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Abstract: 

The investigation of insulation debris generation, transport and sedimentation becomes important with 

regard to reactor safety research for PWR and BWR, when considering the long-term behavior of 

emergency core cooling systems during all types of loss of coolant accidents (LOCA). The insulation 

debris released near the break during a LOCA incident consists of a mixture of disparate particle 

population that varies with size, shape, consistency and other properties. Some fractions of the 

released insulation debris can be transported into the reactor sump, where it may perturb/impinge on 

the emergency core cooling systems.  

Open questions of generic interest are the sedimentation of the insulation debris in a water pool, its 

possible re-suspension and transport in the sump water flow and the particle load on strainers and 

corresponding pressure drop. A joint research project on such questions is being performed in 

cooperation between the University of Applied Sciences Zittau/Görlitz and the Forschungszentrum 

Dresden-Rossendorf. The project deals with the experimental investigation of particle transport 

phenomena in coolant flow and the development of CFD models for its description. While the 

experiments are performed at the University at Zittau/Görlitz, the theoretical modeling efforts are 

concentrated at Forschungszentrum Dresden-Rossendorf.  

In the current paper the basic concepts for CFD modeling are described and feasibility studies 

including the conceptual design of the experiments are presented. 

 

1 INTRODUCTION 

In 1992, a safety relief valve inadvertently opened on a steam-line in the Barsebäck-2 nuclear power 

plant in Sweden. The steam jet stripped fibrous insulation from the adjacent piping systems. Part of the 

insulation debris was transported to the wetwell pool and this debris clogged the intact strainers of the 

drywell spray system about one hour after the start of the incident. Although the incident in itself had 

no serious consequences, it revealed a weakness in the defense-in-depth concept, which under other 

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 OECD reports in the references). The international activities were especially 

summarized in the report NUREG/CR-6808 (2003) of the USNRC. A model of fiber release under the 

influence of a jet, an empirical equation for the difference pressure at the sieve dependent on the fiber 

load and the respective results of specifically designed material loadings experiments were presented. 

All these activities reflect in most cases the view of regulators and utilities. The current paper reports 

about efforts to investigate the problem on more generic level, particularly with the aim of CFD model 

development. 
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2 JOINT RESEARCH PROJECT 

A joint research project performed in cooperation between the University of Applied Science 

Zittau/Görlitz and Forschungszentrum Dresden-Rossendorf deals with the experimental investigation 

of particle transport phenomena in coolant flow and the development of CFD models for its 

simulation. The experiments are performed at the University Zittau/Görlitz and are mainly based on 

high-speed video observation and on Laser Doppler Velocimetry (LDV) as well as Particle Image 

Velocimetry (PIV). The theoretical work is concentrated at Forschungszentrum Dresden-Rossendorf. 

CFD models are developed, implemented in the CFD code ANSYS CFX and tested against 

experiments. 

The main topics of the project are: 

• Primary particle constitution: Experiments are performed to blast blocks of insulation material 

by steam under the thermal hydraulic conditions to be expected during a LOCA incident (i.e. 

at pressures up to 11 MPa). The material obtained by this method is then used as raw material 

for further experiments.  

• Transport behavior of fibers: The transport behavior of the steam-blasted material is 

investigated in a water column by optical high-speed video techniques. The sinking velocities 

of the fibers are then used to derive the drag coefficients and other physical properties of the 

modeled fiber phase. This procedure is necessary for the implementation of an adequate CFD 

simulation. 

• Transport of fibers in a turbulent water flow: For these investigations, a narrow channel set-up 

with a racetrack type configuration was used where well-defined flow boundary conditions 

were established. Laser PIV measurements and high-speed video were used for the 

investigation of the water flow-field and the fiber distribution. Besides the drag acting on the 

particles, the turbulent dispersion force plays an important role in determining the momentum 

exchanged between the water and the fibrous phase. 

• Deposition and re-suspension of fibers: The deposition and re-suspension behavior at low 

velocities was investigated by the same techniques in the narrow racetrack channel. Except 

that, obstacles were inserted into the channel to change locally the flow regime. The 

experiments are designed to work with laser PIV measurement and high-speed video. CFD 

approaches consider the influence of the fiber material on the mixture viscosity and the 

dispersion coefficient on the transport of the solids. 

• Behavior of a plunging jet in a large pool: By using high-speed video and laser (LDA and 

PIV) measurements, the progression of the momentum by the jet in the pool is investigated. Of 

special importance is the role that entrained gaseous bubbles play on disturbing the fluid and 

potentially influencing the fiber sedimentation and resuspension. 

• Effect of strainers: A test rig was used to study the influence of the insulation material loading 

on the pressure difference over the strainers. A CFD model was developed that uses the 

approach of a porous body. Correlations from the filter theory known in chemical engineering 

are adapted to the experiments and are used to model the flow resistance depending on the 

particle load. This concept also enabled the simulation of a partially blocked strainer. 

 

3 SUBMERGED FIBER MODELS 

3.1 General concepts 

The aim of the numerical simulations used in this study is to determine how and where mineral wool 

fibers are deposited within certain geometries, in this case, the sump of a containment vessel. Since the 

momentum transport in the liquid flow plays an important role, the problem is clearly a three-

dimensional problem that has to be solved by applying multiphasic computational fluid dynamic 

(CFD) methods.  Such multiphasic codes resolve the conservation equations for mass, momentum and 

energy and they are distinguished by the different approaches and strategies used in describing the 
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physical closure models.  For the solution of the described task, two fundamentally different reference 

frames can be used: Eulerian-Lagrangian or Eulerian-Eulerian frame.   

The Eulerian-Lagrangian approach treats the dispersed phase by resolving the Lagrangian equation of 

motion for each particle, which moves through a continuous fluid that is resolved by the Eulerian 

Navier-Stokes equations.  The particles are defined as having a certain mass, which imposes the 

momentum exchanged at the point locations of the particles. The flow field acts on each particle and 

influences the particle path. The particles in turn affect the turbulence quantities of the flow. Particle 

spectra can define the different particles found in the steam-blasted material. Specific physical 

phenomena can be simulated using models for the particle reflection and the sedimentation at walls. 

The Euler/Euler approach assumes that at least two fluids are 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 mechanisms of the 

interaction of the fluids are the momentum transfer modeled by the flow resistance, the mass transfer 

modeled by phase change and the energy transfer modeled by heat conduction. 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 their applicability to the practical question of interest here. 

 

3.2 Force Closure Models in the Euler/Euler approach 

The particle transport using the Euler/Euler approach is described by the exchange of momentum 

between the two phases. For the case of dispersed spherical bubbles or spherical particles moving in a 

continuous fluid, the interacting forces between the two phases have the principle form: 

 relrelDcdD ACn UUF ρ
2

1=  
(1) 

where nd is the particle number density, ρC the liquid density, A the cross sectional area of the particle 

in the flow direction, Urel the relative velocity between the phases, and CD the drag coefficient. 

The drag coefficient depends on the Reynolds Number, which is defined as 

 
µ

ρ drelU
=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 CD=24/Re. For high velocities (1000<Re<1..2.10
5
) the inertia effects 

are dominating and CD=0.44. In the transition region (0.1<Re<1000), both effects are of the same 

order of magnitude. In the literature, many correlations of the drag coefficient have been published. 

These correlations consider the eccentricity of particles (e.g. Haider and Levenspiel (1989), Salman 

and Verba (1988)). Turney et al. (1995) describe the drag for rod like particles. Lots of correlations 

fitted to experiments have in general the form which Schiller and Naumann (1933) gives for spherical 

particles: 

 




 += 44.0),Re15.01(
Re

24
max 687.0

DC  (3) 

In the current study, a virtual particle is defined as a small ball of wool fibers that mostly consists of 

water. This is correct as the water in the insulation wool ball moves with the virtual particle velocity. 

This is due to entrapment of the water and local forces binding the water to the particles. Therefore, 

the virtual particle density, ρF, found here is close to that of water (i.e. 1000 kg m
-3
), whereas the 

density of real dry fibers ρP amounts to about 2800 kg m
-3
. The density difference of water and fibers 

in the gravity field results in the buoyancy force FB: 
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 )(gVnF cFFdB ρρ −=  (4) 

with the virtual particle volume VF. The equality of buoyancy and drag forces yields the sinking 

velocity US: 
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with the virtual particle diameter, dF. The share of fibers, αF, in the virtual particle can be calculated 

by: 
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3.3 Turbulent Dispersion 

When the simulation of the motion of buoyant particles only considers the drag force described in 

section 3.2, this results in the settling of the virtual particles to the lower boundary. The observation of 

fibers in a turbulent water flow however shows suspending and gliding fibers. In the current work the 

interaction of the turbulent water flow and the fibers was considered by a turbulent dispersion force. 

This force was originally developed to obtain a closure model for the Reynolds stresses in terms of the 

k-ε turbulence model and the transport of the particles in the continuous phase. It is based on the 

spatial gradient of the parameter characterizing local dispersed phase (either the volume fraction or 

average mass density). The coefficient was derived from the integrating the fluctuating terms of the 

instantaneous particle transport equation along the particles trajectory. It was assumed that the 

autocorrelation of the turbulence is an exponential function of the Lagrangian turbulence time, τc. This 

lead to equation (7) as the limit of the integral with respect to time is increased to infinity. The 

fluctuating turbulent velocities of the continuous phase can be obtained from the turbulent kinetic 

energy (see Moraga et al., 2003, Hwang, 2006). 
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A Favre-Averaged form of the turbulent dispersion force was developed to exploit the convenience 

using mass-weighted averages to express the ensemble averages of the flow variables (Burns et al. 

2004). This convenience is based on fewer terms in the continuity equations and fewer terms that 

require direct modeling: 

 Φ
Scd

C
C relC

F

tcD
TDdTD ∇−=− UF ρν

4

3
,  (8) 

CTD is a proportionality coefficient further discussed in section 4.3. CD is the drag coefficient, νtc is the 
eddy viscosity of the water phase, dF the virtual particle diameter, Sc the Schmidt number and Urel is 

the relative velocity vector between the virtual particle and the water phase. 

 

3.4 Modeling of Fiber Agglomeration and Re-Suspension 

In applying the turbulent dispersion model, it is important to understand how the various closure 

models are used in the definition of the fluid-particle phase interactions, which affect the resultant 

force. 

The closure models of interest are the correlations for the mixture viscosity and drag coefficient.  The 

correlation of the drag coefficient to Reynolds number, which defines the relaxation time of the 

particle and the response that the particles have to the turbulent eddies, whilst the mixture viscosity 

can modify the viscous stresses that the particle experiences and thus the spread of the particles caused 

by the velocity gradient.     
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Therefore, to assess the variation of viscosity with the volume fraction of dispersed phase, a number of 

models based on the product of a relative viscosity and the liquid phase viscosity (eq. 9) have been 

developed. Many examples of this product, which is generally known as a mixture viscosity have been 

reported, where the relative viscosity is based on the Maron-Pierce equation (Maron and Pierce 

(1956)) or based on the effective viscosity of Einstein as reported by Batchelor (1977). Krieger et al. 

(1959) also developed a similar correlation, (eq. 10), which has been widely used.  Note that [µ] is the 

intrinsic viscosity, which was defined as 2.5 for spheres. 

 crm µµµ =  (9) 
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 [ ] 21 ΦkΦ hydr ++= µµ  (11) 

Batchelor (1977) proposed (eq. 11), which was used by Xu et al. (2005) in the modeling of particle 

transport. The modification is the result of the addition of the second order term to the equation to 

represent the influence of the bulk stress. The coefficient of the second order term, khyd, is dependent 

on the local hydrodynamic conditions, the rheology of the fluid mixture, uniformity of particle 

probability distribution, and isotropy of the turbulence. khyd was defined as 6.2 for uniform 

distributions in a Newtonian mixture. Two values were expected for non-uniform distributions; khyd 

was 7.6 for a purely straining isotropic flow, however no value was reported for simple shearing non-

isotropic flows (see Batchelor (1977). 

The following empirical model for the viscosity is used to correlate the volume fraction to the relative 

viscosity: 
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4 MODEL VALIDATION BY MEANS OF EXPERIMENTS 

4.1 Determination of the drag coefficient 

To determine the drag coefficient of the particles, the motion of settling particles were studied in the 

test rig “column”. The particles were obtained from steam-blasting experiments and they are inserted 

into a Plexiglas column. The column has a height of 3 m, a width of 0.5 m and a depth of 0.1 m. A 

numerical evaluation of the distribution of sinking velocities was determined using high-speed video 

(Fig. 1).  

A distribution of sinking velocities was found (right part of Fig. 1) along with a distribution of the 

estimated particle size below. The particles consist of an agglomeration of smaller particles of 

different sizes, densities and shape. Larger objects are disintegrated under the influence of the shear 

stresses and turbulence from the surrounding liquid. The turbulent wake of the larger particle 

agglomerations causes breakage of the following agglomerations that result in the generation of finer 

particle fractions. 

Extensive tests have shown, that the sinking behavior not only depends on the insulation material 

itself, but also on the wettability of the fibers, which is influenced by the age, the kind of drying and 

the hydrophobic properties and finally on the preparation procedure of the material. 

The sinking velocities for the MD-2 type were measured at the facility in Zittau. Comparable 

velocities of other materials published in the NUREG/CR-6808 were found. A dependency of the 

sinking velocity on the fragmentation procedure for MD-2 fibers was observed. The fragmentation by 

steam performed in the facility in Zittau results in sinking velocities of 0.005-0.12 m/s while the 

manual fragmentation results in larger particles and larger sinking velocities of 0.01-0.2 m/s. 
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Fig.1: Photography of sinking fibers (left side) and assessed distribution of sinking velocities measured  

in the test rig “column” investigating the material MD2 
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Fig. 2: Measured particle size distribution Fig. 3: Dependence of the sinking velocity on the 

virtual particle density and the virtual particle 

diameter 

The diagram shown in Fig. 3 presents the results of eq. (3). Fig. 3 considers the fact that the drag 

coefficient, CD, is dependent on the Re-Number, which in turn is dependent on the terminal velocity, 

US.  Thus, eq. (3) must be resolved iteratively in order to obtain consistent values for the terminal 

velocity with respect to the particle size and density. 

The example material shown in Fig. 1 has an average sinking velocity of 0.03 m s
-1
. Assuming a 

virtual density of 1020 kg m
-3
, a virtual particle diameter of dF=5 mm and a drag coefficient of CD 

=0.9, the same sinking velocity can be calculated according eq. (5). The assumed virtual particle size 

corresponds to typical values from such observations (see Fig. 2). The density of dry fibers was 2800 

kg m
-3
 that gives the dry fiber share in the virtual particle of αF=0.0111 (see eq. 6). 

 

4.2 Investigation of a turbulent water flow 

The transport properties of fibers in a turbulent water flow is investigated experimentally in a flat race 

track type channel with a width of 0.1 m, a depth of 1.2 m and straight sections with a length of 5 m 

(see Fig. 4). The bends have a radius of 0.5 m. The water flow is driven by two slow moving pumps 
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driving the liquid at velocities between 0.01 and 1.0 m s
-1
. The fiber distribution and the water velocity 

field were observed by using high-speed video and by Laser based PIV. 

 

 

 

 

 

Fig. 4: Channel for investigation of the behavior of 

fibers in a turbulent flow 

Fig. 5: Calculated velocity field with baffle 

plates 

To provoke a flow disturbance the channel was equipped with 0.1 and 0.2 m high baffles separated by 

a distance of 0.3 m (see Figs. 4 and 5). The flow field was measured by PIV laser techniques.  

The observations of the experiments with fiber flow in the circulating water showed that at higher 

circulation velocities (ca. > 0.5 m/s) the fiber sinking is replaced by a horizontal transport of the fibers. 

This phenomenon can be simulated considering the turbulence dispersion force (see section 3.3). 
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Fig. 6: Calculated dependence of the vertical fiber volume fraction profile on CTD for whole channel 

simulations with a local mean horizontal velocity of 0.5 m s
-1
 

Almost the whole particle phase is deposited at the bottom in simulations that do not consider the 

turbulent dispersion force. For a virtual particle, density of ρF=1030 kg m
-3
, which results in a sinking 

velocity of US=0.05 m s
-1
 the buoyancy force FB (see eq. 4), is estimated to be between 10 and 

100 kg m
-2
 s

-2
. CFD simulations of the channel for the case of an averaged water velocity of about 

0.5 m s
-1
 resulted in an averaged turbulence viscosity of the order of 0.25 kg m

-1
 s

-1
. Keeping in mind 

the drag coefficient for the virtual particle flow in water of ca. 0.7 and assuming reasonable values for 

the volume fraction gradient of ca. 0.1 m
-1
 the turbulent dispersion force (see eq. 8) becomes 

comparable to the buoyancy force FB with a coefficient CTD in the order of ca. 100. Typical values of 

CTD were found to be of the order of 1 for gas bubbles. In the literature CTD was proposed as 500 for 

smaller diameter particles when the ratio of the particle relaxation time, τd, to τc is small (see Moraga 

Baffles 

Pumps 
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et al., 2003, Hwang, 2006). By means of the experiments hints for a reasonable value of CTD can be 

found by determining the vertical fiber concentration profile. The dependency of the vertical profile of 

the fiber volume fraction on the value of the turbulent dispersion force was shown by calculations. 

Fig. 6 presents the vertical profiles for different values of the coefficient CTD. Corresponding 

experiments that measure the vertical profile of the fiber volume fraction for different water velocities 

are in preparation. 

 

4.3 Investigation of the agglomeration and re-suspension behavior of the fibers 

For the investigation of the agglomeration and re-suspension properties of fibers, the region between 

the baffles was observed. The obstacles in the straight sections not only disturb the motion of the 

liquid but also promote deposition of the particles.  

The experiments revealed that the fibers agglomerate at a critical fiber volume fraction, which is 

manifested by a strong increase of viscosity. In addition, the fibers are deposited at the bottom of the 

channel below a critical water velocity of about 0.1 m s
-1
, particularly at locations downstream of the 

obstacles. Increasing the water velocity beyond 0.1 m s
-1
 causes the fibers to be mobilized again. 

The application of the Eulerian-Eulerian approach for the sedimentation and re-suspension of the 

fibers involved the use of volume fraction dependent viscosities (see section 3.4) and the turbulent 

dispersion force (section 3.3).  

A feasibility study of the accumulation of fibers between two dams arranged at a distance of 0.3 m and 

having a height of 0.1 m investigated in the experiment (Fig. 7) and compared to a transient CFX 

calculation (Fig. 8). 

 

 

 

Fig. 7: Laser PIV measurements of the water 

velocity field and video observations of the fiber 

distribution between two baffles 

Fig. 8: Calculated water velocity field and fiber 

distribution for the viscosity model of equation 

(11) 

The results show that the CFD code at least is able to simulate the qualitative behavior of the fibrous 

flow. Further investigations are underway to provide a deeper analysis of these experiments. The 

evaluation of area fractions of the vertical observation plane occupied by the particles, which are 

gained from video observations of the fibrous volume fraction, can be interpreted as a measure for the 

accumulated fiber mass. Neglecting the extension in the channel depth, these measurements will yield 

the necessary information in order to improve the physical representation of the solid phase with 

regard to the solid build-up observed in the experiments. 

 

5 INVESTIGATION OF PLUNGING JET PHENOMENA 

According to the considered scenario, the water ejected by the anticipated break falls several meters on 

to the sump water surface. On its way, the jet is mixed with air. Furthermore, the impinging jet will 

entrain air bubbles. The momentum impact of the jet on the water flow field will be smeared out with 

growing penetration depth. The entrained gaseous bubbles will rise and have an additional influence 
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on the flow field. The jet-induced flow in the sump will sensitively influence the fiber transport in the 

sump. The questions in this concern are how the fiber transport in the sump is influenced by the jet and 

where in the sump the fibers preferably are deposited.  

To investigate the influence of a plunging jet experiments in a water tank with dimensions of about 

1*1*1 m was prepared. As a first step the jet of water with the entrainment of air at ambient conditions 

was investigated. The fluid flow field is measured by laser PIV measurements. The gas flow is 

observed by high-speed video. CFD calculations are performed to prepare the experiments. 

During the presented CFD calculations, the phenomenon of the air entrainment by the jet was not 

modeled but given as an inlet condition. Therefore, published correlations for the air entrainment are 

applied, as the aim of the calculations is the determination of the flow field in the volume.  

Correlations on gas entrainment at a plunging jet were published by Bin (1993), Bonetto et al. (1993), 

Cummings et al. (1997a and b) and Iguchi et al. (1998). Bin (1993) reports the following empirical 

correlation. A water volume flow QW hit from a height H with the diameter di and the velocity UOF at a 

water surface entrains the volume flow QG of gaseous bubbles: 
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Fr is the Froude Number: 
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The maximum penetration depth ZP,B of bubbles is given by 

 
4/13/4

, 42.0 −= GiOFBP QdUZ  (15) 

Assuming a jet inlet velocity of 3 m/s and an impingement diameter on the surface of 0.05 m 

according to equation (13) an air entrainment having a volume flow QG of ca. 0.2QW has to be 

expected. The corresponding maximum gas penetration depth was calculated by equation (15) to be 

ca. 0.5 m. 
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Fig. 9: CFD simulation of the jet experiment Fig. 10: Influence of the air entrainment on the 

liquid on the liquid velocity profile 

Fig. 9 shows the results of CFD calculations. At the inlet, a water flow of 3 m/s with a gas content of 

0.2 is simulated. The water is drained out of the tank via the outlet at the bottom. The entrained gas 

leaves the tank via the water surface. Fig 10 shows the gas streamlines calculated according to the gas 

velocity field. The maximum gas penetration depth is determined by the lowest point of the zero value 

of the vertical component of the gas velocity field. The value of ca. 0.5 m predicted by eq. (15) is 

confirmed by the CFD calculations. 
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Fig. 10 presents the influence of the gas entrainment on the liquid velocity field near the jet. The 

entrained bubbles near the jet will rise and decrease the water velocity. The profiles 0.2 m below the 

water surface shown in Fig. 10 indicate an upward water flow near the jet. The streamlines of the 

water flow projected onto a plane located at the middle of the tank show, for the single-phase case, 

two vortices near the tank bottom (see Fig. 11). In the two-phase case, these vortices are shifted 

towards the upper regions (see Fig. 12). 

  

Fig. 11: Water streamlines neglecting the air 

entrainment 

Fig. 12: Water streamlines considering the air 

entrainment 
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Fig. 13: Water flow field induced by the entrained 

air 

Fig. 14: Accumulated fiber mass dependent on the 

inlet velocity 

The two phase flow behavior has remarkable consequences on the flow field observed in a larger 

geometry similar to a real reactor sump. During an additional experiment in Zittau the flow in a tank 

of a length of 6 m, a depth of 1 m and a water height of 2.6 m was investigated (see Fig. 13). In 

preliminary CFD calculations the situation was investigated. Water was injected at the left side and 

correspondingly removed at the lower right side. During a certain time additional fibers were added to 

the injection. Air is entrained by the water jet and has an influence on the flow field. In the case of an 

inlet velocity of 5 m s
-1
 the entrained air reaches a depth of about 1.5 m. Fig. 13 presents the water 

streamlines projected at the middle plane. During the water injection in the tank, a large swirl that 

rotates in the clockwise direction is established. The swirl moves the injected fibers backward to the 

region just below the water injection. Large amounts of fibers are accumulated in the swirl and fixed 

in the tank before they reach the outlet. 

A different flow picture is found with a water injection velocity of only 1.5 m s
-1
. During this second 

case the same fiber mass was added. In this case the entrained air reaches a depth of only 0.7 m. The 

large water swirl observed in the first case is not established in the second case. The fibers move 

directly to the outlet. Fig. 14 shows the integral fiber mass for these two cases. 
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Further investigations can use the experience gained by these studies for the application of such 

models to real sump geometries. The preferred regions of fiber accumulation are dependent on the 

flow situation, which can be identified by such calculations.  The modification of the flow field caused 

by changes to the geometrical construction e.g. by introduction of baffle plates etc. can also be 

investigated. 

 

6 SIMULATION OF STRAINERS 

Filter cakes composed of fibrous materials have two particular features: a) They are of very high 

porosity, and b), due to the deformability of the fibers, such cakes can be easily compressed under the 

action of fluid drag forces or an external compacting pressure. A semi-empirical model has been 

developed for calculating the pressure drop across beds of this class of materials as a function of 

superficial velocity and material properties (Grahn et al. 2006). It consists of a material equation: 

 
DCpep −−+= )()( min0min εεεε  (16,14) 

which describes the dependency of porosity on the compaction pressure p, and a differential equation 

for the local pressure drop: 

 ))(,,( 2 pUUf
dx

dp ε=  (17,15) 

An algorithm has been implemented, which solves the model equations by numerical integration. It 

yields pressure and porosity profiles along the compressed fiber bed as well as its streamwise 

thickness and the overall pressure drop, dp, Parameters εmin, ε0, C and D of the material equation have 

been fitted to data from compaction pressure vs. porosity measurements. In the present state of the 

model, the transient pressure build-up can be simulated as well by specifying a non-zero mass fraction 

of insulation material for the inflow. The model was implemented into the CFD code ANSYS CFX, 

allowing for simulation of partially clogged strainers. 

Table 1:  Experimental conditions 

run NS  

[kg m
-2
] 

T 

[°C] 
ρ 

[kg m
-3
] 

µ 

[mPa s] 

1 6.01 44.6 990.4 0.601 

2 6.01 59.0 983.4 0.474 

3 3.87 58.9 983.8 0.475 

4 1.96 59.7 983.4 0.469 

5 0.32 59.7 983.4 0.469 

The pressure drop across the compressed fiber bed has been determined both numerically and 

experimentally as a function of superficial velocity. Moreover, experimental conditions, i.e. strainer 

mass load and fluid properties have been varied (Table 1). In Fig. 15 computed curves are compared to 

measured values. It can be seen, that numerical calculations reproduce measured pressure drops 

qualitatively and quantitatively well. 

NS is the fiber load, ρ the density and µ the fiber viscosity. Another phenomenon, which has been 

investigated, is the so-called thin-bed effect. It results from relatively small (as compared to fiber 

dimensions) granular particles that are deposited, either onto the outer (upstream) surface of the fiber 

bed or in between the fibers. They form layers of sludge with lower porosity and little compressibility, 

but result in a higher pressure-drop with the addition of each layer. Such layers act like a plug, 

imposing an additional external compacting pressure onto the fiber bed. Transient calculations have 

been performed to assess the influence of the penetration depth of particles on the overall pressure 

drop. The penetration depth depends on the nature and the magnitude of particle-fiber interaction. 

From the comparison of the different cases in Fig. 16 one can conclude that the additional modeling 

effort required for quantifying the particle-fiber interaction is not justified. 
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Fig. 15: Pressure drop across compressed fiber 

bed vs. superficial velocity at different 

experimental conditions (strainer mass load, fluid 

properties), experiments (points), computed 

profiles (lines) 

Fig. 16: Pressure drop buildup at composed beds; 

superficial velocity U=6 cm/s, accumulation of 

fibers for 0<t<200 s, sludge particle deposition 

for 200 s <t< 800 s, different penetration depths 

hpen 

 

7 SUMMARY AND NEXT STEPS 

The project work is still underway. Several model concepts were presented to describe the whole 

process of fiber transport applying CFD methods. The presented results show that the intended model 

approaches are feasible for the simulation of the interested phenomena. The paper shows the correct 

qualitative behavior of the solutions and the correct dependency of model parameters. The aim of the 

work was the preparation of the necessary experiments to adjust the free parameters. The developed 

models including the adjusted model parameters will enable the answering of many practical questions 

relating to the strainer clogging issue. 
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NOMENCLATURE 

Sign Unit Denomination 

A m
2
 cross section area 

C (kg m
-1
 s

-2
)
-D

 
experimental determined coefficient for the fibre compaction pressure porosity 

dependency 

CD - drag coefficient 

CTD - turbulence dispersion coefficient 

D - 
experimentally determined index for the fibre compaction pressure porosity 

dependency 

dF m virtual diameter 

di m impingement diameter 

∆ - difference 

FB kg m
-2
 s

-2
 buoyancy force 

FD kg m
-2
 s

-2
 drag force 

FTD,d kg m
-2
 s

-2
 turbulent dispersion force acting on the dispersed phase 

Fr - Froude number 
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g m s
-2
 acceleration due to gravity 

H m height of jet 

hpen m penetration depth 

i, j, k - numeric indexes 

khyd - flow dependent coefficient 

kc m
2
 s

-2
 continuous phase turbulent kinetic energy 

Ns kg m
-2
 fibre mass loading 

nd - particle number density 

p kg m
-1
 s

-2
 fluid pressure 

QG m
3
 s

-1
 volumetric flow of entrained gas bubbles 

QW m
3
 s

-1
 volumetric flow of water jet or stream 

Sc - turbulent Schmidt number (0.9) 

T °C temperature 

t s time 

U m s
-1
 superficial continuous phase velocity 

UOF m s
-1
 velocity at the water surface 

Urel m s
-1
 relative velocity vector 

US m s
-1
 particle terminal or sinking velocity 

u’c m s
-1
 continuous phase fluctuating velocity 

VF m
3
 virtual particle volume 

u, v, w m s
-1
 velocity components 

x, y, z m co-ordinates 

ZP,B m penetration depth of the gas bubbles 

αF - share of fibres in virtual particle 

ε - porosity 

ε0 - porosity at zero compaction pressure 

εmin - minimum porosity 

µc kg m
-1
 s

-1
 dynamic continuous phase viscosity 

µm kg m
-1
 s

-1
 dynamic mixture viscosity 

µr kg m
-1
 s

-1
 dynamic relative viscosity 

[µ] - intrinsic viscosity 

νtc m
2
 s

-1
 kinematic turbulent eddy viscosity of the continuous phase 

ρc kg m
-3
 continuous phase density 

ρd kg m
-3
 dispersed phase density 

ρF kg m
-3
 virtual particle density 

ρP kg m
-3
 density of dry fibers 

τc s Lagrangian turbulence time 

τd s Particle relaxation time 

Φ - volume fraction 

Φm - maximum volume fraction 
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