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Abstract

Safety is the top priority at a nuclear facility. The nuclear power plants are designed to
prevent radioactive leakage to the surroundings, both during normal operation as well as in
case of a severe accident. One of the most important structures in a nuclear power plant,
with regard to safety, is thus the reactor containment wall. The containment wall is the last
main barrier to prevent radioactive leakage, and it is designed to limit and control internal
hazards if all other barriers fail. In order to understand and identify the potential deviation
of the barrier, the effects of changes in the materials and how these changes occur and
propagate have to be understood.

The work presented in this thesis concerns the moisture condition within nuclear reactor
containment inner walls in addition to other concrete structures within the containments.
The study aims to describe earlier, ongoing and future moisture contributions, and
redistribution of moisture within and from the concrete structures within the containments.

An in situ measurement setup for long term monitoring of relative humidity and
temperature in concrete was designed and installed in four reactor containments. The setup
was used to monitor the actual conditions within the containments and in the concrete
structures, and how they change over time. The measurements showed that all
containments within the study complied with the regulated conditions with regard to
temperature. The stable humidity in the air within the containments indicated that the
dehumidification apparatus at the sites worked as anticipated, and that the measured
conditions can be considered as "as-designed conditions", even though there is no
regulation regarding permissible humidity. The results from the monitoring campaigns
were further used to validate a model which was designed to describe the ongoing drying
and moisture redistribution in the concrete structures.

The measurements and simulations done in this study show that the concrete structures
within the reactor containment are still drying after approximately 30 years of operation,
and will continue to dry and contribute with moisture to the ambient compartment for the
remaining part of the service life for the reactors. The simulations presents that 35—45 % of
the initial evaporable water had dried out, until this study, and that the amount for 60 years
of operation is 45-55 %. The main drying has already occurred, and the moisture
contribution to the ambient compartments will continue to decrease, thus contributing less
moisture to the air in the containment in the future.

Keywords: Nuclear power plant, concrete, in site measurements, relative humidity, boiling
water reactor, pressurized water reactor, mass transport.
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Sammanfattning

Inom karnkraftsindustrin ar sidkerhet den aspekt som prioriteras hogst. Alla karnkraftverk
ar designade for att i hogsta mdjliga man forhindra lackage av radioaktivetet till
omgivningen, béde under drift och i hdndelse av en allvarlig olycka. Med anledning av detta
ar reaktorinneslutningens vigg en av de viktigaste sékerhetsrelaterade konstruktionerna vid
en anldggning, detta d4 denna konstruktionsdel dr den sista barridren for att forhindra ett
lackage av radioaktiva partiklar. Reaktorinneslutningens viagg ar designad for att begransa
och kontrollera effekten av inre olyckor om Ovriga barridrer fallerat. For att forstd och
identifiera potentiella forandringar, samt effekter frén aldring, av barridren behovs en 6kad
forstaelse for hur ingdende material dndras 6ver tid.

Arbetet som presenteras i den hidr avhandlingen berdr framst fuktforhallanden i
reaktorinneslutningarnas vaggar och till viss del 6vriga betongkomponenter lokaliserade i
inneslutningarna. Studiens mal var att beskriva den tidigare, pagiende, och framtida
omfordelningen av fukt, bdde i betongkonstruktionerna samt fuktbidraget frin betongen.

En matuppstillning for in situ ldngtidsmétning av relativ fuktighet och temperatur i betong
designades och installerades for monitorering i fyra olika reaktorinneslutningar.
Utrustningen anvidndes for att mita de aktuella forhéllandena samt for att studera
variationer over tid. Matningarna gjordes bade i inneslutningarnas betongkonstruktioner
samt i omgivande luft. De utférda mitningarna visade att de temperaturer som uppmittes
svarade mot de krav som stillts pd konstruktionen. Vidare indikerade den stabila relativa
fuktigheten i inneslutningarnas luft att anlaggningarnas avfuktning fungerade val och att
det bor kunna antas att rddande nivéer 6verensstimmer med de avsedda fuktnivierna.
Resultaten erhdllna fran monitoreringen anvéndes vidare for att validera en modell
framarbetad for att beskriva den pigdende uttorkningen och omfordelningen av fukt i
inneslutningarnas betongkonstruktioner.

De samlade resultaten frin simuleringarna och métningarna i studien visar att uttorkning
av reaktorinneslutningarnas betong fortfarande pégar efter runt 30 &r i drift. Betongen
kommer &aven i fortsdttningen att bidra med fukt till inneslutningens utrymmen, enligt
simuleringarna dnda fram till dess att verken tas ur drift. Den sammanlagda uttorkningen
fram till de utférda méatningarna motsvarar i storleksordningen 35—45 % av betongens
initiala forangningsbara vatten. Motsvarande virde vid 60 ars drift forutspas vara 45—55 %,
huvuddelen av betongkonstruktionernas uttorkning har saledes redan intraffat och
fukttillskottet till inneslutningens luft kommer att avta med tiden.

Nyckelord: Karnkraftverk, betong, in situ matningar, relativ fuktighet, kokvattenreaktorer,
tryckvattenreaktorer, masstransport.
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Abbreviations and Symbols

Abbreviations

AFt Ettringite

AFm Monosulphate

BWR Boiling water reactor

CH Calcium hydroxide

C-S-H Calcium silicate hydrate

DSC Differential scanning calorimetry
DTA Differential thermal analysis
EPR Evolutionary power reactor
ITZ Interfacial transition zone
TIAEA International atomic energy agency
LOCA Loss of cooling accident

LOI Loss on ignition

LH-cement Low heat-cement

NPP Nuclear power plant

PWR Pressurized water reactor

RUP Reference unit power

RH Relative humidity

TGA Thermogravemetric analysis
VVER Water—water energetic reactor
w/c-ratio Water/cement-ratio
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Symbols

c Transport potential

Dc Diffusion coefficient

k(g,T) Inverse slope of sorption isotherm
kp Effective permeability

K(o) Hygrothermal coefficient

Mw Molar mass of water

p Water vapour pressure

Ps Water vapour pressure at saturation
Patm Atmospheric pressure

Pw Pour water pressure

qlig Liquid flux

ot Combined liquid and vapour flux
Qv Moisture flux

Qvap Vapour flux

r Radii of meniscus

R Gas constant

t Time

v Water vapour content

X Coordinate

Zy Vapour permeation resistance

Zo Vapour permeation resistance

% Surface tension

S(T, o) Moisture transport coefficient

Sy Moisture transport coefficient
AP Laplace pressure

n Dynamic viscosity

Pw Water density

o Relative humidity

[]

[]

[m3 kg]
[kg m=]
K]

[kg mol-1]
[Pa]

[Pa]

[Pa]

[Pa]

[kg m=2s7]
(kg m=s7]
(kg m=s7]
[kg m=2s7]
[m]

[J mol* K]
[s]

[kg m=3]
[m]

[s m?]
[m2skg?]
[Nm?]
[kg m™ s7]
[m2s7]
[Pa]

[Pas]

[kg m3]
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1 Introduction

1.1 Background

The reactor containment is one of the most important structures in a nuclear power plant
(NPP), as the containment wall is the final barrier that protects the surrounding area from
radioactive leakage, both during normal operation and in case of an accident. The main
function of this structure is thus to envelop and protect the reactor vessel. There are several
types of NPPs, and the design of the reactor containment can differ, both in size and shape.
Two of the Nordic countries, Sweden and Finland, have nuclear power as an electric power
source, as of 2015. The Nordic NPPs, which are in operation, were all built during the period
from the late 1960s to the mid-1980s. Three different types of NPPs were in operation in
2015: boiling water reactor (BWR), pressurized water reactor (PWR) and water—water
energetic reactor (VVER). The Nordic BWRs were designed by ASEA-Atom, the PWRs were
manufactured by Westinghouse, and the VVER by Atomstroyexport.

The climatic condition, i.e. humidity and temperature, inside the containments is monitored
continuously by the plant owners, mainly to monitor the conditions in specific zones close
to sensitive equipment and to detect steam leakage. The climatic conditions inside the
reactor containment may affect different mechanical components because of the moisture
or temperate conditions. There are many building components, such as joints, fastening
plates, pipe or cable lead-throughs, and other components that may be affected by climatic
conditions. With a combination of high humidity and high temperature, surface
condensation on cold surfaces may occur. Constant exposure of a metal surface to humidity
may lead to surface corrosion. Thus, the climatic condition within the reactor containment
is an area of importance for prediction of the life of the equipment.

The climatic conditions in the containments vary not only between different reactors and
within each containment, but also with time. These variations will affect the concrete
structures because of the interaction between the containment and the concrete
components. The climatic conditions inside a reactor containment are affected by the
boundary conditions. The boundary is defined as the contact zone between the air in the
reactor containment and the concrete surfaces inside the containment. The humidity
conditions inside the containment will, in addition, decide to what level the concrete
structural elements will eventually dry when in equilibrium with its surrounding, a state not
likely to be achieved over the technical lifespan of the containment.



The main source of moisture inside a containment is generally presumed, within the nuclear
industry, to be water leaking from steam pipes. The other potential sources are, e.g. the
suppression pool in the BWR and the large amount of concrete within the reactor
containment. The air within the containments is dehumidified during operation; however,
the amount of water extracted has not been well documented and/or is not accessible. This
limits the possibility to derive and quantify the actual moisture contribution to the
containment from potential sources. However, in this study, it is considered that concrete
may have a notable effect, as it is a large moisture source.

The most widely used building material to construct reactor containments is concrete. Close
to 95 % of the NPPs constructed between 1971 and 1999, worldwide, have some type of
concrete containment [1]. Most of the containments are single-walled structures with
prestressed concrete, or single-walled structures with only conventional reinforced
concrete, or double-walled structures of conventional reinforced concrete with or without
prestressing [1]. Both single-walled structures and double-walled structures are normally
constructed with a steel liner to ensure leak tightness. The steel liner is either embedded in
the concrete wall or installed on one of the concrete surfaces. When the steel liner is
embedded, the wall is divided to an outer and an inner containment wall.

Apart from reasonably high compressive strength and good durability, which may be
considered beneficial for a nuclear facility, there are additional properties or parameters
relevant to a nuclear facility such as thermal conductivity, heat capacity [2], moisture
transport coefficient, creep and shrinkage [3], gas permeability [4], and neutron and
gamma radiation shielding properties [2, 5]. Most of these properties or parameters are
dependent on the moisture content as well as on the water to cement ratio (w/c-ratio),
degree of hydration, and cement type and content.

Moisture content in concrete has been studied in several fields for decades, mainly focusing
on drying of concrete slabs and walls in buildings, e.g. [6, 7], the influence of moisture
content on creep and shrinkage, e.g. [8-12] and degrading mechanisms such as alkali silica
reactions [13] and frost related damage, e.g. [14, 15]. Most moisture related studies on
concrete have been carried out in a laboratory controlled environment or as computer
simulations; only a few studies have been based on environmental effects in the field, e.g.
[16, 17]. No systematic measurements or studies on the moisture condition within reactor
containments and internal concrete components have been presented. There are however a
few studies where the moisture level has been estimated [5, 18] or measuring techniques
have been evaluated [19]. Some measurements and models have also been made to
primarily evaluate the conditions in the outer wall of a containment [18, 20-22]. These
studies will be further discussed in Section 2.6.

Knowledge of the state of concrete structures in a reactor containment is important,
especially for considering long-term operation. Because of the long-term exposure of the
structures to high temperatures, it is necessary to evaluate how these conditions affect the
concrete structures, and also whether the drying rate is sufficiently large to impact ambient



humidity. High temperatures in combination with low ambient relative humidity (RH)
could result in a large transport potential for drying of the concrete.

The climatic conditions inside a nuclear reactor containment change over the years. How
these changes affect the concrete structures within the containment, and whether the
concrete itself affects the containment, have not yet been fully investigated. Thus, the
knowledge of the moisture history and the possibility of predicting its development with
time are of great value for assessing the current and future conditions of concrete
structures.

1.2 Aim and research objectives

The aim of the research project presented in this thesis was to investigate and evaluate the
climatic conditions inside nuclear reactor containments, historically, at present, and in
future. Though the knowledge of the inner climate of a reactor containment and the
condition of the concrete structure within the containment are important in order to
evaluate their long-term effects on the containment, no studies dealing with climate
conditions inside a nuclear containment have been carried out so far.

The main research objectives prior the project were the following.

L. Suggest and develop surveillance methods — i.e. measurement devices,
measurement locations, data acquisition systems, etc. to determine the exposure
conditions around the structural elements and the impact of these conditions on
the structural elements.

Chapter: 5 Papers: IIL, IV, V
II. Clarify the temperature and humidity conditions in the containments, by
explaining and quantifying them.
Chapters: 2, 5, 7 Papers: I, IT, IT1, IV, VI
III. Compare the as-designed climatic conditions around the structural elements with

the actual conditions and explain the differences between them. If necessary,
suggest remedial actions to re-establish the as-designed conditions.

Chapters: 2, 7 Paper: VI
V. Determine whether there are any differences between two containments of the

same type with regard to temperature and moisture conditions, and explain the
reason for the differences.

Chapters: 2, 5, 6,7 Papers: I1, I1I1, IV, VI
V. Determine the moisture flow inside and through concrete structures and quantify
the possible consequences.
Chapters: 3, 4, 6,7 Papers: I1, IV, VI
VI Develop guidelines for new build in order to avoid differences between the
prescribed conditions and working conditions.
Chapter: 2,7 Paper:






2 Nuclear power plant

A nuclear power plant refers to a nuclear reactor that produces electric energy; research
facilities and facilities designed for district heating are not included in this study.

There are several different NPP types worldwide; the most common type is the PWR,
followed by the BWR [1]. Large variations in design exist within each type. In this thesis,
only the Nordic PWRs and BWRs are considered.

Sweden and Finland are the only two Nordic countries that have nuclear power as an
electric power source, as of 2015. In 2015, there were 14 NPPs in operation, one was under
construction and two have been decommissioned (Barseback 1 and 2). In Sweden, there
were ten NPPs in operation, distributed over three nuclear power sites. Ringhals, which is
the biggest site, has four reactors, consisting of one BWR and three PWRs. The other two
sites in Sweden are Forsmark and Oskarshamn. The reactors in these sites consist of three
BWRs each.

Finland has two nuclear power sites, Olkiluoto and Loviisa. In Olkiluoto, there are two
BWRs in operation and one additional evolutionary power reactor (EPR) under
construction. At Loviisa, there are two VVERSs; these two reactors are not included in this
study.

Most of the reactors in Sweden and Finland have one or more similar reactors on site or at
another Nordic site. Figure 1 shows the family tree of the NPPs at Ringhals, Forsmarlk,
Oskarshamn and Olkiluoto, and the two reactors at Barsebéck that have been shut down.

Related B: Barsebick
m—Sisters F: Forsmark BWR

----- Further elaboration ~ O: Oskarshamn

OL: Olkiluoto 01(1966-72)

R: Ringhals ~o

PWR
|02 (1969-75) HBl (1971-75) HB2(1973-77) |

R3 (1972-81) R4 (1973-83)

I OL1(1974-79) OL2 (1975-82) |

| F1 (1973-80) = F2 (1975-81) |
1
1

|F3(1979-85) H' 03(1980—85)|

Figure1.  Family tree of the Swedish and Finnish BWRs and PWRs with the construction start year

and commercial operation start year within parentheses



Only four of the Nordic NPPs were further evaluated in this work. The reactors were chosen
to represent four of the five different groups, as presented in Figure 1. The PWRs are
represented by Ringhals 4; Ringhals 1 represents the old generation BWR, Forsmark 2; the
four Swedish and Finnish BWRs and Forsmark 3 represent the newest BWRs.

2.1 Reactor safety

The reactor building and the structures within are the main structures at an NPP.
Depending on the reactor design, the reactor building can be either the building envelope
housing the reactor containment, or the actual containment itself. The main purpose of the
reactor containment is the following, according to the International Atomic Energy Agency
(IAEA) [23].
e Isolate radioactive substances during operation and in the event of an internal
and/or external accident.

e  Protect the NPP from natural and human induced events.
¢  Shield radiation during operation and in accidental conditions.

Safety is the main focus at an NPP, and the strategy for safety is called defence in depth
[24]. The strategy consists of five levels of safety, with the principle that if one level fails, the
next will take over. The main objective is to prevent accidents, but if the prevention fails, the
strategy is designed to limit the potential consequences and prevent any development into
more serious conditions. Level 1 in the defence strategy corresponds to prevention of
abnormal operation through conservative design and high quality, while Level 5
corresponds to the situation when the containment fails with significant release of
radioactive material as a consequence [24].

In general, there are four main barriers designed to prevent leakage and spreading of the
radioactive material; the fuel, fuel rods, reactor vessel, and reactor containment. For some
NPPs, such as the Nordic BWRs, the reactor building is considered as the fifth barrier, as
shown in Figure 2.



Reactor
containment

Fuelrods

)

Fuel

Reactor vessel

Human —¢
(for size
comparison)

d

Reactor building

Figure2. The four main safety barriers for preventing leakage of radioactive material to the
surroundings during operation and in the event of an accident. If the NPP has a reactor
building envelop outside the containment, this can be considered as the fifth
complementary barrier. (Figure owned by Vattenfall AB, published with their

permission)

The reactor containment is the last main barrier, and the structure has to contain and
control the radioactive material if the other barriers fail. This makes the reactor
containment one of the most important structures in an NPP.

Leakage of radioactive material to the surroundings is the primary risk in case of an
accident. The possible accidents can be divided into two main groups, internal and external.
The external accidents are, earthquakes, flooding, tsunamis, extreme cold or heat,
tornadoes (with flying debris), airplane crash, etc. In these cases, the containment has to
ensure that the leak tightness is not jeopardized. External accidents may also be a factor
that induces an internal accident, e.g. because of a station black out.

The main internal accidents or events can be subdivided into five categories [25].

e  Breakin high energy systems

e Break in systems containing radioactive material

e System transients causing representative limiting loads (e.g. pressure, temperature
or dynamic loads)

e Containment bypass events such as loss of cooling accidents (LOCA) in interfacing
systems or steam generator tube rupture

e Internal hazards

An LOCA is considered as a basic accident condition for a reactor containment [1]. One
possible scenario when an LOCA can occur is when one of the pipes in the primary circuit
breaks. In this scenario, the pressure and temperature inside the containment increase
rapidly, affecting the reactor containment with a high internal pressure. The water level
inside the reactor vessel drops, and if the safety systems which are expected to maintain the



cooling of the core fail, there is a risk of core melt accident, making the event a serious
accident with high temperature and high internal pressure.

If the containment is not leak tight, an LOCA-scenario could result in a leakage of
radioactive material to the surroundings. In a PWR, depending on the containment design,
an LOCA normally generates a pressure increase of approximately 0.5 MPa and a peak
temperature of 150 °C. For a BWR, the corresponding pressure is 0.6 MPa and the
temperature is 170 °C [1]. The leak tightness of the Nordic containments is tested thrice
during every ten-year period to ensure that the structure can handle the high pressure.

The strategies to control the pressure increase vary depending on the reactor design. The
PWRs used in Sweden employ a design concept called full pressure dry containment. To
withstand the increased temperature and steam build-up, the containment has a large
volume, and thus the pressure increase is limited without jeopardising the structure and
leak tightness.

The BWRs in Sweden and Finland use a pressure suppression containment system. The
containments are divided into two main compartments, drywell and wetwell, connected
with several downcomers. In the wetwell, there is a suppression pool in which the
downcomers are submerged. In case of a steam leakage in the drywell, the steam will be
forced down into the suppression pool for condensation, thus reducing the pressure.

In the event of a core melt accident, the fuel cladding around the fuel melts, and hydrogen is
produced. To avoid the risk from oxy-hydrogen gas, the air in the BWRs is replaced by
nitrogen when the plant is in operation. In a PWR, the total space of the reactor
containment is big enough so that a dangerous concentration of the gas cannot occur. In
addition, the Swedish and Finnish reactors have an emergency ventilation system that can
filter the radiation from the gas, thereby lowering the risk from oxy-hydrogen gas and
decreasing the pressure within the containment in case of an accident.

As a result of nuclear reactions within the reactor core, different types of radiations are
produced. To lower the radiation within the NPP, different types of radiation shields are
used. Different materials have varying abilities to shield radiation. Apart from materials
such as lead and steel, concrete is a suitable material owing to its high density and the
presence of internal water.

The neutron and gamma radiation shielding properties have been investigated in several
studies [2, 5, 26-33], often with the attended use in nuclear facilities. The major forms of
radiation that escape from the reactor core are high-energy gamma rays and neutron
radiations. The reactor vessel absorbs most of the energy from the radiations, and most of
the remaining radiation is thereafter absorbed in the biological shield.

The neutron attenuation in concrete is due to the chemical composition of the hydrated
cement, and mainly the amount of hydrogen. Because of this, the attenuation is strongly
dependent on the moisture content in the concrete, the main source of hydrogen in
concrete. One example of the moisture influence is stated by Thorn in 1961, who showed



that lowering of moisture content in concrete by five percentage points increases the
relaxation length by 30 % [2].

Gamma ray shielding does not depend on the moisture content in the same way as neutron
radiation. The shielding property that affects the gamma ray radiation attenuation is the
density of the material. Test results with radiation at 3 MeV (mega-electron volt) show that
the gamma ray relaxation length increases by the same magnitude as the inverted moisture

loss due to drying [2].

2.2 Pressurized water reactor

The PWR is the most widely used reactor type in the world. The fundamental principle of
the reactor function is shown in Figure 3, which illustrates the primary and secondary
circuits. The primary circuit includes the reactor vessel, which produces overheated
pressurized water through nuclear fission. In the secondary circuit, the pressurized water is
used to produce steam, which is used to propel the turbines and generate electrical energy.
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Reactor design and basic function of a PWR. The PWR is divided into two circuits, one
where pressurized water is produced in the reactor and the other which uses the water to

produce steam to propel the turbines in the steam generator. (Figure owned by Vattenfall

Figure 3.

AB, published with their permission)
Both the primary circuit and the steam generator are located within the reactor
containment in a PWR, thus requiring a large volume. This is well adapted to the full
pressure dry containment design strategy, as mentioned in Section 2.1, which also requires
a large volume. The total volume within the PWR containment at Ringhals 4 is



approximately 55,000 m3, and most PWRs around the world have an inner volume of
approximately 60,000 m3 [1].

For single-walled full pressure dry containments, there is normally no building envelope
housing the containment; instead, the containment wall is exposed to the outdoor climate.
The Nordic PWRs have a single prestressed, 1.1 m thick, concrete containment wall with an
embedded steel liner located approximately 300 mm from the inner surface to ensure leak
tightness. The outer part of the wall (outer containment wall) is both horizontally and
vertically prestressed. The inner containment wall is made of reinforced concrete.

Apart from the inner containment wall and the bottom slab, there are a vast amount of
internal concrete structures, including the fuel handling pool and load bearing walls, and
columns for the internal components, e.g. steam generators and pressurizer. Around the
reactor vessel, which is located in the lower part of the containment, there is a biological
shield. The thickness of the shield can vary for different reactors, but for the Swedish
reactors, they are approximately 2 m thick. The total concrete volume within the steel liner
is 8000 m3 for the Nordic PWRs. Figure 4 illustrates the section of a PWR, based on Nordic
PWRs.

Dome

Steam generators Outer containment wall

Inner containment wall

coating

Reactor vessel

Internal

structures

Figure 4.  Schematic illustration of a PWR. The illustration is not to scale, but only an illustration of
the general design. The thick black lines represent the steel liners and the grey surfaces

represent the concrete.
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2.3 Boiling water reactor

The boiling water reactor BWR is the second most common reactor type in the world. The
reactor design is based on one primary circuit where the steam is produced directly in the
reactor vessel and later used to propel the turbines. An illustration of the basic principle of a
BWR is given in Figure 5.

Reactor

Electrical
generator

Turbine

Sea water

Figure 5.  Reactor design and basic function of a BWR. In a BWR, steam is produced directly in the
reactor and later used to propel the turbine in one primary circuit. (Figure owned by
Vattenfall AB, published with their permission)

Because of the pressure suppression design, as described in Section 2.1, the BWR
containment can be significantly smaller than large dry containments such as the Swedish
PWRs. A typical BWR containment has a volume of approximately 12,000 ms [1].

The Nordic BWRs are all located within a building envelope, i.e. the reactor building,
protecting the containment from external sources. The containments are all made of
prestressed single-walled concrete with embedded steel liners. Normally, the walls are
approximately 1.1 m thick, and the steel liner is located approximately 300 mm from the
inner surface. The steel liner is used to ensure leak tightness of the containment.

The reactor containments are cylindrical, and the inside region is divided into two main
compartments, drywell and wetwell. The drywell is the main compartment housing the
reactor vessel and main components. Around the reactor vessel, there is a biological shield
made of prestressed or reinforced concrete. The thickness of the biological shield varies for
the different reactors, but normally it is approximately 1—2 m. The compartment below the
reactor vessel is considered to be a part of the drywell, and is normally called the lower

drywell.
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The upper drywell is separated from the wetwell by an intermediate floor. The suppression
pool is located in the wetwell. The pool consists of deionized water, and the pool walls are
covered with stainless steel sheets. The upper parts of the wetwell, above the water line, do
not have a steel covering. The inner wall that separates the wetwell and the lower drywell
consists of reinforced concrete with a thickness of approximately 800 mm. In total, the
BWRs contain approximately 2000—2500 m3 of concrete, with the steel liners located
within the concrete. Figure 6 presents an illustration of a BWR containment design.

Reactor vessel

Biological shield
Intermediate floor
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Inner containment wall

Outer containment wall

Downcomers

Suppression pool

Figure 6.  Schematic illustration of a BWR. The illustration is not to scale, but only an illustration of
the general design. The thick black lines represent the steel liners and the grey surfaces

represent the concrete.

24 Nordic reactor containments — similarities
and differences

The design of the inner containment wall of all the Nordic reactors considers similar
functional requirements. The inner containment wall is designed to protect the steel liner
from internal missiles as well as from degradation. Because the inner containment wall in
each containment covers a large part of the total volume, a comparison between them gives
a good overview of the overall similarities and differences regarding the concrete structures.
In Table 1, the inner containment walls from four reactors are presented with the data from
TIAEA [34], Roth et al. [35] and construction drawings and personal communications with

12



the personnel at Forsmark and Ringhals. The amount of concrete and the inner volume
were both rough estimations based on the construction drawing.

Table 1. Comparison of the inner containment walls at four reactors with regard to the year of
start of construction and the year when first put into commercial operation, the reference
unit power (RUP) as of 2011 [34], the reactor containment, RC, wall thickness, cement
content, cement type, w/c-ratio, inner volume and total amount of concrete located
inside of the steel liner. This information was gathered from construction drawings,
personal communications, IAEA [34] and Roth et al [35]. Cem I, LH and STD correspond
to ordinary Portland cement concrete, low heat cement and standard cement,
respectively. The cement originated from the abandoned Limhamn cement factory,

Scania, Sweden.

Inner RC Tot. Conc.
Constr. wall Cem. RC air amount
start / in RUP  thickness content w/c-ratio  Volume within liner
operation  MW(e) [mm] [kg m3] Cem.type [kg kg1] [ms] [m3]
R1 1969 /1976 854 330 365 CEM ISTD 0.42 13000 2000
R4 1973/1983 945 330 365 CEMILH 0.42 55000 8000
F2 1975/1981 990 260 370 CEMILH 0.46 13300 2500
F3 1979/1985 1170 300 c.370 CEM I LH 0.42/0.43 15500 2300

A comparison of the water/cement-ratio (w/c-ratio) or the cement content in the inner
containment wall in the four containments shows no significant trend over time or between
two sites. The inner containment walls are fairly similar, considering the type and the
amount of the cement used (approximately 365—370 kg m3 ordinary Portland cement). All
four inner walls were constructed with old Swedish concrete classification K50 [35], roughly
equivalent to concrete class C40/50, as defined in EN206-1. A comparison of the concrete to
space volume ratio shows fairly similar results between all four reactor containments with a
ratio of approximately 1:6. Only the concrete to space volume ratio at Forsmark 2 had a
significant difference with a ratio of 1:4.5.

2.5 As-designed climatic conditions

As far as the structural parts are concerned, it was found that concrete temperature is the
only climatic condition that is regulated in the design codes regarding reactor containments
and concrete in NPPs. The Nordic countries used the American concrete Institute (ACI) 349
and 359, Code Requirements for Nuclear Safety-Related Concrete Structures [36, 37], when
constructed.
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In normal operation, the highest long-term concrete temperature allowed is 150 °F
(approximately 66 °C). However, in local areas, e.g. around steam pipe penetrations, the
temperature is allowed to be higher, i.e. up to 200 °F (approximately 93 °C). It is possible to
increase these temperature limits, if tests show that the strength of the concrete is not
lowered under the accepted design criteria because of the increased temperature. Tests
should also provide evidence that the elevated temperatures do not cause deterioration of
concrete [36].

There are also regulations regarding accident inflicted temperatures or short term
temperatures. In these cases, the concrete surface temperature shall not exceed 350 °F
(approximately 176 °C). In local areas, however, the concrete surface is allowed to reach up
to 650 °F (approximately 343°C) from steam or water jets in case of a steam pipe failure

[371.

No recommendations regarding RH levels have been found for the climatic conditions
inside the nuclear reactor containment as well as for the moisture content or RH in concrete
components. IAEA [25] has, however, recommendations to monitor the humidity levels in
the containment during operation, e.g. to detect leakage from the primary circuit.

Because the air within the reactor containments is dehumidified during operation, it is
further assumed that the conditions measured within the containments are "as-designed
conditions". However, details regarding the dehumidification of the reactor containment air
were not found or accessible.

2.6 Actual climatic conditions

The climatic condition in the Swedish reactor containments has previously been studied
primarily with regard to the drying of the outer containment wall, both on BWRs and PWRs
[18, 20, 21, 38]. In these studies, the ambient conditions outside of the outer containment
on three reactors were monitored during operation. The results showed that the
temperature at the surface varied at different heights in the BWR, with temperature of
approximately 50 °C high up and 20 °C down below. The results also showed that the
vapour content inside the reactor building followed that of the outdoor conditions. This
resulted in low RH at higher levels on the containment wall and significantly higher RH at
lower levels. The results also showed that when compared to the temperature inside of the
containment, there was no significant temperature gradient in the containment wall [20]. In
contrast to the BWR, the measurements at the PWR showed that there were large
temperature gradients on those sections of the containment wall that were exposed directly
to the environment [20].

A model was developed and applied to the BWR and PWR containments. The model was
validated using measurements on concrete cylinders, extracted from the outer containment
wall at one of the BWRs [38] and measurements on the outer surface of the containment
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wall [20]. The model showed good agreement with the measurements, and the moisture
profile in the containment concrete indicated high humidity at greater depths [18]. The
model was also applied to the PWR containment wall; however, it was not validated at
greater depths [21]. The moisture profile at the PWR containment wall was predicted to
decrease with depth owing to the temperature gradient effect on the moisture transport.

As the first step of the work presented in this thesis, the moisture profile was measured with
respect to the degree of capillary saturation. The measurement was done on concrete from
inner and outer containment walls at the PWR Ringhals 4 (Paper I). The results presented
in Paper I show a clear moisture gradient in both inner and outer containment walls, with
high moisture levels at greater depths. These results indicated that the model presented in
the previous study [21] did not properly describe the influence of temperature gradient, a
conclusion later stated by the same author [39].

The earlier studies showed that the temperature and RH varied within the reactor
containments. Temperatures of 20-60 °C and RH of 30-60 % were observed in BWRs
during operation. The measurements within a PWR showed that the temperature on low
levels was in the range of 20—30 °C with a corresponding RH of approximately 50 %, while
the temperature higher up was approximately 40 °C with an RH of approximately 30 %

[21].

An evaluation of the potential factors that may have a significant influence on the internal
temperature and humidity variation during operation is presented in Paper II.
Measurements of temperature and RH in the two reactor containments, one BWR and one
PWR, with the measurement setup developed in this project, were compared with respect to
three identified factors: outdoor temperature, NPP cooling (i.e. seawater temperature), and
the operational state of each reactor. The conclusions drawn in Paper II were that only the
outdoor temperature had a significant influence on the conditions in the PWR. No clear
correlation to the seawater temperature or the operational state (power outage not
included) was found in the PWR or the BWR. The conclusion drawn from the studies was
that the conditions within a BWR should be stable over the years without any significant
difference, while the conditions within a PWR may change from year to year depending on
the ambient conditions, as well as with daily and seasonal changes. The measured
conditions as well as the seasonal trends as observed in Paper II are also found in the work
by Nilsson and Johansson [21].

In this project, the actual conditions in four reactor containments, both in the concrete as
well as in the surroundings, were measured and evaluated. Evaluations of the measuring
technique and setup, as well as the measured results are presented in Papers II, III, IV
and VI. The setup and the results are also briefly presented in Chapter 5.
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3 Moisture transport

Moisture transfer in a porous material is a combination of different transport phenomena.
When describing the transport on a microscale or nanoscale, the transport is often divided
into permeation of liquid water, permeation of gaseous phase, diffusion of water vapour in
gas [40], inter layer water transport and transport in adsorbed water [39]. Gravity induced
transport may be neglected while considering porous media with very small pores [41] such
as concrete. While considering 