-level CFD approach
and which does not resolve the boundary layer to a sufficient degree.
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Fig. 80: local heat transfer calculated from TC measurements
The overall heat transfer analysis comparison shown below in Fig. 81 derived from [EQ11] yields a more
satisfactory agreement between the CFD model and the test measurements, as could be expected from a
systems-level calculation unimpeded by local heat transfer considerations.
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Heat balance in cooling circuit
Measured system cooling power

j

C F D local power at base of LTE
electrical power in LLMC

Tim» [s]
1 E«04 - 280

Fig. 81: transient cooling power in the system. Measurement and calculation
The thermocouples placed in the LLMC are examined next. These cannot be compared to calculations since
the CFD model assumes a solid core of LBE in the LLMC However a separate model was developed for
sizing the actuator rod electric heating cables in the design Analysis showed the necessity of building in an
additional secondary heater at the bottom of the LLMC to mitigate the temperature gradients over the height
that would otherwise ensue from the LBE buoyancy. This goal has been achieved to a certain degree;
witness the three TC readings in the LBE shown in Fig. 82, which are a maximum of 50°C apart. The
average temperature in the LBE is 300°C.
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Fig. 82: LBE temperatures recorded in the LLMC
Thermo-couples have been placed on the leak detector, which was damaged in the test as can be seen from
Fig. 73. The damage inflicted makes the recordings on TE14 slightly suspect It would seem that the rapid
cooling observed on that particular thermo-couple and not the two others indicate it was brushed aside by
the force of the liquid metal jet and brought into contact with the water-cooled aluminium hull Hence, as was
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mentioned in the previous calculations, TE15 is the better of the two TCs for obtaining the temperature of the
free jet of liquid metal.
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Fig. 83: Leak detector measurement

PRESSURE TRANSDUCER READINGS
The overall systems parameters have been measured during the test to give an understanding of the heat
balance occurring during the leak. This is a more robust approach than examining individual thermo-couples
and is a useful complement to the previous section.
Recordings from pressure transducers located in the gas pressurisation system are shown in the same
graph as the measurement of temperatures in the LLMC containing the LBE, and LTE/OT receiving the hot
LBE jet. The preparations leading up to the test are explained hereafter.
Four minutes before the test, the helium pressure in the LTE is brought to its nominal value. Fig. 84 and Fig.
85 show how changing the Helium pressure in the gap has an immediate effect on the temperatures inside
by influencing the convective heat transfer between the LTE hull and the LLMC.
Shortly afterwards the LLMC is also brought to nominal pressure (10 Bar absolute) The effect of a sudden
increase in the LLMC container pressure is also apparent from the reading on thermo-couple TE12, the tip of
which is just grazing the LBE surface inside the container. Sloshing is noticeable from the sudden dip in the
temperature curve.
10 seconds before the leak, the closed circuit water loop is switched over to an open loop by reversing
valves 3 and 4 in Fig. 18 so as to vent excess steam from the 140°C cooling water after it has passed the
pressurisation valve (7 in Fig. 18). The inlet and outlet pressures along with the flow rate of the circulating
coolant water inside the LTE remain constant during the test as assumed in the CFD analysis. The
measured pressure losses inside the cooling circuit are 1.52 Bar.
The leak valve is opened, and the 0.5 Bar absolute pressure of helium in the OT/LTE shoots up, as do the
temperatures in the hull and cooling circuit. The pent-up heat inside the heater rod is no longer balanced by
LBE, with a density 10'000 times higher than the gas. The sudden emptying of LBE and its replacement by
helium increases convection in the gas from the heater rod; hence the jump in temperature registered by the
TCs in the LLMC.
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The leak rate can be estimated from the pressure rise recorded in the overflow tank When the LBE is forced
out of the LLMC it fills up first the LTE and then the Overflow Tank. The OT/LTE gap volume is finite and
constant, the total mass of gas enclosed in the volume is also constant during the leak, since the feed line
from the helium supply is closed off once the initial pressure has been set at 0,5 Bar absolute Essentially the
LBE leak acts as a piston compressing the gas enclosed inside the OT/LTE space
The pressure rise is used to derive the leak rate based on perfect gas law The temperature of the gas in the
gap is constant during the leak as seen from the TE18 curve in Fig. 85, which dips but only 5 seconds into
the leak due to LBE reaching the TC. a fact confirmed after the test by traces of frozen LBE found at the
height of the TC
Initial volume of gas:

V,GO

= 30 1.
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Volume of LBE in the gap:

VL(t)

Volume of gas in the gap:

VG(t)

= VGo - VL(t)

Pressure in the gap:

pG(t)

pG(t=O) = pG0 = 0.54 [Bar]

Ideal gas law:

pG(t) • VG(t) =RT = 0 = pG0 • VG0

Hence:
[EQ15]

VG(t) = (pa, • VG0) / pG(t)

[EQ16]

VL(t) = VG0 - [(pG0 • VG0) / pG(t)]

The pressure/temperature data related to the helium gas is shown in Fig. 85. There is a clear oscillation in
the pressure once the LBE has filled the gap and overflow tank, indicative of dampened sloshing. The initial
pressure ramp-up follows an exponential curve, and can be approximated accordingly.
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First leak rate estimate: numerical derivative of the LBE volume increase in the gap
The volume fraction of LBE in the gap as a function of time is calculated by numerically deriving the pressure
rise, using the measurements taken at discrete time intervals From [EQ15];
[F.Q17]

AT

The representation of [EQ15] for the volume of gas, [EQ16] for the LBE volume and, [EQ17] for the flow rate
as a function of time is shown in Fig 86 The instantaneous and averaged value is compared against the
programmed CFD curve All curves show some instability at the start, because of the abruptness of the
ingress of LBE into the gap, and also the lack of a fine enough time resolution. The leak rate is initially higher
than the theoretical jet leak rate for an exit into a free space. A higher initial leak rate is consistent with
initially high heat transfer coefficients derived in Fig.80.

RELATIVE VOLUME OF LBE IN ISOLATION GAP

LBE Volume derived numerically from
the pressure rise
Helium Gas Volume derived numerically
from the pressure rise
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Instantaneous leak rate from derivative of gas pressure rise
Numerical derivative of gap pressure rise averaged over 5 points
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Fig. 86: LBE filling curve derived numerically from pressure rise (top) and instantaneous leak rate
from numerical derivative of the LBE volume as a function of time (bottom)
Time "zero" is at the start of the leak (285.5 s)
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Second leak rate estimate: analytical derivative of exponential approximation of pressure rise in gap
From the approximated exponential function derived in Fig. 85 for the pressure in the gap PG(t) = initial
pressure + pressure increase;
[EQI8]

pG(t)
with

=p G 0 + AP(t)

=K 1 + K 2 e al

= 0.52+0.0285 e 09636t

«! = 0.285 [Bar]
K2 = 0.52 [Bar]
a = 0.9636 [1/s]

The volume of the LBE in the gap may be derived, as;
[EQ19]

VL(t) = VG0 - KP«, VG0) / pG(t)] = VG0 - (pa, • VG0)/( K, + K2 e - )

And the leak rate from the derivative of the volume
[EQ20]

dVL(t) / dt = [-(pa, V G O a K2 eat] / [K, + K2 e*] 2

Function [EQ20] for the leak rate is shown in Fig. 87, compared against the leak rate that was programmed
in the CFD calculation. The previous method based on deriving the pressure measurement numerically, is
also plotted in the same figure for comparison.
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Fig. 87: Instantaneous leak rate from derivative of the exponential approximation of the LBE volume
as a function of time
Time "zero" is at the start of the leak (285.5 s)
The comparison of the two derived flow rates in Fig. 87 shows the analytical derivative of an exponential
approximation eliminates from the data the instabilities measured during the initial stage of the leak valve
opening. The curve depicting the numerical derivative of the pressure rise on the other hand features a
higher leak rate initially, an aspect "ironed out" by the exponential approximation of the pressure rise.
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Nevertheless, this initial rapid flow rate followed by a slowdown, which is well resolved by the numerical
derivative, seems credible; it is an indication that obstacles inside the gap such as the core catcher impede
the flow. During the first 20 [ms] of the leak, the liquid metal exits unimpeded into a free space which should
logically translate into a flow rate that is initially higher than later on when the gap is filled, and friction inside
the annulus takes hold. Hence, a third approach is also considered, which relies on the numerical derivative
of the LBE volume rise in the gap.

Third leak rate estimate: numerical derivative of the volume change in the gap
The first method for the leak rate picks up more minute variations but is sensitive to errors in measurements.
The previous (second) estimate is extremely stable and insensitive to initial perturbations; it is well suited to
established flow conditions. Finally, a third estimate is attempted by numerical derivation of the leak volume
change in the gap. Hence from [EQ16];
[EQ21 ]

VL(t) = V G 0 - [(PGO V G O ) / pG(t)l = C 4 x 4 + C 3 x 3 + C 2 x 2 + d x + C o

[EQ22]

dVL(t) / dt = 4 C 4 x 3 + 3 C 3 x 2 + 2 C 2 x + d

Two different polynomial approximations according to [Eq21] are calculated, for the initial stage of the leak
on the one hand and also for the established leak on the other. The reason for the difference in
approximation is that for the fully developed leak, the fluctuation has a longer "wave-length" than the shorter
fluctuation featured in the approximation for the initial stages of the leak.

RELATIVE VOLUME OF LBE IN ISOLATION GAP

y = -1.8263X4 + 4.429x3 - 3.499x2 + 5.5609x + 1.0797
R2 = 0.98
—

5

LBE Volume derived numerically from the pressure rise
-Poly. (LBE Volume derived numerically from the pressure rise)

-0. 25
30

0.00

0.25

0.50

0.75

1.00

- RELATIVE VOLUME OF LBE IN ISOLATION GAP

y = -0.0246x^+ 0.0515xa +^.7255xi! + 3.5506x + 1.3181
R2 = 0.9992

LBE Volume derived numerically from
the pressure rise
Poly. (LBE Volume derived numerically
from the pressure rise)

Time [s]
1
Fig. 88: Polynomial approximations of the LBE volume as a function of time at the valve opening
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The approximations for the volume- time functions are given hereafter;
Polynomia I approximations V L (t)

0 to 1.5sec
0 to 5sec

c4
c4

- 1 . 8263
-0. 0246

c3
c3

4.429

C2

-3.499

d

5.5609

Co

1.0797

0.0515

C2

0.7255

d

3.5506

Co

1.318

Derivative of <approximations dV L (t) /dt

0 to 1.5sec
0 to 5sec

c4
c4

0
0

c3
c3

-7.3052

C2

13.287

d

-6.998

Co

5 .5609

-0.0984

C2

0.1545

d

1.451

Co

3 .5506

The corresponding derivatives are shown in Fig. 89, compared to the two previous methods and the original
Dirac function in the CFD. It shows the derivative of the polynomial approximation of the LBE volume rise in
the gap gives a quite reasonable "average" function for the leak rate. There is an initial high flow rate
followed by a clear drop immediately after the lower part of the gap is filled and the LBE hits the core catcher,
giving rise to friction-related losses and turbulence. This is then attenuated once the entire gap fills up, and
the flow reaches quasi steady state. As the LBE fills up the overflow tank, the effect of the backpressure
build-up takes hold and the leak rate tapers off rapidly. This behaviour is fairly well represented by the
derivative of the polynomial expression.
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Fig. 89: Leak rate implemented in the CFD model compared to the actual leak rate calculated by three
different methods from the pressure increase in the gap helium.
Time "zero" is at the start of the leak (285.5 s)
The Dirac function for the leak jet programmed in CFX stops earlier than the actual leak rate recorded in the
test and derived by three different methods. However a comparison of the measured and CFD curves show
their integrated surface is roughly equal, which demonstrates the assumption used in the CFD analysis is
correct as far as the total energy flowing into the system is concerned.
Hence the original CFD estimate for the peak temperature in the cooling system is logically close to the peak
recorded in the test. And the time lag found in the previous section is easily explained by the delay imposed
by the opening of the leak valve.
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POSITION TRANSDUCER READINGS
The position transducers located on the pneumatic actuator record the open and close positions. This does
not allow any precise estimation of the leak rate but it can confirm the time when the leak was initiated The
signals from these transducers are shown in Fig 90
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Fig. 90: Position transducer signals
The signals seem to indicate the valve starts to open at 285.7 seconds, whereas the thermo-couple data
records a first impact at 285.5 seconds. This is probably due to the position of the transducer that is triggered
with an electro-magnetic spool. A shift of only 1 mm due to thermal expansion for instance is enough to
offset the "closed' position and thereby delay the "open" signal". The thermocouple signals are more reliable
and can be seen as validated by the transducer signal despite a slight time-shift It is interesting to see the
valve takes a full two seconds to open, which is about the time needed for the jet to ramp up to full power
according to the values deducted from the pressure transducer in Fig. 89.

STRAIN GAUGE READINGS
The position of the strain gauges is summarised in Table 2, page 18 The strains recorded in the test by
those gauges that were still functioning are shown in Fig. 91 to Fig. 94. The strains cannot all be directly
transposed into stresses since most of the gauges enter into the plastic range where the linear stress-strain
relationship is no longer valid (roughly above a strain of 0.12 [%] corresponding to stress of 85 [MPa]).
As mentioned before, a direct comparison with analytical results from the structural FEM calculation is only
possible on the gauges situated along the rib at right angle to the flow dividers The strain gauges positioned
in the plane of the flow dividers are not included in the FEM and therefore cannot be directly compared to the
analysis However as expected these gauges are less stressed and can be calculated with a fully threedimensional model at a later stage if need be
Fig. 91 covers the output from all the strain gauges just after the leak. Notice the shock response on DMS7
and DMS9 that are located on parts of the structure immediately impacted by the jet leak A more detailed
view of individual groups of gauges is the presented in the next following figures, which allow a number of
observations to be made.
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Fig. 93: Readings from strain gauges positioned along flow dividers
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Fig. 94: Stresses from strain gauges positioned at the top of the LTE
The stresses in Fig. 92 along the rib show a number of interesting characteristics. The strain on DMS9 that is
positioned at the base of the inner rib shows a high degree of plasticity, culminating at 0.6 [%] after which
loss of signal occurs. The calculation results shown in Fig 71 and Fig. 72 allow a comparison to be drawn
with the test values. Fig. 95 shows the calculation results agree fairly well with the measurements, in
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particular the strain gauge that was most highly stressed shows the same peak value. This does give a
reassurance that the model is credible for detecting peak stresses. There is a particularly high inconsistency
on DMS10 however. This can be explained by the hull length adopting a curved shape 1-2 seconds into the
leak. In the FEM a partial segment model was used which was clamped rigidly horizontally at the upper end.
Fig. 94 however shows that bending of the hull occurs due to the differences in expansion between the cold
and hot side. This bending will add compressive stress on the outlet side (which is hotter) to the portion
where the two hulls are independent, particularly in the thin section. Hence the observed discrepancy on
DMS8 and DMS10; the predictions there lack a compressive component and are not conservative. On the
other hand on DMS7 and DMS9 where the stress is mainly tensile, the lack of a compressive component due
to bending means that the predictions are conservative. The compressive offset sets in 1 second after the
test, it is quite visible from the difference between FEM and test on DMS9, 1 second into the leak. A global
structural model would improve the agreement with the test measurements.
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Fig. 95: Stresses from strain gauges compared to test results
Along the flow dividers, the stresses are not as high, as both hulls are much better supported than along the
ribs where they are essentially free-floating; this is illustrated in Fig. 93 which also shows part of a shock
response on the upper strain gauges.
In Fig. 94 the differences in strains recorded at DMS12 and DMS13 show there is a moment reacted at the
top of the LTE due to the difference between the cold and hot side leading to a curvature on the LTE reacted
at the top of the LTE.
In summary, the strain gauge results are logical in that they give peak stresses where expected. A full model
of the entire LTE structure along with a more accurate representation of the experimental jet time profile
would doubtless improve the agreement with experimental values but is beyond the scope of this study. The
highest stresses have been detected and are fairly represented by the theoretical model.
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9. CONCLUSIONS

•

Proof-of-concept for the safety hull of Megapie under a severe accident envelope case has been
achieved.

•

The data recorded during the test covers the thermo-dynamic and structural behaviour of the safety
hull satisfactorily and agrees well with analytical results and simulations.

•

An analytical tool has been developed for simulating different types of leak accidents involving liquid
metal leaking into a confinement.
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