
27 % 1

•'••-'" •K'i=^\'j:i-^:v''>''1:'^-"^-^:/!:''*Ä*:';-:';7?r'r"!^

STUK-YTO-TR 73
DLV1-G380-383

Metallic insulation transport
and strainer clogging tests

Juhani Hyvärinen, Olli Hongisto
JUNE 1994

SÄTEILYTURVAKESKUS
Strälsäkerhetscentralen
Finnish Centre for Radiation and
Nuclear Safety



STUK-YTO-TR 73
DLV1-G380-383
JULY 1994

Metallic insulation transport
and strainer clogging tests

Juhani Hyvärinen
Finnish Centre for Radiation and Nuclear Safety (STUK)
Nuclear Safety Department

Olli Hongisto
Imatran Voima Oy
Power Plant Laboratory

FINNISH CENTRE FOR RADIATION AND NUCLEAR SAFETY
P.O.BOX 14, FIN-00881 HELSINKI, FINLAND
Tel. +358-0-759881



ISBN 951-47-9550-4
ISSN 0785-9325

Painatuskeskus Oy
Helsinki 1994



STUK-YTO-TR 73 FINNISH CENTRE FOR RADIATION
DLV1-G380-383 AND NUCLEAR SAFETY

HYVÄRINEN, Juhani (STUK), HONGISTO, Olli (IVO). Metallic insulation transport and
strainer clogging tests. STUK-Y1O-TR 73 (DLVI-G380-383). Helsinki 1994. 40 p.

ISBN 951-47-9550-4
ISSN 0785-9325

Keywords: metallic insulation, metal reflective insulation, ECCS strainers,
insulation debris transport and clogging, BWR, LOCA

ABSTRACT

Experiments to probe the transport and clogging properties of metallic (metal reflective) insulation
have been carried out in order to provide data for evaluation of their influence on the emergency
core cooling and containment spray systems of the Finnish boiling water reactors in the event of
a design basis accident. The specific metallic insulation tested was DARMET, provided by
Darchem Engineering Ltd. The inner foils of DARMET are dimpled.

Available literature on the metallic insulation performance under design basis accident conditions
has been reviewed. On the basis of the review a parametric approach has been chosen for the
transport and clogging experiments. This approach involves testing a wide size range of various
shapes of foil pieces.

Five sets of experiments have been carried out. The first three sets investigate transport properties
of the foil pieces, starting from sedimentation in stagnant water pool and proceeding to transport
in horizontall and vertically circulating flows. The sedimentation velocities are found to be rather
moderate, 0.04 to 0.08 m/s for the stablest descent mode of flat pieces. In the vertical circulation
experiments all tested pieces were found to become water-borne as the vertical velocity exceeds
the sedimentation velocity of a piece.

The clogging experiments have addressed the differential pressures obtained due to accumulation
of both pure metallic and a mixture of metallic and fibrous (mineral wool) debris. For purely
metallic insulation, it has been found that the strainer pressure drop varies roughly proportionally
to the square of the strainer mass flux (approach velocity), and that with large (~1 m) and
intermediate (~ 0.2 m) pieces the strainer pressure drop exceeds 20 kPa at about 40 and 120 kg/m2s
mass fluxes (4 to 12 cm/s), respectively, if the strainer coverage exceeds 100%. For small pieces
(0.02 m) much higher coverages could be tolerated, that is, more moderate pressure drops are
observed with purely metallic bed. However, there are indications of strong interactions between
various sizes of pieces. The results are also sensitive to the type of the foil used; dimpled foils
seem able to produce smaller pressure drops.

A mixture of fibrous debris and metallic foil pieces reacts more aggressively than either of the
constituents would alone. Combining large and intermediate metallic pieces with a thick fibrous
bed results in pressure drop increasing in roughly relation to the area covered by the foil. Adding
a small amount (1 kg/m2) of fibres on top of a thick (11 nr /̂m2) but benign bed of small foils
causes the pressure drop to increase drastically, from about 1 to about 12 kPa at 57 kg/m2s mass
flux.
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TIIVISTELMÄ

Suomalaisilla kiehutusvesilaitoksilla käytettävän metallieristeen kulkeutumisominaisuuksia
vedessä ja vaikutusta hätäjäähdytysjärjestelmien imusiivilöiden tukkeutumiseen on tässä työssä
tutkittu kokeellisesti. Näitä tutkimustuloksia tarvitaan hätäjäähdytysjärjestelmien toiminnan
luotettavuuden arvioinnissa. Tutkitun eristemateriaalin tuotenimi onDARMETjasitä toimittaa
Darchem Engineering Ltd. Kyseisen metallieristeen sisältämät eristekalvot ovat säännöllisesti
rypytettyjä.

Metallieristeen käyttäytymistä jäähdytteenmenetysonnettomuudessa koskevasta kirjallisuudesta on
tehty katsaus, ja sen perusteella kokeiden lähestymistavaksi on valittu parametritarkastelu, jossa
varioidaan pääasiassa tutkittavien eristekalvon palojen kokoja laajalla alueella ja jossain määrin
myös muotoa.

Tutkimus käsittää viisi koesarjaa, joista kolme ensimmäistä keskittyvät eristekalvon palojen
kulkeutumiseen veden mukana. Ensimmäinen koesarja käsittää palasten sedimentaation
(vajoamisen) seisovassa vedessä, toinen liikkumisen vaakatasossa kiertävässä vedessä ja kolmas
liikkumisen pystytasossa kiertävässä vedessä. Vajoamisnopeuksien on havaittu olevan varsin
vaatimattomia, välillä 0.04-0.08 m/s vakaimmalla tavalla laskeutuville palasille. Pystysuorassa
kiertävässä virtauksessa kaikki tutkitut palaset liikkuivat veden kantamina, jos virtausnopeus
ylöspäin ylitti palasten vajoamisnopeuden.

Tukkeutumiskokeissa tarkasteltiin imusiivilän paine-eron kehittymistä sille kertyvien eristepalojen
koon, peiton ja imuvirtauksen funktiona sekä pelkkien metallieristepalojen että metallieristeen ja
murskatun vanhennetun mineraalivillan seoksen tapauksissa. Pelkän metallieristeen aiheuttama
paine-ero on karkeasti verrannollinen virtauksen neliöön, ollen 20 kPa:n runsaan 100% peitolla ja
40 kg/m2s tai 120 kg/m2s massavirran tiheyksillä isoille palasille (~ 1 m) ja keskikokoisille (~0.2 m),
vastaavasti. Pienillä palasilla (0.02 m) paine-erot jäävät suuremmillakin peitoilla
vaatimattomammiksi. On huomattava, että kokeissa havaittiin kuitenkin varsin voimakkaasti
paine-eroa kasvattavia vuorovaikutuksia erikokoisten palasten välillä.

Metallieristeen ja villamurskan seokselle mitatut paine-erot ovat suurempia kuin kummankaan
yksinään aiheuttama. Paksuun villamurskakerrokseen yhdistyvät isot ja keskikokoiset
metallieristepalaset nostavat paine-eroa suunnilleen samaa tahtia kuin niiden peittämä ala
kasvaa. Toisaalta pienistä palasista muodostuneen metallimurskakerroksen (11 m2/m2) yli
mitattu paine-ero kasvoi suunnilleen 1 kParsta 12 kPa:han (57 kg/m2s massavirran tiheydellä)
kun kerrokseen lisättiin vähäinen määrä (1 kg/m2) eristemurskaa.



STUK-YTO-TR 73 FINNISH CENTRE FOR RADIATION
DLV1-G380-383 AND NUCLEAR SAFETY

CONTENTS
Sivu

ABSTRACT

TIIVISTELMÄ

NOMENCLATURE 6

1 INTRODUCTION 7

2 BACKGROUND 8
2.1 Technical Background 8
2.2 A Review of Previous Experiments with Metallic Insulation 9

4 TEST FACILITIES, INSTRUMENTATION AND DATA ACQUISITION 14
4.1 Test Facilities 14
4.2 Instrumentation 17
4.3 Data Acquisition 17

5 EXPERIMENTS AND RESULTS 18
5.1 Sedimentation Experiments 18
5.2 Transport Experiments 20

5.2.1 Horizontal Circulation 20
5.2.2 Vertical Circulation 21

5.3 Clogging Experiments with Metallic Insulation 23
5.4 Clogging Experiments with Mixture of Metallic Insulation and Fibrous Debris 26

5.5 Backflushing with Compressed Air 33

6 SUMMARY 36

ACKNOWLEDGEMENTS 39

REFERENCES 40



FINNISH CENTRE FOR RADIATION STUK-YTO-TR 73
AND NUCLEAR SAFETY DLV1-G380-383

NOMENCLATURE

A
D
f
G
k
m
n
Ap
w

V
P

area (m2)
hydraulic diameter (m)
friction coefficient
mass flux =pw (kg/m2s)
constant
mass (kg)
constant
differential pressure (Pa)
velocity (m/s)

viscosity (kg/ms)
density (kg/m3)

Re Reynolds Number = GD/ij

Subscripts
str strainer

Appreviations
BWR Boiling Water Reactor
LOCA Loss-Of-Coolant Accident
PWR Pressurized Water Reactor

NOTE

The debris loading is expressed in terms of mass of debris over the active area of the strainer
(m/A, kg/m2,,,.) for fibrous debris and as area of the foils over active area of the strainer (m2/m2,^)
for metallic insulation debris.

Mass over area could be converted to bed thickness by dividing the mass by the density of the
material. The dry density of crushed heat treated mineral wool, as collected on a strainer, is by
factor of roughly 2 bigger than the "as fabricated" density. The density and therefore the thickness
depends on the differential pressure (i.e. compression). On a complex surface geometry, such as
that used in these experiments, the thickness becomes nonuniform as the debris bed grows. Due
to these facts thickness is not a well-defined quantity and hence not used in this report.



STUK-YTO-TR 73
DLV1-G380-383

FINNISH CENTRE FOR RADIATION
AND NUCLEAR SAFETY

1 INTRODUCTION

This report describes a set of experiments to
probe the transport and strainer clogging
properties of metallic (reflective) insulation.
The experiments have been carried out in the
Imatran Voima Oy (IVO) Power Plant
Laboratory on contract of the Finnish Centre
for Radiation and Nuclear Safety (STUK).
These experiments have two main goals: to
determine the transport properties of metallic
insulation fragments (in terms of mobility in
water) and their potential effect on the
differential pressure of a typical Finnish BWR
strainer. The former information forms the
basis of evaluation of the potential to transport
metallic insulation debris to the strainer; the
latter addresses the differential pressure buildup
and differential pressure dependence on various
parameters, such as debris size distribution and
strainer flow rate.

This study is motivated by the need to assess in
more detail the strainer clogging potential of
the metallic insulation that has recently been
backfitted in Finnish BWRs. A review of
previous experiments related to insulation
behaviour in a LOCA reveals important
shortcomings: 1) the data on LOCA-induced
damage and resulting metal reflective insulation
debris size distribution and resultant shapes is
very scarce and 2) the applicability of the
available clogging data to Finnish BWR
strainer configuration is not satisfactory.
Consequently, it has been deemed appropriate
to carry out an experimental program to
resolve the clogging issue; lack of debris
size/shape data is accomodated by carrying out
a parametric study. In particular, debris size
has been varied over a wide, yet reasonable
range.

The parametric approach is consistent with
previous insulation and sump/strainer
evaluations carried out in Finland, as it allows
both "best-estimate" and conservative overall
interpretation and application of the results.
The conservative side received sometimes more
attention in the experiments as there was the
desire to find out the most unfavourable modes
of behaviour as regards to both transport and
clogging behaviour. No particular attempt has
made to model specifically the flow patterns
within a condensation pool during a LOCA; the
data gathered is of more generic nature.

Five sets of experiments have been carried out.
The first three are oriented towards finding out
the basics of foil/flow interaction. The
experiments concern foil fragment
sedimentation and both horizontal and vertical
transportation in circulating flow. The latter is
of particular importance in the BWR
condensation pool, where the water is
relatively deep and predominant flow patterns
vertical, in contrast to a PWR lower
compartment, where the flow towards the sump
is (in most cases) essentially horizontal. The
fourth set of experiments investigates the
clogging properties of "pure" metallic
insulation and the fifth the clogging properties
of a mixture of metallic and fibrous debris.
Some tests in the last series have also involved
backflushing with compressed air.

The report is structured as follows. A review
of previous experimental data is presented in
chapter 2. The metallic insulation material used
in the tests is described in chapter 3, followed
by a description of the test facilities in chapter
4. The experimental procedures and results are
presented in chapter 5, and chapter 6 contains
a short summary of the data now obtained.
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2 BACKGROUND

77zis chapter gives an overview on the strainer clogging issue in
general (chapter 2.1) and a review of previous experiments on
the behaviour of metallic insulation under design basis accident
conditions (chapter 2.2).

2.1 Technical Background

Metallic insulation, also known as "metal
reflective" insulation or "mirror" insulation, is
one of the thermal insulation materials
currently employed on piping inside the
containment of the Finnish boiling water
reactors (BWRs). The predominant insulation
material in Finnish nuclear power plants has
been mineral wool, and metallic replacements
have been introduced relatively recently.

The replacement of insulation materials is a
part of the effort to improve reactor safety by
enhancing the reliability of emergency cooling
systems. These systems have been designed to
cope with all sizes of leaks, such as postulated
pipe breaks, in the reactor system (that is, loss
of coolant accidents, or LOCAs).

In the event of a pipe break within the
containment, reactor coolant flows from the
reactor system to the containment and, in a
BWR, ends up into the condensation pool
which is located at the bottom part of the
containment. The condensation pool functions,
among other things, as an interim storage,
from which emergency core cooling systems
(ECCS) and containment spray systems (CSS)
are fed with water (coolant). The ECC system
recirculates the coolant back to the reactor,
guaranteeing decay heat removal and cooldown
of the reactor system. The coolant intakes in
the condensation pool are equipped with
strainers, which keep foreign materials from
entering the ECC and CS systems. The pumps
of the ECC and CS systems require sufficient
suction head in order to function properly and
avoid damage. In other words, the maximum
allowable differential pressure (head loss) over

the strainer is limited by the pump and suction
system characteristics.

As a consequence of a pipe break, insulation
and other materials in the vicinity of the break
suffer damage and may become dislodged due
to the jet forces caused by the violent expulsion
of water/steam mixture from the break.
Dislodged and perhaps considerably damaged
insulation material (insulation debris) is
transported to the condensation pool by the
steam/water flow issuing from the break and,
later, from the containment spray system. Once
in the pool, some of the material accumulates
on the ECCS/CSS strainers, increasing the
differential pressure over them. Excessive
differential pressure over the strainer may
cause the ECCS or CSS pumps to fail to
operate as required or even be damaged, which
could lead to large-scale core damage and
containment overpressurization; a release of
radioactive fission products into the
environment would then result.

The reliability of ECC and CS systems, and
particularly strainer performance, has attracted
much attention as a consequence of a recent
event in a Swedish BWR (Barsebäck) [1]. An
apparently minor incident, initiated by an
inadvertent relief valve blowdown directly to
the upper drywell of the containment, damaged
insulation to an unexpected extent.
Furthermore, the fraction of the debris that
reached the condensation pool and the rate of
differential pressure buildup far exceeded all
anticipations. Investigations revealed that the
clogging properties of the mineral wool were
far worse than the original design experiments
had suggested. This change of properties has
been attributed to ageing phenomena. The best

8
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understood of these mechanisms is thermal
ageing. The binding resins contained in the
mineral wool gradually decay when the wool is
exposed to typical BWR operating
temperatures. Embrittlement of individual
fibres also appears to play a role. As a result,
the extent of damage and behaviour of debris
in water change strongly into unfavourable
direction from the strainer performance point
of view.

As numerous experiments with aged mineral
wool have indicated that in many cases
unacceptable strainer differential pressures
could be obtained during a LOCA,
countermeasures have been devised to remedy
the situation. Considerable strainer area
enlargements, backflushing systems and
substitutes for mineral wool have been installed
where necessary and appropriate in Finnish
reactors (and elsewhere, see [1] for more
details). Metallic insulation has been used as
one of the main fibre substitutes and glass fibre
as another, as they have generally been held
less dangerous from the strainer clogging point
of view.

However, metallic insulation may introduce
new problems while (hopefully) remedying old
ones. Metallic insulation panels contain thin
gauge stainless steel foils (also known as liner
or sheet metal), and the foil area of a panel for
large diameter pipes can be several tens of
square meters per meter of pipe. On the one
hand, these foils are very ductile and capable
of carrying quite considerable perpendicular
pressures if suitably supported from behind (by
accident or on purpose). On the other hand the
foil is easily torn, especially from pre-existing
cuts at foil edges and upon impact to sharp
corners. Furthermore, the foil is impervious,
and once a piece has laid itself on a flow path
(e.g. strainer surface or vent path), it
effectively blocks the flow area affected.
Obviously, due to even relatively limited
damage (in terms of linear dimensions) large
areas of foils could be released, which could
potentially cause complete blockage of
ECC5/CSS strainers.

2.2 A Review of Previous
Experiments with Metallic
Insulation

The data base on LOCA-induced damage,
transport and clogging properties of metallic
insulation is quite limited. An experiment on
the damage suffered by one particular metallic
insulation type (MIRROR insulation) has been
carried out in the HDR facility in the context
of the previous ECCS sump/strainer
performance resolution effort in early eighties
(numerous blowdown experiments were run in
HDR at that time, and insulation materials
other than metal reflective have also been
tested under LOCA loads in these
experiments). Metallic insulation transportation
and pressurised water reactor (PWR) oriented
sump screen blockage tests [3] have been
carried out at the same time. The results of
these experiments are reviewed below.

It may be noted that the data base for fibrous
insulation damage, transportation and blockage
characteristics is much larger as evidenced by
numerous presentations given in [1]. An
extensive review on the behaviour of LOCA
damage, insulation materials, and sump
hydraulic performance is presented in [2] and
its references, of which [3] is one. As far as
fibrous insulation is concerned, the clogging
data and damage extent model used in [2] are
by now for the most part severely outdated.

Some of the LOCA damage data obtained in
the HDR experiments has been published as an
appendix in [2]. Four specimens of standard
MIRROR insulation (manufactured by
Diamond Power Specialty Co.) were placed at
variable distances from the 0450 mm break
discharge nozzle. However, none of the
samples were located within a 90° cone from
the nozzle. The nearest one, approximately 1.6
diameters (1.6D) perpendicularly away from
the nozzle, was placed at the nozzle plane [2,
Figure 1 in Appendix E, p. E-5]. The next
nearest one (in the nozzle plane) was located at
approzimately 7.3D. The third sample was
placed at about 6.6D but clearly behind the
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nozzle plane (that is, further away from the
direct jet impact). Similarly, the fourth sample
was located at about 15D well behind the
nozzle. It may be noted, however, that there
was a large jet deflector plate mounted in front
of the nozzle at a distance of about 3D and 45°
angle with the nozzle axis. This plate guided
the nozzle discharge sideways (not towards nor
away from the nearest sample).

The experiment was started from 110 bar
pressure, saturated conditions, and the
blowdown apparently was steam. From
"Before" and "After" photographs the
following observations were made [2, p. E-6]:

1. "No large, flat pieces of foil metal were
released from insulation units." In fact,
the photographic evidence [2, pp.8-12]
shows that only the first specimen
(within 1.6D) was substantially
damaged, and from one half of it, "No
components ... were set loose, even
though it is severely crushed and
deformed."

2. "Forces required to 'tear apart'
insulation units tear and deform thin
gage liner material into many irregular
shaped and/or small pieces." This must
have been the other half of the first
specimen. There are no other details of
the debris size distribution or shapes.
Figures 5 and 6 [2, p.E-9], apparently
taken at the HDR break compartment,
show some variably sized crumples,
some of which appear in cuplike form.
However, what these figures show is
only a minuscule fraction of the total
amount of released liner debris. The
pieces appear to cover 0.1 to 0.5 m size
range.

3. "Insulation installed farther than
approximately 10 feet from the break
location [about 7D] remained in its
installed location and essentially
undamaged." This and the above
statements do not. conclusively
demonstrate that large pieces could not
be released. None of the samples were
directly exposed to a jet. Furthermore,

on the basis of statements 1 to 3 one
can only conclude that the outer limit of
damage does not exceed 7D; very little
can be said of the region between 1.6D
and 7D. Photographic data shows that
the other sample at or farther than 7D
from the break have suffered some
slight damage due to impact of foreign
objects, but there is no indication of
what these objects might have been.

4. "Metallic components/debris did not
affect test (measurement)
instrumentation or plant
instrumentation." Anyway, there were
foreign objects flying around (statement
4). There is no data on damage to
structures other than that of statements
3 and 4.

5. "No insulation debris was transported
outside the test compartment by either
the blowdown jet forces or subsequent
flow velocities." As reassuring as this
may sound, the transport out of the
HDR blowdown compartment does not
necessarily correspond to that in the
upper drywell of a BWR due to
differences in geometry and blowdown
pressure suppression principles.

As one can see, the available data on LOCA-
induced damage is not very extensive. The lack
of debris size and shape information (aside the
statement concerning the absence of large flat
pieces) is particularly unpleasing although it
might be partially explained by difficulty in
checking the post-test mass balance for the
destroy^ panel (reportedly not all the foil
material that was in the panel could be
recovered). Further complications arise due to
the possibility of further debris deformations en
route to or within the condensation pool. Such
possibilities arise e.g. from impacting other
objects and some violent thermal hydraulic
phenomena such as chugging in the pool.
However, an important point is the observation
that metallic insulation panels near the break
location do break apart and many sizes and
irregular shapes of foil fragments are
generated. On the basis of available data it is

10
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necessary to investigate a wide range of sizes
and shapes and map out an envelope (or a
bounding estimate) on the behaviour of foil
fragments.

There is a report [3] concerning the
transportation of foil fragments in PWR-type
conditions. This report actually precedes the
HDR experiments shortly described above, and
its findings partially explain the emphasis on
"large, flat sheets" that is apparent in the
aforementioned conclusions. The experiments
described therein were carried out in a flume (a
straight channel) with a vertical PWR sump
screen structure at one end. The foils were
taken from a carefully dismantled MIRROR
insulation panel, the same material was
exposed to blowdown loads in the one of the
HDR experiments. Linear velocities required to
transport for various sizes of flat and crumpled
foils were determined. The main observations
were that uncrumpled foils do transport within
a velocity range 0.06 to 0.15 m/s (0.2 to 0.5
ft/s) and, upon reaching the screen, flip onto it,
to their full dimension. Crumpled foils and
larger pieces required higher velocities, 0.15 to
0.3 m/s, to move. Complete blockage was
never observed because the water depth was
held higher than was the largest linear
dimension of the foils; had the water level been
below the largest dimension, severe blockage

would have appeared likely. However, none of
the foils was observed to become water-borne.

The experimental setup presented in [3] bears
little relation to Finnish BWRs, which are
equipped with deep annular condensation
pools, and planar-like strainers located
relatively high on the pool wall. In general, the
flow conditions within a BWR condensation
pool differ essential from those near a PWR
sump. In a BWR condensation pool the flows
are predominantly vertical whereas on the
PWR lower compartment floor they are
horizontal. Further differences arise due to the
different construction on the DARMET
metallic insulation installed in Finland.
DARMET is manufactured by Darchem
Engineering Ltd and described in more detail
in chapter 3. As to the best of the authors'
knowledge, insulation debris transport in
predominantly vertical flows has not been
reported in the past, nor have blocking
characteristics in terms of differential pressure.

In conclusion, one observes that 1) metallic
insulation may possess considerable clogging
potential, but 2) the available data base shows
important shortcomings, particularly with
respect to the Finnish applications. This
justifies the present study on the transport and
clogging properties of metallic insulation.

11
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3 METALLIC INSULATION

The metallic insulation panel, DARMET, used
in the tests was provided by Darchem
Engineering Limited, England. DARMET has
been specifically designed to minimise the heat
losses through conduction, convection and
radiation. DARMET works by: creating
pockets of air between the alternate layers of
dimple foil, the design of foils reduces
conduction by creating the longest possible heat
paths and the layers of highly polished stainless
steel foils reflect back radiated heat.

The insulation around the pipe consists of two
semicircular panels (see Figure 1). DARMET
panel comprises inner and outer skins, 0.7 mm
thick, encapsulating inner reflective metallic
foils, 0.06 mm thick. All inner foils are
formed into regular geometric pattern of peaks

and troughs with two different kinds of patterns
(finely and coarsely dimpled, see Figure 2).

The dimensions of the test panel were: inner
diameter 0 500 mm, outer diameter 0 890
mm, the length of the test panel was 890 mm.
The inner foils were packed in 11 pairs of the
two different kind of foils, see Figure 3. In
each pair the foils were connected to each
other by some 20 spot welds. The separate
pairs were spotwelded to outer casing ( « 1 0
spotwelds on each side).

The weight/area of the foil with higher peaks
and troughs (coarse) was » 0.53 kg/m2 and
with the smaller peaks and troughs (fine) «
0.47 kg/m2. Total area of the foils in one of
the semicircular test panels was « 22 m2.

Figure 1. The metallic insulation test panel, DARMET

12
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Figure 2. The inner foils of the test panel (fine and coarse).
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Figure 3. The 11 pairs of inner foils of the test panel.
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4 TEST FACILITIES, INSTRUMENTATION
AND DATA ACQUISITION

4.1 Test Facilities

The basic test facility consists of a water tank
(V = 25 m3), recirculation system of the water
and a pressure vessel (V = 1.9 m3) for the air
supply with piping (see Figure 4).

In the sedimentation experiments the water
level in the tank was 1.8 m. There was no
recirculation of water (see Figure 5).

In the transport experiments thin walls were
built into the tank in order to force the water in
the tank to circulate either horizontally or
vertically. The suction to the pump was also
arranged in a manner consistent with the
desired circulation pattern. In the horizontal
circulation (see Figure 6) the velocities in the
tank were controlled by the pump flow rate

together with the depth of the pool. In the
vertical circulation (see Figure 7) the pump
flow rate and the division of the tank into two
vertical sections resulted in the desired
velocities in the tank.

In the clogging experiments a strainer model
was installed into the water tank. The strainer
included piping for both the water suction and
backflushing of the strainer with compressed
air. The inner walls (baffles) built into die tank
were consistent with the objectives of the
experiments (see Figure 8). The maximum
allowable differential pressure over the strainer
was limited to 18 kPa.

The perforated plate ( 0 4 mm, triangular pitch
of 8 mm, open area 22.7 %) and the shape of
the strainer model in the facility was similar to

Figure 4. The test facility.
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Figure 5. The test facility in sedimentation experiments. An artist's view of sedimenting pieces is
also shown.

Figure 6. The test facility in transport experiments (horizontal).
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Figure 7. The test facility in tuvisport experiments (vertical). Note the baffle plate at 45° angle
in the front bottom corner.

Figure 8. The test facility in clogging experiments. Note the strainer model.
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that of a typical Finnish BWR. The model
represents 1/3 of the width and 2/5 of the
height of the actual strainer. The total
perforated area of the model was 4.55 m2, but
in the experiments parts of the area were
blinded.

Mineral insulating material used in the
experiments was PAROC 80 VM. The density
of this brand is 80 kg/m3. Material was
prepared, "aged" to simulate the insulating
material in the plant, by keeping it in a kiln at
temperature of 400 °C for 45 minutes. This
time was sufficient for the binding agent (resin)
to evaporate from the insulating material
blocks. The blocks were torn apart (just before
each experiment) with warm water jet (170
bar) from a high pressure cleaner.

The water used in the experiments was taken
from the waterworks.

4.2 Instrumentation

The flowrate of the water recirculation was
measured with Fisher & Porter magnetic
flowmeter, type 10DX3111A + Mag. MX, 0
125, accuracy + 0.6 % of rate. The
differential pressure over the perforated plate
of the strainer model was measured with Fisher
& Porter

transmitter, full scale (FS) 0 ... 50 kPa,
accuracy 0.72 % of FS. The pressure in the air
vessel was measured with Kistler 4601
transmitter, accuracy 0.4 % of measured value
+ 0.1 % of FS (= 5 MPa) + 0.52 % in data
acquisition. The air flow of the backflushing
was measured with two parallel rotameters
(tybe FP-3/4-27-G-10/80, float FP-3/4-GSVT-
53), accuracy 1.6 % of FS (= 63 NmVh). The
temperature of the water in the tank was
measured with T-type thermocouple, accuracy
< 0.3 °C.

4.3 Data Acquisition

The data acquisition system was based on a
386-processor micro computer with PC TO S-
NET -adapter and S-NET -network to IMP
(Isolated Measurement Pods) data collector
(IMP 355951A, analog input) in which the
collection was controlled by RTM-3500
computer program. The accuracy on the IMP-
system in ± 0.01 % of measured value + 0.01
% of FS.

The visual data was recorded with two video
cameras, of which the smaller was packed so
that it can be submerged into the water tank.
Photographs were also taken during the
experiments.
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5 EXPERIMENTS AND RESULTS

This chapter presents the experimental results of the five series of experiments carried out. The
first set of experiments addressed sedimentation of various sizes and shapes of foil pieces. The
second set consisted of transportation experiments, where the mobility of various sizes and
shapes of foils were investigated in both horizontal and vertical circulating flows. The third set
of experiments investigated the clogging properties of various foil piece sizes in the absence of
other materials. The other materials entered in the fourth experiment set, where the clogging
behaviour of mixtures of metallic insulation and mineral wool debris was studied. The fifth and
concluding experiments addressed the efficiency of backflushing a clogged strainer with
compressed gas.

The pieces of foil that were subsequently used
in the experiments were prepared in the course
of the dismantling the insulation panel.
Individual foils were measured and cut to
prescribed dimensions and shapes, for the most
part squares and triangles. Some foils were
also cut to lengthy stripes (see Figure 9).

5.1 Sedimentation Experiments
The sedimentation experiments form the basis
of all further investigations, because the
sedimentation velocity largely determines how
far and how fast a piece of foil can be
transported to any direction, including
upwards.

Figure 9. Pieces of foils used in the experiments.
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The experiments have been carried out in
stagnant water. The smaller pieces were tested
in a rectangular tank some 2.5 m wide, 4 m
long and 2 m deep (the water depth = 1.8 m)
and the bigger pieces, up to the biggest in the
test panel (0.89 IL x 1.36 m) were tested in a
municipal indoor swimming pool (the water
depth = 4 m). Square, rectangular and
triangular pieces were tested, most of them in
the "smooth" (as cut) condition, but some also
bent or crumpled (to some degree approximate)
into shapes of a cup or a S. The size of particle
mentioned in the following text refers to the
legth of the side of a square, rectangular or the
triangle. Both finely and coarsely dimpled
pieces have been tested.

The experiments were carried out as follows.
The sinking time was measured for individual
pieces using a stop watch. Each piece in turn
was placed on the water surface and made to
sink by gently tilting a side or an edge
(otherwise, most of the pieces would have
floated indefinitely, because the dimples trap
air under the foil). Some pieces were also

dropped into water edge first to determine the
maximum possible sinking velocity. The vessel
water temperature was also measured although
it does not affect the results to any significant
degree. The effect of temperature is via water
viscosity, but because all the foil pieces were
macroscopic (the smallest ones were 0.01 m by
0.01 m squares), the flow around the pieces
was always turbulent, whence the effect of
viscosity variations becomes negligible (the
Reynolds number, Re, varies as the reciprocal
of the viscosity, but the friction force as Re"1M

or Re"1'5).

Several different settling modes were observed.
The slowest and most common mode was a
gliding type of motion, where the foil remained
nearly horizontal at all times, and swang
laterally back and forth during the descent.
Sometimes, however, a piece turned over and
fell edge first for some distance before
reaching horizontal position again. Some
pieces, particularly triangles, rotated nearly in
place (laterally). Smaller pieces (below 0.07 m)
occasionally moved like a screw. It was
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possible but not very easy to make a piece of
foil to fall edge first all the way to the bottom
of the facility. In the 4 m deep pool none of
the pieces sank vertically all the way down.

Horizontal descent was found to be the stablest
mode for flat foils. Crumpled pieces fall either
like flat ones but faster (cuplike) or rolling
over (S-shape).

The data obtained during the sedimentation
experiments in the facility and in the swimming
pool is presented in Figure 10 (page 19). As
one can see, the steady sedimentation velocity
for flat foil pieces ranges from about 0.04 to
about 0.08 m/s and is only slightly dependent
of the piece size. No piece was observed to
sink slower than 0.03 m/s. The smaller pieces
tended to sink slightly faster.

The fastest data points (about 0.4 m/s) refer to
the pieces of foils that fell edge first all the
way down, the intermediate points (0.1 to 0.3
m/s) are those that started in either horizontal
or vertical position but changed that (i.e.
switched mode, some several times) before
landing on the bottom.

Crumpled particles were found to sink at
velocities between 0.1 and 0.2 m/s. However,
there is an infinity of possible crumpled
configurations, and wider variation in either
direction can be expected depending on the
piece shape.

A noteworthy feature of the presently tested
pieces of foils was their rigidity, which
apparently was due to the dimpled texture and
this partly explains the fact that there were no
big differences in the sedimentation velocities
based on the pattern of the foil (finely or
coarsely dimpled). Only the largest finely
dimpled foils (over 0.6 m) showed bending or
flipping during descent. Bending (into the
shape of an \J) and/or flipping resulted in an
increased sinking velocity.

5.2 Transport Experiments

Two different types of transportation
experiments have been carried out. In the first
set of the experiments, horizontal
transportation in a horizontally circulating flow
was studied. In the second set, the behaviour of
foil pieces in a vertically circulating flow field
was investigated. The latter experiments
revealed the conditions under which foil pieces
do become water-borne and can be transported
upwards.

5.2.1 Horizontal Circulation

The horizontal circulation experiments were
run in the test facility equipped with a suction
from central pole and the corners of the
rectangular tank "rounded" with walls. The
return flow of the recirculation was directed
through a door on one side of the dividing wall
in order to enhance the horizontal circulation
(see Figure 6, page 15).

After a steadily circulating flow pattern had
been established, the flow field was mapped at
various depths using buoys, a measuring rod
and a stopwatch. The magnitude of the bottom
velocities (0.05 to 0.2 m/s) was mainly
controlled by varying the pool depth.

Various pieces of foil from 0.02 to 0.6 m size,
flat and crumpled, were allowed to sink and
their motions were observed. During the
descent their motion seems to be a
superposition of settling and lateral
displacement due to the flow. None of the
pieces remained water borne in the general
flow pattern. Upon landing on the bottom of
the vessel the pieces turn or move until they
find a position of minimum resistance to the
flow. Motions along the bottom initiate starting
from the crumpled particles (which have the
largest frontal area and drag) at about 0.1 to
0.15 m/s flow velocity. None of the pieces
tumbled or folded at the bottom, apparently
because of their rigidity.
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Table I. Motions of the pieces of foils as they lie on the bottom of the facility.

Bottom Velocity Range

0.05 to 0.1 m/s

0.08 to 0.15 m/s

0.1 to 0.2 m/s

Observed Motion

pieces do not move along the bottom

crumpled pieces start to move, jerking around at or
less than 1 cm/s

- flat pieces can stay put at the bottom, but those that
lie close to the central suction pole get lifted against it

- coarsely dimpled flat pieces move along the bottom
intermittently at 0.025 to 0.09 m/s. Some move to the
pole
larger pieces move more easily than small ones,
because their edges lift and grab the flow

- pieces occasionally jam together
- all particles do not reach the pole

At higher bottom velocities, the pieces seem to
both help and hinder each other to move. A
crumpled or coarser piece passing near a
settled smoother piece can induce motion in the
latter. Whether, and for how long, this motion
lasts, depends on the overall conditions. On the
other hand, two moving pieces that touch each
other may form a jam which soon collects
more of the mobile pieces.

The bottom motions are summarised in Table
I.

These results are consistent with previous data
[3], particularly as to the velocities required to
initiate motion of pieces, which the flow is
unable to fold.

5.2.2 Vertical Circulation

The vertical circulation experiments were
carried out in the facility, which was divided
vertically into two by a wall. The width of the
test section was 1 m (Figure 7, page 16). In
this configuration, the recirculation flow
emerging from the slit on the bottom turns
upwards as it hits the vertical wall. Near the

surface the flow field turn towards the back of
the rest section from where the suction of the
recirculation was located.

The maximum velocities of the flow field in
the vertical circulation experiments was about
0.2 m/s at the wall, some 0.15 m/s at about
0.1 m from the wall and stagnated at about 0.5
m from the wall. Maximum bottom velocity
near the vertical wall was about 0.3 m/s. The
magnitude of the flow was controlled by the
pump flow rate in four steps during the
experiment.

Foil pieces ranging from 0.02 to 0.45 m (flat),
about 0.15 m (crumpled) and 0.04 by 0.5 m
(stripes) were tested.

Nearly all the pieces tested were found capable
of remaining water-borne for some time. The
pieces followed the water circulation, climbing
up near the wall, and, as the rising flow began
to turn back, moved towards the stagnation
zone where they were able to descend, but
upon reaching the faster flow at the bottom,
got caught and driven up near the wall by the
flow.
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Table IL Motions of the pieces in vertically circulating flow

Maximum Rising
Velocity
(approximate)

0.2 m/s

0.15 m/s

0.1 m/s

0.05 m/s

Increasing from 0.05 to
0.2 m/s

Observed Motions

- all but the smallest (<0.05 m) pieces water-borne for
at least some time

- flat 0.1 to 0.2 m pieces make the longest rounds
- crumpled pieces remain closer to the high velocity

field
- stripes (and large foils) adhere to the vertical wall and

remain hanging there
- pieces passing close to each other attract each other

and form relatively stable clusters

- the extent of pieces' motion decreases
- crumpled pieces escape into corners more easily

- crumpled pieces no longer remain water-borne
the extent of other pieces' motions decreases further
flat pieces tend to contact the wall but protrude into
the flow

- all pieces settle to the bottom

- all pieces that were water-borne but settled at low
flow become water-borne again, some form clusters

This type of circulation terminated usually
either because a corner and then a side of a
piece adhered to the wall with the consequence
that the piece flipped against the wall where the
force of the flow immobilized it. It was also
possible for a piece to drift towards the slowest
lifting field (corners) and there tumble into the
wall. Smallest pieces (up to 0.05 m) could not
maintain a stable position easily and tended to
roll and tumble to the bottom and then flip
against a suitable wall. (Finely dimpled flat
pieces seem to be able to "hide" within the
velocity boundary layer.) Flipping (or falling)
against the wall was by far the most important
mechanism that terminated circulation of a foil.

The maximum obtained velocity field was able
to sustain a circulation of all but the smallest
pieces. The effect of flow reduction is given in
Table II.

There was a remarkable interaction of flat
pieces with each other and with cuplike
crumpled pieces: large pieces that approached
smaller ones from below, were capable of
catching up them and the pieces attached to
each other. This is obviously due to a
shadowing effect: the trailing piece took the lift
away from the leading piece, which forced the
leading piece to land upon the trailing one.

. Such clusters appeared quite stable.
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It may be noted that in a relatively small
facility no piece remained water-borne for
ever. Sooner or later (the ratio of these
depending on the flow r?te and the ratio of
wall surface to water volume, among other
things), every piece would either join with
others or cling to the wall in such a manner
that it was removed from the field.

Note that the velocity upwards at 0.1 m away
from the wall is about 75% of the maximum
velocity cited above. In the present
configuration, pieces smaller than 0.05 m
either flipped against the wall at the point of
contact or slipped under baffle plate edges.

5.3 Clogging Experiments with
Metallic Insulation

The clogging experiments were run in the
vessel equipped with a strainer model (Figure
8, page 16). The total surface area of the
model was about 5 m2, but some of the faces
were blinded in order to simplify the test
procedures (see Figure 11). The actual flow
area employed in the investigations varied

Figure 11. The open area (shadowed) of the
strainer model as used in the clogging
experiments. Setup E, used in some
experiments, had the whole front f ace open.

between 0.35 and 2.1 m2. The purpose of the
experiments was to determine the differential
pressure characteristics of various foil pieces.
It is noteworthy that data obtained here is not
inherently limited to BWR's (except, of course,

fe

i^gure 72. 77ie strainer plate covered with two big pieces of foils (setup D).
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for the strainer geometry, which is not after all
very different from a vertical PWR sump
screen).

A parametric study on the effects of sizes of
foil pieces was made. Three varieties of pieces,
all flat and except for the smallest, from the
finely dimpled material, were prepared: one or
two large pieces to cover the whole surface
area (see Figure 12, page 23), a small batch of
0.1 to 0.3 m pieces (intermediate size) and a
larger batch of roughly 0.02 by 0.02 m stamp-
size particles (see Figure 13). The "stamps"
were prepared of equal amounts of finely and
coarsely dimpled foil, as the dimpling of the
foil no longer is significant at this length scale.

The initial experiments, using setup A, showed
that a minimum suction mass flux (or, in other
words, approach velocity) has to be exceeded
before a piece of any size can attach to the
surface and remain there. At mass fluxes that
exceed this limit only slightly, the likelihood of
capture for an individual piece sedimenting
near the surface is low. Capture, or attachment
to the surface, increases with suction mass
flux, but it has not been possible to make a
more accurate determination of the rate of
increase. At maximum tested mass fluxes
(about 110 kg/m2s), at least 80% of the small
pieces sedimenting near the surface were
captured.

In setup A it was observed that the bottom
shelf of the strainer model affected the bed
formation process when small pieces (stamps)
were tested. The stamps not only adhered to
the strainer surface (later on the bed), but also
piled up on the shelf.

The large size of the strainer model combined
with the relatively small capacity pump and
recirculation setup led to conditions where it
was deemed easiest to guide larger (from 0.1
to 1.3 m) pieces with a stick to the strainer
surface. Smaller particles (0.02 m) were
administered in smaller quantities and allowed
to sediment freely near the surface. The total
foil area was about 1.2 m2/m2

Btr for large and
intermediate pieces and about 12 m2/m2

ltr for

the small pieces. All sizes were tested in setup
C. Additional data was taken for large pieces
in setup D, and small in B.

The resulting differential pressure characteristic
as a function of the mass flux is depicted in
Figure 14 for the three different foil
configurations. In case of large and
intermediate pieces, a handful of small pieces
(some 30 individuals) were added into the pool
after determining the initial characteristic
(curve upwards). Addition of this small
quantity of foil amidst of larger pieces always
resulted in a sudden Ap increase by 3 to 5 kPa.
This underlines the importance of interactions
between different sizes of pieces: the
differential pressure of a mixture is larger
(sometimes much so) than the sum of the
differential pressure caused by "pure"
individual constituents. (It shall be seen in the
following chapter that this holds for a mixture
of mineral wool fibres and foil fragments, too.)
It is noteworthy that the differential pressure
(Ap) of large and intermediate pieces, is
proportional to G" with n varying from 2.5 to
1.7 as Ap increased from < 1 kPa to > 15
kPa. This implies that the foils reorganize
within the bed at low pressure differentials, but
this motion appears to "saturate" at the upper
Ap range measured.

For a debris bed consisting of equally sized
pieces, the differential pressure increases
linearly with debris load (m2/m2

stt) after 100%
coverage has been reached. This is due to the
fact that the Ap is produced by friction in the
narrow and tortuous flow paths within the
debris bed. These flow paths grow proportional
to debris quantity. However, at higher
differential pressures one would expect that
deformation of the pieces nearest to the strainer
face cause Ap to increase faster than linearly,
because the flow paths get more narrow. A
mixture of various sizes of pieces behaved
differently, particularly when the size
distribution of adhering pieces changed during
bed buildup.

The impervious character of metal leads to two
forms of clogging autocatalysis. Firstly, a piece
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Figure 13. The stamplike pieces of foils on strainer plate

• 11 mVm2
str

• 5mVm2

s t r

^ Big pieces
~1 m

l~l Intermediate pieces
-0 .3m

^ Small pieces
-0.02 m
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G [ k g / m s ]

Figure 14. Differential pressure as a function of mass flux in metallic insulation experiments. Two
separate measurement sets are shown, the one with open symbols D, the other with filled
symbols M.Big and intermediate pieces correspond to approximately 1.2 m2/m2

slr coverage, small
to 12 m2/m2

str except as indicated. At point 1, ^30 individual 0.02 m pieces were added.
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lands on the strainer face, it blocks the covered
area (although not necessarily absolutely
"completely" since the flow may pass around
the sides and under the piece as evidenced by
the initial data for large foils). Partial flow
blockage results in higher velocities on the free
parts of the surface, which facilitates foil
capture and thus speeds up the clogging
process. As the blocked area increases, the
differential pressure increases, which results in
compression of the pieces already captured on
the strainer face. This reduces the room
available for flow under and between
overlapping individual pieces, causing a further
increase of the differential pressure. Secondly,
the differential pressure increases due to static
compression (as the attached foils slowly
approach the form of the strainer face), but this
is much slower and not investigated in detail in
the pure metallic configurations described here
(see the following chapter).

After clogged conditions were reached
(maximum Ap allowed by the setup), the
strainer mass flux was reduced and a
downwards oriented characteristic was
measured. Even in the absence of extra (small)
piece additions, the effect of compression is
noticeable. The differential pressure at given
mass flux is higher when coming down from
higher flow (or Ap) than when going up (i.e.
there is hysteresis).

Reduction of the flow always leads to reduction
of the differential pressure on the covered
strainer. As the pressure approaches zero, so
does the hydraulic force that holds the foil
pieces attached at the wall. Foil pieces from a
thick bed of only small pieces (12 m2/m2

ttr )
fall off almost completely at a mass flux of
about 13 kg/m2s. Outer layers begin to degrade
at somewhat higher mass fluxes. (Mixing fibres
with foil causes the falloff limit to decrease
significantly as discussed in the following
chapter.) The intermediate pieces behaved
similarly, but the large piece was jammed
within the foldings on the strainer surface and
remained standing on the strainer bottom plate
even under conditions of no flow.

It should be noted that the debris bed generated
from the smallest pieces (0.02 m) grew
relatively thick and upon doing so, expanded in
all directions, approaching a curved form
(much like a fibrous debris does). This
explains the falloff onset at higher than
13 kg/m2s mass fluxes: the true mass flux at
the surface of a curved bed is less than that on
the underlying plate.

The fact that there is a larger-than-zero
threshold mass flux for nearly complete fallout
of (at least some of) the foil debris signifies, on
the one hand, possibility of self-cleaning for a
design with nominal flow exceeding the
threshold, and on the other hand, a possibility
of avoiding this type of clogging by fair
certainty if the maximum design flow rate can
be kept clearly below the threshold. (It must be
emphasised that the threshold may be
dependent on a number of factors such as the
strainer geometry, surface orientation, foil
type, debris size range, other debris materials
present, etc., and needs to be determined
separately for each application.)

5.4 Clogging Experiments with
Mixture of Metallic
Insulation and Fibrous
Debris

Two different types of mixture experiments
were carried out to clarify the interactions of
various insulation materials currently installed
in Finnish BWRs. In the first, there was a
relatively large quantity of fibrous mineral
wool debris and smaller amount, less than the
free area of the strainer of foil pieces ranging
from 0.02 to 1.3 m. In the second a small
amount of fibrous debris was added over a
11 m2/m2

51r bed of 0.02 m by 0.02 m pieces of
foils.

In the first experiment the back and the sides
of the strainer were blocked from the flow with
plastic and thin pieces of plywood. The front
area of the strainer (2.1 m2) was open to the
flow. The nominal mass flux of the strainer in
this experiment was 7.67 kg/m2s and the
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temperature of the water was «20 °C. The
experiment was performed in two parts, the
one with a mixture of metallic and fibrous
insulation, the other with fibrous debris only to
obtain data for comparison.

In the first part of the first experiment a big
piece of foil (0.89 m x 1.36 m, «1.2 m2) was
placed loosely on the strainer plate, see Figure
15. The piece covered about 50% of the flow
area but Ap effect was only about 0.2 kPa.
Batches of fibrous slurry containing 2.4
kg/m2

ttr (5 kg) fragmented mineral wool were
prepared and administered into the vessel with
circulation on all the time ("mixed" mode
slurry addition). After the water had cleared,
vessel bottom was swept clean of sedimented
fibres. This procedure allows a direct
comparison with the results of previous
experiments [4] with pure mineral wool.

After a 4.8 kg/m2
str (10 kg) wool load on the

strainer had been reached, the Ap was 8.1 kPa.
In earlier experiments [4] with fibrous debris
only, this loading resulted in 3.1 kPa Ap. At
this stage, there was a well-grown debris bed
on the surface free of foil. Intermediate «20
cm foil pieces were added to cover a total of
about 75% of the strainer surface with foil.
This resulted in 10.5 kPa of differential
pressure. Adding a quantity of small, «0.02 m
pieces, roughly the equivalent of the remaining
"free" area of the strainer, increased the Ap
only marginally, to 10.9 kPa. These results
suggest that the gaps being left between
individual foil pieces, of a size less than the
bed thickness, do not restrict the flow very
severely, because the velocities behind the foils
are smaller than in the gaps between foils.

Adding another batch of fibres to reach
7.1 kg/m2

ttr (15 kg) surface loading resulted in
16.5 kPa of differential pressure after the pool
clearing period, having the vessel bottom swept
clean (see Figure 16).

At this point the mass flux was reduced in
steps to determine the differential pressure
characteristic. The differential pressure was
found to be proportional to a power slightly
larger than 1 of the velocity, i.e. nearly linear,

suggesting a combination of fibre-induced
linear behaviour compounded by foil-induced
compression (in this mass flux regime, the
differential pressure characteristic of a pure
fibrous bed is exactly linear with good
accuracy).

The bed was allowed to stand overnight («15
hours) at 5.7 kg/m2s mass flux. During the
time the Ap first rose from the intial value of
about 10.4 kPa to a maximum of 10.8 kPa but
the decreased relatively smoothly to about 9.6
kPa. This decrease is presumably due to
structural- changes (perhaps foil
deformation/recovery motions) within the bed
together with the temperature increase of water
(decrease in viscosity). Returning to the
nominal flow brought the Ap back to «13.4
kPa only. The differential pressure-mass flux
characteristic (see Figure 17) remained similar,
very slightly stronger than linear.

After the flow had been gradually decreased to
halt, some parts of the metallic insulation
unfolded from the surface on the plate, but
none actually fell off. Fibrous debris stayed
where it had been accumulated, see Figure 18.
Initiating the flow again at the nominal
flowrate caused a Ap of only «2.0 kPa.

The flow through the strainer was stopped
again and preparations for the backflushing of
the strainer was performed. After the
backflushing the flow through the strainer was
initiated again at the nominal flow rate and
after 2 hours the Ap had increased to
«3.5 kPa.

The flowrate, the differential pressure and the
temperature of the water during the first part of
the clogging experiment with mixture of
metallic insulation and fibrous debris are
shown in Figure 19 (page 30). Comparison
with previous clogging data is presented in
Figure 23 (page 34).

Before the second part of the first experiment
all the metallic insulation was removed from
the surface of the strainer plate. All the fibrous
debris was left into the facility.
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Figure 15. The big piece of foil on the strainer plate.

Figure 16. The strainer plate covered with metallic insulation and 7.1 kg/nfstr (15 kg) of fibrous
debris.
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Figure 17. The differential pressure-mass flux characteristic.

Figure 18. The strainer plate covered with metallic insulation and 7.1 kg/nf^ (15 kg) of fibrous
debris after the flow had been stopped.
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The second part of the experiment was initiated
by starting the flow through the strainer at
fiowrate of 15.3 kg/nrs and adding 15 kg of
fibrous debris into the facility. The debris from
the bottom of the facility was also stirred so
that most of it accumulated back onto the
surface of the strainer plate. The Ap increased
to «80 mbar (14.3 kg/m2

tlr of fibrous debris)

Then 10 kg of fibrous debris was added into
the facility. The Ap increased to =130 mbar
(19.0 kg/m2

str of fibrous debris).

The fiowrate was then decreased to
7.67kg/m2s (Ap =6.0 kPa). This Ap is
approximately half of that measured earlier for
a fibrous bed. The difference can be explained
by the fact that a large part of fibrous debris in
present experiment was recycled from the first
part of the experiment. This is known to
reduce Ap. Pieces of foils were then taken
close to the strainer in an attempt to evaluate
the influence of effective area reduction (filling
the foldings with fibres) on foil adherence. A
big piece (890 mm x 1360 mm) stayed attached
to the surface of the fibrous bed. Mediumsize
pieces did not get attached easily. Of a batch of
the smallest pieces (stamps) only a few got
attached to the surface of the the fibrous bed.

A mixture of 10 kg of fibrous debris + 2 m2

of stamplike pieces of foils were then added
into the facility. The pieces of foils did not get
attached on the strainer in great numbers. After
2 hours the Ap had increased to «8.0 kPa
(23.8 kg/m2

8tr of fibrous debris), see Figure 20.

The flow through the strainer was stopped and
backflushing of the strainer was conducted.
After the backflushing the flow was initiated
again at flowrate of 7.67 kg/m2s. In 2 hours
the Ap increased to «3.0 kPa.

The flowrate, the differential pressure and the
temperature of the water during the second part
of the clogging experiment with mixture of
metallic insulation and fibrous debris are
shown in Figure 21.

The second experiment, the one with lots of
foil and small amount of fibrous debris, was

run in setup C and begun with preparation of a
11 m2/m2

Itr bed of small «0.02 m pieces at
110 kg/nrs mass flux (high mass flux was used
to speed up bed formation). This bed had a
moderate Ap of about 3 kPa (low Ap is
partially explained by the effect of the spherical
growth of the bed, which resulted in lower
mass flux in the upper layers of the bed). The
results are depicted in Figure 22.

A small quantity of fibrous debris,
corresponding to roughly 1 kg/m2

ttr, was
prepared and administered. Fibre accumulation
into the bed resulted in an almost instant climb
of the differential pressure to 18 kPa, which
was the limit imposed by the setup. The mass
flux was now reduced to 86 kg/m2s, and the
differential pressure fell momentarily to 13.6
kPa, only slightly nonlinearly, which
demonstrates that the differential pressure was
controlled by the fibres now. However, both
the fibres and the foil pieces were compressed
together and the differential pressure increased
in 10 minutes back to 18 kPa (corresponding to
an average compression rate of 29 kPa/h,
which is two orders of magnitude faster than of
typical pure wool data, 0.1 to 1 kPa/h).
Further reduction of the mass flux to 57 kg/m2s
resulted in a more stable 10.5 kPa differential
pressure, which increased at a rate of about
2.5 kPa/h "only". The compressed bed had a
steeper differential pressure characteristic, Ap
~ G", n«1 .4 ... 2, increasing with decreasing
Ap, which indicates considerable cramming of
flow space within the bed due to foil
compression.

The compressed bed remained attached to the
strainer down to 5.7 kg/m2s mass flux, at
which the Ap was merely 0.17 kPa. Complete
cessation of the suction resulted in bed
disintegration: the foils fell down and nearly all
the fibre clumps rose momentarily to the
surface (something that pure fibrous bed pieces
of aged wool never do) before eventually
sinking down. Visual observations during bed
decay revealed that inner layers of foils were
completely devoid of fibres. It appears that a
much smaller quantity of small foil pieces, at
most about 5 m2/m2,tf, would have sufficed to
produce similar effects.
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Figure 19. Theflowrate, the differential pressure and the temperature of the water during the first
part of the clogging experiment.

20. TTze strainer plate covered with 50 kg of fibrous debris.
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Figure 21. The flowrate, the differential pressure and the temperature of the water during the
second part of the clogging experiment.
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5.5 Backflushing with
Compressed Air

Two experiments have been run to quantify the
efficiency of the presently available
backflushing procedure in removing insulation
debris from the strainer surface.

To carry out the backflushing procedure it is
necessary to terminate suction from the strainer
to be cleansed. Previous experiments, such as
those reported in [4] have shown that under
sufficient debris load, approximately over
7.5 kg/m2,,,, the present strainer configuration
does not let go of a fibrous bed under no flow
conditions, despite the vertical surface
orientation. This is due to bed expansion within
the inward folds and apparently also due to the
strainer bottom structure, which provides shelf-
like support to the parts of the bed located in
the foldings. (A vertical bed thicker than
1 kg/m2^ has been observed to fall off of a
vertical surface if not supported from below,
and in some cases despite such support.)

The backflushing procedure was performed as
a set of five three-second pulses of compressed
air at area-scaled 0.0167 nrVs/m2^ volumetric
flow rate. Pulses were separated by 30 second
pauses. These pulses were introduced into the
strainer suction line, where provisions were
made to ensure prototypic behaviour, that is,
an initial water plug impact from within on the
bed as the suction line is filled with gas, and
subsequent gas bubbling associated with suction
line refilling with water.

The first backflushing experiment concluded
the clogging experiment with a lot of fibres
mixed with less than 100% coverage equivalent
of foil. The initial differential pressure of the
fibre/foil bed was under the nominal conditions
(7.7 kg/m2s mass flux and 20cC temperature)
13.4 kPa. The flow was then gradually
decreased to halt, parts of the metallic
insulation unfolded, but none actually fell off
because of supporting fibres from the surface
on the plate. Fibrous debris stayed where it
had been accumulated. Initiating the flow again

at the nominal flowrate caused a Ap of only
»2.0 kPa. After the backflushing procedure
was completed, the nominal flow restored, and
the pool bottom swept clean (to ensure fibre
mass conservation), the differential pressure
recovered to about 3.7 kPa (about 20% of the
initial). This result is shown in Figure 23. In
this case the backflushing method actually
proved somewhat counterproductive as the
post-flushed Ap was higher than the pre-
flushed. The "inherent" fall of Ap to 2 kPa is
due to the large foil relocation a few
centimeters downwards, which exposed some
lightly covered surface at foil top.

In terms of cleared area, gaseous backflushing
of an essentially vertical strainer surface is not
always very effective. This is due to the fact
that the debris will be flushed away only where
the gas exits the strainer, if liquid impact
cleansing fails, as it does with large quantities
of compressed mineral wool fibres. "Gas exit"
cleansing occurs only close to the top of the
strainer (and to some extent, unsupported
sides).

In this experiment, impact flushing failed,
apparently also due to the large foil embedded
within the bed and covering the suction line
region to a large extent. The clearing of
smallish flow areas, however, strongly affected
the flow field within and close to the bed. The
cleared areas had low differential pressures and
therefore high velocities, but at the same tune
there was also flow (corresponding to the
differential pressure determined by the cleared
areas) through the whole the strainer surface.
This led to redistribution of released fibres
over the whole surface, which made less debris
available at the cleared areas. The final result,
after all the debris was on the screen again,
was a smaller differential pressure, because the
cleared areas couldn't reach their original
thickness. There may, however, be factors that
complicate this rather simplified explanation.
The most uncertain of such factors has to do
with changes in the fibre size distribution on
the newly accumulated bed.
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In a fibrous bed containing a large impervious
foil piece (about 50% of area), the differential
pressure of the rest of the strainer area is
larger than in a purely fibrous bed (as can be
seen in Figure 23). The clearing of the top
regions was not affected by the foils, making
the cleared area relatively larger, which
explains the effectiveness of the backflushing.
All foil pieces remained within the bed
although some movement (unfolding) took
place when the flow was stopped. Aside what
has been said above on the backflushing
efficiency, they seemed to have little effect on
the bed behaviour.

As the present backflushing procedure is
different from that with which the experiments

of [4] were run, a second backflushing
experiment was run with pure fibrous bed. The
remnants of the fibrous bed created in the first
experiment were used, the foils were removed
and new batches of debris were prepared and
administered. The pure wool backflushing was
found to leave 35% of the initial differential
pressure, which lends support to the above
explanation of the efficiency in backflushing
fibrous beds containing foils. In this
experiment the water impact effect was
observed: the central inwards folds of the
strainer were clean down to the bottom of the
suction line, see Figure 24. The efficiency of
the backflushing procedure could partially be
explained by the usage of recycled crushed
mineral wool in this experiment.
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Figure 23. Differential pressure as a function of debris mass/ strainer area before and after the
backflushing. At point A, there is 50% coverage due to one large foil. 1 Intermediate (-0.3 m)
pieces were added to reach 75% coverage. 2 Some small pieces (0.02 m) added. 3 Decompression
under 75% flow rate. 4 Backflushing.
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Figure 24. The strainer plate with fibrous debris after backflushing and recirculation.
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6 SUMMARY

A series of experiments have been conducted to
quantify the transport and strainer clogging
properties of metallic insulation debris. The
experiments have been carried out using
DARMET, the metallic insulation brand that
has been installed in Finnish BWRs. As the
LOCA-generated metallic insulation debris size
or shape distribution have not been reported
from the experiment that has been carried out,
the study has been conducted in a parametric
manner, assuming that the size distribution can
vary over a wide range, from 0.01 to 1 m, and
concentrating on relatively flat pieces. Most of
the pieces used have been square or
rectangular, although triangles and long stripes
have also been tested.

The experiments have addressed foil piece
sedimentation, transport in both horizontal and
vertical circulating flow fields, differential
pressure buildup due to both pure metal foil
pieces and foil pieces mixed with fibrous
mineral wool debris. The effect of foils on the
backflushing of a clogged strainer has also
been investigated.

The main findings can be summarised as
follows.

1) Settling velocities ranging horn 0.03 to 0.4
m/s have been measured. The data indicates
that horizontal swinging/gliding motion is
the stablest (and slowest mode), while also
tumbling and screwlike motions were
observed. Only the largest pieces, > 0.6
m, folded significantly due to the rigidity of
the dimpled foil. Pieces that descend in
horizontal orientation do so at velocities
ranging typically from 0.04 to 0.08 m/s.
The size has relatively little effect on the

velocity except near the lower end (< 0.03
m), where the lowest observed
sedimentation velocity increases to about
0.06 m/s.

2) In horizontally circulating flow, crumpled
pieces move readily when the flow field
velocity ranges from 0.1 to 0.2 m/s.
Smoother and/ or smaller pieces require
higher velocities than coarse or crumpled or
large pieces.

3) In vertically rising flow, a piece becomes
water-borne if the upwards velocity
component exceeds the settling velocity of
the piece. In vertically circulating flow, the
pieces also execute circulatory motion
within the flow field and can remain water-
borne if not removed from the flow by
adherence with wall. Foil pieces settle on
the bottom after the flow is reduced below
the threshold above which foil circulation is
sustained. Settled pieces become blown
apart and water-borne again as the flow rate
is increased.

4) Metallic insulation forms "debris beds" in
which the flow is turbulent. The differential
pressure (Ap) ~ G°, n ranging from 2.5 ...
1.7 as the Ap increases. For large ( « 1 m)
and intermediate (=0.2 m) pieces typical
maximum allowed strainer differential
pressure (»20 kPa) has been reached with
a load of about 1.2 m2 foil/m2 strainer
surface and mass fluxes of about 40 and
120 kg/m2s respectively. Small pieces
(=0.02 m) produce much smaller
differential pressures (in the absence of
other materials, see below). The maximum
differential pressure observed for a bed of
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pure small pieces was 3 kPa at 11 m2/m2

and 110 kg/nrs. Note carefully that the
present beds were made of foils that are
dimpled, i.e. have an uneven surface
texture, which allows some flow to pass
under a piece laying on the strainer surface.

Mixing various sizes of pieces produces
strong synergistic effects: very small
quantities (tens of pieces) added on top of a
bed made of large or intermediate pieces
has resulted in immediate differential
pressure increase by 3 to 5 kPa. Such
effects could clearly be more pronounced.

Two autocatalytic effects have been
observed. The first relates to bed buildup:
as the foils are impervious, a piece on the
strainer surface redirects the flow to
remaining open regions, which speeds up
bed buildup, because the higher the local
approach velocity, the more easily a piece
is grabbed and sucked unto the surface. The
second is the fact that beds made of foil
compress under differential pressure, which
results in reduction of the flow space within
the bed and subsequent differential pressure
increase.

Metallic foil bed on a strainer plate will
usually disintegrate at some point when the
approach velocity is decreased. The limiting
mass flux has been found to be around 10
kg/m2s. This point can also be used as the
threshold below which a bed cannot form.
Note, however, that to prevent the onset of
bed buildup the approach velocity must be
kept sufficiently far below the threshold
everywhere on the screen, or else the
buildup autocatalysis leads to at least partial
bed formation.

5) A mixture of large quantities of fibrous
debris (mineral wool) and some metal foils
results in larger differential pressures than
would have been caused by the fibres alone.
The increment is due to the foil blocking
effect, which forces the flow to regions free
of foil, causing larger velocities within the
fibrous bed. Thick fibrous beds seem

otherwise relatively unaffected by the
presence of small quantity of foils.

A small quantity (1 kg/m2
£Ir) of fibrous

debris added on top of a benign bed (11
m2/m2

Itr) of small foil pieces caused the
differential pressure to increase drastically,
from 3 kPa at 114 kg/m2s to 12 kPa at 57
kg/m2s, that is, by a factor of 6 to 8,
depending on the assumption of the way the
differential pressure depends on velocity.
Very rapid compression was associated with
high differential pressure. In such a bed the
differential pressure is evidently controlled
by the fibres, although compression of the
structure of foils also plays a role. The bed
remained on the strainer at 5.7 kg/nrs mass
flux and did not disintegrate before the flow
was completely terminated. Visual
observation of the disintegration showed
that smaller quantity of foils, not more than
5 m2/ m2

8tr, would have produced the
essential effects, as fibres had not
penetrated even near the bottom of the foil
bed.

Note that the interaction of small foil pieces
and small amount of fibres closely
resembles that of particulates and fibrous
debris.

Note also that the usage of recycled (i.e.
once used) crushed mineral wool resulted in
differential pressures that were about half of
what had been previously measured under
otherwise similar conditions, using newly
prepared (aged and crushed) wool.

6) Backflushing using the present procedure of
Finnish BWRs was not hindered by the
foils, but apparently made slightly more
effective in comparison with backflushing a
pure fibrous bed. Despite the fact that
essentially none of the foils on the surface
were flushed off, the differential pressure
was reduced to 20% of the starting value.

The presently obtained data and
phenomenological understanding lend sufficient
support for answering the main questions posed
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when the study was initiated. Furthermore it
should be noted that the data, particularly as
that of clogging, is also applicable to PWR
sump design evaluation, as the experimental
procedures were by no means inherently
limited to BWR applications (even the strainer
model actually resembles vertical sump screen
to a large degree). However, this report should
not be viewed as the final word on the effects
of metallic insulation on ECCS reliability. It is
essential to remember that the data (particularly
clogging) applies only to the insulation (foil)
material tested. Other types of foil, without the
dimpled surface texture, would probably
behave differently, presumably being even
more efficient strainer doggers.

The fact that for pure metallic beds, the Ap
varies as G" with n ranging from 1.7 to 2.5,
can also be interpreted as Ap varying with
strainer area, A, as Ap ~ Ak, k ranging from
-2.7 ... -3.5 at a given constant mass flux. This
is because Ap has been found to be = linear
function of the debris quantity in beds made of
pieces that are all the same size. The relation

may be much stronger for unequally sized
pieces. Furthermore, it is also clear that a
small area strainer would experience much
faster bed buildup.

Further experimental research is needed on the
LOCA-generated foil debris size and shape
distribution. A much more comprehensive
understanding on the effects that mixing
various foil sizes would have on the foil bed
buildup and differential pressure is also highly
desirable. In addition, the interaction of various
insulation materials, metallic, various fibres,
and others, not forgetting impurities such as
rust or concrete dust (which may be present
even before the initiating event and certainly is
created during the early phases of a LOCA due
to ablation and erosion of the confining walls
and other structures) should also be
determined, preferably in relevant experiments,
because metallic insulation has often been
installed as a backfit into a containment where
a variety of other insulation materials may
reside even after the backfitting is complete.
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