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Abstract

Structural integrity of a reinforced concrete wall and a pipe penetration under
detonation conditions in a selected reactor building room of Olkiluoto BWR were
studied. Hydrogen leakage from the pressurised containment to the surrounding
reactor building is possible during a severe accident. Leaked hydrogen tends to
accumulate in the reactor building rooms where the leak is located leading to a
stable stratification and locally very high hydrogen concentration. If ignited, a
possibility to flame acceleration and detonation cannot be ruled out.

The structure may survive the peak detonation transient because the eigenperiod
of the structure is considerably longer than the duration of the peak detonation.
However, the relatively slowly decreasing static type pressure after a peak deto-
nation damages the wall more severely. Elastic deformations in reinforcement
are recoverable and cracks in these areas will close after the pressure decrease.
But there will be remarkable compression crushing and the static type slowly
decreasing over pressure clearly exceeds the loading capacity of the wall.

Structural integrity of a pipe outlet was considered also under detonation condi-
tions. The effect of drag forces was taken into account. Damping and strain rate
dependence of yield strength were not taken into consideration. The boundary
condition at the end of the pipe line model was varied in order to find out the ef-
fect of the stiffness of the pipeline outside the calculation model. The calculation
model where the lower pipe end is free to move axially, is conservative from the
pipe penetration integrity point of view. Even in this conservative study, the high-
est peak value for the maximum plastic deformation is 3.5%. This is well below
the success criteria found in literature.
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1 Introduction

Large amount of hydrogen may release into a BWR containment during severe accidents. Due to
the thermal and pressure loads the containment is exposed to, hydrogen leakage from the
containment into surrounding reactor building rooms cannot be totally excluded. Hydrogen may
accumulate in the reactor building and, in the presence of normal air, form flammable and even
detonable mixtures leading to pressure loads on pipes and walls. Particular interest is whether the
containment integrity can be jeopardised by an external detonation. In particular, a damage of pipe
penetrations may lead to an early release of fission products from the containment.

Initial sequence
y
. Accident progression in MELCOR code
primary system and containment
I
Hydrogep leakage from : MELCOR code
containment into reactor building Reported by
I Manninen et al.
Hydrogen spreading MELCOR code, (2000 and 2002)
in reactor building FLUENT code
v
Hydrogen combustion and FLUENT code , validation
flame acceleration against FLAME experiment
v
Flame acceleration ar.1d DDT, Semi-empirical criteria
Onset of detonation based on FLUENT analyses
v _
. DETO code Reported by
Detonation pressure loads DET3D code _| Silde & Redlinger
il (2001)
Structural integrity ABAQUS code

Figure 1. Stages of research of hydrogen behaviour in Olkiluoto reactor building.

Quite extensive studies were carried out in order to predict the pressure transients for structural
analyses. This work is reported by Manninen et al. (2000 and 2002) and Silde & Redlinger (2001)
(Fig. 1). Some preliminary studies concerning the hydrogen issue in Olkiluoto BWR reactor
building were also performed by Silde & Lindholm (2000) and Saarenheimo (2000). Conclusion
of these studies was that hydrogen accumulates in the reactor building rooms leading to a stable
stratification and locally very high hydrogen concentration. If ignited, a possibility to flame
acceleration and detonation cannot be ruled out.

This paper concentrates on three-dimensional detonation simulations and structural integrity
analyses in one selected room of Olkiluoto BWR reactor building (last two steps in Fig. 1).
Detonation simulations were carried out with the DET3D code developed at Forschungszentrum
Karlsruhe (FzK). A data transfer tool was developed to enable a flexible data transfer between the
DET3D and the ABAQUS codes (Silde & Pittikangas, 2001). Non-linear finite element analyses
of the reinforced concrete structure were carried out by the ABAQUS/Explicit program using the
pressure loads obtained from the DET3D simulations as input. The reinforcement and its non-
linear material behaviour as well as the tensile cracking of concrete were modelled. An overview



of the whole analysis chain, main results of the DET3D analyses and some preliminary results of
structural analyses are presented in this paper.

2 Numerical simulation of loading transient

The investigated accident scenario is a station blackout resulting in a loss of the reactor building
ventilation. A conservative assumption of 100% zirconium oxidation in a core was made leading
to 1900 kg hydrogen generation within the containment. The considered reactor building room is
adjacent to the containment wall and has a total volume of 856 m® (Fig. 2). The room is about 33
m tall, but very narrow (Fig. 3). The hydrogen leakage is assumed to occur in the penetration inlet
at an elevation of 5 m below the room ceiling (at level around +26 m). The leak area was assumed
to be 20 mm?, which corresponds to around 10 times the nominal leakage of the containment.

Analysed
room

<" Section through the reactor
P building and the reactor
; containment vessel.

. Reactor
. Main steam lines
. Fuel storage pool
. Reactor service bridge

. Reactor service room crane

. Main circulation pumps 10. Blow-down pipes

. Control rod drives 11. Embedded steel liner
. Reactor containment vessel 12. Condensation pool

. Control rod service platform 13, Scram system tanks

=B - =S RL C

Figure 2. Olkiluoto BWR containment and the adjacent reactor building rooms.
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Figure 3. Geometry of analysed reactor building room B.60.80.

2.1 Results of DET3D simulation

The model of the detonation simulation used an uniform cartesian grid consisting of about 778 000
cells corresponding to the cell size of 0.117 m. All concrete boundaries of the room were
modelled. Two pipelines were also included in the model. These pipelines leave horizontally from
the containment wall at level + 26 m, make a 90-degree angle and continue vertically to the bottom
of the room. Both pipelines were constructed of rectangular form in the model. This simplification
does not reduce significantly the accuracy of the simulation. All other internal obstacles were
ignored. This is justified by the fact that the upper part of the room, where the hydrogen existed, is
relatively open space. Influence of obstacles in very fast detonation processes can be considered
insignificant.

The initial gas concentrations relied to earlier CFD simulation with the FLUENT code (Manninen
et al., 2000). Prior to beginning of detonation, about 3.5 kg hydrogen was assumed to release into
the reactor building room. At that time, very high concentration gradient exists in the room (Fig.
4). The gas composition in the upper part of the room is nearly stoichiometric while no hydrogen
exists near the floor elevation. Same values for the initial pressure (0.1065 MPa), temperature
(301.2 K) and density (0.9 kg m™) were used throughout the computational grid. The detonation
was ignited at an elevation of 2.5 m below the ceiling (level + 28.5 m) where there is a fluorescent
lamp. The ignition occurred in the middle of the narrow end wall of the room. The detonation was
initiated by introducing a very high pressure (6 MPa) and temperature (4000 K) into a desired
ignition location in the computational grid.
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Figure 4. Initial profile of the mole fraction of hydrogen in analysed reactor building room.

Three—dimensional detonation simulation was carried out with a finite difference code DET3D
developed at Forschungszentrun Karlsruhe (FzK) (Breitung and Redlinger, 1994). The approach of
the code enables the detailed assessment of detonation processes and consequential pressure loads
in a real 3D geometry taking into account the multiple reflections and interactions of the shock
waves.

Detailed description of the DET3D results can be found in reference (Silde & Redlinger, 2001,
simulation Case 2). As seen in Figure 4, the detonable gas mixture is located above the level
around + 26 m in the room. The mole fraction of hydrogen above the gas inlet (level + 28 m) is
roughly 30 — 34 % and the mole fraction of oxygen about 12 - 13%.

Propagation of shock waves after the ignition of detonation can be seen in Figure 5, where the
pressure contours at four selected instants of time are illustrated. A spherically expanding
detonation wave is formed propagating throughout the upper part of the room. The detonation
reaches the room ceiling at t = 1 ms, the left-hand side pipe penetration at about t = 2 ms, the
internal concrete wall in the middle of the upper part of the room at t = 3 ms and the end wall
opposite the ignition location at t = 6.5 ms. The detonation wave cannot propagate below the level
around + 26 m, where a lean hydrogen mixture exists. However, detonation-induced decaying
shock waves propagate downwards throughout the whole room reaching the bottom of the room
roughly at t = 45 ms.
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Figure 5. Contours of pressure at four selected instants of time.



The maximum pressure value found in each computational cell during the 150 ms simulation is
illustrated in Fig. 6. The highest pressure peak of about 7.0 MPa is observed in the upper corner of
the room beside the containment wall (level + 31 m). History of simulated pressures on the
reinforced concrete wall at two different elevations of the room is illustrated in Figure 7. The
pressure history near the room boundaries is characterised by a high and short (order of few
milliseconds) pressure transient caused by shock reflection. After the first spike, the pressure
decreases relatively slowly. The pressure fluctuation after the first spike is caused by the later
interactions of shock waves and their reflections from the walls. Because the detonation cannot
propagate to the bottom of the room, the highest pressure value there is only about 0.8 MPa due to
reflections of decaying shock waves.

Maximum pressure
of 70 bar

Figure 6. Contours of maximum pressure (bar) value found in each cell during the 150 ms
simulation.
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Figure 7. Simulated reflection pressures at two different elevations of the room.

Normalised pressure impulses to a reinforced concrete wall structure at three different elevations
during a 30 ms simulation are shown in Figure 8. Comparison to Fig. 7 indicates that the pressure
spikes from the first shock reflections result in the impulse loads less than 5 kPa-s. Later on, the
increase of impulses is caused by relatively slowly decreasing pressure after the first spike and the
later reflections of the shock waves. The highest pressure impulses on the wall structure during the
30 ms simulation are around 13 kPa-s.

Normalised pressure impulse in room B.60.80
20

Corngr near ceiling +31.0 m ——
Corner near ignition $28.5 m ------
Corner on bottom +0.15 m -—-

15

10

Impulse [kPa-s]

0
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Figure 8. Normalised pressure impulses at three different elevations.

Simulated pressure values around the pipe penetration (near ignition location) and around the
pipeline at five different elevations are illustrated in Figures 9-14. The legend of the figures shows
the (x,y,z)-coordinate, where the pressure is plotted. Maximum pressure value around the pipe
penetration beside the containment wall is approximately 1.8 MPa at t = 2 ms (Fig. 9). After this
instant of time, the pressure remains below 1.0 MPa. The maximum pressure value on the vertical
pipeline is approximately 1.5 MPa above the level around + 24 m (Figs 10 and 11). Below this
elevation, the pressure spikes are lower because the detonable gas mixture exists only above the
level + 26 m (Figs 12 and 13). In the lower elevation at + 19.64 m, relatively high pressure spike



(= 2 MPa) is observed (Fig. 14). This is caused by the reflection of shock waves from the internal
concrete floor at level + 19.5 m.
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Figure 9. Pressure around the pipe penetration.
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Figure 10. Pressure around the vertical pipeline at level + 25.26 m.



1.5

Pressure [MPa]

0.5

Pressure around the pipeline, level + 24.79 m

'(3.04, 26.79, 0.58) ——
(3.28.26.79. 0.32)
(3.51.26.79, 0.58)

(3.28, 26.79, 0.82)

5 10 15 20 25 30

Time [ms]

Figure 11. Pressure around the vertical pipeline at level + 24.79 m.
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Figure 12. Pressure around the vertical pipeline at level + 23.62 m.
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Figure 13. Pressure around the vertical pipeline at level + 22.34 m.
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Figure 14. Pressure around the vertical pipeline at level + 19.64 m

2.2 Drag Forces to Internal Pipeline

Detonation pressure as modelled by DET3D defines the thermodynamic state of the fluid

representing so called “local” properties of the fluid. Any directed motion as associated with
stream velocity is, therefore, considered irrelevant.

However, if a structure like a pipe line is affected by a moving stream, it renders the stream
stagnant and the molecular collisions induce excess forces on a structure. These forces are quite
analogous to those developed by natural wind (Kinney & Graham, 1985). The wind forces are
most conveniently studied by methods developed for the inverse problem: the drag forces on
moving bodies. Data on drag forces can be represented as a dimensionless drag coefficient C,.



Assuming that the average density of gas is not affected by the presence of structure, the average
pressure drop p, that accounts for the drag force per unit of projected area can be expressed as

1 2
Pd =5Cdpu (1)

where p is the average gas density and u is the average stream velocity.

As seen in Equation (1) the drag force is proportional to square of stream velocity. The drag
coefficient is dependent on the geometry of object and the experimental values can be found in
literature for various structure shapes.

In this study, the DET3D simulation indicated that the local gas velocities during the detonation
were very high (up to 1000 m/s) in certain parts of the reactor building room. With respect to
integrity of the internal pipeline and the pipe penetration, the drag forces must be, therefore, taken
into account.

The effect of drag forces on the pipeline and connected valve in Olkiluoto reactor building room
B.60.80 was approximately estimated using the following method. The average gas densities and
velocities around the pipeline as a function of time were defined from the DET3D simulation. A
value of 1.2 was used as the drag coefficient C; for the pipeline of cylindrical shape (Kinney &
Graham, 1985, Table VIII). The excess pressure drop across the pipeline caused by the drag was
evaluated according to Equation (1). Total pressure drop across the pipe was assumed to be a sum
of the “local” pressure differences predicted by DET3D (chapter 2.1) and the drag pressure drops
estimated according to Equation 1.

It should be mentioned that the drag forces on the pipeline were defined using a very rough
method. Drag values for all computational cells around the pipeline were not specified. Instead of
that, only some selected representative points were selected, each of which covered the certain
surface area of the pipeline.

Typical pressure drops around the pipeline caused by the drag forces are shown in Figs. 15-22.
Direction of drag forces are extrapolated according to Fig. 33. Positive x-direction corresponds to
I-direction in the coordinate system of Fig. 33. Y-direction corresponds to negative 2-direction in
Fig. 33.
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Figure 15. Drag force around the pipe penetration beside the containment wall.
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Figure 16. Drag force on the top of the valve system at level + 28.0 m.
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Figure 17. Drag force around the vertical pipeline at level +25.26 m.
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Figure 18. Drag force around the vertical pipeline at level +24.79 m.
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Figure 19. Drag force around the vertical pipeline at level +23.62 m.
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Figure 20. Drag force around the vertical pipeline at level +22.34 m.
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Figure 21. Drag force around the vertical pipeline at level +20.93 m.
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Figure 22. Drag force around the vertical pipeline at level +19.64 m.

Strongest sideward (x-direction) drag force was about 0.5 MPa and was exerted to the upper part
of the isolation valve at level + 28 m (Fig. 16). At that elevation, the expanding detonation wave
impacted directly the valve system. Because the detonation wave cannot propagate below the level
around + 26 m, the drag forces around the pipeline are smaller below this elevation (Figs 17-22).

Vertical drag force (from top to bottom) is maximally about 0.35 MPa effecting on the horizontal
part of the pipeline at level around + 25.5 m (Fig. 15, y-direction).

The drag force at level + 19.64 m (Fig. 22) is slightly strengthened by the reflections of shock
waves from the internal concrete wall at level + 19.5 m (compare to Fig. 21).



3 Structural analyses

3.1 Reinforced concrete structure

Dynamic non-linear analyses of this reinforced concrete structure were carried out by
ABAQUS/Explicit program (ABAQUS Theory Manual 1998), which is based upon the
implementation of an explicit integration rule together with the use of diagonal element mass
matrices. The equations of motion are integrated using the explicit central difference integration
rule. Because peak pressure transients mainly occurred in the upper part of room B60.80, only the
upper parts of the walls and pipeline were considered in the structural analyses. The part of the
structure modelled by finite elements (FE) is indicated in Fig. 3 by red colour. Pressure loads are
obtained from detonation simulation analyses reported in chapter 2. Pressure spikes during the first
30 ms were assumed as loading and after that the overpressure was assumed to decrease to zero
during 0.25 s, because the room contains pressure relief openings.

Fri} ‘/Fr%\\<A

Support

N

L

Figure 23. Finite element model.

The finite element model of the concrete structure is presented in Fig. 23. The FE model consists
of nearly six thousand 4-noded double curved shell elements using reduced integration and hour
glass control. The thickness of the wall is 0.6 m. Nine section points are used through the
thickness. This wall is not designed to carry any pressure loads and its main purpose is to act as a
radiation shield. There is vertical and horizontal reinforcement at the both faces of the wall. The
amount of the reinforcement varies mainly between the minimum required and an amount of
0.27% of the cross section area of the wall.

In this study the connections to the surrounding structures were modelled as fully fixed. There is a
structural seam between the containment and the reactor building. In order to simulate the effect of
this seam, the upper edge and the vertical edges of the model were assumed to be free.

Damping was modelled by the mass proportional part of Rayleigh damping. Mass proportional
damping was used to damp out the low frequency response. In this case, the mass proportional



damping was used for damping the lowest mode with 5.5 % of the critical damping. In simulating
the structural behaviour during peak type detonation load, the effect of damping was almost
negligible.

Material properties

Material non-linearities were simulated taking into account concrete cracking and strain rate
dependent yield of the reinforcement.

Material properties for concrete are shown in Table 1. According to (RILEM Report 5 1991), high
strain rate increases the tensile strength of concrete. Several theories have been developed in order
to explain the strength increase due to high loading rates. Young's Modulus E. is less affected by
strain rate or even not affected at all. The tensile strength of concrete f. was increased by
approximating a higher tensile strength value for concrete according to the analytical and
experimental results presented in (RILEM Report 5 1991). After cracking tensile stresses are
assumed to decrease to zero when the corresponding strain is 0.0018. A cracked calculation point
can only carry compressive stresses. Under tensile loading the crack naturally opens.

According to (RILEM Report 5 1991) high strain rates do not affect that strongly on compressive
strength as on tensile strength. Compression crushing can not be taken into consideration in the
ABAQUS/Explicit analyses. Compressive stresses were assumed to be linear. In evaluating the
results, the compressive stresses in structure should be carefully studied. In considering these
stresses, relatively high compressive stresses may locate on the surface of the wall. In this study
compression crushing was assessed with an additional analysis using a modified Young's Modulus
for concrete. This modulus is predicted using a compression crushing stress fcx of 21 MPa and
corresponding a strain of 3.5 °/_.

Table 1. Concrete material properties.

Ec fctk V fcd fck
[MPa] [MPa] [MPa] [MPa]
27000 3.0 0.15 15.6 21

The reinforcement was modelled by one-dimensional strain theory elements. Reinforcement was
defined as layers of uniformly spaced reinforcing bars in the shell elements. Concrete cracking was
considered independent of rebars. Effects between the concrete and the rebar interface, such as
bond and dowel action, were approximately modelled by introducing some tension stiffening into
the concrete cracking model. This simulated the load transfer across the cracks through the
reinforcement.

The material behaviour of reinforcing steel was assumed to be linear elastic up to the yield stress.
The stress vs. plastic strain is presented in Table 2. Young's modulus is 210 GPa and Poisson's
ratio 0.3.

Table 2. Stress vs. plastic strain values for reinforcement steel.
Stress [MPa] 390 400 480 500
Plastic strain [mm/mm] |0 0.002 10.15 (0.8

Yield stress of steel is strain rate dependent. In high strain rates the yield strength is higher than a
normal static yield strength. This phenomenon essentially affects the results. The strain rate effect
of reinforcing steel was accounted for by a standard procedure used for considering strain rate
effects, and is expressed by the formula:



en=Dl-Z 1 )

where ¢ is the equivalent plastic strain rate, (;' 1s the effective yield stress and oy is the static yield
stress, (ABAQUS Theory Manual 1998). For structural steels these parameters are typically p =5
and D =40 (Bodner & Symonds 1979).

The effect of the strain rate dependence of the yield strength was studied and reported by
Saarenheimo et al. (2001). According to Equation (2) the yield stress increases about 50 % when
the strain rate reaches a value of 1/s.

Results

First a materially non-linear analysis was carried out in order to predict the ultimate capacity of the
construction loaded with a constant pressure. In the following, the upper part on the right side of
the structure (see Fig. 23) is considered. The upper edge is free and the distance between the
supporting walls is 9.4 m. The reinforcement yielded at locations R9-R12 (see Fig. 27) at a
pressure value of 0.1 MPa. In the field area the reinforcement starts to yield when the pressure
value exceeds the value of 0.15 MPa. Compression crushing is remarkable at the supporting areas
when the constant pressure is 0.2 MPa. At a pressure value of 0.2 MPa the inner surface in the
field area near the upper free edge is crushed. The area between the supporting structures is called
here as field area. Yielding in the reinforcement and crushing of the concrete occur widely when
the constant pressure is further increased. The ultimate capacity of the wall, when considering the
widest field area under constant pressure, is approximately slightly over 0.2 MPa.

Structural behaviour of the reinforced concrete wall was studied under detonation conditions
corresponding to a detonable hydrogen mass of 3.15 kg. The calculation of loading transient is
presented above. A special transfer tool was used for data transfer of pressure transients from the
DET3D results to the ABAQUS/Explicit input (Silde and Péttikangas 2001). The peak type
pressure loads are over in 30 ms. The overpressure after the peak detonation is assumed to
decrease to zero in 0.25 seconds. The assumption is based on previous predictions presented by
Saarenheimo (2000).



10 T T
(*10%*5)

LINE VARIABLE SCALE
FACTOR
1 ALLWK +1.00E+00
2 ALLKE +1.00E+00

ALLIE

+1.00E+00
+1.00E+00

Energy (J)

0 1 2 3 4 5 6
Time (s) 10" *=2))

Figure 24. Energy balance during the first 60 ms.

The energy balance during 60 ms from the start of the detonation is shown in Fig. 24. The external
work done by the pressure transients (ALLWK) creates the kinetic energy (ALLKE), the strain
energy (ALLIE) and a part of the external work is dissipated by the viscous effects (ALLVD), like
damping and strain rate dependent yield. Total strain energy consists further of recoverable strain
energy (ALLSE) and the energy going to plastic deformations (ALLPD). During a rapid
detonation simulation the effect of damping is negligible. ETOTAL shows the total energy balance
(ETOTAL= ALLKE+ALLIE+ALLVD-ALLWK). The value ETOTAL is zero, if the energy
balance holds.

(@)

(d) (e) 1
Figure 25 a-f. Open cracks on the inner surface of the wall, (a) t=3.0 ms, (b) t=7 ms and (c) t=14
ms. (d) t=20.0 ms, (e) t=30.0 ms and (f) t=60.0 ms.



Cracking on the inner surface of the structure corresponding different time increments t = 3 ms, 7
ms, 14 ms, 20 ms, 30 ms and 60 ms are presented in Fig. 25 a-f. Corresponding open cracks on the
outer surface are presented in Fig. 26 a-f. It can easily be seen how the detonation starts near the
upper left corner of the model and the pressure load travels on the inner surface of the structure.
Cracking occurs firstly on the inner surface near the support areas and at the outer surface the
cracking starts at the so called field areas.

PR AP

(d) (e) 0

Figure 26 a-f. Open cracks on the outer surface of the wall, (a) t=3.0 ms, (b) t=7 ms and (c) t=14
ms. (d) t=20.0 ms, (e) t=30.0 ms and (f) t=60.0 ms.



Locations where stresses and strains in reinforcement are presented as a function of time, are
shown in Fig. 27. Points referred to as R1, R2, R3 and R4 are located near the lower fixed edge of
the model. Points R5-8 are located at level +25 m, where the connecting floor is modelled by
boundary conditions. Points R9-12 are located near the right edge of the wall considered.
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Figure 27. Locations for stress and strain output, Case A.

The inner vertical reinforcement is yielding near the horizontal supporting areas, at connecting
floor levels +19.50 m and +25 m. Development of plastic deformation and stresses in the vertical
reinforcement located at the inner surface of the wall, at locations R1-R4, is shown as a function of
time in Fig 28 a and c, respectively. Corresponding results of plastic strain and stress in the vertical
reinforcement located at the inner surface of the wall at locations R5-8 are presented in Fig. 28 b
and d.
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Figure 28 a-d. (a) Plastic deformation as a function of time, R1-4, (b) plastic deformation as a
function of time, R5-8. (c) Stress in reinforcement as a function of time, R1-4 and (d) Stress in
reinforcement as a function of time, R5-8. Locations R1-8 are shown in Fig. 27.

As can be seen, the pressure load hits the location referred at R1-4 a couple of milliseconds later
than it hits the location referred at R5-8 at level +25m.
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Figure 29 a and b. (a) Plastic deformation as a function of time, R9-12, (b) Stress in reinforcement
as a function of time, R9-12. Locations R9-R12 are shown in Fig. 27.



Remarkable yielding occurs near the right upper corner where the pressure transient hits the wall at
t = 7 ms. Plastic strain and stress in reinforcement located at the inner surface of the wall near the
right upper corner are shown in Fig, 29 a and b, respectively. At the end of the calculation, t = 60
ms, the maximum amount of plastic deformation is about 4% in the reinforcement located near the
inner surface of the wall near the floor level +25 m and at the right upper corner. Vertical
reinforcement located at the outer surface is yielding also, but the amount of plastic deformation is
lower. This is because the detonation has just reached the right corner of the room. The plastic
deformation in the vertical reinforcement located at the inner surface of the wall is less than 0.5 %.
It should be noted that the results concerning reinforcement yielding were obtained without taking
the compression crushing into consideration.

Compression crushing was predicted with a separate analysis using a reduced Young's modulus for
the concrete. Minimum principal strains at t = 20 ms, 30 ms and 60 ms at the inner surface of the
wall are shown in Fig. 30 a-c. Areas where compressive strains exceed the value of 3.5 %/ are
indicated with red colour. In the field areas at the inner surface, compression crushing begins at the
end of the detonation transient and continues during the slow pressure decrease after the peak
detonations.

Minimum principal strains at t =20 ms, 30 ms and 60 ms at the outer surface of the wall are shown
in Fig. 31 a-c. Compression crushing begins at the outer surface near the support areas like
connecting floors and walls already at t = 20 ms. The outer surface is widely compression crushed
att =60 ms.

The ultimate capacity for a constant pressure was above estimated to be about 0.2 MPa for this
kind of wall construction. The static type overpressure after the detonation peak is about 0.4 MPa
and it is assumed to decrease to zero in 0.25 seconds. The lowest eigenfrequency of the wall is 27
Hz. The predicted time needed for the pressure decrease is relatively long compared with the
lowest eigenperiod of the wall. So, this static type overpressure exceeds the capacity of the wall.
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Figure 30 a-c. Minimum principal strain distribution at the inner surface, (a) t = 20 ms, (b) t = 30
ms and (c) t= 60 ms.
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Figure 31 a-c. Minimum principal strain distribution at the outer surface. (a) t = 20 ms, (b) t = 30
ms and (c) t = 60 ms.



3.2 Pipe outlet

Structural integrity of a pipe outlet hit by the detonation wave was predicted using the ABAQUS/
Explicit code. In this study also the drag forces caused by the detonation transient were taken into
consideration. The amount of detonable hydrogen was 3.15 kg and the detonation was assumed to
occur at the same location as in the wall integrity considerations. Additional pressure transients
due to the drag forces are presented in Figs 15-22. Pressure inside the pipe (the operating pressure)
is 7.3 MPa.

Pipelines located in room B.60.80 are schematically shown in Fig. 5. Two pipelines leave horizon-
tally from the containment wall at level + 26.0 m, make a 90-degree angle and continue vertically
to the bottom of the room. In this study, the structural integrity of the pipe outlet located closer to
the assumed detonation point is considered. A detail of the pipe outlet without insulation is shown
in Fig. 32. There is a valve located between the pipe bend and the penetration to the containment
wall. FE model used in these analyses and the main dimensions of the stainless steel AISI 304 pipe
are shown in Fig. 33. The are 1950 four nodded shell elements and 11 600 degrees of freedom in
the model. The mass of the valve and roughly the geometry of the valve were modelled.



The connection to the containment wall was assumed as fully fixed. The first pipe support can
partly be seen in Fig. 32. The locations of the pipe supports are shown in Fig. 33 and they are
referred as S1, S2 and S3 in the following. This steel structure supports both the horizontal part
and the vertical part of the pipe bend. As can be seen in Fig. 32, the horizontal movements and
displacement upward are restricted at the joint of the pipe bend and at the horizontal part of the
pipe (S1). This same steel structure supports horizontally the pipe also just below the pipe bend, at
the junction of the pipe bend and the vertical pipe line, at level + 24.8 m (S2). Because, only local
behaviour of the pipe outlet is considered here, the pipe line is modelled until the next support
which is located at level +19.6 m. This support, referred as S3, restricts only horizontal
displacements. In this study the pipeline was thus not modelled completely. The stiffness of the
pipe line outside this model naturally affects the results. In order to find out the effect of the
boundary conditions at the end of the model (Fig. 33, support S3), this boundary condition was
varied. Axial displacement was first assumed as free and then as fully fixed.

Figure 32. Pipe penetration in the containment

The gaps of the pipe supports are modelled with the non-linear spring elements. These spring
elements are located at the nodes closest to the support. The number of spring elements simulating
the contact is dependent of the width of the contacting support surface. At support S1 the contact is
modelled at two nodes to each contacting global direction. Because the vertical global
displacement is restricted only upwards, the number of spring elements is six. At support S2 there
are three nodes along the pipe axis direction simulating the contact to each horizontal global
direction, altogether there are twelve spring elements.

The support referred as S3 is modelled using only one spring element to simulate each horizontal
gap. Gaps are modelled according to the design drawings and the size and corresponding global
working directions of these gaps are listed in Table 3.



—_Y_428.070

4369 m

m =900 kg

v v +25.550 d=0.273m
“—  |t=00214m

d=0.219m

#9ml " |i=00182m

53
+19.800

Figure 33. Main dimensions of the pipeline and a detail of FE model.

Table 3. Supports, gaps [mm].

Support I-direction | 2-direction | 3-direction
S1 Level +25.55m | +/- 3 +13

S2 Level +24.8 m | +/-4 +12/-4

S3 Level +19.8 m | +/-10 +/- 10

The pipe line is assumed to be in the operating temperature of 285°C and the operating pressure of
7,3 MPa. The pipeline was assumed to be filled with water. The mass of water was taken into
account by effective density of the piping. The effect of damping was not considered in this study.
The pressure transient due to the detonation load was used as loading ( see Figs 9-22).



Piping steel

Both yield strength and ultimate tensile strength are diminished as the temperature increases.
Material properties at the room temperature and operation temperature are given in Table 4, .
Material properties used for the elastic-plastic material model are shown in Table 5 (Material
Handboken 1994, Raaka-ainekasikirja 1984).

Table 4. AISI304 material properties at the room temperature and operation temperature.

Temp. | Young's Modulus | Yield Stress (0.2 %) | Tensile Strength Thermal
[°C] [GPa] [MPa] [MPa] Expansion
[1/°C]
25 201 210 515 1.7E-5
285 176 110 383 1.9E-5
Table 5. Stress vs. plastic strain values for piping steel AISI 304 at 285°C.

Stress [MPa] 100 {110 |120 []383

Plastic strain 0 0.002 [0.01 (0.4

[mm/mm]

Conservatively, the increase in yield strength properties at high strain rates was not considered
here. According to Marshall et al. (1995), quasi static strength and toughness data appear to be
conservative for stainless steels. According to IPIRG results increasing the strain rate by four
orders of magnitude raised the yield strength significantly, but had only a modest effect on
ultimate strength and fracture elongation at a temperature of 288°C. Also, the actual static yield
strength is considerably higher than the corresponding yield strength provided by ASME Section
II1. The yield stress corresponding to a 0.2 % plastic strain was not measured in the IPIRG tests.
The measured 2% offset yield strength at 288°C was 175 MPa, the corresponding value in ASME
is 130 MPa. Measured yield stress corresponding to a 2 % strain at a strain rate of 1/s is about 200
MPa. Measured yield strength at strain rate of 10/s is 225 MPa.

Results

Structural analyses of a pipe outlet during the peak type detonation were carried out. In this study,
also the drag forces were considered.

The development of plastic deformations at the outer surface of the pipe wall is shown in Fig. 34
a-d.
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There are three spring elements above each other simulating the contact between the pipe wall and
the support S2. These spring elements are referred here as follows: S2up means upper, S2m means
middle and S2lo means the lowest spring element. During this simulation the pipe is at a
continuous contact with the support to the negative 3-direction, see Fig. 35..
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Figure 35. Contacts at support S2 to the negative 3-direction, free end.

The size of the gap in support S2 was 4 mm to the positive direction of 1-axis. This contact is
presented as a function of time with blue line in Fig. 36. Contacts to the lower support S3 are
presented also in Fig. 36. The pipe wall is modelled to the support, when the gap value is + 10
mm. The pipe almost lies on support S3 to the positive 3-direction. Contacts to the positive and
negative global 1-directions at support S3 are presented with pink and green lines.
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Figure 36. Contacts at support S2 to the positive 1-direction and at the support S3 to I-direction
and the positive 3-direction, fixed end.

The contact between the pipe wall and the suppports in the case where the axial displacements of
the end of the pipe were assumed as zero are shown in Fig. 37. The pipe wall is now contacting to
the support S2 in positive 1-direction at two nodal points (lower and middle). Also now there is an
almost continuous contact between the pipe and the support S3 at the positive 3-direction.
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Figure 37. Contacts at supports S2 and S3, fixed end.
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Figure38. Energy balance during the first 200 ms, free end.

The energy balance during 200 ms from the start of the detonation is shown in Fig. 38. Most of the
energy goes to the plastic deformations.

If the axial displacement is assumed to be free at the lower end of the model, plastic deformations
occur mainly near the penetration fixed to the reinforced concrete wall during the first 100 ms. As
can be seen in Fig. 38, plastic energy is not increasing after t = 100 ms.
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Figure 39. Plastic deformations at the inner and outer surfaces of the pipe wall near the wall
penetration and near the valve connection.

Plastic deformations as a function of time near the penetration in two locations at the pipe wall are
presented in Fig. 39. Maximum plastic deformation occurs at the outer surface of the pipe wall at
the uppermost position, this is referred as 'Pene out'. The line referred as 'Pene in' shows the plastic
deformation at the inner surface of the wall in the same location. Plastic deformations near the



junction of the valve are also shown at the outer and inner surfaces of the pipe wall. These curves
are referred as 'Valve out' and 'Valve in'".

In the case where the lower end of the pipe is assumed to be fixed, the main plastic deformation
occurs at the junction of the valve and the horizontal pipe line. The amount of plastic deformation
near this junction is roughly the same in the both cases considered.

Drag forces mainly push the pipe line downwards and to the positive direction of the 1-axis. The
highest drag forces are acting at the top of the valve to the positive 1-direction (see Fig. 16). This
loading causes stresses mainly to the junction of the valve and the pipe. Especially, due to these
dynamic impact forces hitting the top of the rather high valve, the effect of drag forces is
remarkable considering the plastic deformations at the junction. Plastic deformations near the
penetration to the containment wall are not increased due to the drag forces.

The calculation model in which the lower pipe end was assumed to move free axially, is a
conservative model from the pipe penetration integrity point of view. Even in this conservative
study, where damping or strain rate dependence of yield strength were ignored, the highest peak
value for the maximum plastic deformation near the penetration through the containment wall is
3.5%. According to IPIRG tests the elongation at fracture is over 40 % and it is almost strain rate
independent (Marschall & al. 1993).

According to Sammataro et al. (1993), the detail equivalent plastic strain in base metal or full
penetration welds is limited to 0.80¢,, where €, is the ultimate strain in the base metal or weld
metal, as applicable. The corresponding ultimate value for local equivalent plastic strain is 0.6¢,
for surface strain and 0.4¢, for membrane strain. Corresponding values for free field equivalent

plastic strain limits are 0.4¢, and 0.25¢,. The maximum strain value according the calculation
carried out using conservative boundary condition assumptions is 3.5% and it is well below these
limit values.



4 Summary and Conclusions

Structural integrity of a reinforced concrete wall and a pipe penetration under detonation
conditions in a selected reactor building room of Olkiluoto BWR were studied. Hydrogen leakage
from the pressurised containment to the surrounding reactor building is possible during a severe
accident. Leaked hydrogen tends to accumulate in the reactor building rooms where the leak is
located leading to a stable stratification and locally very high hydrogen concentration. If ignited, a
possibility to flame acceleration and detonation cannot be ruled out.

Detonation pressure loads were calculated with the DET3D code. Three-dimensional detonation
simulations indicated that the highest pressure loads of about 7.0 MPa were reached near an upper
corner of the analysed reactor building room. The highest pressure impulses on the wall during a
30 ms simulation were around 13 kPa-s.

The maximum pressure value simulated with DET3D just around the pipe penetration was
approximately 1.8 MPa and occurred at t = 2 ms. After this instant of time, the pressure remained
below 1.0 MPa, mostly around 0.5 MPa. The maximum pressure value around the pipeline was
approximatively 1.5 MPa, except near the internal concrete floor at + 19.5 m, where the pressure
peak was about 2 MPa.

Local gas velocities and related drag forces caused a significant pressure drop across the internal
pipeline, especially above the level around + 25 m, where the detonation wave was allowed to
propagate.

Materially non-linear dynamic analyses were carried out for the reinforced concrete wall with the
ABAQUS Explicit code. Connecting structures like floors and walls were modelled as fully fixed.
The strain rate dependence of yield strength of reinforcement was taken into consideration and this
phenomenon affects the results considerably. In order to predict the compression crushing,
structural analyses were carried out also using a reduced Young's modulus for the concrete.

The energy balance was maintained until the end of the calculation. In this case, plastic
deformations occur mainly near the support areas. The amount of plastic deformation is less than 5
% due to the peak detonation loads during the first 30 ms of the detonation transient considered.

The structure may survive the peak detonation transient because the eigenperiod of the structure is
considerably longer than the duration of the peak detonation. However, the relatively slowly
decreasing static type pressure after a peak detonation damages the wall more severely. Elastic
deformations in reinforcement are recoverable and cracks in these areas will close after the
pressure decrease. But there will be remarkable compression crushing and the static type slowly
decreasing over pressure clearly exceeds the loading capacity of the wall.

Structural integrity of a pipe outlet was considered also under detonation conditions. The effect of
drag forces was taken into account. Damping and strain rate dependence of yield strength were not
taken into consideration. The boundary condition at the end of the pipe line model was varied in
order to find out the effect of the stiffness of the pipeline outside the calculation model. The
calculation model where the lower pipe end is free to move axially, is conservative from the pipe
penetration integrity point of view. Even in this conservative study, the highest peak value for the
maximum plastic deformation is 3.5%. This is well below the success criteria found in literature.
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eigenperiod of the structure is considerably longer than the duration of the peak
detonation. However, the relatively slowly decreasing static type pressure after
a peak detonation damages the wall more severely. Elastic deformations in
reinforcement are recoverable and cracks in these areas will close after the
pressure decrease. But there will be remarkable compression crushing and the
static type slowly decreasing over pressure clearly exceeds the loading capacity
of the wall.

Structural integrity of a pipe outlet was considered also under detonation
conditions. The effect of drag forces was taken into account. Damping and
strain rate dependence of yield strength were not taken into consideration. The
boundary condition at the end of the pipe line model was varied in order to find
out the effect of the stiffness of the pipeline outside the calculation model. The
calculation model where the lower pipe end is free to move axially, is
conservative from the pipe penetration integrity point of view. Even in this
conservative study, the highest peak value for the maximum plastic
deformation is 3.5%. This is well below the success criteria found in literature.
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