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The investigation of insulation debris generation, transport and sedimentation gains 
importance regarding the reactor safety research for PWR and BWR considering the long 
term behaviour of emergency core coolant systems during all types of LOCA. The insulation 
debris released near the break during LOCA consists of a mixture of very different particles 
concerning size, shape, consistence and other properties. Some fraction of the released 
insulation debris will be transported into the reactor sump where it may affect emergency core 
cooling. Open questions of generic interest are e.g. the sedimentation of the insulation debris 
in a water pool, possible re-suspension, transport in the sump water flow, particle load on 
strainers and corresponding difference pressure. 

 A joint research project in cooperation with Institute of Process Technology, Process 
Automation and Measuring Technology (IPM) Zittau deals with the experimental 
investigation and the development of CFD models for the description of particle transport 
phenomena in coolant flow. While experiments are performed at the IPM-Zittau, theoretical 
work is concentrated at Forschungszentrum Rossendorf.  

 In the present paper the basic concepts for CFD modelling are described and first 
results including feasibility studies are shown. During the ongoing work further results are 
expected. 
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In 1992 a steam line safety relief valve inadvertently opened in the Barsebäck-2 nuclear 
power plant in Sweden. The steam jet stripped fibrous insulation from adjacent piping system. 
Part of the insulation debris was transported to the wetwell pool and clogged the intact 
strainers for the drywell spray system after about one hour. Although the incident in itself was 
not very serious, it revealed a weakness in the defense-in-depth concept which under other 
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circumstances could have led to the emergency core cooling system (ECCS) failing to provide 
recirculation water to the core. 

Research and development efforts of varying degrees of intensity were launched in 
many countries. The corresponding knowledge bases were updated several times and several 
workshops were performed (see e.g. [1 to 4]). These activities reflect in most cases the view 
of regulators and utilities. The actual paper reports about efforts to investigate the problem 
more in detail and with the aim of CFD model development. 
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A joint research project in cooperation with IPM-Zittau and Forschungszentrum 
Rossendorf deals with the experimental investigation and the development of CFD models for 
the description of particle transport phenomena in coolant flow. While experiments are 
performed at the IPM-Zittau, theoretical work is concentrated at Forschungszentrum 
Rossendorf. 

The main topics of the project are 
• *��+��,��������
��������-�����

Experiments are performed to blast original samples of insulation material by 
steam under original thermalhydraulic conditions (i.e. at pressures up to 
11 Mpa). The gained material is used as raw material for further experiments.  

• ����������.
��/��-�������.�
��
The transport behaviour of the gained material is investigated in a water column 
by optical high speed video techniques. From the sinking velocity of the fibres 
the drag properties are derived, which are necessary for an adequate CFD 
modelling. 

• %
��������������
0�-��
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In a flat channel with defined boundary conditions the deposition and re-
suspension behaviour at low velocities is investigated. The experiments are 
designed with laser PIV measurement and high speed video. CFD approaches 
consider the influence on the viscosity of the fibre material. 

• ���
������������
���

In a particular designed test rig the influence of the insulation material load on 
strainers on the difference pressure is investigated. The CFD model uses the 
approach of a porous body. Correlations from the filter theory known in 
chemistry are adapted to the experiments and are used to model the flow 
resistance depending on the particle load. This concept enables the simulation 
also of a particular blocked strainer. 
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The particles gained by blast experiments are inserted in a plexiglass column having a 
height of 3 m, a width of 0.5 m and a depth of 0.1 m. Applying high speed video and 
numerical evaluation the distribution of sinking velocities is determined (see Fig. 1).  
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�!6 Results of the sinking experiments in the “column” 
 
A distribution of sinking velocities is found (see Fig. 1 right side). The particles consist 

of an agglomeration of different size showing different densities and different shapes. Larger 
objects are disintegrated under the influence of the water flow. In the wake of larger particles 
a fine fraction is generated. Extensive tests have shown, that the sinking behaviour not only 
depends on the isolation material but also on the wettability of the fibres influenced by the 
age, the kind of drying and the hydrophobic properties of the material. 

In the IPM –Zittau different methods of the Fuzzy Logic were applied to establish a 
classification of the particles. 
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The general question to be answered by a numerical simulation is the determination of 
the fibre material mass finally deposited in a certain geometry (the reactor sump) and of the  
fibre mass dragged by the water flow. Since the momentum transport in the liquid flow plays 
an important role, the problem is a clear 3D problem and has to be solved applying 
computational fluid dynamic (CFD) methods. 

3D computational fluid dynamics (CFD) codes describe a fluid flow based on the 
solution of the conservation equations for mass, momentum and energy. CFD methods are 
distinguished by different solution strategies of the basic equations and physical models for 
the closure laws. For the actual problem, basically two different approaches are known: The 
application of the Euler/Lagrangian or the Euler/Euler approach.  

 The first approach relies on the solution of the Navier Stokes equations for the 
continuous fluid phase and on the solution of the Lagrangian equations for single particles. 
The single particles are modelled having a certain mass. The flow field acts on each particle 
and influences the particle path. The particles themselves take effect on the turbulence 
quantities of the fluid. A particle spectrum can be easily given as an inlet condition. Models 
simulating the particle reflection, the erosion and the sedimentation at walls are known.  

 The Euler/Euler approach assumes at least two fluids continuously penetrating each 
other. The volume fraction of the fluids in each cell sums to unity. For each fluid the full set 
of conservation equations is solved. Therefore each fluid has a different velocity field. The 



098.4 

Proceedings of the International Conference “Nuclear Energy for New Europe 2005” 

mechanisms of interaction of the fluids are the flow resistance modelled by momentum 
transfer, phase change modelled by mass transfer and heat conduction modelled by energy 
transfer. Whereas the two latter interactions in the present problem are not relevant, the flow 
resistance is essential for the description of debris transport.  

Compared to the Euler/Euler approach the Euler/Lagrangian approach requires a higher 
numerical effort, which can limit the applicability of the models for the solution of practical 
question. The long term experience applying the Euler/Euler approach for the simulation of 
bubbly flow in the FZ-Rossendorf might be a further argument, to start using this technique. 
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The particle transport in the Euler/Euler approach is described by the momentum 
exchange between the two phases. In the case of dispersed spherical gas bubbles or spherical 
particles moving in a continuous fluid, the interacting forces have in principle the form: 

 

������ ����� ρ
2

1=  (1) 

 
with the particle number density �, the liquid density ρ, the cross sectional area of the 

particle in flow direction �, the relative velocity between the phases � and the drag 
coefficient ��. The drag coefficient depends on the Reynolds Number, which is defined as 

 

μ
ρ ��

=Re
 (2) 

 
with μ as the dynamic liquid viscosity. 
For low velocities and Reynolds Numbers<<1 the viscosity effects are dominating. The 

regime is designated as Stokes-Regime and we find 
 

Re/24=
�

�  (3) 
 
For high velocities (1000<Re<1..2.105) the inertia effects are dominating and we have 
 

44.0=
�

�  (4) 
 
In the transition region (0.1<Re<1000), where both effects are of the same order of 

magnitude, we find 
 

⎥⎦
⎤

⎢⎣
⎡ += 44.0),Re15.01(
Re

24
max 687.0

�
�  (5) 

 
The last equation is known as the Schiller/Naumann correlation. 
The density difference of water and fibres in the gravity field results in the buoyancy 

force: 
 

)( �����������	�������	�
����� ���� ρρ −=  (6) 

 
The equality of buoyancy and drag forces yields the sinking velocity: 
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Equation (7) has to be solved iteratively since the drag coefficient �� is Reynolds 

Number dependent. 
In the actual case a “particle” is defined as a small ball of wool fibres consisting mostly 

of water. This is correct since the water in the wool ball moves with the “particle velocity”. 
Therefore the particle density is found here short above the water density of 1000 kg/m3, 
whereas the density of real dry fibres might be in the order of 2..3.103 kg/m3. 

Evaluating equation (5) and (7) for different combinations of virtual particle diameter 
and virtual particle density yields the sinking velocity shown in Fig. 2. The investigated 
material shown in Fig. 1 (right side) has an average sinking velocity of 0.05 m/s, which is 
found for a virtual density of 1030 kg/m3 and a virtual particle diameter of 5 mm. 
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��������	 Dependence of the sinking 
velocity on the virtual particle density and 

the virtual particle diameter �
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	�Mass flow through a plane at a 
height of 1 m�

 
The phenomena in the column were simulated by CFX. The transient started with an 

amount of fibres in the upper part of the column. The mass flow through a virtual horizontal 
plane at the height of 1.0 m was calculated and compared to measurements. The mass flow is 
hard to measure. The area fraction of the vertical observation plane occupied by the particles, 
which are gained from video observations, were taken for comparison. The extension in depth 
is neglected. The calculated maximum mass flow corresponds to the observation, since the 
average sinking velocity of 0.1 m/s was adjusted by simulated particle diameter of 5 mm and 
a particle density of 1080 kg/m3. The observed width of the maximum is caused by the 
scattering of sinking velocities and by the interaction with the liquid flow field in the column. 
Essential is the good agreement of the calculated width to the observations (see Fig. 3). 
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The sedimentation and re-suspension properties of fibres were investigated in a flat 
round channel having a width of 0.1 m, a height of 1.2 m and straight sections of 5 m (see Fig. 
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4). The turning curves have a radius of 0.5 m. The water flow is driven by two slow moving 
pumps at velocities between 0.01..1.0 m/s. In the straight sections obstacles are mounted and 
the deposition and re-suspension behaviour of the fibres is observed by high speed video and 
by Laser based PIV. 

The observation revealed, that the fibres agglomerate at a critical fibre volume fraction 
which is manifested by a strong increase of the viscosity. Below a critical water velocity of 
about 0.1 m/s the fibres are deposited at the bottom respective at obstacles. Increasing the 
water velocity beyond 0.1 m/s, the fibres are mobilized again. 
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��������	 Channel for investigation of the deposition and re-suspension properties 
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Applying the Euler/Euler approach, the sedimentation and re-suspension behaviour of 
the fibres was simulated by a variable viscosity. The original concept proposed the simulation 
as a Non-Newtonian fluid, but the observations lead to a simulated dependency on the volume 
fraction. 

 

 

 

 

�������*	 Laser PIV measurements of the 
velocity field and the fibre distribution 

between two dams 

�������+	 CFX calculation applying the 
Euler/Euler approach 
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As a feasibility study the accumulation of fibres between two dams arranged at a 
distance of 0.3 m and having a height of 0.1 m is calculated in a transient CFX calculation and 
investigated in the experiment (see Fig. 5 and 6). The calculated accumulated fibre mass 
dependent on the modelled viscosity (see Fig. 7) is shown in Fig. 8. Further investigations and 
fitting to the experiments are under the way. 
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�������,	 Simulated dependencies of the 
dynamic fibre viscosity on the fibre volume 
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�������-	 Fibre mass accumulated between 
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Fibre layers are characterised by high volume porosity and an easy compressibility. Due 
to the cumulative effect of frictional drag forces, acting on the individual fibres, the fibrous 
layer displays a porosity distribution with a maximum at upstream and a minimum at the 
strainer at the downstream end. While the porosity depends on the local compaction pressure, 
it determines the local differential pressure drop. This context can be described by 

 

))(,,( 2 ����
��

�� ε=  (8) 

 
with the liquid velocity � in x-direction and the porosity ε (s. Fig. 9). 

 
�������3	 Porosity in a fibre layer 
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The porosity dependency on compaction pressure may be described by 
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��������4	 Measuring principle of the 

compactness test 
���������	 Results of the compactness test for 

different temperatures 
 
The empirical coefficients 0ε , minε , � and � are fitted to certain compactness 

experiments (see Fig.11). These results enable the determination of the difference pressure on 
a strainer dependent on the particle load. 

 
 

*��� �! %�!�"#&#�'"��"�&�5���/')��

The implementation of the derived correlations in a CFD code enables the simulation 
also of partially blocked strainer and the corresponding influence on the flow field. The CFD 
approach of a porous body can be used. This approach enables the simulation of a local flow 
resistance dependent on the location: 
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As an approximation the flow resistance can be calculated from the integral particle 

mass flow: 
 

)),,((),,(
0
∫=
�

�������	�� ����������� �  (11) 

 
The function in equation (11) is determined by the correlation derived in chapter 5.1. 

Fig. 12 shows the result of a feasibility study of this concept in a transient CFX calculation. 
The application of the derived strainer difference pressure correlation adjusted to experiments 
in a CFD codes enables the simulation of a partially blocked strainer (see Fig. 12 right side).  
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���������	 Feasibility study of  the described strainer model in a transient CFX calculation 
(left side) and a gradual blocked strainer (right side) 
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The project work is still under the way. The developed models will enable the 
answering of many practical questions relating to the strainer clogging issue. Whereas lots of 
questions can already be answered using actual single phase simulations, other problems will 
remain unsolved. 
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The reported investigations are funded by the German Federal Ministry of Economy 
and Labour under contract No. 1501270. 
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