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Abstract

The strainer experience at Barseback in 1992 showed that relatively small amounts of
insulation materials can cause rapid clogging of the strainers that are part of the systems
for core sprinkling and containment sprinkling. The Barseback experience started a
series of studies and experimental investigations on the behaviour of insulation
materials related to strainer filtration. It turned out that the problem was that results
from different investigations were deviating from each other. The Swedish Nuclear
Power Inspectorate, SKI, therefore initiated work, aiming at a better understanding of
the strainer behaviour. The work should comprise a thorough investigation and
classification of parameters that are supposed to be of importance.

One part has been to study the different types of materials that could appear at the
strainers in a LOCA from a chemical point of view. Another approach has been to
describe the environmental chemical parameters in the containment that would influence
the strainer behaviour as well as the properties of the materials that would be filtered at
the strainers.

The present report describes the chemical environment in the neigbourhood of the
strainer as a function of time after a large to medium-sized LOCA has started in a PWR.
It also outlines some of the possible consequences for strainer filtration throughout the
LOCA process.

The most important factor for strainer behaviour is the presence of material that could
be filtered onto the strainer. If such material is absent, chemically (and mechanically)
induced filtration problems are not encountered. Examples of materials which could
cause problems at strainer filtration are insulation fibers, concrete, corrosion products,
paints, organic materials etc. A felt of fibrous material will probably form rapidly due to
mechanical filtration on the strainers after start of recirculation.

The chemistry of the strainer environment is characterized by relatively high
concentrations of boric acid, lithiumhydroxide and phosphate in the short time frame.
Dissolved concrete and pyrolytic, acidic products could be important after 24 h. pH will
be high from the very beginning of the LOCA and thereafter increases due to dissolution
of Na3PO412H2O placed in baskets in the containment. Mechanically induced filtration
would probably be the main cause of differential pressure build-up over the strainer felt
as long as pH is high enough in the sump water.

pH would remain high as long as large amounts of pyrolytic products are not formed. A
high pH is essential to prevent fines and small particles to coagulate and deposit which
will subsequently cause differential pressure build-up over the strainers.

During the first time period of strainer filtration differential pressure build-up due to
mechanically induced felt growth will occur. There could also be some contribution
from positively charged or almost neutral fines and particles of mineral wool, Caposil,



Minileit, and organic material if present. However, this is not foreseen as a major
problem as positively charged particles should be in minority.

If pyrolytic production of large amounts of acidic material starts, pH could drop
dramatically. Such a situation is potentially dangerous as rapid differential pressure
build-up over the strainers could follow as a result of increased deposition of coagulated
fines and small particles in the felt. It should, however, be underlined that this situation
would develop only if large amounts of acidic products are formed by pyrolysis or other
means.
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Introduction

The strainer experience at Barseback in 1992 showed that relatively small amounts of
insulation materials can cause rapid clogging of the strainers that are part of the systems
for core sprinkling and containment sprinkling. The Barseback experience started a
series of studies and experimental investigations on the behaviour of insulation
materials related to strainer filtration. It turned out that the problem was that results
from different investigations were deviating from each other. The Swedish Nuclear
Power Inspectorate, SKI, therefore initiated work, aiming at a better understanding of
strainer behaviour. It was decided that the work should comprise a thorough
investigation and classification of parameters that are supposed to be of importance.

One part has been to study the different types of materials that could appear at the
strainers in a LOCA from a chemical point of view. Another approach has been to
describe the environmental chemical parameters in the containment that would influence
the strainer behaviour as well as the properties of the materials that would be filtered at
the strainers.

The present report describes the chemical environment in the neigbourhood of the
strainer as a function of time after a large to medium-sized LOCA has started in a PWR.
It also outlines some of the possible consequences for strainer filtration throughout the
LOCA process.

The chemistry parameters at strainer filtration have been considered in previous work
performed by Studsvik Material AB and sponsored by SKI [1]. The previous
investigations were focused on the characterization of different types of materials,
which can appear at the strainer in a LOCA situation, from a surface chemistry point of
view. The materials considered were insulation materials of different kinds, such as
fibrous felt of glass and rock as well as compacted powders of silicates. Furthermore,
other materials such as corrosion products, ruptured and pulverized concrete as well as
organic and biologically induced materials were investigated.

It was concluded that the point of zero charge, with some exceptions, appears at
relatively low pH-values for many of the tested materials. Some materials, essentially
the corrosion products, glass fiber and Minileit also show a tendency to coagulate
(flocculate) at these pH-values. The results indicate that mineral fibers will possibly
give larger problems at strainer filtration than glass fibers. Furthermore, small
suspended particles were considered to be more dangerous than larger ones. The
corrosion products and biological matter, such as slime and fulvic/humic acids, would
contribute strongly to differential pressure build-up at certain conditions. The presence
of a substance appearing as a gas phase will cause another system behaviour because of
the properties of the bubbles formed. Boric acid can also influence the surface chemistry
of the suspended material. The amplitude of the interactions described above depends of
course on the actual amounts/concentrations of different materials present in the filtered
system.



The present study is a follow-up of the previous one on the surface chemistry of
different materials [1]. It is, however, focused on the chemical environment of the
strainers. An environment that will influence the material behaviour at the strainer
filtration processes.

It should be emphasized that the chemistry is but one of the important parameters
influencing strainer filtration. Other parameters of importance are mechanical and
hydraulic in nature, all of which can hinder or reduce the water flow through the
strainers. Chemical parameters, however, form an important group of parameters that
are often neglected and should be properly evaluated.

As the insulation materials and also the strainer systems are different between plants, the
course of modifications after the Barseback event have followed different philosophies.
A common step has been to replace as much fibrous material as possible with mirror
insulation. This measure can, however not be extended to 100 %. There will always be
residual amounts of fibrous or Caposil based insulation material present in the system. It
should also be pointed out that flakes of mirror material could contribute to flow
hindrance at the strainer filtration process.



Strainers in the PWR system

Ringhals 2 is taken as the model station in the present study.

There are four strainers in Ringhals 2. They are situated at the lowest level in the
containment system (+93 m) and positioned in and over a pit in order to be able to
return most of the water entering the lowest parts of the containment during the
recirculation phase of LOCA. The pit volume also functions as a sink for larger objects
that could otherwise be of hindrance for the filtration process. The positioning of the
strainers at the lowest point is of course the best from the point of view of collecting as
much water as possible. It should, however, be kept in mind that all objects that are not
floating would also sooner or later accumulate at the lowest parts which could have
negative consequences for the strainer function process.



The loss of coolant event (LOCA)

General description

The present work is focused on describing the chemical environment in the
neigbourhood of the strainers during a large to medium-sized LOCA. Other types of
events are omitted from the description. The focus is on the strainer environment.

A very brief description is made of a LOCA to form a background to the subsequent
work on chemical environment of the strainers. For a complete description the reader is
referred to Ref 2.

The following steps are considered. A simple sketch of the main parts of the LOCA
process is presented on a time axis in Figure 1.

• The LOCA starts as a double ended pipe rupture in the cold part of one of the main
recirculation circuits.

• The starting chemical conditions in the containment before and at time 0 is an air
atmosphere. The air could later generate gas bubbles in the water and in the fibrous
bed formed onto the strainer surfaces. At time 0, no condensed water is present in the
lower parts of the containment where the strainers are located.

• Hot water and steam starts to blow out from the primary system into the containment
immediately after the pipe rupture. Water and condensed steam will continuously
influence different parts of the containment and find its way to the lower parts. A
variety of different materials that have been affected/torn away will be transported by
the water/steam system. This process will go on during the first 23 s after rupture.

• The reactor scrams after 0.5 s. Injection of water into the primary system is started
one second after rupture. In a PWR the primary water contains borate, lithium
hydroxide and hydrogen. Temperature and pressure inside the containment vary with
time after rupture in a way shown in Figures 2 and 3. The total amount of water in
the containment will vary approximately as in Figure 4.

• Insulation material located on the piping and other surfaces is immediately exposed,
blown away, fragmented and wetted within the radius of action of the water/steam
jet. Part of it is transported by the water downwards in the containment.

• Concrete is also eroded by the water/steam jet and subsequently transported
downwards.

• Other materials as corrosion products, organic materials as slime etc. are
eroded/released and also transported downwards.
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• Separation processes will start and proceed throughout the course of the LOCA.
Larger lumps of fragmented materials as well as fines, micelles of fibrous material,
solitary fibers, silicate particles and aggregates are formed, steam and water washed
and transported. The processes will have consequences for the status of all the
materials as it reaches the environment of the strainers as well as for the chemistry of
the strainer environment.

• Gaseous components such as oxygen, nitrogen and hydrogen will i.a. behave mainly
according to variations in containment pressure and temperature.

• The integrated action of all the processes will continuously influence the
environment of the strainers as a function of time after rupture. There will be solid
materials of different kinds present for filtration. The water chemistry will be
influenced by the chemicals present at each moment. The time dependence of the
chemical environment at the strainer will be discussed more in detail in a subsequent
part of this report.

• Purely mechanical factors in connection with the blow-out will have a substantial
influence on the chain of events. The result will be a mixture of water,
oxygen/nitrogen/hydrogen bubbles (as well as dissolved oxygen/nitrogen/hydrogen),
fibrous material, particles of Caposil and concrete as well as of organic material.
Quite obviously, the jungle of parameters will be very large and it is necessary to sort
out those which are most important in order to make a reasonably transparent
description of the chemistry in the neigbourhood of the strainers.

• It is important to describe the problem with the presence of gaseous matter besides
steam. There is air in the containment during normal operation. Besides oxygen and
nitrogen, hydrogen is also present as an addition to the primary water of the reactor.
During LOCA, the gases could act as mechanical scavengers of fibers and particles
as bubbles could be formed in the strainer environment. This would affect the
transportation properties of the flowing system. Furthermore, gas bubbles deposited
in the fibrous felt cover of the strainers could also imply subsequent problems. The
reason is that bubbles at least to some extent would hinder the water flow through the
fibrous deposit and add to differential pressure build-up. Nitrogen would probably be
the main actor among the gases in this context. It should therefore be pointed out that
the solubility of nitrogen in water decreases up to about 80 °C, whereafter it
increases. Thus, the solubility of nitrogen has its minimum at the final containment
temperature of 75 °C in the LOCA process. The gas behaviour is also strongly
affected by the pressure variations expected in the LOCA chain of events.

• Hydrogen would also be important as the redox potential of the system would be
influenced by hydrogen. The resulting potential is, however, difficult to estimate as
also oxygen is present.
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Figure 1 Chain of events in a LOCA (abstracted from Ref 2). The time scale is
irregular.

Pressure and temperature

The pressure rapidly increases to 0.4 MPa at the start of a LOCA and thereafter
decreases to about 0.16 MPa at the start of recirculation [3].The temperature reaches a
maximum of about 130 °C and thereafter decreases to 74 °C at the start of recirculation.

The variation of temperature (but not pressure) has been considered in the calculation of
values of the chemical parameters. See Figures 2 and 3.
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Water volumes and flows

Data treated in this section mostly originate from Refs 2 and 3. The initial water volume
of the primary system is about 180 m3. There are about 105 m3 in the reactor vessel and
about 75 m3 within the primary side of the steam generators. Furthermore there are three
accumulator tanks with 75 m3 of borated water (1900 ppm boric acid) available besides
a storage tank of 1500 m3 of borated water (2500 ppm boric acid). The primary water
(180 m3) will be released to the containment at the blow down part of the LOCA as a
two-phase flow of water and steam. As an approximation the steam is supposed to
condensate and flow to the bottom part of the containment where the strainers are
situated. The blow-down process will be finished within the first 23 s, see Figure 1. For
simplicity it is assumed that there is no change of water density from primary system
conditions to containment conditions. In the following discussion, the error introduced
by this assumption is considered to be of about the same order of magnitude as other
uncertainties.

During the subsequent refill and reflow period (23 s - 940 s) a couple of volumes of
water with different boron concentrations are added to the containment volume. Main
contributions are coming from the accumulator tanks with a total of 75 m3 and from the
containment sprinkling system, adding 240 kg/s (after 25 s and further on). At 940 s



(about 15 min) the water volume in the containment sump will be about 400 m3. Beyond
940 s (about 15 min) the volume of water in the containment will increase due to
continued sprinkling and injection of 1800 m3 borated water via the primary system, see
Figure 4. Recirculation through the strainers will start after about 30 min, employing the
volume of water in the containment present in the containment sump and at the
containment floor (the strainer environment) at the time. The total volume of the sump
water at the start of recirculation through the strainers is approximated to be 700 m3 or a
water level of about+93+0.9 m. The final amount of sump water will be about 2200 m3

which will be reached after about 24 h. This amount corresponds to a water level of
about +93+2.9 m.

Figure 4 Volume of water in containment as a function of time [3].



Chemical environment at strainers

General

The main task of the present work is to estimate the development of the chemical
environment at the strainers in PWR during a LOCA.

As already mentioned the number of parameters influencing the chemical environment
of the strainers is very large. This work has been limited to some parameters. The
chemistry is described in terms of temperature, pressure, pH,, ESHE, chemical
concentrations, buffer capacity, and ionic strength. The parameters are
calculated/estimated after specific periods of time after start of the LOCA, and are later
used to discuss the consequences for strainer filtration. The replacement of the tank with
NaOH solution with baskets filled with a total amount of about 4500 kg of Na3PO4

12H2O is taken into account in the calculations. It is assumed that it takes one hour for
4500 kg of Na3PO412H2O to completely dissolve at LOCA conditions.

It was earlier pointed out that mechanical factors and the action of dissolved and
precipitated gases probably are important, but these influences are not described here. In
the following description of the chemistry in the strainer environment, the influences of
eroded material are not considered to be of primary importance for the chemical
parameters. The dissolution of impregnating substances and of concrete could, however,
have an influence mainly on pH in the long run.

Tables 1 through 6 partly contain data taken from Refs. 2 and 3. Other data are
estimated from information found in Refs. 2 and 3. The chemical environment of the
strainers has been evaluated by applying standard methods for the calculation of pH,,
ESHE, buffer capacity (P) and ionic strength after estimating the global conditions at the
times indicated.

Strainer environment at 0 s

Starting conditions are equivalent with those prevailing at normal operation, see Table
1. The chemical conditions of the primary water depend on the location in the cycle of
operation between refuelings. The intention is not to make a very detailed description of
the different possible cases. Only one operational chemistry of the normal primary
system is considered.

At normal operation there are stored volumes of borated water and extra volumes of
water that are kept standby to be used for injection and sprinkling purposes at a LOCA.
The volume of borated water in the storage tank is about 1500 m3 and the concentration
therein of boric acid is 2500 ppm.



Table 1 Chemistry-related parameters prevailing at normal operation of a P WR.

Primary system
Amount of water
Hydrogen concentration

Max. amount of hydrogen in the primary system
Lithium concentration
Total amount of lithium
Borate concentration
Total amount of boron
pHt

Containment/strainers
Temperature
Pressure
Amount of water in the containment
Amount of air in the containment

180 m3

40 N cm3/kg water
(3.6 ppm if dissolved)
650 g
1400 ppb/2.02E-4 M
250 g
800ppm/7.41E-2M
1.44E5g
7.7
« - 0.8 V

40 °C?
0.10 MPa
Okg
«45000 m3 (NTP)
(«4.5E7 g N2 and *1.3E7 g O2)

The starting conditions mean that there is 180 m3 of water at a mean temperature of 310
°C present in the primary system. In the strainer environment there is no water at normal
operation but an atmosphere of air at a pressure of 0.10 MPa. pH at temperature, pHj and
Ek t values at strainers are irrelevant before the introduction of water as are
concentrations of any impurities.

Strainer environment at 10 s

Blow-down is started at 0 s and will end after 23 s. Water is injected to the primary
system and dilutes the original chemistry of the primary system. It is probably
impossible or at least very difficult to describe the chemistry during every second in the
LOCA process. Here, it is assumed that the total available water volume from the
primary system is not changed and that 80 % or 140 m3 is ejected after 10 s.

At 10 s the water/steam jet will still erode insulation material located on piping and
other outside surfaces, blow it away, fragment and wet it, and transport part of it
downwards in the containment. Concrete will also be eroded and subsequently
transported. This will also be the case for corrosion products and organic materials etc.
It is of course impossible to foresee the absolute amounts of different eroded materials.
It is a combination of chemical and physical processes which will take place and result
in lumps of fragmented materials as well as fines, micelles of fibrous material, solitary
fibers, silicate particles and aggregates. Also gaseous components such as oxygen,
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nitrogen and hydrogen will behave according to variations in containment pressure and
temperature.

The integrated action of all the processes will continuously influence the environment of
the strainers as a function of time after rupture. There will be solid materials of different
kinds present for subsequent filtration. The water chemistry will be influenced by the
different materials/chemicals present. The flow through the strainers is zero.

After 10 s, 140 m3 of primary water and steam are assumed to have streamed out into
the containment. The action of the water/steam has caused insulation materials, concrete
and other "impurity materials" to be transported down to the strainer environment. The
estimated conditions at the strainers after 10 s are accounted for in Table 2.

Table 2 Chemical environment at a strainer after 10 s.

Physical parameters at strainers
Water temperature
Containment pressure
Water flow (through strainers)

Chemical parameters at strainers
Water volume ejected (as condensed)
Amount of original water in the containment
Total amount of water in containment
Level of water at the strainers
Amount of air in the containment

Max. amount of hydrogen
Total amount of lithium ejected
Lithium concentration
Total amount of boron ejected
Boron concentration
Total amount of dissolved NagPO,, 12H2O
Total concentration of Na3PO412H2O

Evaluated chemistry at strainers
Temperature
Pressure
PH,
Buffer capacity (Iogp72.3)
Ionic strength

124 °C
0.38 MPa
0m3/s

1.4E51
01
1.4E51
0.18 m
«45000 m3 (NTP)
(«4.5E7 g N2 and »1.3E7 g O2)
500 g
200 g
1400 ppb/2.02E-4 M
1.15E5g
800ppm/7.41E-2M
12500 g
2.3E-4 M

124 °C
0.38 MPa
7.0
-3.2
0.7E-3
> -0.6 V
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Strainer environment at 23 s

The blow down is completed at 23 s and the refill has started. Borated water is being
injected to the primary system but is not entering into the containment in substantial
amounts.

It should be notified that recirculation is not active at this time and that the flow through
the strainers is still 0.

After 23 s, 180 m3 of primary water and steam have streamed out into the containment.
The action of the water/steam has caused concrete and other "impurity materials" to be
transported down to the strainer environment. The conditions at the strainer after 23 s
are described in Table 3.

Table 3 Chemical environment at a strainer after 23 s.

Physical parameters at strainers
Water temperature
Containment pressure
Water flow (through strainers)

Chemical parameters at strainers
Total amount of water in containment
Level of water at the strainers
Amount of air in the containment

Max. amount of hydrogen
Total amount of lithium ejected
Lithium concentration
Total amount of boron ejected
Boron concentration
Total amount of dissolved NajPC^ 12H2O
Total concentration of Na3PO412H2O

Evaluated chemistry at strainers
Temperature
Pressure

Buffer capacity (Iogp72.3)
Ionic strength

128 °C
0.47 MPa
0m3/s

1.8E5 1
0.24 m
«45000 m3 (NTP)
(«4.5E7 g N2 and «1.3E7 g O2)
500 g
250 g
1400ppb/2.02E-4M
1.44E5g
800ppm/7.41E-2M
28750 g
4.2E-4 M

128 °C
0.47 MPa
7.2
-3.0
1.0E-3
> -0.6 V
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Strainer environment at 940 s

At 940 s the core is reflowed. Injection of borated water has proceeded into the primary
system from accumulator tanks with a boron concentration of 1900 ppm. Boiling is still
going on in the core region.

It should be noted that recirculation is still not active and that the flow through the
strainers are 0.

After 940 s, a total of about 400 m3 of water and steam has flowed out into the
containment. The action of the water/steam has caused still more concrete and other
"impurity materials" to be transported down to the strainer environment. The chemical
influence on the strainer environment is, however, not yet of any importance. The
conditions at the strainer after 940 s are described in Table 4.

Table 4 Chemical environment at a strainer after 940 s.

Physical parameters at strainers
Water temperature
Containment pressure
Water flow (through strainers)

Chemical parameters at strainers
Total amount of water in containment
Level of water at the strainers
Amount of air in the containment

Max. amount of hydrogen
Total amount of lithium ejected
Lithium concentration
Total amount of boron ejected
Boron concentration
Total amount of dissolved N^PC^ 12H2O
Total concentration of Na3PO412H2O

Evaluated chemistry at strainers
Temperature
Pressure
pH,
Buffer capacity (logp/2.3)
Ionic strength

118 °C
0.36 MPa
OmVs

4.0E5 1
0.53 m
«45000 m3 (NTP)
(«4.5E7 g N2 and «1.3E7 g O2)
500 g
250 g
630 ppb/9.08E-5 M
5.6E5 g
1400ppm/0.13M
1175000g
7.7E-3 M

118 °C
0.36 MPa
8.4
-1.6
2.5E-2
> -0.7 V
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Strainer environment at 24 h

At 24 h boiling in the core has ended and recirculation through the strainers has started
already at about 30 min from start of LOCA with a capacity of 290 kg/s. The boiling is
also stopped before 24 h as a result of switching from the RWST (Refuelling water
storage tank) to the hot-leg. The time for switching depends on the operation of the
pumps bringing the water from the RWST into the reactor.

After 24 h, a total of 2200 m3 of water have streamed out into the containment from
different sources. The latest source was the stored borated water (2500 ppm boron) with
a volume of 1500 m3. The action of the water/steam has caused concrete and other
"impurity materials" to be transported down to the strainer environment. As the
temperature in the containment has now decreased to 75 °C, nitrogen has also reached
its lowest solubility. This means that nitrogen bubbles could have evolved in the sump
water at this time. The conditions at the strainers after 24 h are described in Table 5.

Table 5 Chemical environment at a strainer after 24 h.

Physical parameters at strainers
Water temperature
Containment pressure
Water flow (through strainers)

Chemical parameters at strainers
Total amount of water in containment
Level of water at the strainers
Amount of air in the containment

Max. amount of hydrogen
Total amount of lithium ejected
Lithium concentration
Total amount of boron ejected
Boron concentration
Concrete concentration (dissolved)
Total amount of dissolved Na3PO412H2O
Total concentration of Na3PO412H2O

Evaluated chemistry at strainers
Temperature
Pressure
PH,
Buffer capacity (logp/2.3)
Ionic strength

68 °C
0.14 MPa
2901/s

2.2E61
2.90 m
«45000 m3 (NTP)
(«4.5E7 g N2 and «1.3E7 g O2)
500 g
250 g
115ppb/1.66E-5M
4.6E6 g
2070ppm/0.19M
1E-5M
4500000 g
5.4E-3 M

68 °C
0.14 MPa
7.9
-1.8
1.6E-2
> -0.6 V
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Strainer environment at 48 h

At 48 h boiling has ended in the core more than 24 h ago and the recirculation through
the strainers has in the ideal case been going on for at least 47 h.

After 48 h, 2200 m3 of water are still circulating via the strainers, the core and back into
the containment. The conditions at the strainer after 48 h are described in Table 6.

Table 6 Chemical environment at a strainer after 48 h.

Physical parameters at strainers
Water temperature
Containment pressure
Water flow (through strainers)

Chemical parameters at strainers
Total amount of water in containment
Level of water at the strainers
Amount of air in the containment

Max. amount of hydrogen
Total amount of lithium ejected
Lithium concentration
Total amount of boron ejected
Boron concentration
Concrete concentration (dissolved)
Total amount of dissolved NajPC^ 12H2O
Total concentration of Na3PO412H2O

Evaluated chemistry at strainers
Temperature
Pressure

Buffer capacity (logp/2.3)
Ionic strength

63 °C
0.13 MPa
2901/s

2.2E61
2.90 m
«45000 m3 (NTP)
(w4.5E7 g N2 and «13E7 g O2)
500 g
250 g
115ppb/1.66E-5M
4.6E6 g
2070ppm/0.19M
1E-4M
4500000 g
5.4E-3 M

63 °C
0.13 MPa
7.8
-1.8
1.6E-2
> -0.6 V
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Chapter conclusion

Some of the calculated and estimated values accounted for in Tables 1 through 6 are
plotted in Figures 5 through 7. Especially pHj, and log(p/2.3) are plotted as a function of
time after start of LOCA in Figure 5. In Figure 6 the concentrations of boron and
lithium are plotted and in Figure 7 the ionic strength. Besides the estimation of the
electrode potential, those parameters (especially pH,) are the most important in
describing the chemical environment of the strainers.

It can be seen in Figure 5 that pHt of the strainer environment increases from a starting
value of 7.0 up to a maximum value of 8.4, which is reached about 940 s after start of
LOCA. After 24 h pHf has decreased to 7.9 at which value it will essentially remain.
The plotted values of log(j3/2.3) show that the buffer capacity also reaches a maximum
at the same time as

The reason for this behaviour is the continuous addition of water containing boric acid
at relatively high concentrations without simultaneously adding lithium hydroxide.
However, at the same time there is a dissolution of NajPC}, 12H2O during the first hour,
which causes a total increase of pH. As can be seen in Figure 6 the boron concentration
(as boric acid) steadily increases in the strainer environment. However, lithium
decreases due to dilution. The increasing ionic strength is due to dissolution of Na3PO4

12H2O.

o s i n?
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Figure 5 pH and buffer capacity as functions of time in the strainer environment.
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Figure 7 Ionic strength and potential as a function of time in the strainer
environment.
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Filtered materials

General

A handful materials will contribute to the filtration process taking place at the surface of
the strainers during a LOCA. Only those materials are taken into consideration that
during and after the steam/water blow out can appear in a particle or fiber size range that
would be able to affect the filtration process at the strainers. The most prominent
examples are fibrous and particulate insulation materials, concrete, corrosion products,
paint and organic materials of several origins as for example biologically induced slime.

Insulation materials

Two of the main groups of insulation materials are those built of fibers as glass wool
and mineral wool. Both of those can be found in the system. The third type are materials
formed from compounded silicate particles that could be strengthened by asbestos or
cellulose fibers. Two examples of the latter are Caposil and Newtherm.

Fibrous material is normally impregnated with phenol-resin in order to prolong the
lifetime of the material. These materials are anyway altered with time. The resin
evaporates from the heat exposure and the fiber material itself could also change. Those
processes change the surface chemistry properties as well as the strength of the fibers.
The resin itself and its decomposition products will also contribute to the water
chemistry at a LOCA.

Consequently, young fibers will show a larger strength than older ones. Young fibers
will therefore have a tendency to keep together in larger lumps throughout the blow-
down process. The older fibers will decompose to smaller aggregates and also have a
tendency to form large amounts of solitary small particles which could be especially
dangerous at the subsequent filtration process in the strainer.

Young, resin-coated fibers (whether of mineral or glass origin) will have a surface
chemistry similar to the resin itself, determined by the NH2 and organic groups on the
resin surface. Aged fibers (again whether of mineral or glass origin) will lack the resin
cover and have a surface chemistry determined mainly by the presence of silicate
groups.

The chemical as well as the mechanical properties of the fibers will consequently alter
with the exposure time to heat and behave quite differently if the LOCA happens when
the insulation material is fresh or when it has been altered by prolonged thermal aging.
This means that strength, fragment size, wetability, floatation properties and behaviour
in the filtration process on the strainers will alter with aging time. It is plausible that
fines of aged fibers will be numerous and could be a problem at strainer filtration.
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During a LOCA some insulation material will be exposed to very large forces and others
not. Consequently there will be a wide spectrum of more or less fragmented material,
ranging from large lumps all the way down to discrete particles and fibers. As already
mentioned, young and aged material will behave differently.

The chemical properties of fibers and other types of insulation materials were
investigated and reported in Ref 1. In Figures 8 through 11 an important surface
chemistry effect, the zeta potential, of the different insulation materials is shown. The
diagrams are shown here as they will be of importance for the subsequent discussion of
the materials behaviour at strainer filtration.

It is seen from Figure 8 that glass fibers are negatively charged down to low pH values
(1 or 2), where they are neutral or slightly positively charged. Mineral wool (Fig 9) is
different as it seems to have two fractions. One is similar in charge compared with glass
wool and the other fraction is positive at all pH values. Caposil (Fig 10) and Minileit
(Fig 11) behave in a similar way as glass fibers and mineral wool, respectively.
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Figure 8 Zeta potential as a function of pH for glass fiber [1].
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Figure 9 Zeta potential as a function of pH for mineral wool [1].
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Figure 10 Zeta potential as a function of pH for Caposil [ 1 ].
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Figure 11 Zeta potential as a function of pH for Minileit [ 1 ].

Concrete

Concrete can be eroded by the action of the water/steam jet during the initial states of
the LOCA. The rate of erosion and the eroded amount will of course be very dependent
on the exact geometry of the eroding jet. The concrete erosion is supposed to influence
the system in several, and at least two very important ways.

Firstly, it produces particles that will be filtered through the fiber felt built up on the
strainers. The surface chemistry of these particles can vary depending on which phase of
the complex material that is exposed to the system water.

Secondly, concrete contributes to the water chemistry by providing a slowly dissolving
material which will influence the fundamental chemical parameters in a time dependent
way. The main chemical parameters influenced by concrete dissolution are pH, buffer
capacity and ionic strength.

The surface chemistry properties of concrete were investigated and reported in Ref 1. In
Figure 12, the surface chemistry properties of concrete are accounted for as the zeta
potential. It can be seen from the figure that concrete is always negatively charged.
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Figure 12 Zeta potential as a function of pH for concrete [ 1 ].

Corrosion products

Corrosion products of iron can be present in the system. They can be flushed away by
the action of the water/steam jet at initial states of the LOCA. The amount and rate of
flushing will of course be very dependent on the chain of events.

The corrosion products are supposed to influence the system in at least one important
way. Corrosion product particles with a "slimy" appearance (in other cases [4]
demonstrated to have a large effect on the differential pressure build up rate) will be
filtered through the fiber felt built up on the strainers. The surface chemistry of these
particles vary strongly with the chemical conditions in the system. They could thus be
dangerous for the filtration, or not, depending on pH.

The surface chemistry of corrosion products were investigated and reported in Ref 1. In
Figures 13 and 14 the surface chemistry of magnetite and lepidochrokite, respectively,
are accounted for as the zeta potential.

It can be seen that magnetite (Fig 13) is negatively charged at pH values above about 7.
The potential drops to very low values in the pH range 10 -11.5. At pH values below 7
magnetite is positively charged. Lepidochrokite (Fig 14) has a similar, but not exactly
the same behaviour.
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Figure 13 Zeta potential as a function of pH for magnetite [1].
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Figure 14 Zeta potential as a function of pH for lepidochrokite [1].
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Paint

Paint can also be eroded by the action of the water/steam jet at initial states of the
LOCA. The rate of erosion will of course also in this case be very dependent on the
chain of events. Paint particles and flakes will be filtered through the felt built up on the
strainers. The effect will probably be purely mechanical, but could be of importance if
large amounts of flakes would be produced and transported to the strainers.

The surface chemistry of paint was investigated and reported in Ref 1. In Figure 15 an
example of the zeta potential for paint is given.

It can be seen from the figure that paint is negatively charged over a large pH range. At
lower pH ranges (2 - 4) paint is neutral or positively charged.
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Figure 15 Zeta potential for paint as a function of pH [ 1 ].
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Biological material

Biological material as slime could be present in the system especially in storage tanks
for water. The presence of slime could therefore be a larger problem after the first initial
parts of the LOCA, when stored waters of different kinds are injected to the system to
compensate for lost water. The biological material is supposed to influence mainly at
the filtration process. The filtration properties of the slime would probably be dependent
on chemical factors, mainly pH and the ionic strength of the water.

The surface chemistry of slime was investigated and reported in Ref 1. In Figure 16 the
zeta potential is shown as a function of pH.

It can be seen from the figure that there are two fractions in the investigated material.
One fraction is positively charged over the investigated pH range, and the other is
negatively charged.
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Figure 16 Zeta potential as a function of pH for biological slime found in water
storage tanks [1].

The presence of organic materials such as humic/fulvic acids, beside metabolites from
biological activity, i.a. sugar and proteins, is also supposed to influence the strainer
filtration. Results from precoat filtration studies with these materials show that
humic/fulvic acids seem to contribute more to differential pressure build-up compared
with the sugars and proteins formed by fresh biological activity [4]. In a critical
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situation the concentration of such substances in waters added for cooling of the core
should be a concern as too high concentrations could contribute to the clogging of
already pressure loaded strainers [4].

Other organic material

Other organic material than biological slime could be present in the system. Examples
are the products of pyrolytic decomposition of polymer material that could be produced
at later stages of the LOCA because of high temperatures in the containment. The
influence on the system by these products would probably be purely chemical, for
example influencing pH. It could be foreseen that such products are mainly acidic in
nature and thus cause a lowering of pH.
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Strainer filtration dependence on chemistry

General

Filtration through the strainers will start after about 30 min. There will be a mixture of
insulation and other materials present in the strainer environment. Surface chemistry and
size distribution (fines, small particles as well as aggregates) will vary over wide ranges.

The total strainer filtration mechanism will comprise a set of submechanisms each of
which could be important in different parts of the filtration process. Some important
parts are:

• The surface conditions of the strainer at the start of a LOC A would influence the
initial build-up of a fibrous bed onto the strainer.

• Mechanical filtration will build the felt deposit of fibers on the strainer in the first
part of the filtration process.

• Surface chemistry related filtration could be critical when large amounts of fines and
small particles reach the strainer. If the surface chemistry is "bad" there could be a
severe uptake of small fines and particles in the fibrous bed on the strainer, causing a
rapid build-up of the differential pressure.

• The structure and properties of the "filter cake" depend at every moment on the
previous events and the same structure is of course very important for the subsequent
behaviour of the bed.

• The build-up of the differential pressure is a function of bed structure and properties
as well as of the type of materials being filtered at the moment of concern and the
chemistry of the close surroundings of the strainer.

A kind of rough and very general scenario for felt deposit development onto the strainer
surface from 30 min and onwards could be sketched as follows. Large fibers and
aggregates of fibers will be separated at the strainer surface and start to build a felt.
Smaller fibers and particles will easily pass the strainer. Later the felt will develop in
depth and composition. There could be a layered structure depending on the chain of
events. Different types of materials could reach the strainer after different times as the
LOCA proceeds. The differential pressure will remain at a moderate level as long as the
felt mainly contains fibers.

In the next stage the separation of fibers will be complemented by separation of fines
and particles of different kinds and sizes. The separation mechanism of those will
depend very much on the surface conditions of the fines and particles, of the felt and
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consequently on the surrounding chemical environment. Particles that have the same
surface charge as the felt (negative) will probably pass if they are not mechanically
hindered. Neutral particles and those with opposite charge to the felt will probably
coagulate and build larger particles (neutral) and deposit onto the felt surfaces
(oppositely charged) and close the water conducting channels in the felt. The differential
pressure build-up rate can in this situation start to increase, which could rapidly lead to
severe strainer filtration problems. It has been observed experimentally [5] that the
presence of Caposil particles will cause a very rapid clogging of the pores in the felt,
and a subsequent very rapid build-up of the differential pressure as the clogging is also
followed by compression of the felt.

Smaller fibers and particles can form flocks and aggregates before the strainer filter if
the chemical environment causes such a chain of events ("coagulation"). The formed
aggregates can be mechanically separated in the strainer felt and contribute to
differential pressure buildup.

The above description should be kept in mind when reading the subsequent descriptions
valid for different times after start of the LOCA.

From start of rccirculation up to 48 h

As this work is centered on the chemical interactions of the environment closest to the
strainer filtration process, only such interactions are considered here. Other factors are
of course also important, i.a. mechanical filtration, behaviour of dissolved and
precipitated gas etc. However, those factors are not discussed.

The main time dependent parameters of the chemical environment of the strainers is
described in Tables 1 through 6 and Figures 5 through 7. Surface chemistry properties
(^-potential) of materials that could appear at the strainers and participate in the
filtration process are accounted for in Figures 8 through 16. The influence on strainer
filtration by the following chemical parameters (some are interdependent) are
considered to be the most important in order of priority: pH^ buffer capacity,
concentrations of phosphate, boron and lithium, ionic strength and ESHE. Furthermore,
the influence of temperature is also considered.

pH is rather high during the first part of a LOCA. The values of pH, given in Figure 1
goes from 7.0 to 8.4 during the first 1000 s. The increase of pH^ during this period is
mainly due to the dissolution of 4500 kg of Na3PO412H2O during the first hour of a
LOCA. As the temperature is high, those values of pH, represent a clearly alkaline
situation. As can be seen from Figures 8 through 16, materials participating in the
process will have a negative surface charge in the calculated pHt-range except for the
positively charged fractions of mineral wool, minileit and biological material (slime).
Earlier observations [1] show that those positive fractions are in minority. The result is
that fines will not coagulate but probably remain suspended as long as pH, is high.
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The strainer system is taken into operation 1800 s after the start of a LOCA. Material
will settle in the vicinity of the strainers and immediately be available for filtration as
the circulation is started. Lumps of insulation material will rapidly form a felt deposit
onto the strainers. The suspended fines will, however, to a large degree pass through the
felt as most materials are negatively charged at the high pH,, see Figures 8 through 16. If
there were small positively charged particles of mineral wool (Figure 9), Minileit
(Figure 11) and of biological material (Figure 16) suspended at this time, they would
probably be separated in the negatively charged strainer felt. In such a process they will
contribute to the differential pressure build-up over the strainer. However, as already
pointed out, earlier observations [1] suggest that those positive fractions are in minority
and they are probably scavenged before filtration by the supposed abundance of
negatively charged material.

In the time range 1800 s - 24 h, both pHt and temperature are going to drop. pHt will
reach a value of 7.9 at 68 °C after 24 h and 7.8 at 63 °C after 48 h. As all fines and
particles will stay negatively charged throughout this process, most of them will also
stay suspended in this time interval.

The high pH, is as already mentioned due to the presence of phosphate and will
contribute to keeping fines suspended resulting in a lower risk for strainer clogging in
this time interval. Without phosphate, pH, would instead drop to acidic values due to the
addition of waters containing boric acid. An estimation of pHj without phosphate in the
system would be approximately 5.6 after 24 h. Such a situation would be more critical
related to particle coagulation and strainer clogging. Acidic pHj values should be
identified as potentially dangerous, and it is important that the phosphate really
dissolves as early as possible.

Operation beyond 48 h

There are some chemistry related processes during a LOCA that are going to proceed
rather slowly and their consequences will show up at later stages. One of these is the
dissolution of concrete, and another is the pyrolysis of organic materials i.a. polymers,
due to high temperatures.

Dissolution of concrete will contribute to an increased pH. This process is not going to
influence the differential pressure over the strainer felt.

The processes of pyrolysis would, however, produce organic decomposition products,
probably acidic. This would contribute to a decreased pH. If there were a slight pH drop
from 7.9 to about 7, the strainer felt would still be negatively charged (Figures 8 and 9).
Corrosion products (Figures 13 and 14) would be positive. In such a case small particles
of corrosion products would be separated in the strainer felt and cause differential
pressure build-up. Such a decrease of pH would, however, require the addition of rather
large amounts of pyrolytic acids as the buffer capacity is rather high.
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It can be estimated from data in Table 6 and Figure 4 that slightly more than 1.6E3 kg of
formic acid (an assumed pyrolytic product) would be required to titrate the phosphate.
The final result of such a process would be a rapid change of pH from about 8 - 7 down
to the range 4-3 or even lower depending on the amount of acid. According to Figures 8
through 16 such a pH change would be very critical as ahnost all fines and particles still
suspended have their point of zero charge in the lower range. The result would be a
sudden and strong tendency to coagulation and deposition of the still suspended fines
and particles, which would probably add to the differential pressure build-up rate over
the strainers.

However, the presence of 4500 kg of NajPC^ 12H2O is probably quite sufficient to
guarantee a high enough pH throughout the LOCA process. As this is a critical
parameter it should be calibrated against the total supply of organic material present in
the system that could participate in pyrolytic or other processes that could generate
rather strong acids.

Subsequent development of the strainer chemistry

If chemistry (high pH, high buffer capacity, no pyrolysis) beyond 48 h is of the same
kind as at 48 h, there will probably be no extra contribution to the differential pressure
build-up but the ongoing slight mechanical filtration in the strainer felt.
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Conclusions

The following conclusions and comments can be drawn from this study:

• An obviously important factor for strainer behaviour is the presence of material that
could be filtered onto the strainer. If such material is absent, chemically (and
mechanically) induced filtration problems are not encountered. Examples of
materials which could cause problems at strainer filtration are insulation fibers,
concrete, corrosion products, paints, organic materials etc.

• A felt of fibrous material will probably form rapidly due to mechanical filtration on
the strainers after start of recirculation.

• The chemistry of the strainer environment is characterized by relatively high
concentrations of boric acid, lithiumhydroxide and phosphate in the short time frame.
Dissolved concrete and pyrolytic, acidic products could be important after 24 h. pHt

will be high from the very beginning of the LOCA and thereafter increase due to
dissolution of N a ^ d 12H2O.

• Mechanically induced filtration would probably be the main reason for the
differential pressure build-up over the strainer felt as long as pH is high enough in the
sump water.

• pH would remain high as long as large amounts of pyrolytic products are not formed.
A high pH is essential to prevent fines and small particles to coagulate and deposit
and subsequently cause differential pressure build-up over the strainers.

• During the first period of strainer filtration there will be differential pressure build-up
i.a. due to mechanically induced felt growth. There could be some contribution from
positively charged or almost neutral fines and particles of mineral wool, Caposil,
Minileit and organic material if present. However, this is not foreseen as a major
problem as positively charged particles should be in minority.

• If pyrolytic production of large amounts of acidic material starts, pH could drop
dramatically. Such a situation is potentially dangerous as rapid differential pressure
build-up over the strainers could follow as a result of increased deposition of
coagulated fines and small particles in the felt. It should, however, be underlined that
this situation would develop only if large amounts of acidic products are formed by
pyrolysis or other means.
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