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Chapter 1 General Introduction to Well Clogging 

1.1 Drinking water production in the Netherlands 

Water supply companies in the Netherlands produce over more than one billion cubic meter 

of drinking water every year. The majority of the drinking water originates from 

groundwater. Only a small percentage of the drinking water is produced from surface water. 

About 2500 pumping wells are used to produce groundwater from aquifers in the Dutch 

subsurface. The water wells are located in about 250 well fields, producing from aquifer 

depths between 20 to 400 m deep (Figure 1.1).  

 

 
Figure 1.1. The 250 groundwater production fields in the Netherlands. 

 

More than half of the water supply wells face technical problems during their lifetime. The 

main problem is the decrease in specific well capacity due to well clogging. This results in 

extra, expensive rehabilitation operations and in early replacement of the pumping wells. In 

the Netherlands the cost of well clogging is roughly 20 million Euro per year. Understanding 

of the process underlying well clogging will result in better design, operation and 

rehabilitation of supply wells. This understanding is believed to reduce well clogging 
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significantly. Estimates show that costs can be reduced by approximately 40%. Fundamental 

research in combination with applied research can save up to 4 to 5 million Euro a year.  

1.2 Well clogging 

Until 2001 the size of well clogging problems was unclear. Only then an inventory of the 

number of wells suffering from well clogging was made. As a result, intensive monitoring of 

clogged wells has been conducted since then providing a much better overview of the clogging 

problems. Typically, clogging is quantified by the increase of the drawdown. This is measured 

by the difference in water level above the water pump (∆H) at operation pump capacity Qp 

and the water level when the well is turned off. In case of clogging the drawdown will 

increase over time and therefore the specific capacity decreases.  

 

 p
s

Q
Q

H
=

∆
 (1.1) 

The measured values are compared to the initial specific capacity after completion of the 

well. Figure 1.2 shows an example of the specific capacity data of a well owned by Brabant 

Water, NL.  

Specific capacity measurements 
Well 212 Boxmeer, Brabant Water

0

10

20

30

40

50

60

20
-5

-1
98

6

20
-1

1-
19

86

20
-5

-1
98

7

20
-1

1-
19

87

20
-5

-1
98

8

20
-1

1-
19

88

20
-5

-1
98

9

20
-1

1-
19

89

20
-5

-1
99

0

20
-1

1-
19

90

20
-5

-1
99

1

20
-1

1-
19

91

20
-5

-1
99

2

20
-1

1-
19

92

20
-5

-1
99

3

20
-1

1-
19

93

20
-5

-1
99

4

20
-1

1-
19

94

20
-5

-1
99

5

20
-1

1-
19

95

20
-5

-1
99

6

20
-1

1-
19

96

20
-5

-1
99

7

20
-1

1-
19

97

20
-5

-1
99

8

20
-1

1-
19

98

20
-5

-1
99

9

20
-1

1-
19

99

20
-5

-2
00

0

20
-1

1-
20

00

20
-5

-2
00

1

20
-1

1-
20

01

20
-5

-2
00

2

20
-1

1-
20

02

20
-5

-2
00

3

Time [years]

Sp
ec

ifi
c 

ca
pa

ci
ty

 [m
3 /h

/m
]

Rehabilitation I
Rehabilitation II

Rehabilitation III

 
Figure 1.2. Decline in specific capacity of well 212, well field Boxmeer, Brabant Water. The specific 

capacity of the well is declining in time (overall). The three peaks in the graph are caused by 

rehabilitation and show that the cleaning is effective but the well deteriorates again after a number of 

years (period between rehabilitation). 
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It is well known that water supply wells clog due to a number of processes. In the 

Netherlands two types of well clogging are observed in the field: (1) Clogging at the borehole 

wall and (2) clogging of the well screen.  

 

 
 

Figure 1.3. Two major types of well clogging. 

 

Different mechanisms are identified to cause these two types of well clogging: 

• mechanical-physical processes, i.e., sieving of colloids by aquifer sand 

• chemical and microbiological processes, i.e., precipitation of minerals and growth of 

bacterial mass 

 

In chemically clogged wells, geochemical processes, sometimes in combination with 

microbiological processes, cause clogging due to mixing of water with different chemical 

compositions (qualities). In the well, these waters with different qualities mix and the 

chemical equilibrium is disturbed. This results in accumulation of precipitated iron, 

manganese, aluminum and biomass in the filter slots, leading to a significant water 

production decrease (Figure 1.4). Bacteria grow on the mixing interface, which is located in 

most cases at the top of the filter screen. With time this interface moves downwards to the 

bottom of the screen due to blocking of the filter slots. Eventually the whole screen will clog 

and the gravel pack and formation will also start to clog as well.   

 

a) Mechanical clogging b) Chemical clogging 
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Figure 1.4. Clogging of the filterslots by iron precipitation (image from WML). 

 

The principle of clogging near the borehole wall is not well understood and clogging processes 

are partially unidentified. One of the processes that cause borehole wall clogging is 

accumulation of particles in pores in the vicinity of the well. Due to pumping the flow 

velocity is increased and particles are mobilized and transported towards the well. These 

particles block the pores in the aquifer near the well bore wall, yielding a zone with reduced 

permeability that decreases the pumping efficiency. This clogged zone causes a lower water 

level in the well and the submergible pump partially pumps up air. In this situation ∆H in 

equation (1.1) becomes very large. The pump cannot operate with air and the production 

drops to around 10% of the capacity of the pump. Also the metal parts will oxidize creating 

large iron particles, which disturb the water treatment process. Therefore by all means this 

situation has to be prevented in the field. 

 
Figure 1.5. Schematic representation of mechanical well clogging. The red box indicates the clogged 

zone. 
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Clogging problems due to particle deposition have been also addressed by industries, for 

example the metal, petroleum, and beer industry, and by underground storage projects. In 

the oil industry produced water re-injection is used to enhance oil recovery from the oil 

reservoirs. Water that is produced together with the oil is re-injected into the reservoir to the 

sweep the oil. This produced water contains suspended particles and oil droplets. These 

suspended particles will enter the reservoir rock and deposit in pore throats. After longer 

periods of injection (days), the pores near the well are fully blocked. The reservoir 

permeability will consequently decrease. The result is decline in injectivity of these produced 

water injection wells. It is not possible to remove all the contaminants before injecting them 

into reservoir, as it incurs very high operational costs.  

 

Based on literature, it appears that mechanical well clogging is a serious problem, which is 

not well understood. In the field, mechanically clogged wells are in general more difficult to 

rehabilitate than chemically clogged wells. Often the wells after rehabilitation do not regain 

their original productivity. The result is that in groundwater production fields are confronted 

with a considerably decrease in overall productivity. This decrease in productivity endangers 

supply reliability of drinking water especially in peak periods, i.e., during hot summer 

months. A nice example of short peak demand is the water consumption during a soccer 

match (football) of the Dutch national team at the World Championships 2006 in Germany 

(Figure 1.6). During this game, water consumption is significantly below average, while in 

the 15 minute break about 8 million people use the bathroom at the same moment. This 

results in a high demand of drinking water in a short period of time.  
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Figure 1.6. Peak demand at 21:45, caused by the half time break of Portugal – the Netherlands at the 

World Championships Soccer in Germany Summer 2006. 

 

Most groundwater production fields cannot supply high peak demands over longer periods of 

time, i,e. maximum day capacity of 24 hours. On these days about 1.5 to 2 times the average 

field capacity is demanded by the costumer. A decline in the field capacity results when a 

number of these wells have problems in production due to clogging, i.e., air production in the 

submergible pump. This decline in field productivity at peak demands is unacceptable. Water 

companies can lose their credibility, costumers and support. Therefore additional wells are 

drilled as backup for peak demand and wells are rehabilitated frequently. This adds 

additional costs to produce drinking water.   

1.3 Thesis objective and outline 

The fundamental processes causing clogging of water production wells are poorly understood. 

Research in the past had a rather ad-hoc and empirical character and could never reveal the 

complex clogging mechanisms. It seamed that every well has its practical clogging 

characteristics and therefore the problem could not be solved. In order to identify and 

understand the complicated clogging mechanisms a research project with respect to this 

subject was needed. This Ph.D. research is conducted within the framework of a 

technological cooperation program (BTS), consisting of four water production companies, two 

companies from industry, two research institutes and two universities. Each participant 

conducts its own research, controlled by a project group, responsible for field measurements 
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and testing of new rehabilitation methods, etc. In addition, a more fundamental study into 

the underlying clogging processes is conducted at the universities. The objective of the 

consortium is to gain insight in mechanical well clogging and transform this knowledge into 

guidelines to prevent or minimize well clogging. The most important guidelines describe a 

method for improved well design as well as better construction and operation methods to 

obtain reliable and durable well fields. The consortium contributes to the development of 

innovative regeneration methods to rehabilitate clogged wells. 

 

The objective of this thesis is to gain better understanding of processes underlying 

mechanical well clogging, determine the controlling clogging parameters and use this 

knowledge to prevent or reduce clogging. Figure 1.7 illustrates this research approach.  

 

 
Figure 1.7. Approach of the research. 

 

This thesis consists of six chapters. The chapters contain measurements and observations in 

the field, a theoretical and mathematical analysis of clogging processes and experiments to 

study the influence of the key clogging parameters. The chapters also address the different 

steps leading to three key parameters controlling mechanical well clogging in analogy to the 

research approach shown in Figure 1.7.  

 

Chapter 2 contains all the measurements and test performed to analyze well clogging 

problems in the field. This chapter discusses the observed clogging processes and highlights 

the most important clogging parameters. Chapter 3 focuses on the most important clogging 

processes observed in the field, i.e., particle bridging. A conceptual model is formulated to 

study the key parameters underlying particle bridging mechanisms. Chapter 4 uses a more 

general approach to model well clogging. The conventional deep bed filtration model is 

extended to describe the clogging processes more correctly. The adapted deep bed filtration 
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model is derived for linear, radial cylindrical and spherical flow geometry. Chapter 5 studies 

clogging processes with the aid of linear and converging flow experiments. The applicability 

of the adapted deep bed filtration model is tested with the data obtained from the 

experiments. Chapter 6 summarizes the thesis and presents a number of recommendations to 

reduce clogging in the field.  
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Chapter 2 Physical clogging processes near water pumping 

wells. Field measurements 

2.1 Introduction 

The presence of colloids and small particles in groundwater is well-known in many 

engineering disciplines. An important issue related to transport of colloids through porous 

media is the effect on permeability of the medium. Due to retention of colloids within the 

porous medium, permeability decreases. In injection wells, this phenomenon is very common. 

The injected water contains suspended particles, which infiltrate in the porous medium and 

damage the formation (Al-Abduwani 2005). Less well known is that water production wells 

experience production problems due to particle deposition in the vicinity of the well. The 

permeability of the aquifer is reduced and the pumping efficiency decreases. Pore blocking 

due to particles occur through a number of different clogging mechanisms. These processes 

are based on transport of small particles through pores and deposition of particles due to 

physical or physical-chemical mechanisms. Before discussing the different particle 

mobilization, transport and capture processes, it is useful to elucidate what we define as a 

particle. 

 

The diameter of mobile particles with clogging potential in a natural porous media ranges 

from 10-7 to 10-4 m. Particles with size below this range are too small to cause noticeable 

clogging and particles above this range will not be in suspension under normal conditions. 

Particles of size between 0.01 to 10 µm are classified as colloids. Particles at the top range, 

from 1 to 100 µm, are referred to as suspended particles (Figure 2.1). The transition zone 

from colloid to non-colloids is from 1 to 10 µm. In this paper the term particles refers to 

solids suspended in groundwater with size of 1 to 100 µm.  

Colloids may comprise the following phases (or combinations thereof): 

• silicate particles: clays, highly polymerised silica 

• carbonates (e.g., CaCO3) 

• humic substances: macromolecular humic acids, biological detritus 

• iron(III) and manganese(III,IV)-oxihydroxides 

• aluminium hydroxides 

• sulphides and polysulphide (under anoxic reducing conditions)  

• micro-organisms, viruses, bacteria, fungi 
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Figure 2.1 Size ranges of particles transported in groundwater (based on several authors). 

 

Besides the particles size also the porous media properties affect mechanical clogging. The 

ratio of particle size and porous media grain size is a key parameter for different clogging 

processes. The particle size distribution of a suspension in porous media is affected by the 

size of the pores. The maximum size of particles is determined by the size of the pore throats. 

Particles much larger than the average pore throat diameter will not be transported in the 

porous medium, simply because of size exclusion. The upper size of particles suspended can 

be deduced from the average pore diameter, which is assumed to be the upper limit of the 

size of suspended particles. The pore diameter can be estimated by a simple method, using a 

triangular constriction of three touching spheres. This results in a relation to estimate the 

size pore constriction: dcon=dgrain/6.49. A porous medium with an average grain diameter of 

500 µm has a theoretical average pore throat of 77 µm. Particles larger than this size will not 

be transported. A real aquifer is not homogeneous and has therefore different pore sizes. In 

general, based on average grain diameters, it is expected that a coarse aquifer will contain 

larger particles then a very fine aquifer. From measurements reported in the literature 

(Hofmann 1998), it is known that small particles are abundant in all aquifers and that the 

number of particles in suspension decreases with increasing particle diameter.  

 

In addition to the difference in particle size the particle concentration too varies in different 

aquifers. The concentration is related to changes in water quality and hydrodynamic 

conditions (Ouyang et al. 1996; Ryan and Elimelech 1996). The capture and release of 
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colloids is related to a number of processes of which the most relevant are discussed in the 

next section.  

2.2 Mobilization, transport and deposition 

The state in which particles are present in the subsurface depends on several conditions, such 

as groundwater chemistry, pore size distribution and hydrodynamic conditions. In the 

literature, the discussion about generation of colloids is in most cases focused on mobilization 

of existing colloids, which are a major source of colloids in groundwater. Small minerals from 

the aquifer matrix can be mobilized by changes in chemistry and physical conditions (Ryan 

and Elimelech 1996). The relevance of these different conditions can be determined from the 

particle size. For large particles (>10 µm), hydrodynamic forces are more important, i.e., 

erosion. For particles smaller then 1 µm electrokinetic forces dominate. Particles between 1 

and 10 µm will be subject to different forces controlling their fate inside a porous medium.   

 

Besides the release of existing fine formation material, a smaller source of colloids is in situ 

precipitation of supersaturated mineral phases and natural degradation. Under normal 

conditions, these processes appear to be uncommon, but near waste repositories it may have 

a significant contribution to the generation of colloids. 

 

Two conditions must be satisfied in order to mobilize particles in aquifers. First, a source of 

particles has to be present. Second, the local conditions must be such that particles remain in 

suspension. The first condition is strongly influenced by the lithological composition of the 

aquifer. A typical source of particles is an aquifer consisting of fine-grained mixtures or 

intercalations. Peat, clay, silt and other fine deposits are potential sources from which 

particles can be released. The second condition concerns two afore mentioned chemical and 

hydrodynamic conditions.  

2.2.1 Mobility of particles due to subsurface chemistry 

Where a particle source is present within an aquifer, groundwater chemistry is important for 

the mobilization of particles. The hydrochemistry determines whether particles will be 

released from a potential source or not. This depends on the forces between the surface of the 

particles and grains. These inter-surface forces include double layer attraction or repulsion, 

London-van-der-Waals attraction and short-range forces. Changes in pH promote colloid 

mobilization mainly by altering the double layer potential energy. The inter-surface force is 

also sensitive to variations of ionic strength and particle size (Ryan and Elimelech 1996). 
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2.2.2 Ionic strength 

The most common chemical perturbation that causes mobilization of particles, is a decrease 

in ionic strength of the groundwater. A change in ionic strength is caused by infiltration of 

rainwater (natural recharge) or by injection of water with a lower ionic strength. For deeper 

aquifers the mixing of rainwater has only a limited effect, because of the long travel times 

before the water reaches the aquifer. In this case fluctuations will therefore be (strongly) 

reduced. Reduction of ionic strength causes clay minerals to swell, because their diffusive 

double-layers are expanded. The swelling of clays may lead to pore clogging. The amount of 

swelling also depends on the type of clay, for example montmorillonite swells more than illite 

or kaolinite. An increase in ionic strength disperses clay. Clogging by clay dispersion, where 

mobilized particles are deposited in narrow pore throats, is irreversible without a change in 

flow direction.  

 

Closely related to the ionic strength is the salt concentration. The salt concentration is also 

an important issue with respect to particle mobilization. When the salt concentration exceeds 

a critical value, clay particles will swell due to a change of double layers. The electrolyte 

concentration influences the double layer thickness and the stability of the suspension. A 

increase in salt concentration mobilizes particles. This process can cause pore clogging. 

Related to the salt concentration is the Na/Ca ratio. This ratio is an important indicator for 

mobilization of particles. When Na dominates the ion balance with respect to Ca, the release 

of colloids may increase due to disaggregation (McCarthy 1989). Ion exchange between the 

fluid and the grain surface can change the ionic strength of the fluid. This changes the value 

of the total potential. Ion exchange also influences the zeta potential, because it influences 

the electrostatic charge and therefore the resulting electrostatic repulsion between colloidal 

particles. Examples of ion exchange processes are the exchange of Na-H and Na-Ca. 

2.2.3 Redox 

Redox reactions can change the water chemistry and generate particle in situ. A common 

example is the dissolution of pyrite and the corresponding products. Pyrite can react with 

dissolved nitrate and thereby create iron hydroxides. 

 

14NO3
- + 5FeS2 + 4H+  7N2 + 10SO4

2- + 5Fe2+ + 2H2O 

 

The decomposition of the pyrite also releases organic matter, which is captured within pyrite, 

usually small amounts. The reaction products can also cause a coating on mineral grains. 
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Coatings of oxide minerals can glue passing particles to the surface of the grains. Sediments 

that are rich in oxide minerals can therefore decrease the colloid concentration in the 

groundwater. These sediments act as collectors of particles. In turn the oxide rich layers can 

be sources of colloids, when the groundwater chemistry is changed, i.e., when the hydroxides 

are reduced by an anoxic plume (Ouyang et al. 1996). 

2.2.4 pH 

A change in pH of groundwater influences the release of colloids by clay dispersion and by 

dissolution of cementing agents, such as calcite and oxide minerals. Clay dispersion occurs 

when the iso-electrical point of the clay involved is exceeded due to an increase of the pH. 

The iso-electrical point depends on the mineralogy and crystal structure of clays (Tchistiakov 

2000). In this case particle – grain surface interactions play an important role. For example, 

coating of grains by iron oxides change these interactions. Again these coatings can also be a 

source of particles. The solubility of the iron oxides is dependent on the pH. If the pH in 

these sediments exceeds a critical value of about 7-8, particles attached to this iron oxide 

coating can be rapidly released (Ryan and Elimelech 1996). Calcite and other carbonate 

cements will dissolve when the pH is lowered. Below the critical value pH=5, present colloids 

may also be released. Under natural conditions, the changes in pH will not be very large. 

Therefore, the effect on colloid release will probably be limited. An example of a possible 

situation where fast changes in water chemistry occur is when water from an overlaying 

aquifer is attracted due to leakage in the confining layer. This water has a different chemical 

composition and changes the conditions within the aquifer. These changes influence the 

stability of colloids in the water producing aquifer.  

2.2.5 Hydrodynamic forces 

Other important conditions, which can affect the particle concentration and its distribution 

in groundwater, are the groundwater velocity and the direction of the flow. The velocity is 

important because of the induced hydrodynamic forces (drag forces). These forces can 

maintain colloids in suspension, keeping immobile if no drag forces were present. In the 

vicinity of water production wells, groundwater achieves high flow velocities. The closer the 

groundwater approaches a well, the higher its velocity will be, due to the convergence of the 

streamlines towards the well. The effect of the acceleration of the groundwater flow towards 

a well is especially important at wells with large rates, exceeding 100 m3/day. 
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After colloids have been mobilized by physical or physical-chemical perturbations, they are 

transported through the medium and can be deposited again. Deposition of suspended 

colloids is caused by various processes. Again changes in hydrodynamic conditions and 

chemistry influence the fate of colloids. Additionally, aquifer properties such as the pore size 

distribution and heterogeneity play an important role. In the following sections different 

deposition processes are discussed. 

2.3 Particle filtration mechanisms 

As described in the previous sections particles can be in suspension due to a number of 

processes. The capture of these particles occurs also through different processes. McDowell-

Boyer, L.M. et al. (1986) identified three particle filtration mechanisms, based on injection of 

a fluid in a porous medium (Figure 2.2). The classification of these processes is related to the 

ratio of particle sizes (in suspension) and the pore size distribution of the porous medium.  

 
Figure 2.2 Filtration mechanisms of particles suspension injected in porous media ((Figure by courtesy 

of BGR ©), redrawn and altered after McDowell-Boyer et al. 1986). 

 

The first deposition mechanism is surface or cake filtration. Cake filtration occurs when a 

solution containing particles with sizes larger than the pore size of the porous medium is 

injected. Particles will immediately deposit at the surface because particles are too large to 

pass through the pores. The particles will accumulate on top of the porous medium forming a 

layer, called the filter cake. When a thick filter cake has been formed the permeability of 

porous medium has substantially decreased. 

 

If the average suspended particle size is smaller than the average grain size, particles will flow 

through the porous medium. Depending on grain size and particle size distribution, larger 

particles will be trapped in smaller pores, because these particles are too large to pass 
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through. This mechanism is known as straining or size exclusion. A number of papers report 

different criteria on straining depending on particle and grain size distributions (Herzig et al. 

1970; Sen and Khilar 2006).  

 

Particles smaller than 10 µm (colloids) are also subject to physical and chemical processes. 

Electrostatic and London-van-der-Waals forces determine repulsive or attractive conditions 

between the grain and particle surfaces. In the literature, deposition and attachment refer to 

this physical-chemical mechanism. In case of an identical particle composition, the particle 

surface force is repulsive. Here the capacity of the medium to collect particles is lower in later 

stages of clogging when the grain surface is covered with particles. In these later stages, 

particles can only be deposited on top of the already deposited particles, where repulsive 

forces between particles exist. This condition is also called unfavorable conditions. Still under 

unfavorable conditions (repulsive), particles can be collected by the medium, but at a much 

lower rate.  

 

Physical-chemical capture processes are often modeled by the single collector theory. In this 

theory, particles approach a sphere, called the collector on streamlines and are captured due 

to three processes (Logan 1995; Rajagopalan 1976; Yao 1971). The first process is referred to 

as interception. Here a particle follows a streamline near the collector surface and hits the 

collector due to its finite size. The second mechanism models diffusive forces influencing the 

motion of particles. Very small particles come into contact with the grain surface due to 

Brownian motion (diffusion). The third mechanisms concerns mainly large particles. Larger 

particles are subject to gravitational forces. Deposition occurs due to sedimentation at the 

grain surface. A detailed overview of the collector theory is given in Chapter 3. 

 

These three filtration mechanisms contain many processes, which are all subject for further 

study. The interest here lies in a special type of straining, which is called bridging. A special 

type of bridging is hydrodynamic bridging, where each single particle is small enough to pass 

through a pore. Only when two or more particles arrive at a pore throat at the same 

moment, they form a particle bridge and block the pore. As a result other small particles can 

accumulate at this bridge and pores can be fully blocked. Ramachandran and Fogler (1999) 

investigated this capture mechanisms and studied experimentally the retention of particles by 

hydrodynamic bridging. Ramachandran et al. (2000) investigated experimentally the effect of 

particle concentration, aspect ratio and flow velocity. They performed experiments, both for 

unfavorable conditions, where particles and filter are strongly repulsive and for favorable 
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conditions, where strong particle-pore attractions are present. A critical velocity above which 

bridges start forming has been observed under unfavorable conditions. This is related to the 

(hydrodynamic) force needed to overcome the colloidal repulsive force and form a particle-

particle bridge. This velocity depends on the aspect ratio, flow geometry, surface properties 

influenced by solution ionic strength and pH. Under unfavorable conditions, they also observe 

a dependence on the particle concentration, which is related to the increase of the probability 

to form a bridge at higher concentrations. For higher concentration and furthermore identical 

conditions, i.e., same flow velocity, more particles are present in the suspension and therefore 

more particles will arrive at a single pore entrance.  

 

Although particle bridging seems to be unlikely to occur in the field, this study shows that 

particle bridging is the mechanism behind loss of productivity of water supply (production) 

wells. After long periods of production from water wells, the permeability of the porous 

medium near the well decreases. This is often referred to as “aging” of the production well. 

Here suspended particles in groundwater are transported in unconsolidated aquifers and 

transported towards pumping wells. Near the well bore, particles form bridges and block the 

pores. This special type of clogging is often called mechanical well clogging and occurs in 

about 35% of all water pumping wells in the Netherlands. This study investigates the 

transport and deposition processes of suspended particles present in unconsolidated aquifers. 

The aim is to identify the exact clogging processes near water supply wells and the relation 

to flow velocity, concentration and local geology. To this end, characterization of the 

suspended particles has been conducted by means of downhole sampling of clogged wells, 

filtration of groundwater, involving particle analyses with microscope and SEM, and particle 

counting experiments. 

2.4 Theoretical well clogging processes 

Generally two types of clogging are distinguished; chemical and mechanical clogging (Figure 

2.3). Chemical, biological and mechanical processes cause clogging of the well screen and in 

some cases within the aquifer itself. 
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Figure 2.3. The two main types of well clogging; on the left a schematic representation of well bore 

clogging and on the right chemical clogging. The damaged zone in case of mechanical clogging 

processes is located at the transition between the aquifer and the gravel pack. Chemical clogging 

mainly occurs near the screen resulting in a high entrance resistance within the gravel pack.  

 

In the field, the type of clogging can be determined by measuring the water level in the well 

and in the gravel pack. There is a significant entrance resistance over the screen due to 

chemical clogging and therefore the water level at both measured locations differs by tens of 

centimeters, see Figure 2.3b. For mechanical clogging the water level is almost the same, but 

the specific capacity of the well, given in equation (1.1), decreases in time due to clogging 

further away in the aquifer.  

 

Typically chemical clogging of the well screen is caused by precipitation of iron and other 

oxides, sometimes in combination with biological activity. Most common is the precipitation 

of iron- and manganese (hydr)oxides as result of mixing of anoxic, iron or manganese rich 

water and oxygen rich groundwater. This mixing occurs in the well itself, resulting in 

chemical precipitation in and at the well screen, and in a later stage in the gravel pack. The 

principles of chemical clogging are relatively well understood and therefore are not subject in 

this study. Here, the focus is on mechanical processes such as particle straining and 

hydrodynamic bridging.  

 

a) Mechanical clogging b) Chemical clogging 
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Mechanical clogging refers to hydrodynamic or mechanical clogging processes that occur near 

the well. Due to increased flow velocities caused by pumping of the groundwater, fines will be 

mobilized and transported towards the well. The particles accumulate at the transition 

between the aquifer and the gravel pack, the so-called bore hole wall. This reduces the 

permeability of the aquifer near the well bore (Figure 2.3). Two different processes cause 

mechanical well clogging. More precisely, mechanical well clogging consists of two stages. The 

first is initiated while drilling the well and the second stage after completion, when the well 

starts producing. Although the first stage is not necessary to initiate the second phase of 

clogging, it may enhance the clogging rate. The next section describes the first stage of well 

clogging and the section thereafter describes the second stage. 

2.4.1 Filter cake build up and well impairment 

The first stage in well clogging finds its origin during drilling and construction of a 

production well. Most wells are drilled using drilling mud, which consists of water mixed with 

fine-grained swelling clay (bentonite) or organic material, e.g., CarboxyMethylCellulose 

(CMC). The mud infiltrates the first centimeters of the aquifer and seals of the porous 

medium to prevent large circulation losses. In many cases, the drilling fluid also forms a cake 

at the surface of the aquifer (Figure 2.4a) due to swelling or polymerization of the CMC. 

Although it usually is a very thin layer, it causes a barrier for flow due to its low 

permeability. If the cake and remains of the mud inside the aquifer are not removed during 

well completion and development, it causes high entrance losses and low well yield (Driscoll 

1989). Additionally, particles transported towards the well will not be able to pass and as a 

result they deposit on the remains of the mud. Their accumulation decreases the permeability 

even further (Figure 2.4b).  

 

 
Figure 2.4 (a) low-permeability remains of the drilling fluid (black) at the former borehole wall and (b) 

the collection of fine particles behind this interface (Figure by courtesy of BGR ©). 
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2.4.2 Mechanical clogging due to bridging 

Another possible particle capture process near the vicinity of the borehole wall is 

hydrodynamic bridging. Bridging may cause plugging even when the size of the individual 

particles is sufficiently small to pass the filter. Bridging occurs when several particles arrive 

at a pore constriction at the same time and wedge together. A bridge consisting of multiple 

particles is formed and blocks the pore throat while the rest of the pore space remains open 

(Figure 2.5). Here straining is not expected to play an important role as a primary process, 

because most particles are transported over long distances and large particles will have 

already been captured due to straining over a short distance. Chemical processes due to 

mixing of water are not likely to occur further away from the well. This is also the case for 

biological processes. Therefore we expect that mechanical processes dominate well clogging 

near the aquifer gravel pack interface. 

 
Figure 2.5 A representation of three examples of pore bridging. 

 

Particle bridging occurs under specific subsurface conditions. It is in particular dominant at 

high flow velocities, since this increases the probability that several particles enter the pore 

throat at the same time (Ramachandran et al. 2000). This is related to force balance between 

hydrodynamic forces and the repulsive particle-grain forces. At higher flow rates the 

hydrodynamic forces overcome the repulsive forces, which is favorable for bridging. In 

converging flow geometries i.e., radial flow towards a pumping well, bridge formation 

increases due to the flow convergence. In converging geometries, the cross sectional area of 

flow decreases, while the particle concentration remains constant. Therefore, in a same period 

of time, more particles pass through a single pore. In other words, with convergence the 

particle flux or particle load on a pore increases, resulting in an increase of the deposition. In 
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case of mechanical well clogging it is expected that bridging occurs close to the well where 

the particle flux is highest.  

 

Particle deposition due to bridging depends upon a number of parameters. It depends on 

grain and pore size distribution of the aquifer, the particle size and concentration, and 

particle – grain surface interactions (Ramachandran et al. 2000). Among these the ratio 

between the grain size and particle size is one of the most important parameters influencing 

bridging. This ratio is known as the aspect ratio in the literature concerning particle 

filtration. For large aspect ratios, i.e., large pores, more particles are needed to form a bridge. 

Therefore for large aspects ratios the probability of bridge formation is low (Sen and Khilar 

2006). Another aspect affecting bridging is the particle concentration of particles suspended 

in groundwater. Higher concentration increases the particle flux and therefore leads to an 

increase of the likelihood of bridge formation.  

 

Based on the literature, it is expected that the most important parameters for mechanical 

clogging are 

1) Particle concentration (aquifer); in increase in the number of particles increases bridging.          

2) Flow velocity (well design); higher flow velocity mobilizes more particles and also 

overcomes the repulsive particle-grain surface forces.  

3) Aspect ratio (aquifer); the ratio between pore size and particle size influences the number 

of particles required to form a bridge. Small ratios are favorable for bridging. 

4) Particle properties; shape, surface charge and roughness (aquifer). An opposite surface 

charge enhances particle deposition. 

5) Flow geometry; radial or linear flow (well design). The flow velocity increases near the 

production well and therefore influences bridging, see 2. 

 

We are interested in the relation between these parameters and “mechanical” well clogging. 

The particle properties, i.e., size, concentration and surface are  There are numerous 

techniques available for characterizing particles. For this research, three methods are used to 

characterize particles suspended in groundwater.  

1) In-situ sampling of the clogged aquifer to determine clogging process, particle 

composition, amount of particles, and location. 

2) Effluent sampling of the well to determine particle composition and properties. 

3) Online effluent measurements to determine particle size and concentration. 

 



 21 

 

The first method is most time consuming and expensive, but resolves almost all issues. The 

well equipment is removed and an open hole is obtained again, then horizontal soil samples of 

the clogged zone are taken at different elevations from the aquifer. From the soil samples, 

thin slides are made to study the sampled material. The second technique mainly aims at 

identifying the different particles suspend in the groundwater. A part of the extracted 

groundwater is led through a filter and particles are retained by the filter. The particles on 

the filter are then analyzed using scanning electron microscopy (SEM). The third method 

focuses on accurate measurements of particle concentrations and size distribution, using a 

particle counter based on the laser blocking principle.  

2.5 Sample locations 

Two test fields with different hydrogeological properties were selected to investigate 

mechanical clogging under different conditions. The first well field (Rodenhuis), is located in 

the western part of the Netherlands, see location 1 in Figure 1.1. The water is extracted from 

a shallow aquifer, (filter depth 15 – 40 m), and it is mainly a riverbank filtration system. The 

second field (Ritskesbos) is located in the northern part of the Netherlands. Here, the aquifer 

is located at 80- 110 m depth and the geology is different from the other field. The next 

Section describes the local geology and lithology, hydraulic parameters and groundwater 

chemistry of the test fields. 

2.5.1 C. Rodenhuis Well Field 

This well field is situated in Bergambacht, The Netherlands, a few kilometers north of the 

river Lek in Krimpenerwaard. It was established in 1968 and consists of 35 wells with a 

variety in ages and types of construction. The well screens are all located approximately at 

the same depth interval, i.e., between 15 and 40 m below surface with an average screen 

length of approximately 25 m. These screen lengths provide in general full penetration of the 

confined aquifer. 

 

Two types of wells are constructed in this field. The first series of wells were drilled before 

1975 by cable tool, and the second series of wells after 1975 by reverse-circulation rotary 

drilling technique. All wells are operated with submergible pumps with a pumping rate of 80 

m3/h. Horizontal samples were taken at two of the wells from the first series.  

 

This well field shows severe clogging problems. A significant decrease of the specific discharge 

is observed, i.e., 30% of the initial value after 30 years. Therefore, well regenerations are 
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applied from time to time in order to restore well capacity. Usually, the initial specific 

discharge is not restored after well rehabilitation. The clogging is identified to be located 

within the aquifer in the vicinity of the gravel pack. Chemically clogged wells have not been 

found at this location (Timmer 2003).  

2.5.1.1 Geology and lithology 

The aquifer material consists of Pleistocene fluvial sand and gravel deposits with an average 

grain size of 300 µm. The aquifer is overlain by a ten meter Holocene clay/peat aquitard. A 

20 meter thick clay layer at the base of the aquifer acts as an impermeable boundary layer. 

The well screens start at the base of the Hollandveen and cover the largest part of the 

aquifer. The upper part of this aquifer consists of the formation of Kreftenheye. The lower 

part of the aquifer consists of the formations of Veghel and Sterksel.  

2.5.1.2 Hydraulic parameters and chemistry 

More than 80 % of the extracted groundwater is infiltrated water from the adjacent Rhine 

River. The travel time of this infiltrated water varies between three and ten years. During 

passage through the aquifer, it becomes anaerobic, i.e., oxygen and nitrate are not present in 

the water. The chemical composition of the extracted water is similar for all wells. Typical 

values for iron and ammonium are 2 mg/l and 1 mg/l, respectively. The chloride 

concentration is approximately 110 - 120 mg/l. 

 

Between 1976 and 1998 the pH of the water (mixed water from all wells) was stable, i.e., 

about 7.4 at a water temperature of 12 oC. In the same period the sulfate concentration 

increased with fluctuations to a value of about 70 mg/l in 1998.  

2.5.2 Ritskebos Well Field 

The Ritskebos Well field is located in the North of Holland near Noord Bergum, see location 

2 in Figure 1.1. It consists of 33 water supply wells. The oldest wells were constructed in 

1963, the youngest six wells in 2004. It is remarkable that a number of the very old wells still 

produce very well and rarely need to be regenerated. Probably this is related to the position 

of the wells in the field. All water supply wells are drilled by reverse rotary drilling combined 

with air lift technique. A number of younger wells clog very fast, 35% of the original well 

capacity after 7 years. Only after 5 years of completion the first rehabilitations were 

performed on these wells. After the first rehabilitation the frequency of cleaning operations 

increased to almost annually, because pumping capacities reduced by approximately 5% per 
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year. In Noord Bergum mechanical clogging has been identified. Measurements show that the 

clogged zone is outside the gravel pack in the first centimeters of the aquifer. 

2.5.2.1 Geology and lithology 

In Noord Bergum, groundwater is produced from the formation of Urk, which is a medium to 

fine sanded aquifer (300-500 µm) at a depth of approximately 150 m. Below the aquifer a  

sealing clay layer is present, called the formation of Tegelen. The top of the aquifer is 

covered with sands of the formations of Eindhoven (fine sands) and Peelo (fine sands and 

clay layers). The formation of Peelo changes in properties and thickness. This formation 

sometimes cuts deeply into the underlying formation of Urk in the form of pot clay channels. 

Almost all screens are located between 50 m to approximately 85 m. A few of the wells 

produce from an aquifer located between 100 - 130 m.  

2.5.2.2 Hydraulic parameters and chemistry 

The heterogeneity of the overlaying layer is reflected in the variation in chemical composition 

of groundwater produced by the wells. Moreover several sections of the well field encounter 

problems with saline water intrusion. Chloride concentration varies from approximately 35 

mg/l to 260 mg/l. Three different water types are extracted from this field; (1) The original 

groundwater, characterized by the absence of sulfate, and high concentrations of methane. (2) 

Inflowing saline water, characterized by higher chloride concentration and hardness. (3) 

Groundwater supplied by infiltrating rainwater. This water is characterized by the presence 

of sulfate, and low concentrations of methane. Due to changes of the production volumes, the 

chemical composition of the extracted groundwater varies slightly in time. 

 

In the next Section the method and results of sampling of the clogged zone near two water 

supply wells of Rodenhuis and one water supply well in Noord Bergum are described.  

2.6 Aquifer sampling 

2.6.1 Method  

The most direct method for studying well clogging processes is to obtain undisturbed samples 

of the borehole wall and the first few centimeters of the aquifer. A new tool was designed to 

take samples inside water production wells. The sampler is hydraulic-driven and can take 

horizontal soil samples from the aquifer at different depths in the well (Figure 2.6). The core 

sampler has an internal diameter of 100 mm and a length of 300 mm and is installed in a 

cylindrical-shaped 500 mm casing.  



24 Chapter 2 Physical clogging processes near water pumping wells. Field measurements 

 

 

 

Based on flow rate measurements in the well, clogged zones are identified and sample 

locations selected. In order to take samples, first the tubing, well screen and gravel pack is 

removed. Part of the equipment is pulled out and the rest, including the gravel pack, is 

removed by drilling. This implies that the complete well was removed from the borehole 

creating enough space for the sampler. Then the sampler is lowered into the well to the 

specified depth. Next a horizontal sample is taken and lifted out very carefully to keep the 

samples as undisturbed as possible. Note that this sampling method destroys the well and 

therefore it is not operational anymore.  
 

All undisturbed soil samples were preserved in stainless-steel or PVC liners and sealed with 

paraffin wax. From the original samples, sub-samples were taken for further analyses. The 

sub-samples were first dried and then impregnated under vacuum conditions using a 

polyester resin. After drying the samples again, thin slices (7 by 7 cm) were manufactured 

using the FitzPatrick method (1970). The thin slices were analyzed with a Zeiss Axioscoop 

polarization microscope and a Leitz polarization macroscope using normal and polarized 

light.  Scanning Electron Microscopy (SEM) photographs were taken from disturbed and 

undisturbed sub-samples using a Jeol 5800. Qualitative chemical spectra were collected with 

an Electron Dispersive X-ray analysis (EDXRA) using a Noran Voyager (Timmer 2003).  

 

 

 

 

Figure 2.6. On the left, an image of the core sampler. On the top right a schematic representation of 

the sampling in a pumping well. On the bottom right an undisturbed sample of the aquifer near a well. 
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All samples were sent for preparation and study to the laboratory of Soil Science and 

Geology of Wageningen University. 

2.6.2 Results downhole samples 

2.6.2.1 Well field Rodenhuis 

The first downhole samples were taken at well field C. Rodenhuis in 1999 (Timmer et al., 

2003 & 2000). In total, about 16 samples were taken from four wells. Also ten soil samples 

were taken for geochemical analysis of which five were collected at a distance of about 70 cm 

from the bore hole wall and another five were obtained at a distance of about 300 m from the 

well field. Also from these samples many sub-samples and thin sections were made and 

analyzed using the methods described in the previous section. 

 

 
Figure 2.7. Stereomicroscopic image of sample from Rodenhuis. The arrows indicate the particles 

deposited on the grains.  

 

The first observation made from the samples and thin sections was that pores are blocked 

only within the first 10 centimeter from the borehole wall in the aquifer matrix. The samples 

taken at 70 cm, 3 meter, 5 meter and 300 meter from the wells showed only the aquifer 

matrix and no particles. In thin slices, made of samples taken close to the well, individual 

1 mm
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particles were identified. These particles mainly block the pore throats. Very close to the bore 

hole, pores almost completely blocked (Figure 2.8). The particle size ranges between 1 µm to 

20 µm of which smaller particles are most abundant. Furthermore the particles mainly 

consist of organic material (remains of plants), mineral silt (calcareous), iron oxides, sulfides 

(pyrite) and clay. Most of the particles are spherically shaped, except for the particles 

consisting of organic material. The organic particles consist mainly of remains of plants and 

are irregularly shaped. Micromorphological analyses showed that the particles originate from 

the aquifer itself, confirming the mobilization of particles by the erosive force due to the 

increased flow velocities induced by the pump. No evidence indicating secondary processes 

were found, i.e., biomass or oxide-precipitation. 

 

 
Figure 2.8. A thin section of the aquifer very close to the borehole wall (1.5 cm), size 1.2 by 1.8 mm. 

The large transparent grains are the aquifer material mainly consisting of quartz. The dark material is 

the accumulated material.  

 

The SEM analysis showed that the particles contained calcium, carbon, silica and aluminum, 

indicating again calcareous, organic and clay particles. Also small amounts of smectite, 

chlorite and mica were found using X-ray diffraction on the samples. From the SEM images 

it can be observed that the particle coating covers several grains indicating that they were 

formed after deposition of the original geological sediments (Figure 2.9).  
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Figure 2.9. SEM images taken from two different sub-samples. The left image is taken from a sample 

taken 5 meters away from the well bore and shows clean grains. The right image is taken from a sub-

sample taken at 10 cm from the well bore. In this image the grains are coated with particles and pores 

are blocked. 

 

From a number of thin sections porosity reductions were estimated by counting pore volume, 

grains and clogging material. The results revealed a 50% reduction in the porosity for 

samples taken within the first 10 cm of the borehole wall. At distances greater than 10 cm no 

significant porosity reduction was found.  

2.6.2.2 Well field Noord Bergum 

In 2004, down hole samples were taken in well 50A, which showed rapid clogging. After the 

pump, well equipment, tubing and screen were removed, a set of four horizontal samples were 

taken at several depths. Again the samples were sent for micromorphological study to the 

laboratory in Wageningen University. From these four samples a total of 16 thin sections 

were made. Close to the borehole wall most of the narrow pores were filled with very small 

particles. There was a striking difference between the composition of the particles found in 

the Western part and in the Northern part of Holland. The majority of the particles 

consisted of limestone particles (CaCO3) with a size from 1 to 20 micrometer, where particles 

smaller than 5 micrometer are most abundant. Also secondary CaCO3 and clay particles were 

identified, but no organic material was found. This difference is evidently related to the local 

geohydrological conditions. 

 

In this well, particles are only found within 10 centimeter from the well bore. Again no 

particles are found at larger distance from the well. Composition demonstrates that the 

material originates from the sediment and is transported by advection. Thin slices taken from 

the sub-samples at a few centimeters distance from the well bore show that particles are 
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captured only in the narrow pore necks. This capture reduces the porosity and conductivity 

of the aquifer near the well (Figure 2.10).  

 

 
Figure 2.10. Thin section taken of a sample close to the well bore (< 3 cm) using polarized light. The 

large grains are quartz grains with in the pore space light brown colored particles (CaCO3). 

 

In the aquifer matrix small claystone balls, organic material and primary and secondary 

limestone grains are found (Figure 2.11). These grains are physically unstable and likely to 

break up due to physical forces. The induced hydrodynamic force by groundwater pumping 

can erode these particles and transport them towards the well. The calcite particles are 

captured in the pores and therefore it is likely that the aquifer itself is the primary source of 

the particles. Furthermore at all four locations, again no evidence is found for biological or 

chemical processes. 



 29 

 

 
Figure 2.11. Image of thin section from a sample further away from the well > 15 cm, using polarized 

light. In the center of the image an unstable calcite particles is shown, indicated with an arrow. 

2.6.3 Identification of clogging processes 

The thin slices and SEM images taken from samples close to the well (< 10 cm) show 

different clogging processes. Interpretation based on color, orientation, size and composition 

of the accumulated particles reveal two clogging processes close to the well bore. Particles 

captured by cake filtration were found on the transition zone between aquifer and the gravel 

pack. Particle bridges were identified in pores located between 3 to 10 cm from this transition 

zone. 

2.6.3.1 Identification of filter cake  

In a number of thin slices samples also fragments of drilling mud were found. In Figure 2.12 

two different particle accumulations are shown.  
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Figure 2.12. Thin section from downhole sample of well 50A, Noord Bergum. Two types of deposits 

can be distinguished, A and B. On top of the thin section a part of a large grain from the gravel pack 

can be seen. The smaller grains on the bottom are part of the aquifer. 

 

In Figure 2.12, two different types of particle accumulation can be distinguished, indicated 

with A and B. The two types differ in color, composition and orientation. The dashed line 

indicates the transition zone between A and B. From morphological considerations it is 

concluded that layer A was deposited first. Particles infiltrated the aquifer and also formed a 

filter cake at the interface. After the cake formation, the large grain shown in the upper part 

of the image was introduced. This grain is pressed into layer A and caused the orientation of 

the deposit. In a later stage, the fine-grained particles from the aquifer have accumulated on 

the first deposit. These particles clog the pores further forming a second layer indicated with 

B. Deposits identical to B have only been found in the vicinity of the transition between the 

gravel pack and the aquifer itself. In the thin slices taken further away from this transition 

zone, only deposit B was identified. 

 

Based on the composition and grain size of the particles in layer A, it is almost certain that 

this deposit does not originate from the aquifer itself. It is associated with drilling fluid 

(mud), containing both chemical and natural additives identified using a larger magnification 

(Jongmans 2004). The mud is introduced during construction of the well and will act as 

initial barrier for particles transported with the groundwater. The particles accumulated in 
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deposit B are similar to the particles found in other thin sections from samples taken further 

away from the bore hole wall (Figure 2.10). These particles originate from the aquifer itself. 

2.6.3.2 Particle bridges 

In the thin sections taken further away from the transition zone pores are only partially 

clogged. Here pore blocking due to particle deposition occurs only in the pore throats (Figure 

2.13). 

 
Figure 2.13. Thin section from well 50A, Noord Bergum taken 5 cm from the borehole wall. The image 

shows particle bridges in pore throats, here indicated by the red arrows. Scale: 0.6 X 0.8 mm. 

 

In Figure 2.13 three particle bridges in the narrow pore throats are shown. Also in other thin 

sections, 3 to 10 cm away from the borehole wall, identical particle bridges are found. Based 

on these observations, we conclude that further away from the borehole wall, the 

accumulation of particles start as a bridge in the smallest pore throats. In a later stage these 

bridges form a net in which more particles are captured.  

In order to gain more information about the particles present in the produced groundwater, 

particle sampling by means of filtration were performed on the same wells were the aquifer 

samples were taken.  
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2.7 Groundwater filtration 

Particle samples are obtained by filtration of abstracted groundwater at the top of the well 

(well head). Part of the groundwater is led through an in-line filter and particles are retained 

on it. In this Section we will refer to these samples as groundwater samples. The particle 

characteristics from the groundwater samples are compared with the characteristics of the 

particles found in soil samples. This provides insight in to the relationship between particle 

composition and deposition. Under local conditions it is not unlikely that only specific 

particles are retained and others pass through the aquifer.  

 

In Noord Bergum particle samples from the abstracted groundwater was collected before 

taking the aquifer samples. In Rodenhuis groundwater filtration is performed after taking 

aquifer samples. Here the groundwater samples are taken from a new well at the same 

location of the sampled well. The sampling is performed according a sampling protocol. 

2.7.1 The groundwater sampling protocol 

The particles suspended in groundwater are very sensitive to disturbances, i.e., increase in 

flow velocity or frequent changes in operation of nearby wells. A sample protocol is followed 

to ensure an undisturbed situation. 

1. The sample wells must operate for at least three hours before taking a sample.  

2. The other wells in the well field may not be operated during the sampling period. 

3. The filters have a pore size of 0.45 µm (Millipore). 

4. The discharge must be kept constant at 100 ml/min to avoid particle movement.  

5. The sampling interval is 30 min 

6. The filter must be carefully handled and stored in a sealed glass container. 

 

For each well at least two samples have to be taken in order to verify the reproducibility. 

2.7.2 SEM analyses 

To study the composition, shape and size of the particles retained on the filter, a Scanning 

Electron Microscope (SEM) is used (Phillips XL30 ESEM-FEG). This microscope is equipped 

for general purpose microscopy. The system contains an environmental scanning microscopy 

(ESEM), electron back-scatter diffraction pattern analyzer and an energy dispersive x-ray 

analyzer. There are many advantages to use this microscope instead of a light microscope. 

The ESEM produces high resolution images of non-conductive materials, so small features 

can be examined at a high magnification. The energy-dispersive X-ray senor is used to 
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determine the composition of the particles. The so-called Energy Dispersive Spectroscopy 

(EDS) is a chemical microanalysis technique performed in conjunction with the SEM. The 

technique utilizes x-rays that are emitted from the sample during bombardment by the 

electron beam to characterize the elemental composition of the analyzed volume. The 

combination of higher magnification, greater resolutions and analyses of elemental 

composition of the particles enables to characterize the retained particles on the filter.  

 

This examination of the groundwater samples yields the following information: 

• Topography; the surface features of a particle. 

• Morphology; the shape and size of the particles in the sample.  

• Composition; the chemical elements within a particle. 

 

The filters containing the particles have to be prepared for analysis with the SEM. First, all 

possible material that could vaporize in a vacuum has to be removed. This is simply done by 

drying the samples. The groundwater samples are dried by leaving them under atmospheric 

conditions for 3 days. Secondly, in order to visualize non-metallic samples with the SEM, 

they have to be coated in order to make them electrically conductive. This is very important 

because the electrons emitted by the SEM have to move through the sample. The 

groundwater samples are coated with a thin layer of carbon. Also all samples must be firmly 

attached to aluminum base in order to conduct the electrons. To attach the filter to the 

aluminum base an adhesive is used, that does not influence the quality of the images. 

However, a number of zones in the samples were not in contact with the aluminum stub due 

to the relatively large size of the samples. The samples were not fully conductive. In order to 

solve this problem, silver paint was applied to ensure contact between the sample and the 

base.  

 

A systematic inventory was made to characterize individual particles. First an overview 

image is made of the filter. Particles are identified by adjusting the contrast of the image 

(Figure 2.14). On all filters too many particles are present to analyze completely. Therefore a 

methodology is developed in order to perform a representative analysis on selected particles. 

On a part of the SEM image of the filter, a grid is projected. All particles in each grid cell 

are analyzed. Note that the filters used for groundwater sampling are composed of a 

polycarbonate. Therefore organic particles can not be detected. 
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Figure 2.14. SEM image of a filter from well 50 in Noord Bergum. On the right the same image is 

shown but the contrast is adjusted in order to identify the particles. All particles appear as a bright 

spot in the image. 

2.7.3 Groundwater Sampling Results 

According to the afore mentioned methodology, composition, size and shape of the particles 

for all samples are determined. To measure size and shape a larger magnification is used for 

each particle (Figure 2.15). The main results are summarized in Table 2.1 and Table 2.2. 

 

 
Figure 2.15. SEM picture of a number of particles on filter. 
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Particle Abundance (%) Shape Size (µm) 

Quartz  

SiO 
38.1 

Irregular with rounded  

contours. 
1-3 

Illite  

AlSi3O10Al(Mg.Fe)3(OH)2K 
19.1 

Irregular  with  angular 

contours 
1-5 

Pyrite  

Fe2S 
10.0 Round ≈ 1 

Feldspar 

Orthoclase   (KAlSi3O8)  

Albite         (NaAlSi3O8)  

Anorthite     (CaAl2Si2O8) 

9.5 
Irregular  with angular 

contours 
2-3 

Iron oxide 

Fe2O3 
9.5 Round ≈ 1 

Table 2.1. Summary of the results in Rodenhuis. 

 

Particle Abundance (%) Shape Size (µm) 

Illite  

AlSi3O10Al(Mg.Fe)3(OH)2K 

36.4 Variable from  fibril to 

amorphous 

5-15 

Dolomite  

CaMg(CO3)2  

18.2  2-5 

Pyrite  

Fe2S 

13.63 Round 2-3 

Calcite  

CaCo3 

9.1 Irregular with angles 

contours  

3-5 

Rutile  

TiO2 

9.1 From elongated to 

round  

2-5 

Cupper sulfate  

Cu2 SO4  

4.5 Round shape and round 

countourns. 

1-2  

Barite  

BaSO4 

4.5 Irregular shape and 

round contours 

2-3 

Table 2.2. Summary of the results of the SEM analysis of Noord Bergum. 

 

The Rodenhuis particles are mainly composed of quartz, micas, clay (illite) and pyrite. These 

particles correspond with the ones found in the down hole samples. It was not possible to 

detect organic material. This is because the filter is composed of carbon. This type of analysis 

cannot distinguish between filter material and particle.  
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In Noord Bergum, dolomite calcite, illite and pyrites particles were found using the SEM. In 

smaller quantities barite, rutile and coppersulfate particles were found. Again here the 

composition of the downhole particles and particles collected at the top of the well are 

identical. In general the particle sizes and quantity are similar. 

 

Compared to Rodenhuis, the particles captured in Noord Bergum are larger. The size of the 

particles is mainly between 2 and 5 µm. The shape varies between angular and rounded. This 

is also confirmed by the downhole samples.  

 

The SEM results show that measurements of particles at the top of the well are 

representative for the particles deposited in the pores of the aquifer. This conclusion has an 

important consequence; the composition of the particles which cause well clogging can be 

determined by analyzing the composition of the particles at the top of the well.  

 

From the SEM analyses is not possible to get a good overview of particle concentration in the 

abstracted groundwater. Therefore particles size and concentration measurements haven been 

performed top of the well.  

2.8 Particle counting measurements 

The particle counting measurements aim to elucidate the relation between particle 

concentration, size distribution and mechanical well clogging. Also the relationship between 

well properties, hydrogeological properties and particle concentration is studied. The relation 

between the groundwater flow velocity and particle concentration is investigated. 

Furthermore the concentration distribution over the filter trajectory is measured. This 

distribution is related to the lithological composition of the aquifer. 

 

Because particle counting measurements are relatively simple, the particle concentration and 

particle size distribution of abstracted groundwater from 60 wells are measured.  

2.8.1 Method 

A number of devices are available to perform real time (online) particle concentration 

measurements. Particle counters are able to count particles within a certain size range, but 

this range is sensor-dependent. Figure 7 gives an overview of the size ranges of each type of 

counter (Hargesheimer 1992; Hauser et al. 2002; Hofmann 1998). Within this range they 
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divide the counted particles into different particle size classes. Therefore, particle counters 

provide information about the number of particles as well as their size distribution. 

 

Type of particle counter Size range 

Light-blocking 2 – 1000 µm 

Light-scattering 0.1 – 50 µm 

Laser-induced particle breakdown 10 nm – 1 µm 

Table 2.3. Overview of different particle counters and their particle size range. 

 

Particle counters are not able to determine the chemical composition of the counted particles, 

because the particles are counted optically.  

 

The particle counter that is most suitable device to measure particles in abstracted 

groundwater is an online light blocking sensor. This type of particle counter measures the 

particle size range in groundwater and is most suitable to measure in field conditions. 

Counting of particles using a light-blocking principle is based on a laser beam and photo 

sensitive detector. The laser and the cell are placed each at one side of a glass sample tube. 

The sampled groundwater flows through this tube. When particles are present within the 

flow, they cause shadows at the detector when passing the laser beam (Figure 2.16). These 

shadows are converted into electrical pulses by the detector. Each passing particle will cause 

one pulse and particles are counted based on these pulses. The magnitude of a pulse depends 

on the size of the shadow, and therefore on the size of the particle.  

 

Laser Detector

Electrical signal

 
Figure 2.16. Principal of the light-blocking method. 

 

Most particle counters are able to distinguish several size categories (channels). These 

particles are separated based on the magnitude of the generated pulses and compared with 

threshold values. The size channels can be set at each desired value. In this way the counter 
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can be calibrated, and optimized for a specific purpose. When changing the threshold values, 

reference suspension consisting of a specific grain size are necessary. 

 

The particle counter used in this project is a Met One online particle counter with a PCX-

sensor (Particle Counting X-ray). This sensor is able to detect particles in the range of 2-750 

µm in diameter. This corresponds with size ranges of particles present in groundwater. The 

counter is robust and suitable for use in the field. The counter uses 6 particle size channels; 

2-3, 3-5, 5-7, 7-10, 10-15 and > 15 µm. 

 

During the measurements, it is very important to maintain a constant flow rate because the 

particle counter does not record or adapts to changes in the flow rate through device. The 

counter has only been calibrated for a flow of 100 ml per minute. If the flow rate is too high 

or too low, it will affect the volume based computation of the concentration. A constant flow 

of 100 ml/min is maintained by use of an external pump. The particle counter is connected 

to a tap at the top of the well and only measures a part of total flow, while the pump is 

operating.  

2.8.2 Results particle measurements in Rodenhuis and Noord Bergum 

At the sampled wells of both field sites, Rodenhuis and Noord Bergum, the particle 

concentration was measured over a period of days in all wells. Figure 2.17 shows the particle 

concentration as a function of time for the different particle size channels for well 4 at 

Rodenhuis.  
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Figure 2.17. Particle concentration measurements well 4, Rodenhuis. 
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The most striking features in Figure 2.17 are the five peaks in the particle concentration. 

Those peaks in the particle concentration are observed immediately after every switching-on 

and -off of the submersible pump. However, after some time the concentration becomes 

stable. We refer to these concentrations as stationary particle concentration. In order to 

measure stationary concentrations at each well, the concentration of suspended material was 

measured until stable values were reached for at least 2 hours. The average stationary 

particle concentrations are calculated over these periods at which the particle concentrations 

were stable. The stationary particle concentration for well 4 is 10 particles per ml, being a 

low concentration. Figure 2.18 shows the size distribution. In Table 2.4 the values for the size 

distribution are presented. In Rodenhuis the smallest particles (< 5 µm) are most abundant. 

This corresponds well to the results of the aquifer and groundwater samples. 

 
 
Channel   2-3 µm 3-5 µm 5-7 µm 7-10 µm 10-15 µm >15 µm 

fraction 0.492 0.420 0.047 0.030 0.009 0.002 

      Table 2.4. Size distribution Rodenhuis. 
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Figure 2.18. Particle size distribution of well 4, Rodenhuis. 

 

Before sampling well 50A in Noord Bergum intensive particle counting measurements were 

performed on the whole well field. The results of measurements at the sampled well 50A are 

shown in Figure 2.19 and in Table 2.5.  
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Figure 2.19 Results concentration measurements well 50A atNoord Bergum. 

 

Division per size   2-3 µm   3-5 µm  5-7  µm  7-10 µm  10-15µm  > 15µm  

Fractions 0.364 0.440 0.088 0.072 0.022 0.006 

Table 2.5. Size distribution well 50A Noord Bergum. 

 

The average particle concentration during operation of well 50A is approximately 250 

particles per ml. This is a relatively high concentration compared to stationary particle 

concentration found in Rodenhuis.  

 

In Noord Bergum the particles between 1 and 5 µm are most abundant, here 44% of the 

particles are between 3 and 5 µm, which is more then the percentage of particle in the 

smallest class. This corresponds to the results of the aquifer and groundwater samples, where 

the average particle size was also larger than the size measured in Rodenhuis. 

 

An important observation can be made when well 4 at Rodenhuis and well 50A at Noord 

Bergum are compared. The clogging rate of well 50A is about 4 times higher in the same 

kind of well. The most obvious difference between the wells in Rodenhuis and Noord Bergum 

is the location and therefore the difference in aquifer sedimentology. Most likely well clogging 

is related to the composition and concentration of the particles and the aquifer properties, 
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i.e., grain size. Note that the particles present in groundwater originate from the aquifer 

itself. 

 

Measurements in eight supply wells in Noord Bergum were performed to investigate the 

relation between well clogging rate and particle concentration. The results of these 

measurements are presented in the next Section. 

2.8.3 Concentration and well clogging 

In Noord Bergum the wells differ in age, design and water quality. Almost all wells abstract 

water from the same aquifer and depth. The largest difference between the wells is their 

clogging rates. A number of wells show no clogging at all while others clog within a few years 

after construction. A selection of different wells is made to investigate the relation between 

clogging and particle concentration. Table 2.6 shows the age, screen diameter and screen 

depth of the wells. The pumping rate of all the wells is about 65 m3/h. 

 

Well # Year 

D
ia

m
et

er
 

Well screen Blind 1 Blind 2 Blind 3 

  (mm) top bottom top bottom top bottom top bottom 

26A 1992 226 59.80 79.00       

27A 1992 226 54.80 81.30 59.60 62.10     

28A 1992 226 54.80 81.60 64.40 66.30 73.30 76.80   

39A 1990 226 46.28 76.81 51.10 59.29 63.28 65.78   

49A 1990 226 61.50 136.70 75.90 83.50 86.50 98.50 106.50 117.50 

50A 1992 226 65.38 84.58       

53A 1992 226 48.55 76.05 53.39 59.05     

55 1963 148 58.72 88.04       

56 1963 148 52.69 82.01       

OW* 54  25 68.91 69.91       

*Observation Well 

Table 2.6. Well and screen properties of the measured wells in Noord Bergum. 

 

All wells abstract groundwater from the same aquifer at 50 to 85 meter. Well 49A also 

abstracts from a deeper aquifer. An overview of the screen location is given in Figure 2.20.  
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Figure 2.20. Screen location of eight wells in Noord Bergum. 

 
Well # Specific capacity Particle concentration per channel 

 Remaining % 

compared to initial 

% 2-3 3-5 5-7 7-10 10-15 > 15 

totaal 

26A 14% after 10 years 4.88 6.01 1.30 1.13 0.33 0.15 13.81 

27A 11% after 10 years 11.10 12.54 2.34 1.93 0.60 0.38 28.88 

28A 21% after 10 years 5.62 6.44 1.07 0.79 0.21 0.09 14.23 

39A 68% after 10 years 16.38 15.97 2.60 2.06 0.55 0.20 37.76 

49A 123% after 10 years 1.64 2.31 0.50 0.35 0.12 1.28 6.20 

50A 35% after 7 years 105.55 119.01 22.15 17.88 5.48 1.53 271.61 

53A 3.6% after 4 years 63.38 61.70 9.07 6.58 1.74 0.60 143.08 

55 40% after 40 years 1.56 1.01 0.18 0.23 0.11 0.65 3.74 

56 45% after 40 years 1.06 0.69 0.08 0.07 0.03 1.59 3.51 

Table 2.7. Particle concentration and clogging rates of eight wells in Noord Bergum. 

 

Because particle concentrations are measured at the top of the well, an average concentration 

from all different screens is measured. Still large differences in concentration between the 

wells are measured. In well 55, 56 and 49A also gas bubbles are observed. These gas bubbles 

increase the measured concentration in the channel > 15 µm. The total concentration is 

affected, but still for all three wells it is very low. In Figure 2.21 the location and relation 

between clogging rate and particle concentration is shown.  

 

Sc
re

en
 p

la
ce

m
en

t 
(m

) 



 43 

 

 
Figure 2.21. Location, particle concentration and clogging rates of nine water supply well in Noord 

Bergum. Note that WP54 is an observation well. 

 

In Noord Bergum, clogging rates are strongly related to the particle concentration (Figure 

2.21). Fast clogging wells abstract groundwater with high concentrations of particles (> 100 

n/ml). Groundwater from wells with low clogging rates contains hardly any particles (< 10 

n/ml).  

 

A number of local factors influence the particle concentration in each well.  

1. Origin of groundwater and the related water chemistry 

2. Composition and heterogeneity of the aquifer 

 

Groundwater abstracted by wells 26A, 27A and 28A is more saline then the water from the 

others wells. Chloride and calcium concentrations are high, about 250 mg/l and still 

increasing in time. The high salinity of the water and the ion exchange due to Na+/Ca+ ratio 

can be a cause for mobilization of clay particles from clay lenses within the aquifer. Wells 55 

and 56 abstract water with a different chemical composition. These two wells only showed 

significant clogging after 40 years, which is more then the expected life time of a well.  

 

Looking at the map in Figure 2.21 it is remarkable to observe that well 49A shows no 

clogging at all and has a very low particle concentration. On the contrary wells 50A and 53A 

500 m 
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clog within 5 years and after rehabilitation quickly decrease in pumping efficiencies again. 

The explanation for this contrast is explained by the difference of location of the well screens. 

Well 49A also abstracts groundwater from a deeper aquifer (117.50-136.70 m). The well 

produces about 75% from the lowest aquifer and the remaining 25% is divided over the other 

sections. Most likely this lowest aquifer has hardly any particles suspended in its water and 

therefore no clogging problems are encountered, even after 15 years of water production. 

 

From the particle concentration measurements at different wells it is clear that particle 

concentration of the abstracted groundwater is strongly related to clogging rates. This is in 

agreement with models reported in the literature and results from laboratory experiments 

(McDowell-Boyer et al. 1986; Ramachandran 1999). Also it is reported that the flow rate 

influences mechanical clogging. Therefore we investigate the influence of the flow velocity on 

particle concentration, again by means of particle concentration measurements. 

2.8.4 Variable pump capacity 

After aquifer sampling in well 50A, a new well was constructed at 5 meter distance from the 

old one. Particle counting measurements at different pumping rates were performed on this 

new well (50B). The same procedure is followed to measure particle concentrations. The only 

difference for this type of measurements is that the pumping rate is increased two hours after 

a stationary concentration was reached. Table 2.8 contains the results for the measurements. 

In Figure 2.22 the results for the total stationary particle concentration as a function of 

pumping capacity is presented.  

 

Q Particle concentration [n/ml] 

m3/hour 2-3 3-5 5-7 7-10 10-15 > 15 total 

22.73 28.18 20.77 2.52 1.56 0.49 0.20 53.72 

34.79 36.03 30.37 3.99 2.43 0.57 0.25 73.64 

43.55 41.77 37.86 5.40 3.54 0.92 0.31 89.81 

50.80 52.82 46.91 6.70 4.25 0.97 0.29 111.93 

58.26 59.91 59.14 9.11 6.08 1.25 0.38 135.87 

65.35 81.99 81.17 13.00 8.86 1.96 0.42 187.40 

72.10 72.76 73.91 12.06 8.09 1.82 0.30 168.94 

Table 2.8. Results of particle concentration measurements at different pumping rates, Q. 
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Particle concentration as function of the flow velocity 
at well 50A in Noord Bergum
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Figure 2.22. The relation between interstitial flow velocity (including porosity) and particle 

concentration measured at Well 50B in Noord Bergum, The Netherlands. 

 

In Figure 2.22, the relationship between flow velocity, calculated from the pumping rate and 

the particle concentration is shown. With increasing flow velocity a higher particle 

concentration in the abstracted groundwater is measured. This relationship is non-linear and 

in this case the best fit obtained is an exponential fit. This implies that high pumping rates 

induce high particle concentrations. Therefore an increase in the clogging rate is expected.  In 

case of higher flow rates also larger particles in suspension can be expected. This will cause 

changes in the size distribution. Table 2.9 contains the fractions per channel for each 

pumping rate. Figure 2.23 shows the size distribution as a function of flow velocity. 

 

Q fractions per channel  

m3/uur 2-3 3-5 5-7 7-10 10-15 > 15 

22.73 0.525 0.387 0.047 0.029 0.009 0.004 

34.79 0.489 0.412 0.054 0.033 0.008 0.003 

43.55 0.465 0.422 0.060 0.039 0.010 0.003 

50.80 0.472 0.419 0.060 0.038 0.009 0.003 

58.26 0.441 0.435 0.067 0.045 0.009 0.003 

65.35 0.437 0.433 0.069 0.047 0.010 0.002 

72.10 0.431 0.437 0.071 0.048 0.011 0.002 

Table 2.9. fractions per channel per pumping rate for well 50B, Noord Bergum 
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Particle size distribution as function of the flow velocity 
at well 50A in Noord Bergum
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Figure 2.23. Size distribution in percentage as a function of flow velocity for well 50B, Noord Bergum. 

 

The size distribution is slightly depending on the flow velocity. At higher flow velocities a 

larger contribution of larger particles is observed. The percentage of particles with size 3 to 5 

µm significantly increases with increasing flow velocity. Particles larger than 5 µm also show 

a slight increase. Consequently the fraction of the smallest particles decreases. The question 

remains if the increase in particle concentration is related to mobilization of particles further 

away from the well or that these particles are remobilized particles from the bore hole wall. 

In the case of well 50B the measurements were taken only after a number of weeks of 

operation and the pumping efficiency was still unaffected. Therefore it is reasonable to 

assume that no particles accumulated on the borehole wall before the measurements. Based 

on the measurements and results in Rodenhuis and Noord Bergum a field test was performed 

in the southern part of the Netherlands. First, at two wells the relation between pumping 

rate and particle concentration was measured. The same exponential behavior was found. 

Secondly, a practical field test showed that decreasing the pump capacity reduces the 

clogging rate of pumping wells.  

 

In the same field test, particle counting measurements as a function of aquifer depth were 

performed. The measurements and results of this test are presented in the next Section. 
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2.8.5 Relation with lithology 

Micromorphological analyses of the aquifer samples showed that the particles suspended in 

groundwater originate from the aquifer itself. Therefore groundwater from different aquifers 

also has different particle concentrations. This is shown by particle concentration 

measurements in Rodenhuis and Noord Bergum. The same measurements in Noord Bergum 

showed different particle concentrations within the same aquifer. This is related to local 

heterogeneities that causes differences in water quality and permeability. In case of large 

differences in lithological properties within the filter trajectory, particle concentrations can 

also differ in order of magnitude. Well field Someren, see location 3 in Figure 1.1 is a good 

location to further effect of aquifer heterogeneity on well clogging. The results of particle 

concentration measurements conducted in 2002 show fast clogging and variation in 

concentration. In Someren the aquifer properties vary spatially and in depth. At well field 

Someren at six sections of one meter the particle concentration is measured. The stationary 

concentration of each section is measured for at least 24 hours. This test provides information 

about the changes in particle concentration due to local heterogeneities (Figure 2.24). 

 

 
Figure 2.24. Particle counting measurements per section. 

 

The measurements were performed at well 22 in Someren, which clogs relatively fast. The 

well abstracts water from a deep aquifer (230-260 m), which is known to be heterogeneous. 

The sections are selected based on the grain size variation within the aquifer and discharge 

measurements in the well (Figure 2.25).  
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Figure 2.25. Grain size and discharge of well 22 at Someren. On the left, the screen locations are 

shown. 

 

In Figure 2.25 two discharge measurements are shown. One is measured in 1998 and the 

second one is measured in 2005 a week before the actual particle concentration 

measurements. The comparison between the two discharge measurements show that the first 

screen (193-201m) is partially clogged. The second screen (232-245 m) shows an increase in 

discharge. The first screen has been placed in a fine sanded aquifer. The aquifer at the 

bottom of the second screen contains course sands. Six sections are selected based on clogging 

behavior and the lithology of the aquifer (Table 2.10).   

 

Section Start 

[m] 

End  

[m] 

Selection criterion Grainsize 

[µm] 

1 260 261 Medium-course sands, separate screen 350 

2 248.5 249.5 Medium-course sands close to a clay layer 350 

3 241.5 242.5 Course sands, increase in discharge 500 

4 235 236 Medium-course sands, increase in discharge 380 

5 198.5 199.5 Fine sands, decrease in discharge 280 

6 197 198 Fine sands, decrease in discharge 260 

Table 2.10. Six sections selected to measure particle concentration. 
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A special tool is used to measure the particle concentration in each section. The section is 

isolated by two rubber packers and the water is extracted from this section by a separate 

pump. The pumping rate of this pump is set to 2 m3/h in each section. This value is based 

on the discharge measurements. The well is still in operation and the submergible pump 

abstracts water with the usual operating pumping rate. At Someren a new particle counter is 

used, which is able to measure particle size from 1 µm. During the measurements this device 

had difficulties to measure large particles. An investigation showed that during the 

measurements also gas bubbles were trapped inside the tubing, which disturbs the 

measurements in the channels from 10 µm. Table 2.11 contains the particle concentrations 

per channel for the 6 sections.  

 

 Particle concentration  (n/ml) 

Section 

1 - 1.5  1.5 - 2 2 - 3 3 - 5 5 - 7 7 - 10 10 - 15 > 15 

Total sum  

(1 - 7) 

1 157.37 100.29 59.13 41.72 10.74 4.78 1.60 0.50 376.13 369.25 

2 463.20 299.01 212.13 201.67 74.29 44.10 20.13 12.02 1326.54 1250.29 

3 206.72 128.47 74.88 51.44 13.48 8.10 11.75 49.13 543.96 474.98 

4 336.65 193.21 107.05 71.29 18.59 13.46 27.01 159.57 926.83 726.79 

5 225.93 156.96 106.21 90.51 28.95 14.59 8.59 47.35 679.08 608.56 

6 236.60 153.05 96.40 68.67 16.49 6.79 2.90 5.51 586.41 571.21 

Table 2.11. Particle concentrations measured per section of well 22 at Someren. 

 

The malfunctioning of the larger channels can be deducted from the high concentration 

measured in the channel > 15 µm given in Table 2.11. In this channel high concentrations 

are measured, while in all previous measurements this channel measures almost no particles. 

In section 1 no gas bubbles were present and here a normal distribution is seen. In sections 2 

to 6 all concentrations in the “> 15 µm” channel are higher than the concentration in the 

channel “10 -15 µm”. The last column in Table 2.11 contains the sum of particles with size 1 

to 7 µm, which is used to analyse differences between the sections. The concentration 

measurement of section 4 is difficult to evaluate, because here the data were most disturbed. 

Therefore no discussion and conclusions is given about this section.  

 

Note that the overall concentration appears to be larger than the concentrations measured in 

Noord Bergum and Rodenhuis. Additional particles are measured in the additional channels 

1-1.5 µm and 1.5 -2 µm. When these two channels are ignored the stationary concentration is 

around 120 – 170 particles per milliliter, which is in the same order as Rodenhuis. In Figure 



50 Chapter 2 Physical clogging processes near water pumping wells. Field measurements 

 

 

 

2.26 the sum of the particle concentrations of size channels 1 to 7 µm together with the 

aquifer grain size is shown. 

Grain size and particle concentration

180

190

200

210

220

230

240

250

260

270

-200 0 200 400 600 800 1000 1200 1400

Particle concentration [n/ml]

D
ep

th
 [

m
]

-100 -50 0 50 100 150 200 250 300 350 400 450 500 550 600 650 700

Grainsize [µm]

Concentration

grain size

193

201

232

245

248

252
257

262 1

6
5

4

3

2

Screen and 
Measurement 

locations

 
Figure 2.26. Aquifer grain size and measured particle concentration per section. 

 

The most distinct feature in Figure 2.26 is the concentration peak from the second section. 

The concentration is almost four times the concentration measured in section 1. This section 

is located near a clay layer and the aquifer itself contains fragments of organic material. The 

high concentration is probably the result of clay particles mobilized from the clay layer. The 

sand at this part of the screen is medium to course. The discharge measurements show that 

this part of the aquifer is not clogging significantly. 

 

In sections 1 and 3 the lowest particle concentrations are observed. The specific aquifer 

section contains course to medium course sand and is fairly homogenous according to the 

description based on drilling logs. The discharge in both sections increased in time. The 

combination of low particle concentrations and course sand appears to decrease the likelihood 

of mechanical clogging. In other words aquifers with high particle concentration and fine 

sands will be sensitive to clogging. Section 5 and 6 are selected based on the fine sands and 

heterogeneity. In both sections the particle concentration is identical and significantly higher 

than the concentrations measured in section 1 and 3.  The top aquifer is fine sanded with an 

average grain size of 260 – 260 µm and contains fragments of organic material and has small 

clay lenses. This composition explains the increase in particle concentration. The combination 

of high particle concentration and fine sands resulted in mechanical clogging of the upper 
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aquifer in Someren. The measurements in Someren suggest the existence of a relation 

between aquifer lithology and mechanical well clogging.  

 

Statistical analysis of well data and can provide information about relationships between well 

clogging and other parameters. The next Section presents the results of a statistical analysis 

on well clogging based on information of 250 water supply wells in the Netherlands.  

2.8.6 Statistical investigation on clogging parameters 

A statistical study on well clogging is performed in order to validate the relations found by 

using particle concentrations measurements (Schaaf 2005). This study also investigates other 

relationships between well properties and well clogging. For this study a database containing 

150 wells is compiled. All of these wells abstract groundwater from unconsolidated aquifers. 

About 75% of the wells are mechanical clogged and 25% do not clog at all. Chemically 

clogged wells are excluded from this study.  

 

In total 30 properties of each well are used in the analysis. The well parameters are divided 

into 6 main categories: 

 

• General well data, i.e., location, well age, number and length of screens and clogging 

rate.  

• Aquifer properties, i.e., grain size, composition, water chemistry and thickness. 

• Construction, i.e., well and screen diameter, type of drilling mud, method of well 

development and thickness and grain size of the gravel pack. 

• Well operation, i.e., pumping rate, number of operation hours and frequency of 

switching the submersible pump. 

• Rehabilitation, i.e., method, frequency and effect of rehabilitation. 

• Computed parameters, i.e., volume flux. 

 

A correlation between particle concentration and well clogging could not be investigated 

because during the statistical study not enough date was available for a reliable analysis 

(only particle concentration data of 10 wells).  

 

The database is analyzed using SPSS, version 11.5. First a correlation coefficient is calculated 

to investigate dependence of the parameters. Then for each parameter a scatter plot of the 

clogging rate and the well parameter is made. From this plot a possible correlation can be 
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observed. An unbiased method to investigate the correlation is to calculate the Pearson’s 

correlation coefficient for each parameter. Finally a box plot is made to visualize the 

variability in data. In total 6 parameters showed a significant correlation with mechanical 

clogging. Here only the results of the analysis are given. The following correlations were 

found:   

 

1. Average grain diameter (M50); fine sanded aquifers clog more often and faster. 

2. Aquifer heterogeneity; heterogeneous aquifers of clog more often and faster 

3. High chloride concentration, faster clogging rates 

4. Screen length; short screens show faster clogging 

5. Ratio grain size gravel pack and aquifer grain size; small ratios (< 3) more clogging. 

6. Operating hours, increasing hours of operation per day increase clogging rate. 

 

Another remarkable observation concerning the location of the well fields was made. Well 

fields, that mainly abstract water by the river bank filtration show mechanical clogging. The 

deep groundwater wells show significantly less or no clogging.  

 

Again the grain diameter and heterogeneity of the aquifer are found to strongly influence 

mechanical clogging. A relation between flow velocity and clogging rates was not found in the 

statistical analysis. The data of flow velocity was unrelated, for both low and high flow 

velocities high clogging rates were found. Again high chloride concentrations are related to 

higher clogging rates. This corresponds to the relation found in Noord Bergum. Two 

parameters, which were not foreseen at first instance, show a correlation with clogging. Short 

filters tend to clog faster. Perhaps this is due to the fact a relatively small volume is available 

for clogging. These smaller volumes result also in shorter times needed to significantly clog 

the well. Also it should be noted that shorter screens may imply that it was difficult to find 

an aquifer with reasonable transmissibility to produce drinking water. A correlation between 

aquifer grain size and screen length was found. This supports the idea of cutting in on aquifer 

quality and screen length. This correlation found is obvious, but still important. Higher 

production rates also increases clogging rates. This is related to the fact that per day more 

particles are transported and deposited near the well bore, because a larger quantity of water 

flows through the aquifer.  

 

No correlation was found between well construction parameters.  
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2.9 Discussion 

From horizontal undisturbed aquifer samples, obtained in clogged wells, it was concluded 

that two physical clogging processes cause mechanical clogging. The first process is related to 

the construction of the well. During construction, drilling fluid infiltrates the first millimeters 

of the aquifer and forms a filter cake on the aquifer surface. The remains of the drilling mud 

initiate the accumulation of particles. The importance of this first stage is not clear. The 

second clogging process is particle bridging in the pore throats. It is believed that even 

without this filter cake, supply wells still clog due to bridge formation inside the pore throats. 

This concept is supported by a recent test were all drilling fluid has been removed after 

construction of a well. In this case a number of supply wells were completed with a stainless 

steel wire screen and other wells were constructed in the conventional way. The screen 

diameter of the wire screen is about 10 cm smaller than the well bore radius. After placing 

the screen the mud is removed from the well bore and the original borehole wall collapsed. 

The filter cake and first centimeters of the aquifer also collapsed and the zone with reduced 

permeability is disturbed. After completion and an intensive well development program, 

where the created “natural” gravel is developed, the well had a much higher capacity then 

the wells constructed in the conventional way. During the first year of production all wells 

were monitored. The measurements showed that after 2 years all wells were deteriorating due 

to mechanical clogging. In the second year of production the clogging rates of the wells 

equipped with a wire screen were higher than the conventional wells. This test shows that 

even without a filter cake present wells suffer of mechanical clogging (van Schaik 2005). 

 

Mechanical clogging is caused by particle deposition in the pores throats. In thin sections 

from samples taken a few centimeters away from the borehole wall, particle bridges are 

identified. These bridges form a net by which other particles are captured.  

 

From the presented measurements a number of parameters are found that control mechanical 

clogging. First of all, particles need to be present in groundwater. The concentration of the 

particles is related to the lithology of the aquifer. From aquifer and groundwater sampling 

the composition of the particles in groundwater could be determined. The results of both 

tests were in agreement. Then the composition of the particles was compared with the 

composition of the aquifer grains. Based on this comparison it was concluded that the 

particles originate from the aquifer. The particles are mobilized within the aquifer due to a 

number of different processes. As described in the introduction, groundwater chemistry 

affects particle concentration. In this study a relation between increased chloride 
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concentrations and clogging was found. Besides chemical mobilization, flow velocity is an 

important factor in the mobilization of particles. The increase in flow velocity due to high 

pumping rates mobilizes particles in the vicinity of the well. All wells are located in a well 

field and groundwater flow is disturbed hundreds of meters away from the field. Field 

measurements show a direct relation between particle concentration and clogging rate. 

Measurements at the same location show that the particle concentration is influenced by the 

flow velocity. Higher flow velocities result in higher particle concentration. This results in the 

conclusion that well clogging is affected by both the particle concentration and flow velocity.  

 

The last properties that determine mechanical clogging are related to the aquifer itself. The 

aquifer functions as a filter and as a source of the particles. The filtration properties in case 

of physical deposition processes are related to the grain size and the grain size distribution of 

the aquifer. From measurements in Someren, the relation between aquifer lithology, particle 

concentration and mechanical clogging is deducted. Fine sanded aquifers clog faster then 

coarser aquifers. This is related to the smaller pore throats in fine sanded aquifer. The 

probability that particle bridges are formed is related to the pore sizes of the aquifer. For 

larger pores also more particles or larger particles are needed to form a bridge. The pore size 

distribution is directly related to grain size of the aquifer. In addition grain size 

heterogeneities will enhance clogging further. Note that bridging also depends on the particle 

size. Therefore the ratio between pore size ánd particle size should be mentioned as a key 

parameter for mechanical clogging. Based on the size distributions measured in the field, the 

size of the majority of the particles is between 1 and 5 µm. It should be noted that 1 µm is 

the lower detection limit of particle counter used in this study. In practice the difference 

between well fields is the concentration of particles, the grain size of the aquifer and well 

operation, i.e., pumping rate.  

2.10 Conclusions 

Clogging of water supply wells in unconsolidated aquifers is a major problem world wide. A 

special type of clogging is related to particle transport and deposition in the vicinity of the 

well. The presented study aims to characterize particles suspended in groundwater and relate 

the presence of particles to mechanical clogging processes. For this purpose horizontal aquifer 

samples in clogged wells were obtained and a number of particle counting experiments in the 

field were conducted.  
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The undisturbed aquifer samples showed that particles were indeed deposited in the pores 

near the well. The deposited particles were found within 10 centimeter from the transition 

zone between the aquifer and gravel pack. The particle size ranges between 1 and 20 µm, of 

which the majority is around 1-5 µm. They are composed of lime, clay, organic material and 

quartz. A difference in composition between the particles of Rodenhuis and Noord Bergum is 

observed. A more accurate analysis shows that the particles originate from the aquifer itself 

and therefore different particles are found in every aquifer. The hydrodynamic force resulting 

from the underwater pump erodes the formation and mobilizes particles. 

 

In thin sections taken from samples close to the borehole wall clearly two types of particle 

accumulation were identified. The first type is associated with the drilling fluid used during 

construction of the well. The second type contains particles originating from the aquifer, 

which are deposited after the first type. The pores are fully filled with particles and as a 

consequence the permeability is significantly reduced.  

 

Further away from the well bore only pore throats are clogged by particles. Typically the 

throats are blocked by particle bridges, which form a net to capture approaching particles. 

Particle bridging is considered to be the main clogging process causing the reduction in 

pumping efficiency of water supply wells.  

 

A SEM was used to analyze the groundwater samples taken at the top of the well. Particles 

in Rodenhuis are composed mainly of quartz, clay and pyrite and in Noord Bergum, dolomite 

and calcite, clays and pyrites particle were identified in larger quantities. The composition 

and size of the particles from the groundwater samples correspond to those from the 

downhole samples. This observation has an important consequence; the composition of the 

particles that cause well clogging can be determined by analyzing groundwater samples at 

the top of the well.  

 

Particle counting measurements were performed in different well fields. These measurements 

provide information about particle concentration and size distribution and their relation to 

mechanical well clogging. A procedure was developed to measure stationary particle 

concentrations in the abstracted groundwater at the well head. These measurements are 

easily disturbed, i.e., switching on and off of the submergible pumps. Stationary particle 

concentrations in the order of 10 to 300 particles per milliliter were observed. A clear relation 

between the particle concentration and clogging rates was found. Wells with low particle 
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concentrations (< 10 n/ml) hardly show clogging during their expected lifetime. Wells with 

high concentrations (> 100 n/ml) fully clog within a number of years. Concentration 

measurements at different pumping rates show that the particle concentration is a function of 

flow velocity. This supports the hypothesis that hydrodynamic forces are responsible for 

particle mobilization. This also implies that particles originate from the aquifer itself as can 

be verified from the aquifer samples.  

 

Mechanical clogging is strongly related to aquifer properties, i.e., grain size and 

heterogeneity. Particle concentration measurements performed at different sections of the 

screen showed that the concentration also depends on the lithology and grain size of the 

aquifer. Aquifers containing clay lenses release more particles then well-sorted homogenous 

aquifers. A large increase in particle concentration was measured in a section in the vicinity 

of a clay layer. This indicates that clay layers can be a particle source in groundwater. Based 

on flow measurements in the same well, it was observed that fine sanded aquifers were 

clogging. The coarser aquifers did not show any decrease in productivity, but nevertheless 

contained particles.  

 

The relationships found in the different studies were supported by a statistical study of well 

data from 150 wells.  

 

The most important conclusion is that mechanical well clogging is caused by formation of 

particle bridges in pore throats in the vicinity of the well. Particle size and concentration in 

combination with aquifer grain size and lithology strongly influence clogging rates.  

 

This study does not provide insight in the clogging behavior as a function of time. It is 

unknown whether particle concentrations changes in time, and moreover, the resource of 

particles is finite or that particle are continuously generated and supplied.  

2.11 Bibliography 

 

Al-Abduwani, F. A. H. (2005). "Internal Filtration and External Filter Cake Build-up in 

sandstones," Ph.D., University of Technology Delft, Delft. 

Cullimore, R. (2000). Microbiology of Well Biofouling, Lewis Publishers. 



 57 

 

de Zwart, A. H., Balemans, M. (2006). "Reduction of well clogging. Measurements of critical 

flow velocity and particle concentration screen section at Someren. (in Dutch)." Kiwa 

Water Research, Nieuwegein. 

Driscoll, F. G. (1989). Groundwater and wells, Johnson, St. Paul. 

FitzPatrick, E. A. (1970). A technique for the preparation of large thin sections of soils and 

unconsolidated material. 

Hargesheimer, E. E., C.M. Lewis, C.M. Yentsch. (1992). "Evaluation of Particle Counting as 

a Measure of Treatment Plant Performance." AWWA Research Foundation, 

Denver,USA. 

Hauser, W., Geckeisa, H., and Kima, J. I. (2002). "A mobile laser-induced breakdown 

detection system and its application for the in situ-monitoring of colloid migration." 

Colloids and Surfaces A: Physicochemical and Engineering Aspects, 203(1-3), 37-45. 

Herzig, J. P., Leclerc, D. M., and Le Goff, P. (1970). "Flow of suspensions through porous 

media - application to deep filtration." Industrial and Engineering Chemistry, 65(5), 

8-35. 

Hofmann, T. (1998). "Kolloidale und suspendierte Partikel. Herkunft, Transport und 

Relevanz von mobilen Festphasen in Hinblick auf die kunstliche 

Grundwasseranreicherung," PhD, Dortmund. 

Houben, G., Treskatis, C . (2003). Regenerierung und Sanierung von Brunnen, Oldenburg 

Industrieverlag München. 

Howsam, P. "Water Wells - Monitoring, Maintenance and Rehabilitation." Water Wells - 

Monitoring, Maintenance and Rehabilitation, Cranefield Institute of Technology. 

Logan, B. E. J., D.G. Arnold, R.G., Bouwer E.J., O'melia C.R. (1995). "Clarification of 

clean-bed filtration models." Journal of Environmental Engineering, 121(12), 869-873. 

McCarthy, J. F. Z., J.M. (1989). "Subsurface transport of contaminants." Environ Sci 

Technol, 23(5), 496-502. 

McDowell-Boyer, L. M., Hunt, J. R., and Sitar, N. (1986). "Particle transport through porous 

media." Water Resources Research, 22(13), 1901-1921. 

Ouyang, Y., Shinde, D., Mansell, R. S., and Harris, W. (1996). "Colloid-enhanced transport 

of chemicals in subsurface environments: a review." Critical Reviews in environmental 

Science and Technology, 26(2), 189-204. 

Rajagopalan, R. a. T., C. (1976). "Trajectory analysis of deep-bed filtration with the sphere-

in-cell porous model." AIChE Journal, 22(3), 523-533. 



58 Chapter 2 Physical clogging processes near water pumping wells. Field measurements 

 

 

 

Ramachandran, V., Fogler, S.H. (1999). "Plugging by hydrodynamic bridging during flow of 

stable colloidal particles within cylindrical pores." Journal of Fluid Mechanics, 385, 

129-156. 

Ramachandran, V., Venkatesan, R., Tryggvason, G., and Scott Fogler, H. (2000). "Low 

Reynolds Number Interactions between Colloidal Particles near the Entrance to a 

Cylindrical Pore." Journal of Colloid and Interface Science, 229(2), 311-322. 

Ryan, J. N., and Elimelech, M. (1996). "Review Colloid mobilisation and transport in 

groundwater." Colloids and surfaces A: Physicochemical and Engineering Aspects, 

107, 1-56. 

Schaaf, J., Lee, C. and de Zwart, A.H. (2005). "Database Well Clogging in The Netherlands. 

Statistical analyses of well properties and mechanical well clogging. (in Dutch)." 

KWR 04.053, Kiwa Water Research, Nieuwegein. 

Sen, T. K., and Khilar, K. C. (2006). "Review on subsurface colloids and colloid-associated 

contaminant transport in saturated porous media." Advances in Colloid and Interface 

Science, 119(2-3), 71-96. 

Timmer, H. V., Verdel J.D. and Jongmans, A. (2003). "Well clogging by particles in Dutch 

well fields." JAWWA, 95(8), 112-118. 

Tchistiakov, A. A. (2000). "Colloid Chemistry of In-Situ Clay-Induced Formation Damage." 

SPE, 58747. 

van Schaik, C., Timmer, H. (2005). "Evaluation of relation between well construction, 

operation and mechanical well clogging, situation November 2004 (in Dutch)." Oasen, 

Gouda. 

Yao, K. M., Habibian, T., and O'Melia, C.R. (1971). "Water and Waste Water Filtration: 

Concepts and Applications." Environmental Science and Technology, 5(11), 1105-

1112. 

 



  

59 

Chapter 3 Conceptual modeling of hydrodynamic particle 

bridging in a converging geometry 

3.1 Introduction 

There is a vast literature on the transport and filtration of solids in porous media. The focus 

is often on the many variables determining the fate of colloids suspended in groundwater. 

One of the important issues of the transport of colloids through porous media is the possible 

effect on the soil pore structure. Due to the retention of colloids within the medium, its 

porosity and permeability may decrease. In water injection wells or sand bed filtration this 

phenomena is very common. The injected water contains suspended particles, which infiltrate 

the porous medium and damage the formation. The permeability reduction is caused by 

particle retention inside the pores, due to a number of clogging or deposition mechanisms. 

These processes are based on transport of small particles through pores and deposition of 

particles due to physical or physical-chemical mechanisms.  

One of the early models for the description of filtration of particles in a saturated sand beds, 

was introduced by Iwasaki in 1937. His filtration theory has been employed in many 

engineering disciplines. Based on sand bed filtration experiments, he proposed a first-order 

filtration model 

 

  
C

C
x

λ
∂

= −
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 (3.1) 

 

where C is the suspended particle concentration, x is the distance along the flow direction 

and λ is an empirical filtration coefficient. This filtration coefficient can be determined 

experimentally and ranges from 0.001 to 0.1 m-1 (Herzig et al. 1970; Wennberg and Sharma 

1997). The filtration is known to depend on many removal processes inside the porous 

medium. In the literature detailed overviews of such  processes can be found (Herzig et al. 

1970; Kretzschmar et al. 1999; McDowell-Boyer et al. 1986; Ryan and Elimelech 1996; Sen 

and Khilar 2006). These processes can be divided into mechanical and physical-chemical 

processes. The mechanical processes are influenced by gravitational and hydrodynamical 

forces, as well as geometrical aspects i.e., pore and particle size. The second category of 

processes is related to surface forces, where pH, ionic strength, liquid composition and 

particle characteristics are important. All processes can be categorized into three main 
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particle capture concepts: straining, bridging and deposition. Figure 3.1 shows a schematic 

representation of these three particle capture processes. Straining, size exclusion or blocking 

refers to the situation where a single particle is larger then a pore constriction and completely 

blocks the pore throat. Blocking of a pore throat by multiple particles is named bridging or 

jamming. The process of particles retention by surface forces is referred to as (surface) 

deposition.  

 

 
Figure 3.1. Conceptual visualization of particle retention processes in porous media. 

 

One of the early models for particle removal due to surface deposition in packed beds is 

known as the Yao-Habibian (YH) model (Yao 1971). The model is based on three so-called 

transport processes: diffusion, interception and sedimentation, shown in Figure 3.3. Particles 

are transported around a single grain by these transport processes. The transport leads to 

collision with this grain or so-called collector. Based on these three transport processes, a 

capture or collector efficiency is calculated to estimate particle removal. The YH model has 

formed the basis for many other models. Later a number of improved models have been 

proposed, mainly accounting for surface forces. In particular, the model proposed by 

Rajagopalan and Tien (RT) (1976) has been widely used in many applications. This model 

extends the YH model for van-der-Waals forces. Logan et al (1995) identify differences in the 

YH and RT models and show their application. The latest improved filtration model is 

proposed by Tufenkji and Elimelech (2004), who incorporate hydrodynamic interaction and 

van der Waals attractive forces in all three basic transport mechanisms. They also solve 

numerically the convection-diffusion equation. In the next section the basics of the clean-bed 
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filtration model are explained and an overview of the above mentioned models is given. First 

we discuss the principles of straining and bridging of particles in porous media, shown in 

Figure 3.1. 

 

The above mentioned models, all describe the collector efficiency for physical-chemical 

filtration systems, but it does not include all capture processes in porous media that are due 

to hydrodynamic and geometric factors, i.e., straining and particle bridging. Typically, these 

so-called plugging processes depend on particle size and pore constriction size (or an 

equivalent grain size) and their distribution. In the literature the ratio between the grain size 

and particle size is called the aspect ratio, κI. 

 

 grain
I

particle

d

d
κ =  (3.2) 

 

Often the aspect ratio is also referred to as the ratio between the pore size and particle size. 

Here defined by  

 pore
II

particle

d

d
κ =  (3.3) 

 

Table 3.1 shows a classification of the relation between the pore constriction size and particle 

size and the dominant particle retention process (Pandya 1998; Sen and Khilar 2006). Also 

the particle concentration and flow velocity strongly affect straining and particle bridging. Of 

these two plugging processes, straining is simpler to describe than bridging, which is more 

complex.   

 

Ratio of particles size to size 

of pore constriction (1/κII) 

κII Capture processes 

≥ 1    < 1 Straining  

0.10 – 0.60  10 – 1.67 Bridging and multiparticle blocking 

0.04 – 0.10  25 - 10 Deposition, bridging and multiparticle blocking 

0.01 – 0.04 100 - 25 Deposition and possibly multiparticle blocking 

Table 3.1. Distinction of capture mechanisms reported by Sen and Khilar (2006). 

 

Ramachandran and Fogler (1999) identified the lack of knowledge in bridging mechanism and 

investigated experimentally the retention of particle by hydrodynamic bridging. Particle 
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bridging or hydrodynamic bridging is defined as formation of particle bridges and the 

resulting pore blocking due to the simultaneous arrival of particles at a pore (Poesio and 

Ooms 2004; Ramachandran 1999). Ramachandran and Fogler investigated experimentally the 

effect of particle concentration, aspect ratio and flow velocity on bridging. They show that 

the efficiency of capturing particles increases with increasing flow velocity. They performed 

experiments, both for unfavorable conditions, where particles and filter are strongly repulsive 

and for favorable conditions, where strong particle-pore attractions are present. They 

observed the existence of a critical velocity above which bridges start forming under 

unfavorable conditions. This is related to the (hydrodynamic) drag force needed to overcome 

the colloidal repulsive force and form a particle-particle bridge. This critical velocity depends 

on the aspect ratio, flow geometry and surface properties influenced by solution ionic 

strength and pH. Under unfavorable conditions, they also observed a dependence on the 

concentration, which is related to the increase in probability to form a bridge at higher 

concentrations; under identical conditions more particles arrive at a single pore entrance for a 

higher concentration.  

 

As discussed in Chapter 2, the most important underlying well process is clogging due to 

particles, where suspended particles in groundwater are transported in unconsolidated 

aquifers and drawn towards pumping wells (Figure 2.5 and Figure 2.13). Near the well bore 

particles form bridges and block the pores. The size of the particles ranges between 1 and 20 

µm, of which the smaller particles are most abundant. These particles originate from the 

aquifer itself, confirming the mobilization of particle by the erosive force due to the elevated 

flow velocities in the aquifer induced by the pump. In case of well clogging the converging 

flow velocity plays an important role. The probability of particle bridging formation increases 

when the cross sectional area of flow decreases, while the particle concentration remains 

constant. In the same period of time, the particle flux or particle load on a pore increases 

with decreasing cross sectional area. This may result in an increase in deposition (Figure 3.2).  
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Figure 3.2. Bridging and straining of particles (black) during passage through a gravel pack (Figure by 

courtesy of BGR ©). 

 

In the literature there are hardly any models that simulate particle bridging. A numerical 

study of bridging in a linear flow regime has been performed by Ramanchadran, et al (2000). 

They demonstrate that formation of particle bridging is a function of the aspect ratio and 

flow velocity. They match qualitatively experimental observations and also observe a critical 

velocity above which particles are formed. The only conceptual model for bridging, to the 

best of our knowledge has been presented by Pandya (1998). Based on geometrical aspects 

and the particle concentration, the critical number of particles needed to block a single pore 

is calculated. This is called the critical particle concentration (CPC). The model only 

matches experimental results for small aspect ratios. The experiments and the model used 

only investigate a sand pack with uniform grain size. In reality, a porous medium consists of 

many different grains and therefore different pore sizes. This complicates the prediction of a 

critical concentration. Furthermore the model does not incorporate a relation between 

bridging and flow velocity, which is believed to be present. Clearly there is a need for an 

improved model for describing particle bridge formation. Such a model can be used to gain 

physical insight in bridge formation and important factors of influence.  

 

In this study a conceptual model is developed to analyze particle bridging in a converging 

flow geometry. The model is used to analyze the influence of particle size, concentration, flow 

rate and surface charge on particle bridging. A geometrical approach is used, in combination 

with a particle mass balance to model transport. Particles are captured by particle bridging 

based on a geometrical criterion. Also collision probabilities are calculated using single 

collector theory to model physical-chemical deposition mechanisms.  
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3.2 Overview of filtration models 

A quantification of the filtration coefficient in equation (3.1) based on various retention 

processes is needed. One of the first attempts was made by Yao, who related the filtration 

coefficient to porosity n and grain size ds through another empirical coefficient called the 

collector efficiency η by 

 

 
( )3 1
2 s

n
d

λ η
−

=  (3.4) 

 

In this concept particles approach a single grain, the so called collector, and are deposited on 

the grain surface due to a number of interaction processes between this collector and the 

approaching particles. The collector efficiency is defined to be ratio of the number of particles 

deposited on the grain to the number of particles approaching. This coefficient is in turn 

defined to be the product of an empirical collision efficiency αc and collision probability ηP: 

 

 c pη α η=  (3.5) 

 

 Where the collision probability ηP is defined as: 

 

 
Number of particles colliding with the collector surface

Total number of particles approaching the collector
Pη =  (3.6) 

 

And the collision efficiency αc is defined as: 

 

 

Number of particles depositing on the collector surface

Number of particles colliding with the collector
cα =

. (3.7) 

 

The empirical collision efficiency is usually obtained from column experiments performed 

under specific physicochemical conditions. The collision probability is obtained from a 

microscopic model of capture mechanisms often called transport mechanisms. Yao included 

three so-called transport mechanisms in his filtration model: interception, diffusion and 

sedimentation (Yao 1971), depicted in Figure 3.3. The collision probabilities of particles 

approaching the collector are calculated independently for these three transport mechanisms. 
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Using particle trajectory analysis, the single collector probability is estimated. Yao assumed 

that the collision probability from each of the individual mechanisms can be summed up to 

calculate the overall collision probability (ηP) (Yao 1971).  

 

 
Figure 3.3. Three basic particle transport mechanisms according to Yao, after (Yao 1971). 

 

3.2.1 Interception 

Interception occurs when a particle, moving on a streamline close to a collector, hits the 

collector surface because of its finite size. The collision probability for interception is  
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g

d

d
η =  (3.8) 

 

From (3.8) can be seen that interception is a function of the ratio between the particle dp and 

grain diameter dg (the aspect ratio κI). 

3.2.2 Sedimentation 

Particles will settle on the collector surface when their density is significantly larger than the 

liquid density. The collision probability due to sedimentation is equal to 
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where ρp is the particle density, ρl is the liquid density, g is the gravity acceleration, v is the 

flow velocity and µ is the liquid viscosity. 

 

Sedimentation effects will become large when the density difference is large or large particles 

infiltrate. If the particle density is smaller than density of the fluid, the formula prescribes 

negative collision probabilities. Negative collision probabilities are physically impossible and 

therefore sedimentation effects are set to zero for light particles. 

3.2.3 Brownian diffusion 

Small particles undergo Brownian motion, which can result in coming into contact with the 

collector. The equation for the collision probability due to diffusion is  

 

 2/ 3 2/ 3 2/ 3 2/ 33.94D s gA D d vη − −
∞= , (3.10) 

 

where D∞ is the diffusion coefficient of particles and As is a porosity dependent parameter 

proposed by Happel.  

In a liquid, D∞ is given by the Stokes-Einstein equation 
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where KB is the Bolzmann constant (1.3806 × E10-23 J/oK) and T is the temperature in 

Kelvin (K).  

 

The Happel correction factor As is defined as  
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The stream line model of Happel is used to account for flow restrictions within a porous 

medium. This model describes the flow around a sphere and corrects for the packing of a 

medium built out of spheres. Note that when Happel’s correction term is used, the flow 

velocity in the model has to be the pore velocity v (Logan 1995). 

3.2.4 Combination of filtration mechanisms 

Particle deposition occurs due to the combination of the mechanisms explained earlier. The 

collision probability ηP is given by 

 

 
( )22

2/ 3 2/ 3 2/ 3 2/3
2

3
3.94

2 18
p p Lp

P s g
g

d gd
A D d v

d v

ρ ρ
η

µ
− −

−
= + +  (3.13) 

 

It is often written in terms of dimensionless numbers: 
 

 2/3 2/ 3 23
3.94

2T s PE R GA N N Nη −= + + , (3.14) 

 

where NR is the aspect ratio, NPE is the Peclet number and NG is the gravity number. The 

definitions of these dimensionless numbers are provided in Table 3.2.  

 

The model proposed by Yao did not include the effect of surface and hydrodynamic 

interactions between particles and the collector surface. Rajagopalan and Tien (1976) 

followed a similar approach, but their relation, referred to as the RT-model, also accounts for 

hydrodynamic interactions and the effect of van der Waals attraction on Brownian diffusion. 

The implemented hydrodynamic interactions are related to hydrodynamic forces induced 

when two particles collide. Due to the incompressibility of the liquid there will be a resistance 

when the liquid is pushed out between the two surfaces. This is referred to as the lubrication 

effect. The collision probability is reduced as a result of this lubrication effect. The original 

work of Rajagopalan and Tien contained some typographical errors and hidden constants. 

This has been explained and corrected by Logan (1995) to the following form: 

 
1/3 2/ 3 1/ 8 15/ 8 3 1.2 0.44 3.38 10T s PE s LO R s G RA N AN N AN Nη − − −= + + × , (3.15) 

where NLo (see Table 3.2) is the London-van-der-Waals number (Rajagopalan 1976).  

The three terms here correspond to the same transport mechanisms underlying the equation 

of Yao. 
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Tufenkji and Elimelech (2004) developed a new correlation equation including the effects of 

van- der-Waals interactions on all three filtration mechanisms. The same numerical approach 

is followed only with extra dimensionless numbers, NvdW and NA (see Table 3.2) incorporating 

van der Waals attraction and hydrodynamic forces in all three mechanisms: 

 
1 3 0.081 0.715 0.052 1.675 0.125 0.24 1.11 0.0532.4 0.55 0.22T S R Pe vdW S R A R G vdWA N N N A N N N N Nη − − −= + +  (3.16) 

 

In the paper of Tufenkji and Elimelech (2004) a comparison between the different correlation 

equations is given. The main difference between their model and the RT-model is found in 

the Brownian diffusion term, where NR and NvdW represent hydrodynamic interactions and 

van der Waals forces respectively.  

 

Dimensionless  

number 
Definition Physical interpretation 

NR
1 p

g

d

d
 Aspect ratio 

NPE
1 gUd

D∞

 Peclet number, ratio of convective to diffusive tranport 

NG
1 
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p s Ld g

v

ρ ρ
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Gravity number, ratio of particle settling velocity and 

flow velocity 

NLo
2 

2

4
9 p

A
vdπµ

 
London number, represents Van der Waals attractive 

force between collector and particle 

NvdW
3 A

kT
 

Van der Waals number, characterizing the van der 

Waals interaction energy to the particles thermal 

energy. 

NGR
3 ( )4

12
p p Ld g

kT

π ρ ρ−
 Gravitational number; NA=2NGNR

-1NPE
-1 

NA
3 23 p

A
vdπµ

 
Attraction number; NA=NvdWNR

-1NPE
-1 represents the 

influence of attractive van der Waals force and flow 

velocity 

Here A is the Hamaker constant (~10-20 J) 

Table 3.2. Overview of dimensionless numbers used in the different correlation equations; 1 (Yao 

1971), 2 (Rajagopalan 1976) and 3 (Tufenkji 2004). 
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Symbol Value unit Parameter 

ds 4.0 × 10 -4 [m] Diameter collector 

n 0.32 [-] Porosity 

ρs 1050 [kg/m3] Particle density 

ρl 1000 [kg/m3] Liquid density 

µ 1.0 × 10 -3 [Pa.s] Liquid viscosity 

v 4.0 × 10 -5 [m/s] Liquid velocity 

T 288 [K] Absolute temperature  

Table 3.3. Values used to calculate the collision probabilities shown in Figure 3.4. 
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Figure 3.4. Collision probabilities as a function of particle diameter using the relation from 1 (Yao 

1971), 2 (Rajagopalan 1976) and 3 (Tufenkji 2004). 

 

The collision probability ηP is calculated for the three different models described above and 

plotted in Figure 3.4. The values used in the calculations are given in Table 3.3. It can be 

seen that for small particle diameters diffusion is the main deposition mechanism. For larger 

diameters a combination of interception and sedimentation is causing the deposition of 

particles on the collector surface. A minimum in collision probability is found for particles 

with an average diameter of 2 µm. Combining (3.4) with (3.13) gives the filtration coefficient 

based on particle, flow and medium properties. However the resulting formula estimates an 
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initial filtration coefficient. It can only be used in early stages of clogging. At later stages 

flow and medium properties changed and the initial filtration coefficient is not valid anymore.  

3.3 Description of particle bridging model 

In this section we describe a bridging model on the basis of geometrical considerations. The 

conceptual model is based on flow of a particle suspension of uniform size through a porous 

medium. Initially, particles are not present within the medium. A simple mass balance is 

used to calculate the number of particles arriving at a single pore constriction. Based on a 

bridging criterion and the number of particles arriving at a single pore, particle bridge 

formation is evaluated. Also collector efficiencies for every pore are calculated based on the 

correlation equation of Tufenkji (2003). Clogging will develop in time as more particles are 

supplied and plugging increases. The flow geometry used in this model is spherical, where the 

flow cross-sectional area is the surface of a sphere (see Figure 3.5). The motivation to use this 

geometry is the relation to an experimental setup used to investigate the effect of particle 

concentration, flow velocity and grains size on clogging in a converging geometry (Chapter 

5). Instead of the usual linear geometry used in filtration experiments, in these experiments 

the sand pack is conical shaped. The flow geometry inside a cone is spherical, which means 

that the flow velocity increases quadratically with the length. The model is used to study a 

number of key parameters also investigated in the lab. An overview of the different cases is 

given in Section 3.5. In the next section the conceptual model is explained.  

 

 
Figure 3.5. Spherical geometry with flow towards the center of the sphere. 
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3.3.1 Sand bed model 

The formation of particle bridges strongly depends on the ratio of the particle and pore 

constriction size. A real porous medium consist of many grains sizes and therefore a range of 

pore sizes exist. A well-defined representation of a porous medium is required for a model 

investigating particle bridging. For this conceptual model, we assume that the pore size 

distribution is described by a normal (Gaussian) distribution (PDF), which is based on the 

average pore diameter pored , and the standard deviation σpore. 
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Based on this distribution, we choose a finite number of discrete pore sizes. The total number 

of pore size nsize is chosen based on an educated guess, i.e., an investigation of the effect in 

variation of nsize on bridging. Each pore size i has Ni pores with a diameter di
pore. The total 

number of pores at a given radius r, is obtained by summing the number of pores of all pore 

sizes: 
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N r N r= ∑  (3.18) 

 

In a spherical flow geometry, the cross-sectional area decreases with the distance from the 

center (see Figure 3.5). Therefore, the total number of pores decreases with decreasing radius 

of the sphere, r. The method to obtain the total number of pores as a function of the distance 

r, for a given pore size is explained shortly.  

 

In the remaining part of this paper, the summation over nsize 
sizen

i
∑ is given by .

i
∑  

 

To investigate development of clogging, the reduction in porosity due to particle capture 

needs to be calculated. For porosity calculations the overall porosity n is defined as 
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 (3.19) 

The pore size distribution given by (3.17) does not give the porosity. The porosity depends 

on the packing of a porous medium. A packing model is also required in order to compute 

these porosity reductions. Often a porous medium is modeled as a dense packing of spheres of 
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uniform size. The packing of the spheres can be described using lattices, which originate from 

crystal structure descriptions. It must be noted that for each packing a unit cell can be 

defined as the cube formed by centers of the outermost grains (or spheres). Each unit cell is 

repeated in order to create a porous medium. The three most often used packing structures 

are shown in Figure 3.6 and Table 3.4 provides an overview of packing parameters for the 

three lattice structures.  

 

   
 Simple cubic Body centered Face centered 

Figure 3.6. Three main cubic crystal structures 

 

 

Lattice structure Radius, R Number of grains 

per unit cell, N 

Porosity, ncube 

Simple cubic 
2
a

 1 1 0.48
6
π

− =  

Body centered 3
4
a

 2 
3

1 0.32
8

π
− =  

Face centered 2
4
a

 4 
2

1 0.26
6

π
− =  

Table 3.4. Overview of grain radius and packing density as a function of the cube size a. 

 

Based on a unit cell and the packing structure, the porosity in a single cube with side length 

a is 

 

3
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π
= − = −  (3.20) 

 

Results of CFD modeling of deep bed filtration using different packing show that a out of the 

three mentioned packings, a bcc lattice gives the best approximation of experimental results 

a 
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(Tung 2004). Therefore in our conceptual model, a body-centered cubic lattice (bcc) is used 

to represent the packing of a sand bed. Packing of different unit cells are used to represent a 

size distribution. Note that this means that in this model different multiple unit cells are 

used. In a body-centered cubic lattice, a pore constriction is formed by three grains (see 

Figure 3.6 and Figure 3.7).  

 

 
Figure 3.7. Representation of the cross-sectional area of a pore constriction. 

 

Traditionally the cross-sectional area of the pore constriction is assumed to be circular, based 

on three touching sphere shown in Figure 3.7a. The pore constriction size estimated by a 

simple method of using a triangular constriction of three touching spheres results in 

dpore=dgrain/6.49. 

 

The pore constriction of a body centered cube lattice is not formed by three tangential 

spheres but by two tangential spheres and two spheres being separated by a small distance as 

shown in Figure 3.7b. The pore space can be split up into two circular pores; a larger 

primary pore with radius rp and a smaller secondary pore with radius rs, shown in red in 

Figure 3.7b. The pore radius and diameter can be calculated using trigonometry. 
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The primary pore will determine whether the secondary pore will clog or not. Colloids will be 

free to cross the pore constrictions until the amount of colloids flowing through the primary 

pore constriction is equal to or larger than the amount of particles needed to clog the pore. 

Once the primary is clogged, colloids approaching the primary pore will be diverted towards 

the smaller secondary pore, which will on its turn get clogged. 

 

The introduction of two separate pores in a model is somewhat complicated. Therefore a 

simplifying assumption is made. It is assumed that clogging of the secondary pore will not 

affect overall clogging of the aquifer significantly and can be ignored. Hence the pore 

geometry is defined by the primary pore. This assumption however should be verified in 

further study.  

 

Given a pore or grain size distribution from equation (3.17), the cubic side length ai for each 

pore size i, can be obtained to calculate the 3-D pore volume. In one unit cell of a body 

centered cube, in total 12 larger primary pores are present. (See Figure 3.6 and Figure 3.7). 

Therefore the volume of a single pore is the total volume of pores in a single cube divided by 

12. It is given by 
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Consequently the total volume equals to the unit cell volume divided by 12: 
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The porosity of the porous medium as a function of r, can be computed by adding all pore 

volumes and divide this by the total volume based on a bcc unit cell containing 12 pore 

volumes. 
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3.3.2 Calculation of the pore velocity for a single pore 

Given the porosity and the volumetric water flux Q, the average flow velocity v̂  at a given 

radius can be calculated: 

 ( )
( )

ˆ
tot

Q
v r

nA r
=  (3.26) 

 

where Atot is the cross-sectional area, which in this case is equal to 4πr2. For our model, we 

need the volumetric flux through a single pore. We know that the flow velocity is smaller 

than average flow velocity v̂  in smaller pores and larger in large pores. Therefore we assume 

that the flow velocity in a single pore is scaled according to the pore cross-sectional area: 
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This is analogous to the scaling of velocity in a bundle of tubes mode, see Dullien (1992). 

Then, the volumetric flux in a single pore Qi at r given by 
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Obviously, the sum of Qi for all pores gives the volumetric flux Q  
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Then, substitution of v̂  from (3.26) yields  
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This relationship can be used to calculate the number of pores of a given size at radius r in 

combination with the finite pore size distribution.  
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Next the number of particles approaching a given pore at radius r, Ni
particle, needs to be 

calculated. We know that the total number of particles at r is  

 

 ( )
particleN QC r t= ∆ , (3.31) 

 

where C(r) is the volumetric particle concentration and ∆t is a characteristic time of interest. 

Similarly the number of particles approaching a single pore i is given by 
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where equation (3.28) is used. 

 

In our calculations, the number of particles arriving at a pore is rounded off to an integer 

value. 

3.3.3 Clogging criteria 

With the number of particles arriving at a pore constriction known, one should be able to 

evaluate the possibility of bridge formation in a pore constriction. Clogging of a single pore 

will occur when more particles arrive at a single pore than a threshold value, i.e., the number 

of particles required to form a particle bridge: 
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= >  (3.33) 

The number of particles required to form a bridge depends on the geometrical arrangement of 

the particles and their size dpart. Here we assume that a bridge is formed by particles stacked 

along the side of a cone as shown in Figure 3.8. Assuming this 3-D geometry, the number of 

particles necessary for blocking a single pore can be calculated. As seen in Figure 3.8 the 

particles are assumed to form a number of rings. In the calculations, the number of particles 

on each ring is rounded off to an integer value. 
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Figure 3.8. On the left, three grains are shown forming a pore in the center. The pore geometry is 

assumed to be circular. The pore bridge is assumed to be conical shaped, built out of a number of 

particle rings (on the right). 

 

The number of rings needed to form a cone of particles can be obtained by fitting the 

maximum number along the side of the cone (see Figure 3.8):  
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The total number of rings is rounded off to the upper integer value, indicated by int+. The 

total number of particles can be obtained by calculating the number of particles that fit in 

each ring. The radius of each ring decreases with cos α/dpart, as shown in Figure 3.8c. The 

radius Rj for ring j is given by 
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The number of particles Nj on a ring is given by 
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The total number of particles needed to form a conical particle bridge for pore i is 
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Combining (3.32) and (3.33) with (3.37) gives the bridging criterion for a single pore i 
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For unfavorable chemical conditions, mainly physical retention processes will account for the 

removal of particles (see Table 3.1). This is representative for the chemical environment in 

most aquifers.  

 

In case of favorable chemical conditions, surface forces will enhance the capture of particles 

and also influence bridging. Therefore besides bridge formation particles can be retained due 

to surface forces. Particles deposited in the pore throats will reduce the number of particles 

required to form bridges therefore the number of particles required for a bridge will be 

corrected for this effect. In this case collision probabilities are calculated using (3.16) and 

sticking efficiencies are taken from literature. The number of particles retained due to 

deposition is simply calculated by 

 

 ( ) ( )i i
surface particle c TN N r rα η=  (3.39) 

 

Subsequently the number of particles required to form a bridge is corrected by subtracting 

Ni
surface.  

 

Note that in a converging flow geometry the collision probability is a function of r. Due to 

increasing of pore velocity with r, the collision probability decreases with r. For small 

velocities far away from the well, the Peclet numbers are small, i.e., in the order of 0.1-100. 

In these cases the collision probability estimated by the correlation equations (3.16) will be 

much greater than unity. Physically this is impossible because the number of particles 

removed by the collector can never be larger than the particles approaching the collector. 

Collector efficiencies larger then unity are set to unity (Song 1992). 
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3.3.4 The characteristic time ∆t 

In our model, the characteristic time of a pore used as the time step in calculations, is 

defined as the time needed to fill up the smallest pore with a particle suspension. This 

characteristic time is the time available in which a bridge can be formed. By this definition, 

formation of a particle bridge does not require that particles need to arrive simultaneously at 

a pore constriction.  

The smallest characteristic time of all pores will be used to evaluate bridging. Therefore 

initially ∆t will be determined by the smallest pore closest to the center point, where the 

average pore velocity is the highest. It is obtained from the volumetric pore flux and pore 

volume of each pore: 

 

 min
i
porei

i

V
t

Q
∆ =

⎛ ⎞⎟⎜ ⎟⎜ ⎟⎜ ⎟⎜⎝ ⎠
 (3.40) 

where Qi is given by (3.28). 

3.3.5 Secondary retention 

When a pore constriction is blocked by a particle bridge the medium is altered and flow 

patterns will change. The presence of a particle bridge has two consequences; 1) the particle 

bridge forms a net by which approaching particles will be captured, 2) the cross-sectional 

area is reduced by the retained particles and therefore the flow through a clogged pore is 

reduced. The decrease in pore velocity reduces also the number of particles approaching. 

Therefore in order to model secondary retention we model first the reduction in cross-

sectional area and then the number of particles approaching a clogged pore. We assume that 

all particles approaching a clogged pore will also be retained. 

 

The reduction in cross-sectional area is modeled by assigning an aerial porosity nclog based on 

the original porosity and the packing of the deposited particles. If we assume a BCC-packing 

of the particles in the pore constriction we can use 2
logc cuben n= .  The cross-sectional area of 

a clogged pore is given by 

 

 2
, log , log 4pore reduced c pore open c poreA n A n d

π
= =  (3.41) 
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The change in pore velocity can be calculated using (3.28) and (3.41). The total number of 

particles approaching and accumulating in a clogged pore is given by  
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After bridge formation, the porosity is hardly affected, even though the permeability of the 

medium is significantly altered. The related change in porosity will be a long time effect. In 

every time step particles are captured by bridges and pores will gradually fill up with 

particles. The reduction of a single pore volume is given by 
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where Ni
retained is the number of particles captured inside the pore (3.42). 

 

The updated overall porosity at r due to secondary retention is given by 
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Note that the porosity becomes a function of r after the first time step.  

 

In the next Section, the simulation procedure is explained and bridging computations are 

performed for a field example. 
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3.4 Simulation procedure 

In the simulations we use the following parameter values:  

 

Symbol Value Unit Parameter 

graind  250 µm average grain diameter 

σgrain 25 µm standard deviation of grain diameter 

dpart 5 µm particle diameter 

r1 0.5 m outer diameter 

r0 12.5×10-5 m inner diameter 

Q 3.5×10-4 m3/s pumping rate 

C 5.00×10+14 n/m3 particle concentration 

n 0.32 - Porosity (from bcc lattice) 

nclog 0.1 - Remaining porosity after bridging 

η 0.1 - Collision efficiency 

Table 3.5. Parameter values used for model calculations. 

 

The simulations are performed in two steps. First the porous medium is generated and then 

the formation of particle bridges is simulated. In the first step, the sand pack is generated by 

calculating the pore size distribution based on the grain size distribution (Figure 3.9).  
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Figure 3.9. On the left the pore size distribution used to perform bridging simulations and on the right 

the absolute number of pores as a function of pore size. 

 

Based on the pores size distribution, the number of pores as a function of the distance is 

calculated, shown in Figure 3.10. 
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Figure 3.10. Total number of pores as a function of distance from the center. 

 

Finally the bridging criterion used in the calculations is determined. In this case a conical 

shaped particle bridge with a contact angle of 45o is used (3.38) (see Figure 3.8). In Figure 

3.11, a plot of the number of particles required to form a bridge as a function of the pore size 

is presented. In this plot also bridging criteria based on the cross-sectional area and on a 

volumetric aspect ratio is shown. For both conical and cross-sectional based criteria, the 

number of particles required to form a bridge increases with a power of two. For the volume 

based criterion, the number of particles required increase with a power of three. 
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Figure 3.11. Particle bridging criteria used to simulate particle bridging for dpart = 5 µm. 
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The second part of the simulation is the calculation of the particle flux in each pore and 

bridging evaluation based on the bridging criterion and particle flux. First the local pore 

velocity as a function of r is computed. Then for each pore size on r, the number of particles 

approaching is calculated (Figure 3.12). Note that the curves are plotted on a logarithm axis. 

This is due to the fact that in this case the formation of bridges occurs only very close near 

the center point of the sphere.  
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Figure 3.12. The number of particles approaching as a function of r. On the left for the mean pore size 

plotted at three different times and on the right for all pores after the first timestep. On the right the 

largest number of particles approaching corresponds to the largest pores.  

 

The number of particles retained by surface forces in each pore is estimated by the collision 

efficiency using equation (3.16) and (3.39). Then bridging is evaluated based on the bridging 

criterion given by (3.38). The number of particles retained by surface forces is also taken into 

account in the bridging evaluation. The mass balance is solved using finite differences: 

 

 ( ) m
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n v r r
t r

∂ ∂
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∂ ∂
 (3.45) 

 

where rm is the rate of removal. The explicit discretization of equation (3.45) yields  
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The initial concentration in the porous medium is identical over the whole domain. This 

implies that no particle front travels inside the porous medium towards the point of 

abstraction.  

In the calculations ∆r is either chosen to have a linear step size or an exponential step size:   

  

 ( ) ( )( )exp 1 0.995r i r i= − −  (3.47) 

 

In case of an exponential step size a linear increment is chosen for distance larger then 0.11 

m. Both type of increment are shown in Figure 3.13. The exponential step size allows to 

compute bridging in the converging flow zone in more detail.  
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Figure 3.13. On the left the linear step size and on the right the exponential step size.  

 

After computing all the properties over the full domain, bridging profiles as function of 

distance and pore size are obtained. Figure 3.14 shows the 2D and 3D bridging profiles after 

the first time step. 
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Figure 3.14. Simulated pore blocking due to particle bridging as a function of distance r. A value of 

one indicates blocking. 

 

From Figure 3.14 it can be seen that pore blocking occurs predominantly in the larger pores. 

This is a consequence of the velocity distribution and the resulting particle flux defined in 

equation (3.28), also shown in Figure 3.12. The majority of the particles flow through the 

larger pores and therefore particle bridges are mainly formed in these larger pores. Note that 

clogging occurs only very close to point of water abstraction, r0 and does not extent far 

outside. 

 

In time particle bridging occurs and in addition particles are also retained by existing particle 

bridges in clogged pores. Bridging develops and the porous medium slowly clogs. The 

corresponding changes in concentration and porosity in time are then calculated, see Figure 

3.15. 
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Figure 3.15. On the left porosity changes as a function of the distance and on the right the flow 

velocity changes as a function of the distance. 
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In Figure 3.15 the associated porosity reduction and velocity increase are shown. Due to 

bridging in the larger pores also the porosity also decreases. The porosity based velocity 

profile shows an increase of flow velocity in the clogged zone. Note that the total flux is 

continuous and therefore the particle load in the clogged zone increases in smaller 

“unclogged” pores. After a number of time steps clogging appears to reach steady state. Only 

the pores with bridges filter the suspended particles and over time the clogged zone might 

grow due to filling of pores. Note that the remaining porosity, nclog in (3.41)) is set to 0.1 and 

therefore the porosity decreases to this value for full clogging. 

3.5 Model results 

The proposed model is used to study the mechanisms controlling bridging and interpret 

results to understand mechanical clogging mechanisms in the field. A number of simulations 

were performed to investigate a possible relation between particle bridging and dependent 

parameters such as concentration, aspect ratio and flow velocity. 

3.5.1 Case studies 

The example shown in the previous Section is used as a reference for comparison with 

performed simulations. In every case only one parameter is altered and compared to the base 

case. Table 3.6 gives an overview of the different cases studied.  

 

Case # Studied Parameter  Value  

1 Concentration increase 100 C0 

2 Concentration decrease 0.1 C0 

3 Particle diameter increase 2 dpart 

4 Particle diameter decrease 0.5 dpart 

5 Pumping rate increase 10 Q 

6 Lower average grain size dgrain =150 

7 Maximum collision efficiency αc=1 

8 No surface forces present αc=0 

Table 3.6. Overview of the different cases studied. 

 

Case 1. Concentration increase 

An increase in concentration results in a larger particle load on the pores. The amount of 

particles approaching the pores increases significantly. This leads to more clogging. The 

simulation shows that compared to the base case, clogging is indeed larger and reaches much 
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further out from the center, to about 0.075 m (Figure 3.16). It should be noted that the 

elapsed time is larger in this case as the characteristic time is larger. 

 

  
Figure 3.16. Pore blocking profile for case 1. On the left plotted on a log scale and on the right on a 

linear scale. 

 

In this case also the retained particles due to surface forces in pores are much larger than for 

the base case. The amount of retained particles increases gradually for each time step. This 

increase is mostly occurring at the outer radius, where clogging took place. The suspended 

concentration profile also significantly decreases with distance as a result of particle 

retention. The concentration profile is shown in Figure 3.17.  
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Figure 3.17. Suspension concentration as function of the distance. 

 

The porosity decrease as a result of bridging is shown in Figure 3.18.  
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Figure 3.18. Porosity profile for case 1. 

 

Small fluctuations of the porosity are observed during the first five time steps. From then on 

the porosity remains almost constant. The porosity fluctuates due to fluctuating pore 

volumes. The reduced pore volumes are determined by the amount of retained particles due 

to bridging and surface forces. In turn, clogging is determined by the amount of particles 

approaching the pores. A pore will be clogged when enough particles arrive to form a particle 

bridge, which is determined by the bridging criterion. As a result particles are retained and 

the suspended concentration decreases (Figure 3.17). This means that in the pores directly 

behind the first clogged area, closer to the center, less particles are present. Due to this lower 

concentration there are no longer sufficient particles in suspension to meet the bridging 

criterion. So no bridging takes place and therefore the porosity will remain unchanged. This 

is reflected by the peaks in Figure 3.18. After a number of time steps, this effect vanishes. 

The particles travel mainly through the open pores and sufficient particles are supplied to 

form bridges in those pores directly behind the first clogged zone. The effect on porosity is 

further propagated in the calculation of the flow velocity and permeability. 

 

A second run was performed with and increased number of time steps to study the effect of 

the time scale. Longer runtimes increase the total amount of retained particles due to surface 

forces and bridging. The clogged zone remains unchanged for larger times.  
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Case 2. Concentration decrease 

When decreasing the initial concentration, the particle load also decreases. Less particles 

approach the pores, and this leads to less clogging and less retained particles due to surface 

forces. As expected the simulation shows no clogging in the pores. The concentration is too 

low and therefore the number particles arriving at the pores is below the bridging criterion.  

 

Case 3. Particle diameter increase 

An increase in particle diameter changes the aspect ratio (κII) between the particles and 

pores. Therefore also the bridging criterion changes. A decrease in aspect ratio results in a 

decrease in the number of particles needed to form a bridge and increase in clogging is 

expected. The aspect ratio of the average pore increases from 11 to 6.25 due to an increase in 

particle diameter from 5 µm to 9 µm. The amount of particles needed to clog a pore of a 

certain size indeed decreases, see Figure 3.19. 
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Figure 3.19. Amount of particles needed to clog a pore of certain size for the base case and on the 

right for case 3. The decrease in aspect ratio due to an increase in particle size decreases the amount of 

particles needed to clog a pore compared to the base. 

 

The simulation shows more clogging further away from the center compared to the base case. 

This is shown in Figure 3.20. Also the number of particles retained due to surface forces 

changes as a result of a larger particle size, see (3.13) and Table 3.2. This increases clogging 

even further.  



90 Chapter 3 Conceptual modeling of hydrodynamic particle bridging in a converging geometry 

 

 

 

 
Figure 3.20. Pore blocking profile for case 3. 

 

Case 4. Particle diameter decrease 

In this case the particle diameter is decreased from 5 µm to 3 µm. This leads to a decrease of 

the aspect ratio (κII) from 11 to 20 for the average pore size of 57 µm. An increase in aspect 

ratio decreases clogging due to the fact that there are more particles needed to form a bridge. 

The simulations show no bridge formation in the aquifer. The number of retained particles 

due to clogging and surface forces decreased.  

 

Case 5. Flow velocity increase 

When increasing the pumping rate it is expected that bridging will occur faster. 

Computations show that clogging is similar to the base case but bridges are formed in less 

time.  

 

Case 6. Average grain size decrease 

The average grain diameter is decreased from 250  µm to 150  µm. In addition the standard 

deviation is changed from 25  µm to 15  µm. This reflects changing the aquifer characteristics 

from a medium-fine sand to a fine sand. These modifications imply a more narrow pore 

distribution with mean pore size being equal to 34.3 µm. The aspect ratio (κII) changes from 

11 to 6.9, which is more favorable with respect to bridging.  

 

The results of the simulations still show that clogging occurs, see Figure 3.21. Again the 

larger pores clog, because they conduct the majority of the particles.  
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Figure 3.21. Pore blocking profile for case 6. 

 

A decrease of the average grain size has a similar effect as an increase of particle diameter. 

Both increase the aspects ratio and therefore reduce the number of particles needed to form a 

bridge. 

 

Case 7. Maximum collision efficiency  

In this case, the collision efficiency is set to 1. This implies that more particles are retained 

due to surface forces. This increase might lead to more clogging because the number of 

particles required is decreased by the number of particles retained due to surface forces.  

 

At large times additional bridges are formed compared to the base case. Additional bridges 

are formed in the smaller pores. The porosity, velocity, and permeability changes are similar 

as in the base case. The real effect of surface forces is probably only visible after long times. 

 

Case 8. No surface forces Collision efficiency 

In this case, the amount of particles retained due to surface forces equals zero. This 

illustrates the extent of clogging only due to physical/geometrical mechanisms. The amount 

of clogging is unaltered, as the amount of particles retained due to surface forces has no 

significant effect on the amount of particles needed to form a bridge. The differences in the 

other parameters such as suspended concentration, effluent concentration, porosity, 

permeability and velocity are very small. Surface forces influence bridging only after 

relatively long times compared to bridging, as defined in this conceptual model.  
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3.5.2 Critical concentration 

The conceptual model is also used to determine a critical particle concentration (CPC) as 

function of the aspect ratio. The mean pore diameter of the pores size distribution is used to 

calculate the aspect ratio κII. The model results are compared with experiments and the 

model presented by Pandya (1998). First the different bridging criteria are compared. Figure 

3.22 shows the computed bridging criteria.  
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Figure 3.22. Bridging criteria based on conical geometry (3.38),  aerial and the criterion proposed by 

Pandya. 

 

All criteria are based on the cross sectional area particle occupation of a pore thorat. The 

conical criterion proposes a layered system, see 3.3.3. The criterion suggested by Pandya uses 

the cross sectional pore area including porosity of 0.38 among the particles inside the bridge. 

The conical shaped criterion requires the most particles to form a bridge and the criterion 

proposed by Pandya the least. Based on the bridging criteria, it is expected that the critical 

concentration of the conical model will be higher than the concentration estimated by 

Pandya. Figure 3.23 shows the experimental and model results for the critical particle 

concentration as a function of the aspect ratio (κII). 
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Figure 3.23. Model and experimental results for critical concentration versus aspect ratio. 

 

Figure 3.23 shows that both models predict the experimental determined CPC reasonably 

well. The comparison between the experimental data and model data shows that for small 

aspect ratios Pandy’s model predicts a CPC very close to the experimental values. For larger 

aspect ratio the model forecasts a much lower critical concentration than the experiments. 

The conical bridging model shows a better agreement in this region of aspect ratios. The 

model predicts a stronger dependence of the CPC on the aspect ratio, although the 

measurements indicate an even stronger dependence. Unfortunately no experiments are 

performed for larger aspect ratios or with smaller particles and grains similar to conditions of 

unconsolidated aquifers in the Netherlands. Note that domain of deposition processes based 

on aspect ratios between 1 and 10 is indicated as bridging, see Table 3.1.  

 

According to Ramachandran and Fogler (1999) a critical flow velocity is observed for 

hydrodynamic clogging. This critical velocity is the velocity whereby the hydrodynamic 

forces overcome the magnitude of the net colloidal repulsion between particles, so that 

bridging becomes possible. The model does not incorporate this surface force barrier and 

therefore does not show this behaviour.  

 

Also according to Sen and Khilar (2006) the flow rate influences particle bridging. They 

relate this dependence to the fact that at a higher flow rate more particles are mobilised. 

This leads to an increase in particle concentration and this in turn leads to an increase in 

clogging. The presented conceptual model however does not include particle release due to 

hydrodynamic forces and shows therefore no effect of the flow velocity on particle 
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concentration. Note that this statement of Sen and Khilar is in agreement with the measured 

relation between flow velocity and particle concentration in the field. 

3.6 Discussion and conclusions 

A conceptual model to model particle bridging in a spherical flow geometry is derived and 

applied to a field. The model uses a conical shaped bridge criterion based on the number of 

particles approaching a single pore. The particle flux is determined by velocity distribution 

based on the pore size distribution. In addition a correlation equation derived by Tufenkji 

and Elimelech (2004) is used to model the remaining capture mechanisms, i.e., interception, 

diffusion and sedimentation including the effects of van-der-Waals interactions. The porous 

medium is modeled using a pore size distribution and a bcc-lattice. The particles in 

suspension are modeled using a uniform diameter. 

 

First the model is tested in comparison to a field example, showing that bridging 

predominantly occurs in the large pores. This counter intuitive effect is a result of the defined 

particle flux distribution based on the “bundle of tubes” model. The majority of the particles 

travel through the larger pores and meet the bridging criterion. The number of particles 

approaching the smaller pores is much less and therefore insufficient to form bridges. 

Porosity, velocity and suspended particle concentration all change due to clogging.  

 

The conceptual model is used to study the relation between bridging and some of the key 

parameters, i.e., concentration, flow velocity, surface forces and aspect ratio. The surface 

forces do not influence bridging significantly. The effect of surface forces is probably only 

visible after long times. The flow velocity only influences the time in which a particle bridge 

forms. Higher flow rates speed up bridging, but do not affect the formation of particle bridges 

compared to the base case. The model does not incorporate particle mobilization due to 

hydrodynamic interactions as a consequence of velocity changes. The Tufenkji equation only 

describes attachment of approaching particles and not detachment. It is assumed that once a 

bridge is formed it is fully stable with respect of the direction of the flow. The effect of 

reversing flow direction is not taken into account either.  

The two remaining parameters; concentration and aspect ratio both strongly influence 

bridging. A large increase in the number of particles results in a much higher particle load in 

all pores sizes. Therefore the bridging criterion is met in most of the pores and clogging 

extends further away from the center. Clearly concentration is a key parameter in mechanical 

clogging. The other important parameter influencing bridging is the aspect ratio. The aspect 
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ratio is the ratio between the pore size and the particle size. A change in one of these 

parameters effects this ratio and therefore bridging. Implicitly the aspect ratio is also 

incorporated in the bridging criterion. An increase in aspect ratio simply results in less 

particles required to form a particle bridge. The model predicts an increase in clogging when 

the aspect ratio is decreased.  

 

From the model results, the critical particle concentration (CPC) as function of the aspect 

ratio is derived. The model predictions agree reasonably well with experimental data from 

the literature.  

 

The modeling results are all in agreement with the field observations made, where a 

dependence on aspect ratio, particle concentration and flow velocity is observed, see Chapter 

2. 
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Chapter 4 Modeling clogging processes in aquifers 

4.1  Introduction 

A large number of studies on the flow of particle suspensions through porous media and 

particle retention in pores has been reported in literature. A number of available filtration 

theories model particle transport and deposition and the resulting loss in permeability. 

Classical deep bed filtration theory models the filtration process of particles in a sand bed 

and is often applied to model laboratory filtration experiments in a linear flow geometry. The 

classical deep filtration rarely applied in other flow geometries. In this chapter, this deep bed 

filtration theory is extended to different flow geometries in order to model transport and 

retention of particles in production wells. A particular model is derived that applies to linear, 

radial cylindrical and spherical flow geometries. A major addition is that the filtration 

function is adjusted to include particle retention dependence related to flow velocity. As 

described in detail in the Chapter 2, water production wells in unconsolidated aquifers clog 

due to physical particle deposition processes, i.e., the ratio between the particle size and pore 

size influence clogging. This implies that the local conditions in the field, namely the 

properties of the aquifer, are very important. The discussed field measurements show that 

high flow velocities accelerate well clogging, i.e., clogging rates are related to flow velocity. 

Together with converging flow geometry, the flow velocity is an important aspect in 

mechanical well clogging. This feature has to be taken into account in order to model the 

clogging of wells realistically.  

 

The aim of this chapter is to model quantitatively clogging of production wells due to 

particle deposition using the classical deep bed filtration theory. In Section 4.2, the next 

section the basics of deep bed filtration are given. In Section 4.3, the deep bed filtration 

model equations are derived for linear, cylindrical and spherical flow geometries, and a non-

linear dependence of the filtration coefficient on the flow velocity is proposed. In Section 4.5, 

the increase in pressure drop is related to the particle deposition using Darcy’s Law and the 

formation damage function. In Section 4.6, an example of well clogging is shown, in which 

the results match qualitatively with field observations.  
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4.2 Classical deep bed filtration theory 

Due to the dynamic behavior of clogging processes, it is a challenge to model this 

phenomenon. A large number of clogging models is available. Most of the models originate 

from the classical deep bed filtration theory, which we summarize here (Iwasaki 1937).  

 

 

The one-dimensional particle mass balance equation is given by 

 

 ( ) ( )
2

2 0
C

C uC D
t x x

σ φ
∂ ∂ ∂

+ + − =
∂ ∂ ∂

, (4.1) 

 

where u is the specific discharge of the suspension, C is the concentration of suspended 

material, x is the distance along the flow direction, σ is the concentration of deposited 

material (volume of retained material per unit volume of the medium), φ is the porosity of 

the medium and D is the particle diffusion coefficient in water within the porous medium. 

The asterisks denote that these formulas contain physical (dimensional) parameters and 

variables. 

 

We make a number of assumptions to derive the filtration equation from (4.1): 

 

The particle diffusion coefficient D is negligible, i.e., D=0 , 

The flow is incompressible, 

The change in volume due to retention of particles is negligible relatively to the volume of 

water, i.e., σ<< φ, 

Moving particles are neglected with respect to retained particles, i.e., the change of 

suspended concentration (C) due to deposition is negligible. This is Herzig's first assumption 

(Herzig et al. 1970). 

 

As a consequence, the one-dimensional filtration model becomes  

 

 0
C

u
x t

σ∂ ∂
+ =

∂ ∂
. (4.2) 
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This model is valid only for intermediate deposition concentrations σ, i.e., it does not hold in 

the early stages of retention, nor when σ approaches φ.  

 

It is well-known that the deposition rate depends on the flow velocity u, the concentration of 

suspended material C and the so-called filtration coefficient λ, i.e., 

 

 uC
t
σ

λ
∂

=
∂

.  (4.3) 

 

This filtration coefficient can be determined experimentally and ranges from 0.001 to 0.1 m-1 

(Herzig et al. 1970; Wennberg and Sharma 1997). The filtration is known to depend on many 

removal processes inside the porous medium. Detailed overviews of such  processes can be 

found in the literature (Herzig et al. 1970; Kretzschmar et al. 1999; McDowell-Boyer et al. 

1986; Rajagopalan 1976; Ryan and Elimelech 1996; Sen and Khilar 2006). The filtration 

coefficient λ is often proposed to be a function of the deposition concentration σ, pore size dp, 

particle concentration C, zeta potential ξ and other parameters. As a result it varies in time 

and space: 

 ( ), , , ,...pd Cλ λ σ ξ=  (4.4) 

 

Equations (4.2)-(4.3) require initial and boundary conditions for C and σ. The following 

initial condition represent an initially clean bed of length L: 

 

 0,  0         for 0   and 0C x L tσ= = ≤ ≤ = . (4.5) 

 

The boundary condition representing constant inlet particle concentration at a constant flow 

rate are given by 

 
               at 0;

                at 0.
in

in

C C x

u u x

= =

= =
 (4.6) 

 

In the special case where λ=λ0 and u are constant, the analytical solution can be easily 

obtained from  (4.2) through (4.6), yielding 
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 0x
inC C e λ−= , (4.7) 

 0
0

x
inu C e tλσ λ −= . (4.8) 

 

From equation (4.7) it follows that the concentration profile is a function of the distance 

only, i.e., it is independent of time.  
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Figure 4.1. Concentration profile and deposition profiles along the core for different times. 

 

In Figure 4.1, the stationary concentration profile is indicated. The other lines represent the 

deposition profiles at different times. The scales are different for C and σ. The deposition 

increases linearly in time, a fact that follows from equation (4.8). In this model, the 

deposition is not bounded: this behavior is non-physical and therefore the model is not 

realistic in late stages of deposition. 

 

The model given by (4.7)-(4.8) is most often used to fit experimental data (e.g., Table VIII, 

Herzig et al, (1970)). The effluent (outlet) concentrations in sandbox or sand column 

experiments are measured and used to determine the filtration function. From this, the 

deposition profile can be calculated. The expression to calculate the constant filtration 

coefficient λ0 can be obtained from (4.7), using the length of the core L and the known 

effluent concentrations Ceff. 

 

 
1

ln eff

in

C

L C
λ = − . (4.9) 
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Different forms for λ(σ) have been proposed (Alvarez 2005; Bedrikovetsky et al. 2001b; 

Herzig et al. 1970). For complex filtration functions, numerical procedures have been 

developed to solve equation (4.1) with initial and boundary conditions (4.5) and (4.6). Such 

procedures can be applied for both diffusive and non-diffusive cases, i.e., require less 

restrictive model assumptions. 

4.2.1 Herzig's first assumption  

In deep bed filtration theory it is also common not to apply Herzig’s first assumption, 

assumption 4 in the previous section (Herzig et al. 1970). Ignoring this assumption, equation 

(4.1) yields a more realistic equation, 

 

 0.
C C

u
t t x
σ φ∂ ∂ ∂

+ + =
∂ ∂ ∂

 (4.10) 

 

If porosity changes due to particle retention are negligible, i.e., φ=constant, this becomes 

 0.
C C

u
t t x
σ

φ
∂ ∂ ∂

+ + =
∂ ∂ ∂

 (4.11) 

 

This equation does not incorporate the dynamic behavior of the porous medium, i.e., the 

changes in porosity due to particle retention. But the effects of changes in porosity are 

relatively small compared to the effects of loss of permeability due to particle retention. 

 

Combining (4.11) with the kinetic equation (4.3) provides a set of equations to be solved. 

Together with the initial and boundary conditions (4.5)-(4.6) and the assumption that the 

filtration coefficient is constant, this set can be solved. The derivation and solution are 

presented in a large number of papers (see e.g., Al-Abduwani (2005) and Alvarez (2005)): the 

corresponding solution is 

 

 ( ) 0 ,x
inC x C e λ−=  (4.12) 

 ( ) 0
0, .x

in
u

x t t x C e λσ φ λ
φ

−⎛ ⎞⎟⎜= − ⎟⎜ ⎟⎜ ⎟⎝ ⎠
 (4.13) 
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Note that equation (4.12) for the suspended concentration C is identical to (4.7) and again it 

does not depend on time. For large times t>>x, the equation for the deposition concentration 

σ (4.13) reduces to the same equation as (4.8), i.e., 

 

 0
0 .x

inu C e tλσ λ −=  (4.14) 

4.3 Filtration theory with nonlinear velocity dependence 

4.3.1 Model formulation 

To model particle deposition in the vicinity of water supply wells, the classical filtration 

theory has to be cast into cylindrical coordinates (Marchesin et al. 2003; Wennberg and 

Sharma 1997). 

 

 ( )
C C

u r
t r t

σ
φ

∂ ∂ ∂
+ = −

∂ ∂ ∂
 (4.15) 

 

 ( ), ( ) ( )u r u r C
t
σ

λ σ
∂

=
∂

 (4.16) 

 

 ( )
( )
( )

,
m

q t
u r t

A r
=  (4.17) 

where r is the one-dimensional cylindrical space coordinate, u(r) is the average intrinsic flow 

velocity as a function of r (Anton et al. 2002), q is the flux of the suspension and Am is the 

cross-sectional flow area. For simplicity, the flow rate q(t) is assumed in this work to be a 

constant q. 

 

Next, we introduce a new feature with respect to the filtration coefficient λ: based on the 

literature, field observations and laboratory experiments, we assume it to be a function of the 

Darcy velocity u, as in equation (4.16) (de Zwart 2006; Jamankulov 2005; Ramachandran 

1999). In order to consistently model experiments conducted at different flow velocities, u is 

scaled by a reference flow velocity uref, i.e., 

 

 ( ) 0
( )

( )
ref

u r
u r

u

δ

λ λ
⎛ ⎞⎟⎜ ⎟⎜= ⎟⎜ ⎟⎟⎜⎝ ⎠

 δ ≥ 0, (4.18) 
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where λ0 is the filtration coefficient of the medium and the δ-power expresses the non-

linearity of the velocity dependence. Note that, for  δ = 0, the filtration coefficient λ reduces 

to a constant λ0 as in the classical literature. 

 

The case δ ≠ 0 is the generalization of the standard deep bed filtration theory, the new 

feature introduced in this chapter. For linear flow, the flow velocity is constant in r. 

Therefore the filtration coefficient depends only on δ. In a linear geometry case, δ can be 

determined by comparing different experiments using the same reference velocity. In the case 

when the flow velocity varies in a given flow geometry, i.e., production wells, the velocity 

changes with the radial distance. Here the deposition is related to the flow velocity and 

therefore also to r. This dependence has been observed in laboratory experiments with a 

radial flow geometry, see Chapter 5.  

 

Figure 4.2 shows three different flow geometries for which the derivation of the deep bed 

filtration will be shown. The radius r1 is the outer boundary where the suspension enters the 

medium and r0 is the inner boundary where outflow occurs. 

 

 
Figure 4.2. Three different flow geometries. 

 

Flow geometry Cross sectional area 

Am 

Volume 

Vm 

Dimension 

m 

Linear πR2 πR2(r-r0) 1 

Cylindrical ��rh πr2h 2 

Spherical ��r2 ���r3 3 

Table 4.1. Flow geometry formulas for the different flow geometries shown in Figure 4.2. 
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Equations (4.15)-(4.17) can be non-dimensionalized based on spatial and temporal scaling. 

The dimensionless coordinate X is scaled with respect to the outer boundary r1, i.e., 

1/m mX r r= . Consequently we define 0 0 1/m mX r r=  at the inner boundary r0 and 

1 1 1/ 1m mX r r= =  at the outer boundary (see Figure 4.3), [ ]0 1/ ,1m mX r r∈ . 

 

 
Figure 4.3. Cylindrical flow geometry, where the flow is directed towards the center. 

 
Thus equations (4.15)-(4.17) are scaled using the following convention 

 

 

( )
1

1 0 0 1

( , )
, , , ( , ) ,

( , ) , ( )    0 1, 1, 0.

m

m
m in in

r tqr C
X T t C X T

r V C C

X r u r for X X X T

σ
σ

φ φ

λ σ λ σ σ

= = = =

= ≤ ≤ ≤ ≤ = >

 (4.19) 

 

where C , σ  and λ  indicate dimensionless variables.  

 

Note that C and σ are given in volumetric concentrations and not in mass per volume. We 

assume the reference velocity in equation (4.18) to be the same for every experiment, and 

relate it to the velocity at the outer boundary r=r1 for each particular experiment. Using 

equation (4.17) and the expressions given in Table 4.1, equation (4.18) can be rewritten as 

 

 
1( 1)

1 1
0 1 1

1

( ) ( )
( ( )) ,

( )

mm
m

ref

u r u r r
u r X

u u r r

δ δ δ δ
λ λ λ λ

−− −⎛ ⎞ ⎛ ⎞ ⎛ ⎞⎟⎜ ⎟⎜⎟ ⎟⎜⎜ ⎟= = =⎜⎟ ⎟⎟ ⎜⎜ ⎟⎜⎟ ⎝ ⎠⎟⎜⎟⎜ ⎝ ⎠⎝ ⎠
 (4.20) 

where λ1 introduced above, namely 
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1 0

( )

ref

u r
u

δ

λ λ
⎛ ⎞⎟⎜ ⎟⎜= ⎟⎜ ⎟⎟⎜⎝ ⎠

 (4.21) 

 

is a constant that depends on the r1 of each different experiment, while λ0 represents a 

property of the porous medium. The scaled equations for the three flow geometries are given 

by 

 

 
C C
T X T

σ∂ ∂ ∂
− = −

∂ ∂ ∂
, (4.22) 

 

 
( )

1
1

1
m
mX C

T m

δλσ
⎛ − ⎞⎟⎜− + ⎟⎜ ⎟⎜⎝ ⎠∂

=
∂

    for δ ≥ 0. (4.23) 

. 

For the linear case, i.e., when m= 1, equation (4.23) reduces to  

 

 1CT
σ

λ
∂

=
∂

.    (4.24) 

 

Comparing (4.22) with the result of the formulation presented by Bedrikovetsky et al, (2004; 

2001a), the minus sign at the left-hand side of equation (4.22) appears instead of a plus sign. 

This is the result of the definition of the flow geometry shown in Figure 4.2. In this paper we 

model production of particle suspension, i.e., groundwater flows towards a well, instead of 

injection of a particle suspension. 

 

For arbitrary filtration functions, where λ0 actually depends on σ, the same is true for λ1
 in 

equations (4.22)-(4.23), so they have to be solved numerically. An analytical solution has 

been derived for the case of a constant filtration coefficient and outflow rather than inflow 

using the method of characteristics (Bedrikovetsky and Siqueira 2002; Sharma and Yortsos 

1987). 

4.3.2 Filtration theory for filtration coefficient independent of deposition 

In this section we derive an analytical solution for the system (4.22)-(4.23), subject to the 

initial conditions. In the following Sections the equations are all written in dimensionless 

units. 
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 ( ) ( ) [ ]00 : , 0 0,   , 0 0,   ,1T C X X X Xσ= = = ∈ . (4.25) 

 

The boundary condition representing the inflow of a water-particle suspension front with 

fixed concentration is given by 

 

 (1, ) 1C T =      for 0T ≥ . (4.26) 

 

Equation (4.22) reduces to an ordinary differential equation along the characteristic lines  

 

 X T constant+ = . (4.27) 

 

In the derivation of the analytical solution we have to treat three separate cases, depending 

on the boundary conditions related to the moving particle suspension front. Initially, no 

particles are present in the porous medium (4.25); when the production starts, a particle 

suspension front moves towards the well; and shortly afterwards particles reach the wellbore. 

The first case is represented by the analytical solution ahead of the particle front. The second 

case represents the solution on the characteristic line at breakthrough of the particle 

suspension front at the wellbore. The third case represents the solution on the characteristic 

lines after breakthrough.    

 

 
             (a)     (b) 

Figure 4.4. Schematic drawing of characteristic lines 
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Figure 4.4a shows three relevant characteristic lines, and Figure 4.4b shows the three 

corresponding particle concentration profiles. On both Figures, curve 1 represents the 

situation before particles breakthrough in the well, curve 2 shows the discontinuity line for 

the breakthrough situation (X+T=1), when the particle suspension front reaches the 

wellbore. Note that for this situation the concentration is zero at X0. Curve 3 resembles the 

system after suspension breakthrough.  

4.3.3 Derivation on characteristic lines before breakthrough 

First we consider the situation of the particle suspension front before breakthrough. To this 

end we define a characteristic line X + T = Xi < 1, see line 1 in Figure 4.4a. Along the 

characteristic lines iT X X= − , we have 

 

 
( ), idC X X X C C

dX X T

− ∂ ∂
= −

∂ ∂
. (4.28) 

 

Substituting this and (4.23) in equation (4.22) gives us 

 

 
( )

1
1

1
m
mdC

X C
dX m

δλ
⎛ − ⎞⎟⎜− + ⎟⎜ ⎟⎜⎝ ⎠= . (4.29) 

 

Integration of (4.29) gives an equation for C. Notice that if δ = (m-1)-1 the exponent of X 

becomes –1, and the solution is independent of the constant δ. So a distinction between δ  = 

(m-1)-1 and δ  ≠ (m-1)-1 has to be made. Still, if m=1 this exponent becomes 0 and no 

distinction is necessary. Therefore in the derivation the case where δ = (m-1)-1 only refers to 

the case where m = 2, 3. The derivation for δ ≠ (m-1)-1 is valid for all three flow geometries, 

i.e., for m=1, 2, 3: 

 
1

1
mC k X
λ

=    � for δ = (m-1)-1 and m≠1, (4.30) 

 ( )

( )1 1

1
1
1 1

2

m

mX
mC k e

δ

λ
δ

− −
−

−
− −=  for δ ≠ (m-1)-1 or m=1. (4.31) 

 

The initial condition Ci (Xi,0)= 0 implies k1 = k2 = 0, and therefore  

 

 ( , ) 0iC X X X− = . (4.32) 
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The deposition can be obtained directly from (4.23) and the initial condition (4.25), 

σ(X,0)=0:.  

 ( ), 0iX X Xσ − = . (4.33) 

 

Equations (4.32) and (4.33) imply that neither suspended nor deposited particles are present 

ahead of the particle suspension front.  

4.3.4 Solution on the characteristic line for breakthrough 

The characteristic line at breakthrough is described by X + T = 1, indicated by line 2 in 

Figure 4.4a. The solution (4.30)-(4.31) along line 1 is valid on this line as well. Applying the 

boundary condition (4.26) yields 

 

 1 1k =  for δ = (m-1)-1 and m≠1 , (4.34) 

 ( ) 1
1
1 1

2
mk e

λ
δ

⎛ ⎞⎟⎜ ⎟⎜ ⎟⎜ ⎟⎜ − −⎝ ⎠=  for δ ≠ (m-1)-1 or m=1. (4.35) 

 

Substituting these values of k in (4.30)-(4.31) yields 

 

 
1

mC X
λ

=    � for δ = (m-1)-1 and m≠1, (4.36) 

 
( )

( )1 1

1
1

1
1 1

m

mX
m

C e

δ

λ
δ

− −
−⎛ ⎞⎟⎜ ⎟⎜ ⎟− −⎜ ⎟⎜ ⎟− − ⎜ ⎟⎜⎝ ⎠=  for δ ≠ (m-1)-1 or m=1. (4.37) 

 

Equations (4.36)-(4.37) describe the particle suspension front in the porous medium.  

The solution for the deposition σ along this line is obtained from (4.23) and the initial 

condition ( )1, 0 0σ = : 

 

 ( ,1 ) 0X Xσ − = . (4.38) 
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4.3.5 Derivation on characteristic lines after breakthrough 

After particle breakthrough at the wellbore, suspended particles are present everywhere in 

the porous medium. The third line in Figure 4.4a represents characteristic lines given by X + 

T > 1. Again the starting point is equations (4.30)-(4.31) and the boundary condition (4.26). 

The solution (4.36)-(4.37) still holds: the deposition profile is derived substituting this 

solution in equation (4.23), which yields for fixed X 

 

1
1

m
mX

T m

λλσ
−

∂
=

∂
  for δ =  (m-1)-1 and m≠1, (4.39) 
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λδ δλσ

− −
−⎛ ⎞⎟⎜ ⎟⎜ ⎟⎛ − ⎞ − −⎜ ⎟⎟⎜ ⎜− + ⎟⎟ − −⎜ ⎜⎟ ⎟⎜ ⎜⎝ ⎠ ⎝ ⎠∂

=
∂

  for δ ≠ (m-1)-1 or m=1. (4.40) 

 

Integration of (4.39) and (4.40) using the initial condition (4.38) gives  
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= + −   for δ = (m-1)-1 and m ≠ 1, (4.41) 
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. (4.42) 

 

For relatively large times, i.e., T >> X – 1, the term (T + X – 1) in the solution (4.41)-

(4.42) for σ(X,T) can be approximated by T, and therefore deposition tends to increase 

linearly in time. 

4.4 Solutions in physical units 

We use (4.19) to scale back (4.36)-(4.37) and (4.41)-(4.42). For δ = (m-1)-1 and m ≠ 1 we 

obtain 
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. (4.44) 
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For δ ≠ (m-1)-1, the scaled equations are 
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Equations (4.43)-(4.46) are only valid for 
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. For smaller times both C and σ 

vanish.  

 

For m=1, where the domain is defined as r0=0 and r1=L, the solution (4.45) reduces to 
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 (4.48) 

 

Note that the injection side is at r1=L (see Figure 4.3) and therefore the spatial coordinate is 

reversed to r-L. Note that for δ=0, equations (4.47)-(4.48) are identical to equations (4.12)-

(4.13). 

4.5 Pressure changes due to pore clogging 

Due to deposition of particles, the permeability of the porous medium is affected. The related 

pressure changes in the system can be obtained from Darcy's law. Disregarding signs, it is 

 

 
( )0

,
p

u
r k k

µ
σ

∂
=

∂
 (4.49) 

 

where u depends on r according to (4.17), p is the pressure, µ is the viscosity of the 

suspension, k0 is the initial permeability of the porous medium prior to particle retention and 

k(σ) is a function describing the permeability reduction due to deposition of particles. In the 
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literature, different functions for k(σ) have been proposed. A large class of functions can be 

approximated by an expression given by McDowell-Boyer et al. (1986):  

 

 ( )
( ) ( )2
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k σ
β σ β σ β σ

=
+ + + +

. (4.50) 

 

In a first order approximation, this reduces to 
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k σ

βσ
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+
. (4.51) 

 

This function is often referred to as the formation damage function, where β is the so-called 

formation damage coefficient.  

 

In order to obtain a dimensionless equation for (4.49), we use the following scaling definitions 

together with the ones given in (4.19)  
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Scaling equation (4.49) using (4.19), (4.52) and (4.51) yields 
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. (4.53) 

 

Integrating (4.53) in the interval [X,1] gives the equation for the pressure drop due to 

clogging 

 
1 12(1 ) 2(1 )

( , ) ( , )
m m

m m

X X

p X T X dX X T X dXβ σ
− −

′ ′ ′ ′ ′∆ = +∫ ∫ ; (4.54) 

the integration has to be performed separately for the different values of m. 
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for m=1, it yields 

 ( )
1

( , ) 1 ( , )
X

p X T X X T dXβ σ ′ ′∆ = − + ∫ ; (4.55) 

for m=2, 
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′
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′∫ ; (4.56) 

and for m=3, 
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X X
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⎛ ⎞⎟⎜∆ = − +⎟⎜ ⎟⎜⎝ ⎠ ∫ . (4.57) 

 

In all three cases, the first term represents the pressure drop along the clean medium, and 

the second term represents the pressure drop due to deposition of particles. It can be 

computed numerically from the σ(X,T) profile. 

4.6 Application to a radial cylindrical field case 

The equations derived in the previous sections apply to different geometries. The linear case 

(m=1) is typically applied to core and column experiments, to obtain the filtration function 

based on measurements of effluent concentration and/or deposition profiles. The radial 

cylindrical model (m=2) can be applied to field cases involving injection or production wells, 

to predict production decline due to particle retention. In case of a point source, the spherical 

flow geometry is applicable and the equations for m=3 can be used. 

 

In this section, the equations obtained for the suspended concentration C, retained particle 

concentration σ and the pressure distribution p are used to model qualitatively a field case 

that resembles an average water production well in the Netherlands, susceptible to pore 

clogging. In most of the aquifers in the Netherlands, the groundwater contains large amounts 

of particles, i.e., 109 – 1011 particles per m3. These particles are transported through aquifers 

consisting of fine sand with an average grain size between 200 and 400 µm. The particles are 

retained close to the wellbore. This results in a clogged zone close to the well, decreasing its 

productivity (Timmer 2003). Table 4.2 shows the well properties used in the computations. 

These values are based on properties of 250 wells studied by (Schaaf 2005).  
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Variable Symbol Value Unit 

Pumping rate q 1.66×10-2 [m3/s] 

Filter length h 20 [m] 

Wellbore radius r0 0.3 [m] 

Reference radius r1 5 [m] 

Porosity � 0.35 [-] 

Permeability k0 1.9 ×10-10 [m2] 

Filtration coefficient 0λ∗  0.05 [m-1] 

Input concentration C0 5×10-5 [m3/m3] 

Flow geometry m 2 [-] 

Table 4.2. Typical field values used in example computations.  

4.6.1 Constant filtration function 

We start with equations (4.45) and (4.46) for m=2, and assume the filtration coefficient to be 

constant, i.e., δ = 0. The equations for C and σ become  
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0( , ) r rC r t C eλ −=   (4.58) 

 ( )0 1 2 20
0 1( , )

2
r r q

r t C e t r r
r h

λ λ
σ φ

φπ
− ⎛ ⎞⎟⎜= + − ⎟⎜ ⎟⎜ ⎟⎝ ⎠

  (4.59) 

 

The corresponding pressure drop in physical units is given by 
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where σ(r,t) is given by (4.59). 

 

At time t=0, production starts and particles are transported towards the well. The capture of 

particles within the aquifer is given by (4.59). The curves in Figure 4.5 represent the 

deposition profiles for different times. For increasing times, the deposition increases mainly at 

the wellbore. This typical behavior of deposition is also observed in the field.  
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Figure 4.5. Deposition profiles for different times (in years). 

 

The deposition behavior shown in Figure 4.5 is caused by the convergence of the system (see 

Figure 4.3). In a cylindrical geometry the deposition rate is the largest where the flowlines 

convergence, so in the vicinity of the producing well. This is in contrast to a linear system, 

where particles deposit near the injection face. At this location the deposition rate is the 

largest.  

 

The pressure drop is calculated using (4.60), with β = 1. Figure 4.6 shows the pressure drop 

distribution. The largest pressure gradient occurs close to the wellbore and increases with 

time. The change in pressure is clearly proportional to the deposition, which follows directly 

from the last term in (4.60). The pumping efficiency is reduced due to the increased 

resistance of the aquifer. This resistance can be quantified by calculating the permeability 

decrease from equation (4.60). Figure 4.7 shows the decrease of the permeability due to 

deposition.  
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Figure 4.6. The pressure distribution as a function of distance for several times (in years). 

 
Figure 4.7. Permeability profiles for several times (in years). 
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The relation between deposition and permeability loss is clearly shown in Figure 4.7. The 

largest decrease in permeability occurs close to the wellbore due to greater deposition of 

particles, as shown in Figure 4.5. In Figure 4.7, it can also be seen that the overall 

permeability of the aquifer decreases in time. This too is a consequence of the increasing 

deposition of particles.  

 

In the field, the tangible effect of permeability reduction is a decrease in pumping efficiency. 

After several years of production, the permeability of the aquifer in the vicinity of the well 

decreases such that the well is no longer economically suitable for production. Usually the 

well can be rehabilitated to restore permeability and improve the production. The well will 

start to deteriorate again after production is resumed. This cycle of production and 

rehabilitation continues until the rehabilitation is no longer effective, and the well is then 

abandoned. 

4.6.2 Velocity dependent filtration function 

The example in the previous section corresponds qualitatively to the clogging behavior 

observed in the field. Nevertheless, this example does not incorporate all the important 

factors regarding well clogging. From field measurements, a relation between well clogging 

and flow velocity is found (Prins 2003). Near the wellbore, the particle concentration and 

flow velocity increase resulting in larger deposition rates. A more realistic approach is 

required to capture this filtration processes near the wellbore. Equation (4.18), where the 

filtration function depends on the flow velocity and the parameter δ, was introduced based on 

field observations and laboratory experiments (Chapter 2 and Chapter 5). Equations (4.45), 

(4.46) and (4.54) can be used to model this velocity effect on particle deposition. The values 

from Table 4.2 are used again for these computations. First, the filtration function (4.18) is 

computed as a function of δ, where a higher value for δ represents a stronger dependence on 

the flow velocity. The reference velocity uref is chosen to be identical to u(r1).  

 

Figure 4.8 shows the filtration function in terms of distance from the wellbore r and δ for 

fixed time. The filtration coefficient increases with decreasing r, i.e., deposition rates increase 

close to the well (4.16). A stronger dependence i.e., larger values for δ, on the flow velocity 

also increases the filtration coefficient.  
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Figure 4.8. λ profiles for different δ. 

 
Figure 4.9. Concentration profiles for different δ. 
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Figure 4.10. Deposition profiles for different δ. 

 

Figure 4.9 shows the suspended concentration profiles for different δ, and Figure 4.10 plots 

the deposition profiles for the same values of δ, as functions of the radius at a fixed time of 

180 days. For all values of δ, particle capture occurs mainly in the vicinity of the wellbore. 

Compared to the previous example with δ = 0, more deposition takes place within the same 

time frame for increasing values of δ. In Figure 4.9, it can be seen that for the two highest 

values for δ almost all particles are retained and hardly any reach the well. From Figure 4.10, 

it is clear that deposition is larger for higher values for δ. This implies that at higher flow 

velocities more particles are retained. The empirical coefficient δ determines the nonlinearity 

of this relation.  

4.7 Analysis of deposition profiles 

The equations derived in the previous Sections depend on a number of parameters, e.g., the 

filtration constant λ0 and the ratio between the boundaries r0/r1. In cases of high values for 

λ0, the model predicts deposition mainly at the outer boundary. In case of a clogging near a 

production well, this is non-physical behavior, since there is not such an outer boundary in a 

real field case. Observations in the field show that all particles are transported within the 

aquifer and retained close to wellbore, i.e., the production boundary in the model. Particles 

are not captured within the aquifer.  
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An analysis of the dependence of the deposition profiles on the boundaries and filtration 

function provides insight into the limitations of the proposed model. This analysis aims to 

find the restrictions of the model related to the physical processes involved in particle 

transport and deposition. For this analysis the non-dimensional equations given in Section 3.3 

are used. 

 

The derivative of (4.41) and (4.42) with respect to X is used to find the critical point Xc, 

where / Xσ∂ ∂  changes sign and the deposition behavior is changed. We would like to know 

if the deposition profiles are monotone in X or change within the domain X ∈ [X0, 1] and 

relate the deposition to physical behavior of the real system.  

 

Here, the interest is in the large time deposition behavior and therefore only the term 

including T is taken into account.  

 

Case 1; δ = (m-1)-1 

First we investigate the behavior of / Xσ∂ ∂  for the case where δ = (m-1)-1  and m ≠1. 

Equation (4.41) simplifies for large T to 
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−
=  (4.61) 

 

The derivative of (4.61) is 
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X m m

λ
λ λσ

⎛ ⎞⎟⎜ − ⎟⎜ ⎟⎜⎝ ⎠ ⎛ ⎞∂ ⎟⎜= − ⎟⎜ ⎟⎜⎝ ⎠∂
 (4.62) 

 

In equation (4.62) the term ( )0 / 1mλ −  determines the sign of / Xσ∂ ∂ , while all other terms 

are positive. Three cases can be identified for m = 2,3. 

 

λ0 > m  σ  increases in X; 

λ0 = m  σ  is constant in X;  

λ0 < m  σ  decreases in X; 
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In case of a production well, the particle suspension enters the outer boundary, i.e., X=1, 

which is the maximum value of X (Figure 4.2). Here condition 1 where λ0 > m deposition 

occurs near this outer boundary, which is non-physical for a producing well configuration. 

Condition 3 represents the case where σ is largest for small X. In this case deposition occurs 

mainly near the wellbore. Condition 3 can be used to check if the correct physical situation is 

modeled.  

 

Case 2; δ ≠ (m-1)-1 

When we investigate the behavior for the case where δ ≠ (m-1)-1 the analysis is more 

intricate. For large T equation (4.42) reduces to  
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The derivative with respect to X of (4.63) is 
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 (4.64) 

  

Again we analyze the terms that determine the sign of / Xσ∂ ∂ . In this equation the last 

term determines the sign, while all other terms are positive. The sign changes for X satisfying 

 

 ( )( )
( )1 1

01 1 0
m
mm X

δ

δ λ
⎛ ⎞− + ⎟⎜ ⎟⎜ ⎟⎟⎜⎝ ⎠− + + =  (4.65) 

 

Equation (4.65) can be rewritten as an equation for the radius X=Xc 
, the radius for which 

/ Xσ∂ ∂ changes sign 
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The different terms in (4.66) are indicated as 
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And (4.66) is then given by  
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expc
A

X
B

⎛ ⎞⎟⎜= ⎟⎜ ⎟⎜⎝ ⎠
 (4.68) 

Note that for m=1, A reduces to 0. Therefore we have to go back to equation (4.65) and 

substitute m=1. This yields  

 

 0 0Xλ =   (4.69) 

Clearly (4.69) does not have a root and therefore for m=1, / Xσ∂ ∂ does not change sign 

within the domain [X0, 1]. All terms are positive, so with increasing X the deposition is 

increasing for all δ ≥ 0 and X ∈ [0,1]. Particles are filtered at the injection face. This 

corresponds to the linear filtration theory. Note that the particle suspension enters the outer 

boundary, i.e., X=1, which is the maximum value of X (Figure 4.2). 

 

Next (4.66) is analyzed for the case where m=2, 3. Particle deposition occurs mainly near the 

wellbore when the critical radius lies outside the domain for X, i.e., Xc > 1
 
 and where 

/ Xσ∂ ∂ < 0.  

 

When the critical radius lies within the domain of X, i.e., X0 < Xc < 1
 
, the change of sign of 

/ Xσ∂ ∂  is investigated. We write equation (4.66) within the domain  
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ln
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⎛ ⎞⎟⎜< <⎟⎜ ⎟⎜⎝ ⎠
 (4.70) 

 

Equation (4.64) changes sign if the exponent is less than 1, see (4.70). This occurs when the 

exponent is negative, i.e., exp(lnA/B) < 1, when lnA/B < 0. This is only the case when the 
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denominator lnA has a different sign then the nominator (B). First we investigate the 

conditions for which lnA changes sign. Note that the term lnA is always positive under all 

physical conditions, δ > 0, r1 > 0 and λ0 > 0. Here the interest lies in whether this term is 

less or more than 1  
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m mδ δ
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− − + +
=  (4.71) 

 

Recasting (4.71) in terms of δ results in 
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 (4.72) 

 

For δ < than the right-hand term in (4.72), A > 1 and Ln(A) > 0. For δ > than this term, 

LnA < 0. 

 

The denominator within the exponential term (B) changes sign when δ = 
1

1m −
. For δ < (m-

1)-1, the denominator is negative and for δ > (m-1)-1, the denominator is positive.  

 

Combining the conditions for the denominator, lnA and nominator, B gives two possible 

combinations for δ where exp(C) < 1 and (4.64) changes sign within the domain [X0, X1].  
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δ δ
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 (4.73) 

and 

 0 11
  and 

1 1
m

m m
λ

δ δ
− +

> >
− −

 (4.74) 

 

This set of equations can be used to verify if the system is modeled in the correct physical 

way. The conditions given by combination of equations (4.73) and (4.74) give the criteria for 

δ, m, λ0 and X where / Xσ∂ ∂ to change sign within the domain [X0 
, 1]. Xc is calculated 

simply by means of equation (4.66). Equation (4.64) allows us to analyze the increasing or 

decreasing behavior of σ and relate this to the physics of the modeled system, i.e., a 

producing well.  
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The conditions can be converted into physical variables using the definitions given in (4.19). 

In case of m=2 or 3, a critical radius rc can be computed where the deposition behavior 

changes and assure that the model does not predict non-physical deposition.  

 

For the field case, criteria (4.73) and (4.74) are used; δ < 1 and δ < −0.9,  and  δ > 1 and 

δ > −0.9. Given that δ ≥ 0, the only criterion left is δ > 1. Also rc is calculated for different 

δ. The values are shown in Table 4.3.  

 

� rc sign / rσ∂ ∂  

[r0, rc] 

0 100 - 

0.5 2250 - 

1.0  - 

1.5 0.02 + 

2 0.33 + 

3 1.58 + 

4 2.71 + 

Table 4.3. Critical radius for different δ at which equation (4.63) changes sign. 

 

Only for δ > 1, the critical radius lies within the domain. In Figure 4.11 and Figure 4.12 the 

concentration and deposition profiles are shown. Figure 4.13 shows / rσ∂ ∂  for the field case 

and the δ values from Table 4.3. 

 
Figure 4.11. Concentration profiles for the field case with higher values for δ. 
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Figure 4.12. Deposition profiles for the field case with higher values for δ. The higher the values for δ 

the further from the wellbore particles are being captured. 

 
Figure 4.13. The computed derivates r∂σ/∂ for different δ values. For δ= 3 and 4 the sign changes 

within the defined domain [r0, r1]. 
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In Figure 4.11 can be seen that for δ > 2 no breakthrough of particles is observed. The 

deposition profiles shown in Figure 4.12 indicate that for high values of δ particles are 

captured further away from the wellbore as computed from (4.74). This is in contrast with 

the observations in the field and therefore considered unphysical. Figure 4.13 relates this 

effect by showing a change of sign in / rσ∂ ∂ for δ > 2 according to the values shown in 

Table 4.3.   

4.8 Discussion  

In this paper the linear deep bed filtration model is extended to non-linear flow geometries. 

An analytical solution including linear, radial cylindrical and spherical flow was derived 

assuming that the filtration coefficient does not depend on deposition. Instead, a velocity 

dependent filtration coefficient was introduced. The solution obtained depends on a number 

of parameters; the location of the outer boundary r1, the filtration coefficient λ0 and the δ 

exponent, that determines the non-linear dependence of the filtration function on the flow 

velocity.  

 

In this work, the δ exponent is introduced to model velocity dependent filtration. In the case 

of well clogging, the flow velocity strongly influences particle retention by bridging. The 

model proposed here, qualitatively models this behavior. The δ dependence of the filtration 

coefficient relates indirectly particle retention to the flow velocity. A strong dependence of 

particle retention on flow velocity (δ > 1) results in larger deposition near the wellbore, i.e., 

small X. The model is bounded by high values for δ as depicted in Figure 4.11 and Figure 

4.12. In case of high non-linearity, all particles are captured before reaching the wellbore, 

which is non-physical. It is expected that for spherical flow geometry this effect will be even 

stronger. In the case of linear flow geometry, there will be no change in deposition behavior 

inside the porous medium because u(r) is constant, where λ0, u/uref, δ and C determine the 

clogging rate.  

 

To model filtration correctly, the filtration coefficient (4.16) needs to contain the correct 

physical parameters; in this model the velocity dependent deposition. The filtration 

coefficient determines the deposition rate in the medium. In general the filtration coefficient 

depends on a number of parameters of the porous medium, i.e., pore size, chemical conditions 

such as pH and particles properties such as size and shape (4.4) (Al-Abduwani 2005; Herzig 

et al. 1970). Because of this dependence, the filtration coefficient will be different when 

experimental or field conditions significantly change. For example electrolyte concentration 
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and pH influence surface charge of particles. In order to compare and model experiment with 

different pH and electrolyte concentration, the expression for the filtration coefficient has to 

contain this dependence. Analytical formulations for the filtration coefficient for different 

processes have been proposed in the literature (Herzig et al. 1970). If different retention 

process cause deposition of particles and are not incorporated in the model, an erroneous 

estimation of the filtration coefficient is made. Therefore computed values for the filtration 

coefficient in identical porous media can differ by orders of magnitudes, depending on the 

formulation used (Bai and Tien 2000; Herzig et al. 1970; Wennberg and Sharma 1997).  

4.9 Conclusions 

An analytical solution for particle deposition in porous media for different flow geometries is 

obtained using the method of characteristics. The obtained solution depends on δ, m, λ0 and 

r1 where m represents the flow geometry. Based on observation of filtration experiments and 

field measurements a flow velocity dependent filtration coefficient is proposed, introducing a 

δ exponent. The model is applicable for linear, cylindrical and spherical flow geometry. Based 

on the boundary condition, production and injection wells can be modeled. 

 

Clogging of water producing wells is qualitatively predicted using the proposed deep bed 

filtration model. The computations of the concentration and deposition profile for a field case 

clearly demonstrate the effect of converging flow geometry on particle deposition. The 

particles travel through porous media and are only captured near the wellbore. This results 

in a damaged zone around the well decreasing the permeability and consequently the 

productivity of the well.  

 

Also, the effect of flow velocity on deposition is shown. The value of δ determines how strong 

the velocity influences particle capture. A larger dependence on the velocity, i.e., δ > 1, 

results in higher deposition for the same timeframe and same initial filtration coefficient λ0.  

 

The obtained equations are only valid under physical conditions. Criteria for these conditions 

are derived and applied to the same field case.  

 

Generally deep bed filtration theory does not incorporate any physical processes for particle 

capture. Therefore experimental data reported in literature have to be treated with care. 

When different particle capture processes occur in the medium large differences for λ0 are 

expected. To account for more complex processes, the filtration coefficient must depend on 
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different parameters such as surface charge, deposition and particle size. For these non-

constant filtration functions numerical procedures have to be used to calculate deposition and 

pressure profiles. 
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Chapter 5 Experimental investigation of clogging processes in 

sandy aquifers near water supply wells, using X-ray 

chromatography 

5.1 Introduction 

In Chapter 2 well clogging processes and field conditions were discussed in detail. The most 

distinct clogging feature is that particles are transported through the aquifer and deposited 

only near the well bore. This is attributed to the converging flow geometry in the field. A 

further study of this phenomenon is performed by means of experiments. Here the challenge 

is to simulate real well clogging processes in the laboratory, i.e., the setup has to resemble 

the same conditions as in the field. In this experimental study we will refer to converging 

flow experiments to study the well clogging processes. Experimental filtration studies are 

almost always performed in a linear geometry, i.e., column or core flow studies, which do not 

have the converging flow geometry. In addition to the converging flow experiments, linear 

filtration experiments were conducted. In the case of water injection, deposition occurs 

mainly at the injection face and in the first centimeters of the formation. In the petroleum 

industry, water injection is often used as a means of secondary recovery from oil reservoirs, 

where the water sweeps the oil from the pores. This can be achieved by fresh water injection, 

seawater injection, or produced water re-injection (PWRI). The last two injection methods 

suffer from decline in well injectivity, due to clogging of the pores by fine particles suspended 

in the injected water. These particles are deposited in the reservoir, blocking the pores and 

consequently causing rapid decline in the permeability of reservoir rock near the well. This 

decline can be attributed to injected water quality and in situ reservoir properties.   

 

In Chapter 2, particle filtration processes in porous media were discussed based on the work 

by McDowell-Boyer (Figure 2.2). A more comprehensive study on water injection was 

conducted by Roque et al, (1995), in which the filtration process was divided into 4 stages 

comprising; surface deposition, pore bridging, internal cake formation and external cake 

building. First particles are only deposited on the surface of the grains and later on particles 

bridges are formed (see also figure 3.1). Further deposition at the particle bridges lead to full 

clogging of the pores. This is also known as internal cake formation. During injection of 

particle suspension, the permeability is reduced and the fluid circulation gets more and more 
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constrained. The particles accumulate closer to the inlet face and depending on the 

connectivity of pores, also away from the inlet. 

 

After formation of the so called internal cake, there are hardly any pores available for flow. 

Then accumulation occurs only at the inlet face and when pore space becomes impenetrable, 

particles pile up, forming an external cake. A large number of particles are needed to reduce 

the permeability significantly. It should be noted that there is no clear boundary between the 

different filtration stages. 

 

In case of a production well the hydrodynamic effects are much more pronounced and lead to 

particle bridging and internal cake formation. As mentioned in Chapter 3, bridging refers to 

the blocking of pores due to simultaneous arrival of particles at a pore constriction smaller 

than their own size. At sufficiently high velocity, hydrodynamic forces at the pore entrance 

can overcome the inter-particle and the particle-pore surface electrostatic repulsion, resulting 

in the formation of particle bridges.  

 

The results of filtration experiments are usually interpreted with the aid of the classical deep 

bed filtration theory, as described in detail in Chapter 3. We recall the fundamental 

equations for linear flow, 
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The analytical solution obtained assuming constant λ and constant velocity u is 
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The expression to calculate the constant filtration coefficient λ0 can be derived from (5.3), 

using the length of the core L and the known effluent concentrations Ceff. 
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Based on measured effluent (outlet) concentrations, the filtration coefficient can be 

determined.  

 

For the interpretation of the performed experiments a flow velocity dependent filtration 

function is used, as proposed in Chapter 2. In literature also different non-constant 

formulation for λ(σ) have been proposed based on the dominating clogging processes 

(Alvarez 2005; Bedrikovetsky et al. 2001b; Herzig et al. 1970).  

 

This study comprises an experimental investigation on particle deposition in both linear and 

converging flow geometry. Three parameters are varied to study the effect on deposition: flow 

velocity, particle concentration and aspect ratio. The experiments are performed with 

sandstone cores in case of linear flow geometry and with unconsolidated material (e.g., sand) 

for converging flow geometries. During the experiments, a hematite particle suspension is fed 

into the porous medium to observe clogging effects. With the aid of a CT-scanner (X-ray 

tomography), deposition profiles in time are obtained. Effluent particle concentrations and 

pressure profiles are measured in real time too.  

5.2 Filtration experiments 

Filtration experiments were conducted in the laboratory using a suspension of hematite 

particles, to simulate the suspended particles in the produced groundwater. The presented 

experiments were based on the work carried out by Firas Al- Abduwani (2005).  

5.2.1 Experimental Procedure 

Typically, a filtration experiment consists of a number of components; a vessel where the 

suspension is stored, a pump, which injects the suspension into the porous medium and a 

sample vessel, where samples can be taken from (Figure 5.1). Usually a number of 

measurements are performed during an experiment, i.e., pressure distribution and effluent 

concentration. The pressure measurements are used to show the decline in permeability of 

the porous medium with respect to the injected pore volumes. The effluent concentration can 

be used to estimate the filtration coefficient.  
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Figure 5.1. Schematical representation of experimental filtration setup. 

 

Before each experiment the whole setup is flushed intensively in order to remove any 

particles from each of the components. After cleaning the setup, a core or sand pack is placed 

inside the sample holder and the different units of the setup are connected. The porous 

medium is saturated with distilled water. This saturation is performed at a very low flow rate 

to circulate out any trapped air within the tubes and in the core, and to ensure an air-free 

system. After the saturation process, the injection rate is set to the required rate until a 

steady-state condition is achieved. The pressure measurements during this steady-state phase 

will be used to measure permeability decline. Next the particle suspension is injected into the 

porous medium and over time the pressure drop is measured. Effluent samples are taken at 

certain times to measure the suspended concentration as the experiment proceeds. In all 

experiments, CT-scans are also conducted at the same times to measure the deposition of 

hematite inside the porous medium. This will be further explained in the next Section. 

5.2.2 The particle suspension  

The injected suspension comprises distilled water and hematite particles (α-Fe2O3). The size 

of the particles is an important factor while conducting filtration experiments in porous 

media. The size of the hematite particles (manufactured by Aldrich) ranges from 0.1 - 5 µm. 

The average diameter is approximately 2.9 µm, as measured using a particle analyzer. The 

particle size distribution is shown in Figure 5.2. However, hematite particles have a tendency 

to aggregate or cluster, overcoming the inter-particle electrostatic repulsion as expected 

between particles of the same size. For all tests, the hematite is suspended in distilled water. 

In order to homogenize the prepared hematite suspension, it is put in ultrasonic bath for 15 

minutes. The sonic bath emits ultrasonic pulses, which disaggregate the particles. 
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Figure 5.2. Particle size distribution of hematite. 

 

Hematite was selected for various reasons: 

 

1) the hematite density (5300 kg /m3) is in contrast to the densities of distilled water 

(1000 kg /m3) and quartz (2350 kg /m3). Therefore hematite is ideal for detection in 

a CT scanner.  

2) hematite can be dissolved in hydrochloric acid and chemical analysis can be 

performed by use of Atomic Absorption Spectrometry (AAS) to determine 

concentrations of both inlet and outlet suspension. 

3) hematite or Fe2+ are not naturally present in the porous medium used in the 

experiments (Bentheim core or Maastricht fine sand). Therefore after the 

experiments, the deposited hematite inside the porous medium can be quantified 

using chemical analysis.  

4) hematite is easily distinguishable by its red color, since quartz is white in appearance.  

5) iron particles are also naturally present in groundwater and produced water from oil 

reservoirs. 

 

The hematite surface properties are altered in some experiments. The principle of surface 

charge alteration is described in detail in Section 5.4.4. 
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5.2.3 Data Acquisition  

CT-Scanner 

The retention of the hematite particles, which is detectable by X-rays, is measured by CT-

scans during the experiment. For the experiments, a third generation Siemens CT-scanner, is 

employed. The operator of the scanner is directed to scan in the direction of the injection. 

This is important, as it does not allow for any unwanted noise from the less interesting 

regions of the set up to be incorporated in the acquired data. Because of the use of the CT-

scanner during the experiments, a large part of both the linear and converging sample holder 

are made of poly-ether-ether-ketone (KETRON PEEK-1000). PEEK has a relatively low X-

ray attenuation coefficient (µ) as compared to other construction materials such as stainless 

steel or PVC, i.e., PEEK is nearly transparent to X-rays improving the signal-to-noise ratio. 

 

During a CT-scan, a high-performance X-ray tube revolves around the object under 

consideration. An associated X-ray detector measures the attenuated radiation through the 

object being examined. A computer converts these signals into a matrix of attenuation 

coefficients, relative to a reference attenuation coefficient (that of water) and displays them 

as a gray scale image using special designed image software (e.g., Somaris Sygno). The 

attenuation coefficients are directly proportional to the density and atomic number of the 

object and inversely proportional to the energy used while scanning. These images are stored 

in medical industry Digital Imaging and Communications in Medicine (DICOM) standard. The 

pixel values are related to the linear attenuation coefficients µ, which are normalized to CT 

numbers, nCT in Hounsfield units (HU) by 

 

 1000 w
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w
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µ µ
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−

=  (5.6) 

 

Here µ and µw are defined as the linear attenuation of the object in consideration and of pure 

water respectively. Being a reference, the CT number for water is 0 HU and for air the CT 

number is approximately -1000 HU, with a µ of approximately zero (Kalender 2000). 

 

In all experiments, the porous medium is continuously flushed with distilled water before 

switching to suspension injection. A first scan is conducted while distilled water is inside the 

porous medium. This scan acts as a base or reference scan for a particular experiment. The 

subsequent scans are conducted while the suspension is injected. Thus, any increase in 

attenuation or CT number, after the injection switches from distilled water to particle 
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suspension, can be attributed to the hematite deposition inside core. The relative average CT 

number profile is defined as the difference between the subsequent scans and the base scan.  

 

CT data for each scan is further processed using MATLAB routines. For each slice an 

average Hounsfield unit and the related standard deviation is calculated. The image is 

cropped within a circle containing only porous medium, to find the corresponding average 

normalized CT number in (HU). This excludes the undesired values due to sample holder 

made out of PEEK. The Hounsfield units are converted to a deposited concentration value 

using calibration values obtained by chemical analysis of the porous medium after the 

filtration experiment.  

 

The CT-scanner acquires data with following specifications: voxel size = (350 × 350× 

1000µm); energy = 80 keV; current  = 250 mA, scanning mode = Spiral, filter B60S sharp, 

slice spacing = 1mm. These parameters are chosen to obtain the best quality images (data) 

from the CT-scanner.  

 

CT scan Calibration 

The amount of hematite deposited at the end of each experiment is quantified using  Atomic 

Absorption Spectroscopy (AAS) analysis on the porous medium. The sample is divided into a 

number of segments, to quantify the particles deposited in each segment of the porous 

medium by chemical analysis. The technique is explained in detail in the next Section. For 

each segment the amount of hematite present is quantified as deposited mass of hematite per 

mass of porous medium (mg/g). An average value of deposition in each segment is obtained. 

This deposited concentration of hematite calculated from the cores is used to calibrate the 

CT-scan results.  

 

Effluent concentration 

Chemical analysis (AAS) is also performed to quantify the concentration of the effluent. After 

conducting a CT-scan, the effluent from the porous medium is collected. Each effluent sample 

is collected in a separate Erlenmeyer. A known volume of 6M HCL water solution is then 

added to the effluent sample. A reflux bulb is placed at the neck of each flask to prevent 

escape of any vapor. All the flasks are then placed on a sand-bath set at 180oC for 4-6 hours. 

The hematite dissolves in the acid solution. The flasks are removed from the sand-bath and 

allowed to cool down until they reach room temperature. An additional amount of water is 

required to fill up the flask and the mixture is then homogenized. The amount of hematite in 
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the sample is then quantified by AAS. As the hematite (Fe2O3) particles are used in the 

suspension, the element to be quantified by AAS is iron (Fe). The AAS results give the 

concentration of iron in terms of [mg/l]. This can be converted to hematite concentrations 

using the molecular weight ratio of Fe2O3/2Fe. Thus for each sample, an effluent hematite 

concentration can be calculated. In addition three samples of the original suspension are 

taken at different times during the experiment and analyzed by AAS. The determined 

concentration is used as the initial concentration in the analysis of the experiments. 

 

Pressure data 

During the experiment the pressure gradient over the porous medium is measured and the 

permeability is calculated, see Chapter 4. In combination with the measured deposition 

profiles from the CT-scans, a relationship between permeability reduction and deposition can 

be derived.  

5.2.4 Experimental parameters 

As discussed in the introduction, the aim of the filtration experiments is to study the 

relationship between suspended particle concentration, flow velocity and ratio of grain size to 

particle size (aspect ratio) on particle deposition. We also study the effect of converging flow 

geometry on particle deposition.  

 

We use the deep bed filtration theory, including the velocity dependent filtration coefficient 

as discussed in detail in Chapter 4, to interpret the experimental results. Furthermore the 

validity of this theory is investigated. First the linear filtration experiments are described and 

an analysis of the experimental data is given. After the linear experiments, the converging 

flow experiments and the experimental results are presented. 

5.3 Linear filtration experiments 

The linear filtration experiments are designed to simulate produced water re-injection 

(PWRI) in an oil reservoir. Usually PWRI is performed by injecting water into an injection 

well at fracturing conditions (Figure 5.3), i.e., the injection pressure is above the rock 

pressure, resulting in fracturing of the rock. Investigations on the deposition mechanisms 

should incorporate a filtration setup mimicking this field behavior. The flow geometry is such 

that the fluid flows partially perpendicular to the formation and partially into the formation. 

In this study a so called Cross-Flow Filtration Unit is used to conduct the experiments 
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(Figure 5.4). The sample holder was designed and manufactured in Dietz Laboratory of TU 

Delft.  

 

 
Figure 5.3. Horizontal cross-section of a vertical injection well with a fracture. The green box indicates 

the region, simulated in the experimental setup. 

5.3.1 Experimental setup linear geometry 

The cross-flow filtration unit described and used in the study of deep filtration by Al-

Abduwani (2005) was improved for use in the CT scanner. The unit is constructed in-house, 

as mentioned before, from PEEK (Figure 5.4). The main body of the unit consists of a 

cylindrical chamber of 127 mm in length for holding sandstone cores. Because cores of length 

50 mm are used, the rest of the space is filled by a PVC dummy. The unit also consists of a 

hollow 4.0 mm thick plate simulating the width of the fracture, and a cap through which the 

injected fluid enters and the cross-flow fluid exits. The core holder is mounted in a horizontal 

plane on the CT-scanner’s examination table in the course of the experiment. 

 

 
Figure 5.4. The design cross-flow filtration unit. 
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Figure 5.5. Pictures of the linear set-up; on the left the sampler is open and shown after an experiment 

on the right placed in the CT scanner. 

 

 
Figure 5.6. A schematic representation of the linear filtration set-up. 

 

Figure 5.6 shows the schematic representation of the linear filtration setup: A detailed 

description is given by Al-Abduwani (2005). A short summary is given here. The cross flow 

filtration unit is shown in the center of the drawing. The suspension vessel and screw pump 

are shown in the left corner. An automatic flow controller and a back-pressure valve are used 

to regulate the flow through the core (permeate flow) and cross-flow rates respectively. A 

differential pressure gauge dp1 is connected to the inlet and outlet surfaces of the core and 

measures the differential pressure over the core. Furthermore, the absolute pressure gauges 
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P1 and P3, corresponding to the pressure at the exit of the core and pump-head pressure, are 

used to gauge the overall pressure drop over the core and the external filter cake. The mass 

balances are used to measure the flow rate from both the cross flow and the permeate flow. 

5.3.2 Bentheim sandstone core 

The linear experiments were conducted using Bentheim sandstone as a porous medium. 

Bentheim sandstone was chosen for its near-homogenous properties and low impurity content 

and because it is representative of oil reservoirs. The pore throat radii fall in the range of 10 

µm-15 µm. The quartz content exceeds 95% with non-swelling clays making less than 2% of 

the sandstone. The porosity was estimated to be around 22% and a permeability of 

approximately 1600mD. Cylindrical cores of 25.4 mm diameter were drilled from a Bentheim 

sandstone block and glued using Araldite CW2215 with hardener HY5160. After curing, the 

core cylinder was sawn into lengths of 50 mm for use in the experiment. The final effective 

diameter of the sample is 22 mm due to penetration of the glue into the core. The properties 

of the sandstone used in the experiments are in the same order of magnitude as the 

properties of the sand used in the conical experiments to represent aquifers. Section 5.4.3 

describes the properties of the sand used. 

5.3.3 Results and discussion of linear experiments 

A total of nine linear experiments were conducted together with Arman Jamakulov 

(Jamankulov 2005), varying in flow velocities and injected particle concentrations. Table 5.1 

shows the most important experimental parameters.  

Table 5.1. the experimental parameters for the nine linear experiments performed. 

 L01 L02* L 03 L 04** L 05 L 06 L 07 L 08 L 09 

P1  (initial) 3.83 - 4.32 6.09 3.29 4.14 6.69 4.89 4.17 

P2  (initial) 3.47 - 3.02 3.34 3.01 3.00 2.92 2.90 2.79 

Dp   (Bars) 0.36 - 1.31 2.84 0.41 1.28 3.91 2.13 1.53 

Inlet Conc   (mg/l) 14 33 33 14 57 57 57 33 14 

U_p   (l/h) 1.37 1.37 4.1 4.17 1.36 4.15 8.11 8.2 4.15 

U_c   (l/h) 13.17 13.17 13.07 13.21 13.36 13.28 13.25 13.03 13.31 

Time  (min)  155 - 176 60 344 75 28 144 171 

Pore volumes inj. 790 - 2918 1949 1866 1235 1485 4701 2826 

Flux CU 19.18 45.21 135.3 58.38 77.52 236.55 462.27 270.6 58.1 

Total mass Fe2O3 

found in core (mg) 

8.27 140.38 186.27 73.51 182.25 146.38 58.93 48.09 47.60 

* The missing data for experiment L02 and L04 is lost due to computer problems. 
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The experiments are performed following the procedure described in Section 5.2.1. 

Experiment L06 is used as a showcase to present the experimental data. During each test, 

ten or more CT-scans are performed. The CT-data is converted into deposition profiles at 

different times. Figure 5.7 shows the deposition profiles of experiment L06 converted from 

Hounsfield  units into mass of Fe2O3 per mass core (quartz). The conversion is based on the 

average calibration data from all experiments. Figure 5.8 shows the results from both the 

final ct-scan and AAS core analysis of L06.  
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Figure 5.7. Deposition profiles at different times (PV) for a linear filtration experiment obtained by 

CT scans. On the x-axis the core length is given in mm. 
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Figure 5.8. Deposition profile at termination of the experiment. The blue like is the data of ct-scan in 

Hounsfield s units and the red line is the hematite mass deposited inside the core. Note that this mass 

obtained by the AAS is multiplied by 10 for visual comparison only. 
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Injection of the particle suspension is at X=0, on the right in Figure 5.7. Clearly particle 

deposition increases with the number of pore volumes injected, and as expected the largest 

deposition takes place near the injection face of the core. The mass balance based on the CT-

scans and effluent concentration is shown in Figure 5.9. Three curves are shown here. The 

first curve (green) is the mass of hematite injected. This is based on AAS analysis of the 

samples taken from the original suspension. In this graph injected mass Fe2O3 (converted 

time by concentration multiplied by injection rate) versus mass Fe2O3 is plotted and 

therefore the cumulative mass injected curve is a straight line with slope 1. The second curve 

(red) represents the cumulative mass retained inside the core measured by the CT-scan. The 

curve is used to check the linearity of the internal retention. The third curve (blue) is the 

mass retained based on the effluent samples taken. This curve represents the total mass 

retained within the whole system. This includes tubing, pump and deposition outside the 

scanning domain. The difference between the injected mass of hematite (green curve) and the 

deposited mass based on the chemical analysis (blue curve) is very small. This indicates that 

almost all particles are retained within the system. There is a significant difference between 

the deposited mass injected measured by the CT-scan and chemical analysis. This is the mass 

of hematite retained outside the scanning area. The largest amount of the mass retained 

outside the scanning area is due to formation of a filter cake at the injection face. After the 

experiments the injection face is investigated and in all cases a filter cake was found between 

50 and 200 µm thickness (Jamankulov 2005). The difference between the Fe2O3 X-ray mass 

and Fe2O3 chemical (AAS) mass, gives approximately the particle accumulation in the cake. 

The dynamics of filter cake formation falls outside the scope of this thesis. This phenomenon 

is further studied by Obeta (2006), using the same setup, but much shorter cores.  
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Figure 5.9. Fe2O3 mass balance of experiment L06. 
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The core permeability declines due to particle deposition and cake formation. The measured 

pressure drop over the core is converted to permeability by use of Darcy’s law and then 

normalized with respect to the initial permeability. The initial permeability is computed from 

the pressure drop over the core during the injection of distilled water. Figure 5.10 shows the 

normalized permeability decline of experiment L06. 
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Figure 5.10. Normalized permeability (left) and inverse of the normalized permeability (right) as a 

function of injected pore volumes for experiment L06. 

 

After about 200 pore volume, the permeability declines linearly with the 

injected volume. This behavior is observed for each experiment except for L08, where the 

permeability continues to decrease linearly. Every single experiment had to be interrupted 

due to pressure constraints.  

 

The presented data and curves of L06 are compiled and analyzed for each experiment 

individually. More interesting is a comparison of the experiments. Table 5.2 presents the 

experiments by the concentration and flow rate and the permeate flow rate.  

 

 C ~ 14 [mg/L] C ~ 33 [mg/ L] C ~ 57 [mg/ L] 

Qperm ~ 1.37 [L /h] L01 L02 L05 

Qperm ~ 4.12 [L /h] L09 L03 L06 

Qperm ~ 8.2  [L /h] L04 L08 L07 

Table 5.2. The nine experiments organized by injected concentration and permeate flow rate. 
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By comparing the experiments within one column, the relationship between deposition and 

the flow velocity is studied. Figure 5.11, Figure 5.12 and Figure 5.13  show the deposition 

profiles in the core compared at approximately the same number of pore volumes. Each 

figure shows profiles for constant concentration and different permeate flow rates. After 

converting time to pore volumes injected the profiles correspond to the moment where the 

same volume of suspension is injected. The concentration is constant and therefore the same 

mass of hematite is injected for each experiment shown in the figures below. 
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Figure 5.11. Comparison of particle deposition profiles after 580 pore volumes for experiments L01 and 

L09, with a concentration of 14.0 mg/l. 
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Figure 5.12. Comparison of particle deposition profiles after 700 pore volumes for experiments L02, 

L03 and L08, with a concentration of 33.0 mg/l. 
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Figure 5.13. Comparison of particle deposition profiles after 580 pore volumes for experiments L05, 

L06 and L07, with a concentration of 57.0 mg/l. 
 

The three cases shown in the figures all show the same trend. For high velocities the lowest 

deposition is observed. The profiles for Q = 1.36 L/h and Q = 4.15 L/h match reasonably, 

except for region within the first 10 mm of the core. Near the injection face much higher 

deposition is observed for lower flow velocities. For higher flow velocities deeper penetration 

and less deposition is observed. Apparently particle deposition and the related filtration 

coefficient are a function of flow velocity. This dependence will be considered in another 

section. 

 

A velocity dependent filtration coefficient has been proposed in Chapter 4. A numerical 

regression procedure to fit the experimental results to the proposed filtration function has 

been developed. Six fits were performed, for the combinations of three forms for the filtration 

function and two forms for the actual injected concentration.  

 

The filtration function was assumed to be either constant, to exhibit a linear decay or 

exponential decay, i.e., 

 

λ(σ)= λ0 or λ(σ)= max(0; λ0−ασ) or  λ(σ) = λ0e
−ασ, 

 

where λ0 and α are the parameters to be recovered.  
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For most experiments, all six fits were almost identical. The optimal fit was found for a 

constant filtration coefficient, i.e., α = 0. Table 5.3 shows the recovered parameters for the 

constant filtration coefficient fit.  
 

 C = 10 C = 30 C = 60 

Q = 1.37  7.73 8.05 6.01 

Q = 4.12  3.41 2.82 3.23 

Q = 8.2  - 1.76 2.24 

Table 5.3. The optimal filtration coefficients λ0(u/uref)
-δ

 for the nine experiments organized by 

concentration and flow rate. 

 

The filtration coefficient decreases with increasing flow velocity. Figure 5.14 presents the 

values in Table 5.3 graphically as the filtration coefficient versus flow velocity. 
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Figure 5.14. λ0(u/uref)

-δ
  as function of 1/(permeate flow velocity). 

 

The filtration coefficients are quite close for each flow rate, and appear to vary consistently 

with it, although not linearly. Figure 5.15 shows the fit of the obtained filtration coefficient 

λ0 (continuous curve) with the experimental data (step curve) for experiment L06. 
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Figure 5.15. Optimal fit for the filtration function to retention profiles of L06. 

5.3.4 Velocity-dependent filtration coefficient 

Based on the visual and numerical analysis the relation to the injection velocity is clearly 

observed. The proposed filtration function in Chapter 4 is applied to the data. Grouping the 

experiments per column, i.e., per theoretical injected concentration, the following optimal 

parameters for λ0 and δ were obtained: 
 

 C = 14 C = 33  C = 57 

λ0 7.77  7.74  6.00 

δ 0.74  0.86  0.55 

Table 5.4. The optimal filtration coefficients λ0 and δ for the three concentration groups. 

 

The filtration coefficients obtained for the concentration groups match well, as well as the 

values for δ. The match of the first two groups is very good, but for the group where C=60 

mg/l the values of both parameters are lower. The proposed form of the filtration function in 

Chapter 4 is capable of capturing this non-linear behavior.  
 

In the regression, the injected concentration was kept as free parameter to account for 

unknown calibration and other possible effects such as cake formation. The results obtained 

are:  
 C = 14 C = 33 C = 57 

Q = 1.37  3.73 × 10-3 1. × 10-2 2.22 × 10-2 

Q = 4.12  4.22 × 10-3 1.54 × 10-2 2.32 × 10-2 

Q = 8.2  - 2.84 × 10-3 1.42 × 10-2 

Table 5.5. The free injected concentrations for the nine experiments 
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These data values should be constant at each column, and proportional per line; the latter 

holds to some extent, whereas the former does not hold for experiments L07 and L08, where 

Q = 8.2. For this fit the measured injected concentration is used as an initial guess. The 

results for a fixed concentration are almost similar, less than 1% difference.  

 

Note that the filtration coefficient does not show a clear dependence on the suspension 

concentration C (Table 5.3 and Figure 5.14). A visual comparison of experiments with the 

same flow velocity and different injection concentration was also used to determine a possible 

dependence. In these comparisons we use cumulative mass of hematite injected instead of 

pore volumes injected. After the same pore volumes injected, the cumulative hematite mass 

injected is not the same for experiments injected using different injection concentrations, i.e., 

C * PVI is not constant. A visual comparison of experiments with different injection 

concentration show similar deposition profiles after the same mass of hematite is injected. 

The deposition profiles after the same number of pore volumes are different, and not shown 

here. 
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Figure 5.16. Comparison of particle deposition profiles after 144 mg hematite injected for experiments 

L03, L06 and L09, with a flow velocity of 4.1 l/h. 
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Figure 5.17. Comparison of particle deposition profiles after 69 mg hematite injected for experiments 

L01, L02 and L05, with a flow velocity of 1.37 l/h. The peak in the profile of L02, is related to a 

measurement error in the base scan. Comparison of the profiles after 10 mm is comparing noise. 
 

A validation of the non-linear deposition dependence on the flow velocity is to plot 

experiments with identical particle flux (C × Qperm). If the deposition profiles for same pore 

volumes injected differ significantly, the classical deep bed theory using a constant filtration 

coefficient is not capable of matching the particle retention. Figure 5.18 shows two sets of 

experiments, where the flux is similar, namely experiments L02 and L09. 
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Figure 5.18. Comparison of particle deposition profiles of experiment L02 and L09 after 640 pore 

volumes injected, with particle flux of approximately 40. Comparison of the profiles after 15 mm is 

comparing noise. 
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In Figure 5.18 a clear difference in deposition is shown, especially near the injection face. 

According to the conventional deep bed filtration these profiles should be identical and have 

the same constant filtration coefficient. The two figures on the previous page and the results 

of the fit presented in Table 5.3 show that this is not valid. The velocity dependent model for 

the filtration coefficient is able to capture this behavior.  

5.4 Converging flow experiments 

The converging flow experiments are designed to study further the particle deposition 

processes in the vicinity of water supply wells. The flow system in the field for this type of 

well is a radial flow system, as shown in Figure 5.19. The fluid flows from the outer boundary 

towards the well. In the field a submersible pump is used to extract the water from the 

aquifer. The clogged zone is within a few centimeters from the wellbore (rw). The detailed 

description of particle deposition processes near water supply wells is presented in Chapter 2. 

 

 
Figure 5.19. Schematic drawing of the radial configuration in the field. 

 

In the laboratory, a scaled model of the field situation, as shown in Figure 5.19, might be 

used to conduct converging flow geometry experiments. A scaled cylindrical model introduces 

a number of problems. The size of the setup would be very large, i.e., meter scale and not 

suitable for use in the lab, e.g., measurements using the CT-scanner would be extremely 

complicated. A conical shaped filtration unit is proposed as an alternative to simulate a 

converging flow geometry. The design is shown in Figure 5.20. The flow geometry in the cone 

is spherical as a cone is encapsulated in a sphere, see Figure 5.20, Figure 3.5 and Figure 4.2. 

Therefore the flow velocity within the cone changes as one over the length squared. In a 

radial cylindrical flow geometry, the flow velocity changes with only as one over the length.  
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Figure 5.20. On the left the proposed conical shape for the sample holder. On the right, a sphere with 

radius R with inside an encapsulated cone.  

 

The boundary conditions in the lab setup are directly taken from the conditions in the field. 

The flow velocity V2 at the outlet L2 is set to be in the same order of magnitude as the well 

bore velocity in the field, i.e., 5.0 × 10-4 m/s. Note that the end of the cone represents the 

well bore in the field. The flow velocity V1 at the inlet at L1 is restrained by the condition V2 

= 50 V1. The minimum radius (r2) is related to a minimum surface that limits boundary 

effects. By this we mean that clogging is determined by the porous media and is not 

influenced by wall effects. An acceptable minimal radius for the outlet is 0.015 m. The cores 

used in the linear setup all have an effective radius of 0.011 m. The maximum length of the 

setup is 0.5 m, because of restrictions of the CT scanner. By setting flow velocity, length and 

outlet diameter the dimension of the setup is fixed and the cone angle θ can be calculated. 

For the values stated above, the angle is 10.32o and the radius of the cone as a function of 

the height is described by the equation r(L)=0.1821L+0.015 m. The distance h1 to the top of 

the cone is 0.0824 m. Figure 5.21 shows the design of the conical-shaped sample holder. 

 

 
Figure 5.21. 3D design of the conical shaped sample holder. 

I 

II 
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Note that the cone is constructed in two parts (II and III in Figure 5.21). The top part (III) 

of the cone is constructed of PEEK. By top we refer to the narrow end of the cone where the 

flow leaves the setup. This part of the cone is the CT-scanning area of the setup and is 0.2 

m. The top part can also be used in experiments with the remaining 0.3 m of the cone. 

Section I is the device to compact the sand pack in the conical shaped parts (II and III).  

 

The volume of the setup can be calculated by the integral of the area over the length of the 

cone  

 ( )
1

2

2
L

L

V r L dLπ= ∫  (5.7)  

For this configuration the volume of the 0.5 m cone is approximately 6.83x10-3 m3 or 6.83 L. 

The total setup has a pore volume of 2.73 L, based on a porosity of a sand pack of 0.4. The 

volume of the small cone is 0.76 L, which means that a pore volume is approximately 0.30 L. 

5.4.1 Reynolds numbers 

Due to high flow velocities at the top of the cone, we have to check if flow regime changes 

from laminar to turbulent, using the Reynolds number, which is defined as  

 

 10Re
d v ρ

µ
∗ ∗

= , (5.8) 

 

where d10 is the ten percentage grain diameter of grain size distribution, v is the pore 

velocity, r is the liquid density and µ is the liquid viscosity 

 

In the laboratory a similar grain size is used as in the field d10 = dav = 200 µm. The viscosity 

(µ) of water is 1.0x10-3 Pa.s, the density of water is 1000 kg/m3. The highest Reynolds 

number for the setup with scaled dimensions is 1.19. This is within the laminar flow regime 

(Re < 10). The transition zone between laminar and turbulent flow is defined as 10 < Re < 

100. Figure 5.22 shows the Reynolds number of the length of the setup. 
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Figure 5.22. Profile of the Reynolds number within the sample holder. 

 

The flow regime within the whole setup is laminar, and the proposed flow velocities can be 

used in the experiments. Note that similar to the increase in flow velocity also the Reynolds 

number increases with 1/x2. The Reynolds number is constant behind the conical part. This 

part is a straight tube with diameter 0.015 m.  

5.4.2 Experimental setup converging flow geometry. 

A 2D cross-section of the conical shaped filtration unit is shown in Figure 5.23.  

 

 
Figure 5.23. 2D cross section of the conical shaped filtration unit. 
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Figure 5.24. Image of the conical shaped filtration unit in the CT-scan. 

 

The particle suspension is injected at the left-hand side and flows through a small tube to the 

injection face of the sand pack. The large head in front of the sand pack is a system to 

compact the sand and to ensure that the pack remains compacted during the experiments. 

On top of the sand pack a fine stainless steal filter is placed, to prevent sand flowing out of 

the system. On top of this fine filter, a perforated 5 mm stainless disk is placed and pressed 

on the sand pack by a screwing mechanism. At the outlet the same fine stainless steal filter is 

placed to prevent sand production. The converging flow unit is placed in the filtration setup 

similar to the linear setup. Figure 5.25 shows the schematic of the filtration setup. 

 

 
Figure 5.25. Schematic of the converging geometry filtration experiments. A hematite suspension is 

injected by a screw pump in the sand pack. Pressures are measured at different locations within the 

sand pack. The mass balance is used to monitor the flow rate. 
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Figure 5.26 shows the real filtration setup in the special equipped CT-room in the laboratory. 

 

 

Figure 5.26. Image of the real laboratory setup, where A is the converging flow unit, B is the vessel 

with the hematite suspension, C is the screw pump, which injects the suspension in the sand pack.  

The CT-scanner is seen in the middle of the image indicated with D. E is the pressure difference 

gauges measuring the pressure drop over the sand pack.  

 

The experiments are conducted according to the procedure described in Section 5.2.1. This 

includes cleaning the setup, filling the cone sand pack, compacting and saturating the sand 

pack, and finally injecting the hematite suspension. Also in these experiments around 10 CT-

scans are taken at certain times. The differences between these experiments and the linear 

experiments are; 1) conical shape, 2) sand instead of a sandstone core and 3) alteration of the 

surface charge of the hematite particles. The next two Sections explain the last two issues. 

The conical shape was discussed in the previous Section.  

5.4.3 Characteristics of the Sand 

Two different sands are used in the experiments, both very well sorted fine sands. Sand 1 has 

an average grain diameter (D50) of 160 µm and sand 2 of 190 µm. The size distributions are 

shown in Figure 5.27.  
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Grainsize distribution of the two fine sands used in the experiments

0

10

20

30

40

50

60

70

80

90

100

101001000
Grain diameter (µm)

C
um

ul
at

iv
e 

m
as

s 
re

ta
in

ed
 (%

)

Sand 1
Sand 2

 
Figure 5.27. Grainsize distribution of the two model sands used in the experiments. 

 

The sand comes from a marine/continental sediment in Brunsum, Limburg, The Netherlands 

(Heller 1989). The sand composition is measured by X-ray diffraction (XRD). The sand is 

composed of 98.6 wt% SiO2, 0.45 wt% Na2O, 0.138 wt% Al2O3 and traces of other oxides. 

Only 0.031 wt% of Fe2O3 is naturally present in the sand. The permeability of the sands is 

measured in the laboratory. Sand 1 has a permeability of approximately 25 Darcy and of 

sand 2 of about 45 Darcy. The porosity of both sands in the sand pack is approximately 0.38.  

 

The sand pack is created by using the seven sieves method. First the conical part is set into 

vertical position, with the top pointing down. Then the sand is poured into the PEEK 

container through a glass cylinder, which contains the seven sieves varying in mesh size. 

These sieves are not aligned; every other sieve is rotated over a small angle. This procedure, 

sand dry pluviation, is used to make sure that the sand is evenly distributed and sand 

packing is optimal. In Figure 5.23 it is shown that the sand pack is also built out of a 

number of layers in order to ensure a smooth transition from suspension to flow through a 

porous medium. The straight PEEK, near the outlet cylinder is filled first with coarse sand 

(800-1200 µm). The hematite particles will easily flow out of the sand cone by coarsening up 

from the top of the cone and therefore significantly reduce the retention in the straight part. 

The sand placed on top of the coarse sand has a size range between 350 and 420 µm. The 

sand within the cone is a finer sand (175 – 220 µm), which simulates the aquifer sand in the 

field. The base of the cone is made from the same coarse sand as the straight cylindrical part. 
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5.4.4 Modification of the hematite particle suspension 

As particle suspension, hematite (Fe2O3) is used to represent the particles suspended in the 

water. One very important property of hematite particles was not mentioned in Section 5.2.2. 

The surface of hematite particles is strongly positively charged and therefore, the particles 

will be attracted by the negatively charged quartz grains. When the suspension is injected 

into the sand core, the hematite particles are attracted to the sand grains and form a thick 

layer of external filter cake. This will prevent the particles from flowing through the sand 

pack and arrive at the top of the cone, where we would like to observe the deposition. A 

solution to this problem is to use a chemical surfactant or complexant to alter the surface 

charge of hematite. In particle sizing experiments, complexants are regularly used to optimize 

dispersion. The use of a complexant in filtration experiments is described by Kuhnen, et al 

(2000). Based on the application in this paper, we use in our experiments Sodium 

HexaMetaPhosphate or “HMP” as chemical complexant (URL). HMP is a typical inorganic 

additive and also known as Calgon. It is a complexant under alkaline conditions. Phosphate 

polymers themselves are hydrated in water at high temperature or high pH, and thereby 

revert to a simpler and stable phosphate form, which can no longer sequester metal ions. The 

molecular weight is 611.7 and the molecular formula (NaPO3)6. SodiumHexametaPhosphate 

is used as sequestering agent in the industry. It is used in the industry of soap, detergents, 

water treatment, metal finishing and plating, pulp and paper manufacture, synthesis of 

polymers, photographic products, textiles, scale removal and agriculture. Adding HMP to the 

suspension creates a negative layer on the surface of the hematite particles, which become a 

negatively charged complex. After alteration, hematite and sand grains will repel each other 

and the build up of cake will be reduced by orders of magnitude.  

 

The suspension in the converging flow experiments is made of the following components: 

• Demineralized water, H2O 

• Hematite, Fe2O3 

• HexaMetaPhosphate (HMP), (NaPO3)6 

• Salt, NaCl 

 

One test is performed with the linear setup to validate the alteration. Experiment L01 is 

repeated with HMP added to the suspension, labeled as L00. The particle deposition is 

significantly reduced and also the cake formation, shown in Figure 5.28. The effluent 

concentration (C/C0) changed from 0.12 to 0.67.  
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Figure 5.28. Deposition profiles for experiments L00 and L01. The deposition of L00 is very low 

compared to experiment L01. 

 

Adding HMP clearly alters particle retention. The physical-chemical processes are 

significantly reduced and mechanical deposition processes dominate (see Figure 3.1). 

 

It is very important to know how a complexant alters the surface chemistry of the particles. 

Therefore zeta potential measurements were performed to study the behavior and stability of 

HMP at different concentrations and as a function of pH.   

5.4.5 Zeta potential measurements  

A good summary of the measuring methods and background on the zeta potential is given in 

a number of manuals and books (Hunter 2001; NBTC.manual). The most important factor 

that affects zeta potential is pH. In a plot of zeta potential versus pH the point where the 

plot passes through zero zeta potential is called the Iso-Electric Point (IEP) and is important 

from a practical point of view. It is normally the point where the colloidal system is least 

stable. Literature IEP values for hematite and quartz are 8 and 2 respectively and the zeta 

potential as function of the pH for hematite is well known (Cromieres 2002).  

 

Zeta potential measurements were performed with a DELSA 440SX Doppler electrophoretic 

light-scattering analyzer. Laser Doppler velocimetry is a method for measuring the speed of 

small particles. When particles are suspended in a fluid a known electric field is applied. The 

particles will move according to their surface charge. A velocity measurement is a measure of 
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the electrophoretic mobility of the particles. The electrophoretic mobility is directly related 

to the zeta potential of the particles. The hematite particles suspended in the fluid are 

illuminated by a laser beam and the light scattered under various angles is compared to light 

in a reference beam to determine the Doppler shift of the scattered light. The Doppler shift 

of the light depends on the speed of the particles and the angle of measurement. From these 

measurements the electrophoretic mobility is obtained. The electrophoretic mobility can be 

converted to the zeta potential of the suspension. The DELSA 440SX measures at four angles 

simultaneously (7.5°, 15°, 22.5° and 30°). The system has four separate detectors and four 

independent 256-channel analyzers. The light source of this instrument is a He-Ne laser 

operating at 632.8 nm. The measurements were performed at constant ionic strength and the 

sample preparation is carried out following the same procedure for all measurements. 

 

Two experiments where conducted at the chemical laboratory at the faculty of Chemical 

Engineering at Delft University of Technology. For each set of experiments (with and 

without HMP) a reference suspension was used to verify the results and reduce the error. For 

each experiment one liter of suspension is prepared and then divided in 16 smaller sample 

bottles. The pH in these bottles is altered by adding either HCl or NaOH. In total 8 eight 

different pH values are used and for each pH value two different samples are made. The first 

experiment was used to measure the zeta potential versus pH curve of hematite suspended in 

distilled water, with 0.1 M NaCl. The second experiment contained in addition HMP.  
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Figure 5.29. The zeta potential versus pH for the hematite suspension and hematite HMP suspension. 



 159 

 

The results of the zeta potential measurements show that the IEP of the normal hematite 

suspension lies between a pH of 7.5 and 8. The zeta potential of the hematite suspension with 

HMP added is negative over the full measured pH range. This also implies that the 

mechanical capture processes, i.e., bridging and size exclusion, dominate in the conical 

experiments. This is in agreement with the clogging processes observed in the field.  
 

A very detailed study of phosphate (H2PO4) adsorption on hematite particle surfaces is given 

by Breeuwsma and Lyklema (1972). They conclude that the adsorption is very sensitive to 

pH, but for high concentrations very stable and the zeta potential is altered to negative 

values. This is especially stable between pH 4 to 9. The performed zeta potential 

measurements are in agreement with their conclusions. 

5.5 Results and discussion of conical experiments 

In total 14 conical experiments were performed to investigate the relation between particle 

filtration and particle concentration, grain size and flow velocity. The experiments were 

performed in cooperation with Alireza Vafai (2005) and Jeroen de Boer (2006). During the 

experiments regularly effluent samples and CT-scans are taken. The pressure measurements 

are performed online. Table 5.6 shows the most important experimental parameters of the 

conical experiments.   

 

Name Q [l/hr] C [mg/l] Flux (Q×C) Total time [min] Total Mass in [mg] Sand # 

C01* 12 40 480 390 3120 1 

C02* 12 20 240 360 1440 1 

C03* 12 80 960 390 6240 1 

C04*/ ** 24 40 960 180 2880 2 

C05* 6 40 240 390 1560 1 

C06 12.2 37.04 451.83 240 1807.30 1 

C07 22.8 39.21 894.09 181 2697.0 1 

C08 12.2 40 -   2 

C09 22.8 77.08 1757.46 188 5506.0 2 

C10 22.8 75.01 1710.17 255 7268.2 2 

C11 22.8 21.02 479.30 270 2156.9 2 

C12 12.2 36.93 450.51 1120 8487.6 2 

C13 6.2 77.46 480.27 420 3361.9 2 

C14*** 6.2 21.83 135.34 422 951.9 2 

*    estimated Q and C  

**  by mistake a coarser sand is used in C04 (derived from pressure measurements)  

*** the CT-data of experiment C14 is not reliable and therefore not used in the analysis 

Table 5.6. Experimental parameters of the conical experiments. 
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The experiments were performed in two batches. The first series of experiments were C01 – 

C05 using sand 1. In the second series the remaining experiments were conducted. The first 

two experiments of the second series, C06 and C07, are also conducted using sand 1. The 

remaining tests were performed with the coarser sand 2. Table 5.7 shows the experiments 

organized by concentration and injection rate with the fine sand 1, (group I) and Table 5.8 

shows the experiments for the coarser sand 2, (group II). Experiment C08 is conducted 

without using the CT-scanner to study the deposition in a coarser sand. C08 is left out of the 

analysis, because the deposition profiles are not available.  

 
 

Q        C 20 [mg/l] 40 [mg/l] 80 [mg/l] 

6   [l/h]       - C05 - 

12  [l/h]      C02 C01/C06* C03 

 24 [l/h]      - C04**/C07* - 

* Conducted in second series with different layer system. 

** Sand C04 is most likely coarse sand 

Table 5.7. The configuration of group 1 experiments. 

 

 

Q        C 20 [mg/l] 40 [mg/l] 80 [mg/l] 

6   [l/h]       C14* - C13 

12  [l/h]      - C12 - 

 24 [l/h]      C11 - C09/C10 

* CT-data was not reliable. 

Table 5.8. The configuration of group 2 experiments. 

 

The X-ray data can also be used to obtain a 3D image of the sand pack. Figure 5.30 shows 

four images of the 3D reconstruction of the sand pack. The PEEK container is visualized as 

the blue part, the conically shaped sand pack is visualized in yellow and red.  
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Figure 5.30. 3D reconstruction of experiment C09. The top images show the full setup. The two 

bottom images show two cross sections of the sand cone. The red color indicates the highest Hounsfield 

units, indicating the presence of sand and hematite. 

 

The 3D images are not useful in analyzing deposition profiles. Therefore the attenuation of 

the sand and hematite is averaged and a deposition profile as function of the cone length is 

obtained. The procedure to analyze the conical experiments is similar to the procedure 

followed for the linear experiments in Section 5.3. Each experiment is analyzed individually. 

For the group I experiments, the effluents have not been taken. The mass balance for these 

experiments is only based on the X-ray data. The experiments of group I are compared with 

each other and also the experiments of group II are compared with each other. The 

comparison of group I with group II provides information about the effect of grain size of the 

sand. In addition, the same numerical optimization to fit the proposed velocity-dependent 

filtration function (Chapter 4) to the results of the conical experiments is used. 

 

First the data analysis for experiment C09 is shown here. Figure 5.31 shows the deposition 

profiles for experiment C09, obtained from the CT-scans taken during the experiment. In all 

of the images the base of the cone is on the left and the top of the cone on the right, so the 

direction of flow is from left to right.  
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Figure 5.31. The deposition profiles for experiment C09. Particle deposition increases in time and more 

deposition occurs in narrow part of the cone.  
 

In Figure 5.31 an increase in deposition with distance from the injection face is observed. 

This means that more deposition takes place near the top of the cone then near the injection 

face. Note that the top of the cone represents the region near the water well, where clogging 

occurs. Also the deposition profiles show an increase in deposition in time. A profile obtained 

at a later time is overall higher than the previous ones. This time consistency is observed in 

most experiments.  

 

The time consistency is observed even better in the cumulative hematite mass balance, based 

on the effluent (chemical) and X-ray data, see Figure 5.32. 
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Figure 5.32. Hematite mass balance of experiment C09 
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The cumulative hematite mass retained obtained from the effluent and X-ray data show very 

good agreement. This implies that the total Fe2O3 mass retained, measured by the CT-scan, 

is also the total mass retained in the whole system. The fraction of mass retained is 0.1, 

which is far less than in the linear experiments. This can be attributed to the absence of cake 

formation and to the addition of HMP, which reduced physical-chemical retention processes. 

This becomes also clear when analyzing the pressure data. The permeability of the sand is 

reduced to 0.9 of the original permeability, see Figure 5.33. For some of the experiments 

almost no reduction in permeability was observed.   
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Figure 5.33. Permeability decline of experiment C09. 

The reproducibility of the experiments can be verified by comparing experiment C09 with 

C10. Figure 5.34 shows deposition profiles after 130 pore volumes.  
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Figure 5.34. Comparison of the deposition profiles for identical experiments C09 and C10 after 130 

pore volumes injected.  
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The deposition profiles for experiments C09 and C10 match, although the deposition profile 

at the top of the cone appears to vary. Therefore looking at the cumulative hematite mass 

balance gives a better indication of the reproducibility. Figure 5.35 shows the cumulative 

mass balance for both experiments.  
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Figure 5.35. Comparison of the mass balance of experiments C09 and C10. On the right, an 

enlargement of the left image is shown. 

 

The cumulative deposition measured by the CT-scanner match reasonably well. The mass 

appears to accumulate linearly in time. The slope is the same for both experiments. The 

oscillation of the profile is caused by the CT-scan mechanical inaccuracy. A more detailed 

discussion of this inaccuracy is given in Section 5.5.1.4. 

5.5.1.1 Analysis of concentration dependence 

In Figure 5.36 experiments C01, C02 and C03 from group I are compared to each other after 

approximately the same number of pore volumes and same mass of Fe2O3 injected. Figure 

5.37 shows the deposition profiles for experiments C09, C10 and C11. As discussed in Section 

5.3.3 the inversion of pore volumes injected results in a different time than the inversion from 

mass injected to time. The argument to use scaling to mass injected instead of pore volumes 

injected is the difference of hematite injected by scaling to pore volumes. The observed 

differences in deposition can be explained by the fact that in some experiments four times as 

much hematite is injected after the same pore volumes injected. Therefore both profiles are 

shown in Figure 5.36 and Figure 5.37. Note that this scaling is different from the scaling used 

in Chapter 4, equation (4.19) and that the exact meaning of this scaling is not clear yet. 
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Figure 5.36. The deposition profiles for experiment C01, C02 and C03 (group II), with Q= 12 L/h. On 

the left after 220 pore volumes injected and on the right after 1440 mg Fe2O3 injected.  
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Figure 5.37. The deposition profiles for experiment C11, C09 and C10 (group II), with Q= 22.6 L/h. 

On the left after 130 pore volumes injected and on the right after 2130 mg Fe2O3 injected.  

 

A visual comparison between experiments with the same flow velocity show matching 

deposition profiles after the same amount of hematite injected. The deposition profiles after 

the same number of pore volumes injected do not match. In Figure 5.36 this is clearly 

demonstrated. Experiment C03, where the highest concentration of hematite is injected, 

shows more deposition then the other two experiments. This is similar to the observations 

made when the linear deposition profiles were compared. Figure 5.37 does not show this 

effect. All deposition profiles seem to be identical. Experiment C11 shows large fluctations in 

the deposition profile. This is believed to be due to the poor CT-data obtained for experiment 

C11.  
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5.5.1.2 Analysis of velocity dependence  

A comparison of experiments with the same injected concentration and different flow rates is 

shown in Figure 5.38 and Figure 5.39.  
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Figure 5.38. Comparison of the deposition profiles for experiment C05, C01, C06 and C07 for C~40 

mg/L after 110 pore volumes injected (group I).  
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Figure 5.39. Comparison of the deposition profiles for experiment C13, C09 and C10 for C~80 mg/L 

after 130 pore volumes injected (group II).  

 

A difference in deposition can be observed for experiments conducted at different flow 

velocities. The experiments at lower injection rate show more deposition after the same 
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number of pore volumes injected. This is related to the larger eroding forces at higher 

injection rates. Still experiments with a relatively high injection rate (i.e., Q = 24 l/h), show 

an increase in deposition at the top of the cone. This can be explained by the converging flow 

effects on deposition. The effect of mechanical deposition processes increase due to 

convergence of the flow in the top of the cone. The particle load, defined in Chapter 3, 

increases over length of the cone. At the same time, the flow velocity increases with one over 

the length distance squared. The eroding force therefore also increases corresponding to the 

flow velocity inside the sand pack. Both described forces influence particle deposition and 

compete with each other over the length of the cone. A critical distance from the injection 

face can be expected, where deposition starts to increase due to the flow convergence. For the 

experiments conducted with sand 1 (group I) this effect is demonstrated. A gradual increase 

of the deposition is visible starting at 130 to 140 mm from the injection face. Figure 5.40 

shows the deposition profiles for experiment C03, illustrating this effect.  
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Figure 5.40. The deposition profiles for experiment C03. Note the much larger deposition of particles 

in the top part of the cone.  

 

Due to the addition of HMP to the suspension, mechanical capture processes dominate in the 

conical experiments, see Section 5.4.5. As a result, the size distribution of the sand affects the 

deposition in the cone. This effect can be studied by comparing the deposition of the two 

groups of experiments. In Table 5.9 the aspect ratio is summarized for both groups. The 

aspect ration is described in detail in Chapter 3.  
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Group #  dgrain dpore* dpart/dpor 

I 160 25 0.12 

II 190 30 0.1 

* d
pore
 = d

grain
/6.49 

Table 5.9. Average aspect ratio for group I and II 

 

The values in Table 5.9 are computed using the average grain and particle diameter. Based 

on the aspect ratios, group I is slightly more favorable to bridging. Sen and Khilar (2006), 

use the aspect ratio to determine the dominating filtration process, see Table 3.1, Chapter 3. 

According to their classification, the dominating deposition process for both experiment 

groups is bridging. Physical-chemical deposition processes become important for aspect ratios 

smaller than 0.1. Due to the use of HMP, deposition due to physical-chemical processes is 

negligible and we believe that in the converging flow experiments bridging is the main cause 

of particle deposition.  

5.5.1.3 Size dependence 

A closed loop experiment is performed in the laboratory where effluent is collected and re-

injected again. In this experiment sand 2 is used and the effluent particle size is measured 

using a particle size analyzer. The result of the experiment is shown in Figure 5.41.  
 

 
Figure 5.41. Average effluent particle size during the experiment 

 

A shown in Figure 5.41, the average particle size changed after the start of the experiment. 

Only the large particles are captured and the smaller particles travel through the sand pack. 
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In the experiment, using sand 2, only the larger particles are retained. Recalculating the 

aspect ratio gives 0.095, which is below the bridging criterion according to Sen and Khilar. 

Extrapolating these results to sand 1 gives a critical particle diameter of 2.5 µm. Therefore 

more particles will be captured and more deposition is measured in the experiments. In 

Figure 5.40 a more pronounced cone effect for finer sand is shown. An experiment with finer 

sand (< 175 µm) could demonstrate this effect even more pronouncedly. Finer sand was not 

available and therefore such experiments were not conducted. Note that this size effect is not 

predicted by classical deep bed filtration theory. This effect could be included by describing 

the filtration coefficient as a function of the ratio of grain to particle size. Further 

quantification has to be done in the laboratory to develop this filtration coefficient.  

 

Internal filtration at grain size transitions 

The last observation made on the data from conical experiments is related to the layering 

configuration of the sand pack used in the experiments. In experiment C06 and C07, an 

additional layer of sand was used to create a transition to the finest sand, shown in Figure 

5.42.  

 
Figure 5.42. Layered sand configuration used in experiment C06 and C07. 

 

As a consequence of this extra fine layer, deposition near the injection face is observed. 

Visual analysis showed that especially at the transition from the coarse layer of size 350-420 

µm to the fine ‘formation sand’ a significant amount of particles was captured. Figure 5.43 

shows the deposition profiles of experiment C06, obtained from X-ray data.  
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Figure 5.43. Deposition profiles of experiment C06. Note a gradual decrease in deposition near the 

injection face. 
 

Figure 5.44 shows an image of the sand cone after experiment C06. The top of the cone is not 

shown in this image. 

 

 

 

 

 
 

 

 

 
Figure 5.44. Effect of layer system on particle retention, experiment C06. 

 

In Figure 5.44 the hematite deposition can be observed based on the distinct red color. The 

dark red color right behind the transition to the fine formation sand. This indicates an 

increase in deposition in the finer sand. Based on these results it is likely that the deposition 
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is similar to filtration of particles in the linear setup, where we observe deposition of particles 

near the injection face and penetration of the particles in the porous medium, see for example 

Figure 5.7. In Section 4.7 the dependence of the deposition on the value of δ was studied. If δ 

was large enough equation (4.74) would predict the distribution shown in Figure 5.43. 

 

Note that this fine sand and special layering, shown in Figure 5.42, is only used in 

experiments L06 and L07. All other experiments are used with coarser formation sand. For 

all experiments, we inspected the sand cones after the experiments and they showed a red 

colored top of the cone and much less deposition at the interface from coarse to fine sand. 

Therefore the deposition profile shown in Figure 5.43 is exceptional, and not typical for the 

conical experiments. 

5.5.1.4 Numerical analysis of the proposed deposition model 

The numerical regression model developed is applied to the conical data. A problem 

encountered during the parameter estimation is the fact that the signal-to-noise ratio of the 

conical CT-data is higher than the signal-to-noise ratio for the linear experiments. This is 

reflected in larger fluctuations of the deposition as a function of distance. According to the 

deep bed filtration model, a smooth profile is expected as obtained in the linear experiments. 

In order to eliminate some of the high frequency oscillations in the data, we have smoothed 

the data using a convolution stencil of seven data points, i.e., each data point was replaced 

by the weighted average of seven neighboring points, the weights given by the Newton 

binomial coefficients, namely {1; 6; 15; 20; 15; 6; 1}. Figure 5.45 shows the smoothed 

deposition profiles for experiment C09. 
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Figure 5.45. Smoothed deposition profiles for experiment C09. 
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Comparing the smoothed profiles with the original profiles of C09 as shown in Figure 5.31, it 

can be observed that the averaging procedure successfully reduced the large oscillations in 

deposition profiles, as it should.  
 

The regression of the smoothed data yield similar results, quite close to those obtained from 

regressing of the original data. The filter applied can be interpreted as a noise damper.  

First the model equations given in Section 4.4 were directly applied to the “raw” unsmoothed 

data in order to find values for (λ0¸ δ) that best captured the data sets. Initially, individual 

optimizations for each data set are performed; minimizing the squared error between the data 

and the profile generated using equations (4.29)-(4.32). All results are too close to zero near 

the injection face, and show plausible increasing trends near the top of the cone. The plot for 

experiment C09 is shown here in Figure 5.46.  

 
 

 
Figure 5.46. Deposition profile and deposition profiles obtained from the velocity dependent model 

optimization.  

 

Table 5.10. shows the optimized values for λ0 and δ for all experiments.  The tabulated values 

in Table 5.10 are plotted in Figure 5.47. 
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Sand 1 Fit  1 Fit 2 Sand 2 Fit 1 Fit 2 

 λ0 δ λ0 (δ = 0)  λ0 δ λ0 (δ = 0) 

C01 2.19 0.89 6.83 C09 1.55 0.96 8.22 

C02 0.185 2.14 7.1 C10 6.49 0.42 12.92 

C03 1.52 1.22 7.46 C11 0.85 1.18 8.97 

C05 0.53 2.4 7.15 C12 2.68 1.2 11.77 

    C13 4.59 1.18 8.77 

        

C06** 14.03 -0.185 11.66 C04* 11.26 0.19 15.5 

C07** 2.53 0.84 10.68     

*   Pressure measurements record a 3 times higher permeability  

** Internal cake formation not included in the model 

Table 5.10. Optimized parameters for the proposed model and constant λ0 data. 
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Figure 5.47. Plot of the optimized parameters for the flow velocity dependent model. 
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Figure 5.48. Plot of the optimized parameters for constant λ0. 
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The fits for both models show a difference between the different groups. For the model 

proposed for the conical experiments a low filtration coefficient implies that more particles 

are deposited at the top of the cone. This is seen in the values for the filtration coefficients. 

Group I, conducted with the fine sand has a lower filtration coefficient than Group II.  

 

The δ fit shows varying values except for experiments C11, C12 and C13. The common factor 

in theses experiments is that the product of the concentration and flow rate (flux) is equal to 

480 (C×Q = 480). The deposition profiles are shown in Figure 5.49.  

 

40 60 80 100 120 140 160 180 200
-1

-0.5

0

0.5

1

1.5

2

distance from injection (mm)

D
ep

os
iti

on
 σ

 m
g 

Fe
2O

3/g
 S

iO
2

Deposition profiles for C11, C12, C13
 Q x C ~ 480 after 130 Pore volumes injected

C11, C= 21.02 [mg/l] and Q = 22.65 [l/h]
C12, C= 37.48 [mg/l] and Q = 12.15 [l/h]
C13, C= 77.46 [mg/l] and Q = 6.10 [l/h]

 
Figure 5.49. Comparison of the deposition profiles for experiment C11, C12 and C13 after 130 pore 

volumes injected (group II).  

 

The deposition profiles do match to a certain degree but the fluctuations are too large to 

really validate this observation. The conical data provide useful insights into deposition 

phenomena, but are not numerically precise enough to justify quantitative effort. 

 

The noise in the conical CT-data is possibly introduced because of the configuration used to 

measure the deposition. The CT-scanner is operated in helical mode, which means that both 

the X-ray source and table are moving at the same time. It is known in literature that this 

introduces low signal-to-noise ratio (Kalender 2000). The movement of the table and source 

can cause differences in positioning between scans. A small mismatch influences the 

reconstruction algorithm of the CT-scan software. The subtraction from the base scan 

introduces therefore a repositioning error. This repositioning error perhaps explains also why 
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each curve is self consistent, but at different times the curves are not consistent. A shift in 

repositioning has the potential of creating an error that is systematic in each sweep, and 

random between different sweeps. A further analysis of this error shows that 1) It is 

proportional to the shift. (2) This error grows linearly with increasing radius, away from 

producing end of cone. (3) This error is probably proportional to angle, i.e, it disappears for a 

linear geometry. (4) Depending on the size of the presumed shift, this error is as large as the 

signal for the highest depositions on the cone. The error is not removed by statistical means. 
 
A short estimation of the repositioning area can be made. The cross-section area A is a 

function of the cone length h, with h = 0 being the top of the cone with radius 0.015 m and h 

= 0.2 m being the bottom of the cone with radius 0.051 m and the cone angle is 10.32. The 

radius as a function over the cone length is than: 
  

 ( ) 0.015 0.1821r h h= +  (5.9) 

see Section 5.4.  

 

The equation for the cross-sectional area of the cone yields   
 

 ( ) ( )20.000225 0.0055 0.0332A h h hπ= + +  (5.10) 

The derivative of (5.10) is 
 

 ( )/ 0.0055 0.0664dA dh h hπ= +  (5.11) 

The CT-signal is proportional to the area. We define the CT-signal to be the fraction of the 

reading that corresponds to hematite. As an estimate we use 1/1000.  
 

 ( )- /1000CT signal A h=  (5.12) 

If the scanner is off by ∆h between the reference scan and each consecutive scan, then the 

actually scanned area assigned to a same scan slice will vary proportionally to the derivative 

of the area at that position multiplied by this ∆h. The repositioning error introduced is 

proportional to this area: 

 / *error dA dh h= ∆  (5.13) 

If we take ∆h = 10E-4 m, the signal to noise ratio goes from 0.41 to 4.6 along the cone (top 

to bottom). This error implies that a precise numerical analysis of the data is not possible 

and further study of a possible solution to reduce the poor signal-to-noise ratio is 

recommended. One option is to perform multiple full scans in order to average out the 
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reposition error or use a stationary CT-scanner. For further study of alternative forms of the 

filtration coefficient, the linear filtration setup (cylindrical cores) is recommended possibly in 

combination with HMP, to reduce the cake formation at the injection face.  

5.6 Conclusions 

Two types of filtration experiments were conducted in the laboratory. The first series of 

experiments were conducted in a linear filtration setup. The two succeeding series of 

experiments were conducted in a converging flow unit. In all experiments hematite particles 

are used to create a particle suspension. By means of CT-scans the deposition profiles are 

obtained, which can be used to validate the proposed filtration function in Chapter 4. After 

each scan effluent samples are taken to monitor concentration changes during the 

experiment. In addition, the pressure gradient over the porous medium is continuously 

measured during the experiments.   

 

All experiments show a typical filtration behavior; the highest deposition occurs near the 

injection face. The visual analysis of the linear experiments shows that filtration depends 

non-linearly on the injection rate. The concentration effects are negligible after scaling with 

respect to injected mass of hematite. Note that in real-time clogging occurs much faster for 

high concentrations. This can be observed when comparing experiments with different 

suspension concentration and same injection rate after the same number of pore volumes 

injected.  

 

The proposed velocity dependent filtration function in Chapter 4 is applied to the obtained 

data. A numerical regression procedure is used to obtain model parameters for the 

experiments. The results of the regression on the linear experiments show a non-linear 

dependence on the flow velocity. The proposed model captures this dependence well with the 

introduced δ exponent (Table 5.4).  

 

Cake formation is an issue while performing linear experiments. The hematite mass balance 

shows that a large amount of the hematite particles, i.e., 50 %, is captured at the injection 

face. 

 

In a converging flow setup, a conically sand pack is used to simulate clogging in production 

wells. The particles used in these experiments were altered by adding a complexing agent 

hexametaphosphate (HMP) to the suspension to change the surface charge. Zeta potential 
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measurements showed that the surface charge changes from positive to negative. This reduces 

physical-chemical particle retention processes and mechanical processes become more 

dominant. This mimics clogging processes of production wells in the field, where particle 

bridging and size exclusion are dominant. A linear experiment repeated with HMP added to 

the suspension showed far less particle deposition. Both cake formation and internal 

deposition were significantly reduced. This experiment shows that physical-chemical processes 

play an important role in the linear experiments.  

 

Two series of converging flow experiments were performed. The difference between the series 

is the grain size of the sand used to represent the formation (group I and II). In all 

experiment a complexing agent, HMP was used. The use of HMP results in a reduction of the 

physical-chemical retention processes. A number of observations based on this kind of  

experiments were made.  

 

In the converging flow experiments, the dependence of the deposition on the particle 

suspension concentration is similar to the relation found in the linear experiments. Higher 

concentrations lead to faster clogging rates. For high concentrations more deposition is 

observed when the deposition profiles of different experiments, with the same flow velocity, 

are compared after the same number of pore volumes injected. This concentration 

dependence is scaled out by converting time to mass of hematite injected. This concentration 

dependence is similar to the clogging behavior observed in the field. Aquifers containing 

higher concentrations of particles in groundwater clog faster than water with lower particle 

concentration.  

 

A velocity dependence of the deposition is also observed in the converging flow geometry 

experiments. The flow velocity inside the conical sand pack increases with one over distance 

squared. As observed in the linear experiments, the higher the flow velocity, the more 

prominent the erosion forces are. Due to the converging flow, the bridging probability 

increases along the length of the cone. The two forces compete with each other along the 

length of the cone. Due to the converging flow, more deposition is expected in the top of the 

cone. This effect is especially observed in the experiments using the finer sand (group I), as 

illustrated in Figure 5.40. In these experiments, the largest factor to influence the particle 

filtration is the average grain size of the sand being used. The experiments conducted with 

the fine sand (150 – 175 µm) show also the largest particle deposition at the top of the cone. 

A closed loop experiment showed that large particles are captured and the smaller ones travel 
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through the sand pack. The experiments match the aspect ratio criteria derived by Sen and 

Khilar (2006).  

 

The cumulative hematite mass balance shows that no cake formation or losses occur in the 

system. This implies that the layered system introduced to mimic the field situation is 

successful. A change in the layering showed that transition zone from coarse to fine sand 

forms a barrier for particles. At and behind the transition zone hematite particles are 

captured due to so called internal cake filtration. These kind of artificial transitions have to 

be avoided by all means in the field and in experiments. 

 

Also for the converging flow experiments the proposed velocity dependent model is applied. 

The filtration coefficient and the newly introduced δ exponent are determined by a numerical 

regression algorithm. As stated before, the CT-data for the converging flow geometry shows a 

low signal-to-noise ratio. Application of an averaging procedure to filter the high frequency 

oscillation is not successful to improve the data. Therefore only a general analysis of the data 

is given. The optimal values show a distinction between the average grain size diameter of 

the sands used in the experiments.  

 

The poor signal-to-noise ratio may be related to the helical mode used during the CT-

experiments, introducing a reposition error and the low deposition concentrations during the 

converging flow experiments.  

 

In practice, clogging and the corresponding clogging rate is strongly influenced by the aspect 

ratio, particle size and pore size. High aspect ratios increase the mechanical retention 

processes. High particle concentrations promote deposition, i.e., high clogging rates. High flow 

velocities usually correspond to high hydrodynamic forces, and therefore deeper penetration 

of particles. In case of a converging flow geometry this force competes with particle bridging 

formation. Bridging is related to the particle load of a pore. A higher supply of particles 

results in a higher probability of particle bridge formation. In the field this delicate balance is 

strongly influenced by the flow rate. Based on the measurements discussed in Chapter 2, a 

lower flow velocity is recommended in order to maintain low particle concentrations in the 

groundwater. 
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Chapter 6 Discussion and conclusions 

About 35% of all the Dutch water supply wells are faced with problems due to mechanical 

clogging. Mechanical well clogging is definitely not a result of a poor well design or bad 

construction. Mechanical clogging is a result of complex particle deposition processes in 

aquifers in the vicinity of water supply wells. Particles are suspended in groundwater, 

transported by groundwater and deposited in pore throats near the wells. In the different 

chapters of this thesis the mechanical deposition processes are studied. In this chapter a short 

overview of the main findings in each chapter is given first. Based on these finding, then a 

view on how to apply the obtained knowledge to reduce mechanical well clogging in the field 

is given. Finally recommendations for further studies of the various aspects to reduce 

mechanical clogging are given. 

 

In Chapter 2 of this thesis, a study of mechanical clogging was made by means of field 

measurements and observations. Two particle capture processes play important roles in 

mechanical clogging. The first process is related to the presence of remains of the drilling 

mud. The remains form a filter in which particles are retained. The second process is particle 

capture due to bridging; a pore throat is blocked by a bridge consisting of multiple particles. 

Evidence of bridging was found at several sample locations in the Netherlands. Particle 

bridges in pores cause reduction of permeability and a related decrease in productivity. 

Mechanical clogging is related to the local aquifer properties and well properties. Based on 

the field measurements, the most important factors that enhance mechanical clogging are  

 

1) Aquifer heterogeneity; size and sorting of the aquifer grains. In case of very large 

pores most small particles will flow though. Therefore the ratio between pore size and 

particle size is important. This ratio is often referred to as aspect ratio. 

2) Particle concentration; high particle concentrations increase the clogging rate. 

3) Particle properties; shape, size and composition (surface charge) of the particles. 

4) Pumping rate (fluid velocity); at high flow velocities the particle concentration 

increases due to mobilization of particles within the aquifer. This results in higher 

clogging rates due to the increase of the particle load on a pore. 

 

In Chapter 3 a conceptual model is derived to study the relation between particle bridging 

and the four above mentioned clogging factors. An important feature is the so-called bridging 
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criterion, based on the number of particles approaching a single pore. The model is derived 

for a converging flow geometry and employs a pore size distribution function to generate a 

porous medium, i.e., the aquifer. The flow is distributed according to the pore size, similar to 

a bundle of tubes model. The larger pores conduct the majority of the flow. By altering the 

most important bridging variables, the relation with bridging is determined. The model 

results show a strong dependence on particle concentration and aspect ratio. The flow rate 

does not influence clogging, but only speeds up bridging. This is related to the fact that no 

mobilization of particles is included in the conceptual model. The model is used to determine 

a critical particle concentration (CPC) for which particles bridges are formed. The results are 

compared with experimental and model data from the literature. The conceptual model 

shows a strong dependence on aspect ratio qualitatively comparable to the experimental 

data. For larger aspect ratios (pore size/particle size) the model underestimates this 

dependence. 

 

Chapter 4 utilizes the conventional deep bed filtration model (DBFM) to model well 

clogging. The DBFM is rewritten in a general form to model linear, radial cylindrical and 

spherical flow geometry. The model already includes filtration dependence on particle 

concentration and flow velocity. The so called filtration coefficient captures the porous 

medium properties. This filtration coefficient is usually assumed to be constant, therefore it 

does not capture all retention processes. A velocity-dependent filtration coefficient is 

proposed to include the flow velocity dependence on particle deposition. An analytical 

solution is derived for the DBFM including this velocity dependent filtration function. The 

model demonstrates that in a converging flow geometry particles are captured in the region 

where the flow converges, i.e., near the well in case of a water supply well. Furthermore the 

velocity dependent filtration coefficient shows an increase in deposition. The filtration 

coefficient depends on a number of parameters i.e., pore size, chemical conditions such as pH 

and particles properties such as size and shape. Using a simple form of the filtration function, 

i.e., constant filtration coefficient, will not give a correct value for the filtration coefficient to 

use for comparisons under different filtration conditions. A more complex filtration function 

can be used. For these non-constant filtration functions numerical procedures have to be used 

to obtain values for the filtration coefficient from experimental data. 

 

Chapter 5 presents the experimental part of this study. Two different types of experiments 

were conducted using the same filtration setup. The particle deposition profiles are measured 

in a CT-scanner, which scans the filtration unit at least 10 times during the experiments. 
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The first series of experiments were performed using a linear filtration unit. The second series 

were conducted with a newly designed converging flow unit.  

 

The linear experiments show the typical filtration behavior, where particles are deposited 

near the injection face. An experimental scheme was followed to investigate the dependence 

on flow velocity and particle concentration. The results show that particle deposition is 

related to concentration, the higher the concentration, the faster the medium clogs. After 

rescaling to injected mass deposition is qualitatively and quantitatively the same for 

experiments with different concentrations and identical flow velocity. The experiments with 

the same concentration but different flow velocity show a non-linear dependence on clogging. 

The proposed filtration function from Chapter 4 is used to obtain the filtration coefficient 

and δ dependence on the flow velocity. The proposed model fits the experimental data in case 

of the linear experiments and captures the non-linear flow velocity dependence of the linear 

filtration experiments. 

 

Two series of experiments were conducted with the converging flow geometry filtration unit. 

The difference between these two series is the grain size used to create the sand pack in the 

filtration unit. This enables us to investigate the effect of the aspect ratio on particle 

retention. Both series were performed according to an experimental scheme to investigate 

both the concentration and velocity dependence. A complexing agent was used to alter the 

hematite particle surface properties. The sand–hematite interaction is now changed to be 

repulsive. This mimics the subsurface conditions in the field, where particle surface charge 

does not play an important role. Particles are able to be transported over hundreds of meters 

by the groundwater. A comparison of two linear tests with and without HMP shows that 

surface forces are very important in particle retention. A further study of this dependence is 

recommended. 

 

An interpretation of the conducted converging flow experiments shows that in the conical 

sand pack particles are mainly captured in the top of the cone, in spite of the poor CT-data 

obtained for these experiments. The deposition of particle at the top of the cone corresponds 

to the near well bore region in the field. Inside the cone two forces are competing, erosion 

forces and bridge formation due to converging streamlines. Near the top of the cone the flow 

velocity increases but also the probability of bridge formation. At the top of the cone, more 

deposition occurs implying that bridging and straining occur. The deposition near the 

injection face is negligible in most experiments. The concentration dependence is similar to 
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the linear experiments. Higher concentrations lead to higher deposition rates, but after 

rescaling to injected mass of hematite no difference in deposition is observed. The largest 

effect on particle deposition in the converging flow geometry is the change in aspect ratio. 

The deposition in a finer sand is significantly higher than in a coarser sand. The observations 

agree with the deposition criteria from Sen and Khilar (Sen and Khilar 2006). 

 

The results and conclusions of each chapter are mostly in agreement with each other. Three 

main overall conclusions can be drawn from this study.  

 

1) Particle concentration strongly influences clogging 

2) The pore-particle aspect ratio is critical for bridge formation 

3) The flow velocity influences bridging by mobilizing more particles 

 

A good understanding of the dependence of these parameters on mechanical clogging is 

obtained. Based on these finding a more focused study on preventive measures and 

innovative techniques to rehabilitate water supply wells was conducted by a number of water 

companies and research institutes. The results of the combined BTS research project are 

summarized in a guideline book to reduce and prevent mechanical clogging (BTS 2006). 

6.1 Translation to the field. Preventive measures 

In this study we conclude that the clogged area is located just behind the well screen and 

gravel pack. Therefore one of the major issues in well rehabilitation of mechanical clogged 

wells is the distance of the impaired zone from the wellbore and the complexity to access the 

clogged zone with chemicals. Currently mechanical and chemical methods are used to 

rehabilitate a clogged well. A common method is bailing and surching (“Jutteren”). The 

water column is pushed inside the aquifer and suddenly released. This leads to acceleration of 

the groundwater back in to the well and possibly re-mobilisation of the clogged material 

(particles). Due to the distance the energy dissipation of mechanical techniques, i.e., water 

jetting techniques is high and therefore the removal of the clogged material is very poor. The 

combination of the mechanical methods with the chemicals proved to be most effective. The 

most often used chemicals are HCl, NaClO (Hypochlorous acid) and H2O2 depending on the 

local conditions and environmental regulations. A number of innovative methods were tested 

i.e., ultrasonic, backflush/injection of the water, roto-cavitation and CO2. The results of these 

tests vary. A good overview of rehabilitation techniques commonly used in the Netherlands 

and Germany is given by Houben and Treskatis (2007). 
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Looking at the main clogging process, i.e., bridging, another method to reduce clogging can 

be developed. When a particle bridge is recently formed it is still unstable. A small 

perturbation can break the particle bridge and release all particles. The blockage is removed 

and the permeability is increased. If the particle bridge remains it will become more stable 

due to additional accumulation of particles on the bridge. After some time it will be 

extremely difficult to break the bridges and restore the original permeability. Figure 6.1 

shows a schematic of an unstable and stable particle bridge. 

 

 
Figure 6.1. On the left a recently formed particle bridge. A reverse in flow indicated by the large arrow 

can break the bridge and remove the pore blockage. On the right the same bridge is shown but now 

the pore space is almost completely filled with particles. The particle bridge is now well supported and 

a reverse in flow will not succeed in removing the blockage. 

 

The first and most logical idea to break particle bridges is to reverse flow in the well, i.e., 

inject water, to break the recently formed particle bridges. A test where every night the flow 

is reversed for about 15 minutes did not show any reduction in clogging rate. By chance a 

more effective and more frequently applied method to break the particle bridges was found. 

During a day of production the well is not producing continuously. On average a well is shut 

in about six times a day. The well is shut in by turning off the submergible pump in the well. 

By starting up the same pump the water is produced again. By switching the pump a 

rarefaction wave is sent downward in the well. This results in a disturbance of the flow 

direction and is therefore capable of breaking the particle bridges. By starting up the well 

acceleration of the water in the aquifer is induced, removing the particles from the pores. 

When this is done frequently, clogging is reduced or even disappears. Figure 6.2 shows the 
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measured water levels in the well. An increase in water level difference is corresponding to an 

increase in well clogging. 

 
Figure 6.2. Relationship between clogging and pump operation. 

 

Figure 6.2 clearly shows that frequently induced disturbances in the well lead to less 

clogging. In periods were the well is operated almost continuously clogging immediately 

resumes. This clearly shows the concept of particle bridging and development of stable of 

particle bridges. Operators are therefore advised to frequently switch submergible pumps 

during well operation. 

 

Besides the described clogging reduction method, another preventive method can be applied. 

Two out of the three most important clogging parameters are so-called fixed parameters. 

This means that once a well is drilled there is no possibility to influence the parameter 

anymore. Both the aspect ratio and particle concentration are subsurface properties 

determined by the aquifer properties and groundwater. The selection of the aquifer to 

produce from is therefore of great importance with respect to mechanical clogging. Based on 

the results of this study, coarser sands and sands with very low particle concentration are 

strongly preferred over fine sand containing particles or sands containing high quantities of 

particles. The relation between the critical concentration and aspect ratio as found in 

Chapter 3 is key to the selection of the well location and aquifer intervals to produce from. 
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This is supported by the measurements performed in the field, i.e., particle concentration 

measurements over the full aquifer interval. This also means that the sampling during drilling 

is important and has to be done carefully. An error of a few meters in depth can result in a 

clogging well instead of a good producing well. In the experiments it was also observed that 

abrupt grain size transitions lead to internal cake formation. Even though the flow is mainly 

horizontal these layers should be avoided as well. The last prime clogging parameter, the flow 

velocity, can be influenced continuously by the well operator. The pumping rate is nowadays 

easily adjustable and can therefore be used to reduce clogging. An optimal pumping rate can 

be determined by measuring the effluent particle size and concentration as function of the 

pumping rate. An adjustment in flow velocity can lead to a significant reduction in clogging. 

A large adjustment in flow rate can lead to the need of additional well. Therefore economical 

aspects have to be taken in to account too, where the rehabilitation costs have to be 

compared with the cost of a new well. 

 

Even though aquifers are heterogeneous by nature and each well has its own story, the 

mechanical clogging process is similar for the majority of the wells. Taking this into account, 

the above suggested methods based on the knowledge obtained from this thesis and the 

guidelines provided by the BTS research group can be applied in general to mechanically 

clogged wells. The suggested methods and guidelines are especially meaningful for 

hydrologists and engineers planning new wells or fields, well operators and rehabilitation 

companies. The implementation of the methods and guidelines by them will lead to a 

significant reduction in operational costs of mechanically sensitive water supply wells. 

 

6.2 Recommendations 

This study involves many aspects of well clogging and therefore, due to time limitations some 

of those aspects were identified but not further studied. One of the most important aspects of 

well clogging is the second largest clogging category, clogging of water supply wells due to 

chemical processes, see Figure 1.3. The mechanisms of this type of clogging are partially 

understood, and some rehabilitation methods seem to be working well. Still there are many 

more chemical aspects to be understood, which can lead to more effective rehabilitation 

methods and to methods to prevent chemical clogging. The chemical factors influencing 

mechanical clogging were considered in this study. No evidence was found that chemical 

deposition processes interplay with mechanical processes. A deeper study can resolve this 

issue. 
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The conceptual model derived in Chapter 3 is subject to a number of simplifications, i.e., 

single particle size, spherical geometry and absence of particle remobilization. A further 

development of this model incorporating more sophisticated physics can lead to a predictive 

model instead of a conceptual model that is used to gain insight in the fundamental bridging 

processes. 

 

The experimental setup described in Chapter 5 can also be used to simulate the 

rehabilitation of clogged wells. The conical setup can be used to study the efficiency of 

current methods, both mechanical and chemical. A layered system can be used to represent 

the gravel pack and clogged zone. Here CT-scans can be used to measure the removal of 

particles. First the problem with the low signal-to-noise ratio of the CT-data in the conical 

setup has to be resolved in order to perform these experiments.  
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Summary 

Investigation of Clogging Processes in Unconsolidated Aquifers Near Water Supply 

Wells 

 

This thesis describes the theoretical and experimental study of mechanical clogging processes 

in aquifers in the vicinity of water supply wells. Water supply wells clog due to blocking of 

pores by particles. These particles are suspended in groundwater, transported by 

groundwater and retained in pore throats of aquifers near water supply wells.  

 

In Chapter 2 of this thesis, a study of mechanical clogging was made by means of field 

measurements and observations. Two particle capture processes play an important role in 

mechanical clogging. The first process is related to the presence of remains of the drilling 

mud. The remains form a filter in which particles are retained. The second process is particle 

capture due to bridging; a pore throat is blocked by a bridge consisting of multiple particles. 

Evidence of bridging was found at several sample locations in the Netherlands. Particle 

bridges in pores cause reduction of permeability and a related decrease in productivity. 

Mechanical clogging is related to the local aquifer properties and well properties. Based on 

the field measurements, the most important factors that enhance mechanical clogging are  

 

1) Aquifer heterogeneity; size and sorting of the aquifer grains. In case of very large 

pores most small particles will flow though. Therefore the ratio between pore size and 

particle size is important. This ratio is often referred to as aspect ratio. 

2) Particle concentration; high particle concentrations increase the clogging rate. 

3) Particle properties; shape, size and composition (surface charge) of the particles. 

4) Pumping rate (fluid velocity); at high flow velocities the particle concentration 

increases due to mobilization of particles within the aquifer. This results in higher 

clogging rates due to the increase of the particle load on a pore. 

 

In Chapter 3 a conceptual model is derived to study the relation between particle bridging 

and the four above mentioned clogging factors. An important feature is the so-called bridging 

criterion, based on the number of particles approaching a single pore. The model is derived 

for a converging flow geometry and employs a pore size distribution function to generate a 

porous medium, i.e., the aquifer. The flow is distributed according to the pore size, similar to 
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a bundle of tubes model. The larger pores conduct the majority of the flow. By altering the 

most important bridging variables, the relation with bridging is determined. The model 

results show a strong dependence on particle concentration and aspect ratio. The flow rate 

does not influence clogging, but only speeds up bridging. This is related to the fact that no 

mobilization of particles is included in the conceptual model. The model is used to determine 

a critical particle concentration (CPC) for which particles bridges are formed. The results are 

compared with experimental and model data from the literature. The conceptual model 

shows a strong dependence on aspect ratio qualitatively comparable to the experimental 

data. For larger aspect ratios (pore size/particle size) the model underestimates this 

dependence. 

 

Chapter 4 utilizes the conventional deep bed filtration model (DBFM) to model well 

clogging. The DBFM is rewritten in a general form to model linear, radial cylindrical and 

spherical flow geometry. The model already includes filtration dependence on particle 

concentration and flow velocity. The so called filtration coefficient captures the porous 

medium properties. This filtration coefficient is usually assured to be constant but does not 

capture all retention processes. A velocity dependent filtration coefficient is proposed to 

include the strong flow velocity dependence on particle deposition. An analytical solution is 

derived for the DBFM including this velocity dependent filtration function. The model 

demonstrates that in a converging flow geometry particles are captured in the region where 

the flow converges, i.e., in case of a water supply well near the well. Furthermore the velocity 

dependent filtration coefficient shows an increase in deposition. The filtration coefficient 

depends on a number of parameters i.e., pore size, chemical conditions such as pH and 

particles properties such as size and shape. Using a simple form of the filtration function, i.e., 

constant filtration coefficient, will not give a correct value for the filtration coefficient to use 

for comparisons under different filtration conditions. A more complex filtration function can 

be used. For these non-constant filtration functions numerical procedures have to be used to 

obtain values for the filtration coefficient from experimental data. 

 

Chapter 5 presents the experimental part of this study. Two different types of experiments 

were conducted using the same filtration setup. The particle deposition profiles are measured 

in a CT-scanner, which scans the filtration unit at least 10 times during the experiments. 

The first series of experiments were performed using a linear filtration unit. The second series 

were conducted with a newly designed converging flow unit. The linear experiments show the 

typical filtration behavior where particles are deposited near the injection face. An 
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experimental scheme was followed to investigate the dependence on flow velocity and particle 

concentration. The results show that particle deposition is related to concentration, the 

higher the concentration, the faster the medium clogs. After rescaling to injected mass, 

deposition is qualitatively and quantitatively the same for experiments with different 

concentrations and identical flow velocity. The experiments with the same concentration but 

different flow velocity show a non-linear dependence on clogging. The proposed filtration 

function from Chapter 4 is used to obtain the filtration coefficient and δ dependence on the 

flow velocity. The proposed model fits the experimental data in case of the linear experiments 

and captures the non-linear flow velocity dependence of the linear filtration experiments. 

 

Two series of experiments were conducted with the converging flow geometry filtration unit. 

The difference between these two series is the grain size used to create the sand pack in the 

filtration unit. This enables us to investigate the effect of the aspect ratio on particle 

retention. Both series were performed according to an experimental scheme to investigate 

both the concentration and velocity dependence. A complexing agent was used to alter the 

hematite particle surface properties. The sand – hematite interaction is now changed to a 

repulsive system. This mimics the subsurface conditions in the field, where particle surface 

charge does not play an important role. Particles are able to be transported over hundreds of 

meters by the groundwater. A comparison of two linear tests with and without HMP shows 

that surface forces are very important in particle retention. A further study of this 

dependence is recommended. 

 

An interpretation of the conducted converging flow experiments shows that in the conical 

sand pack particles are mainly captured in the top of the cone, in spite of the poor CT-data 

obtained for these experiments. The deposition of particle at the top of the cone corresponds 

to the near well bore region in the field. Inside the cone two forces are competing, the erosion 

forces and bridge formation due to converging streamlines. Near the top of the cone the flow 

velocity increases but also the probability of bridge formation. In the top of the cone, 

deposition occurs implying that bridging and straining takes occurs. The deposition near the 

injection face is in most experiments negligible. The concentration dependence is similar to 

the linear experiments. Higher concentrations lead to higher deposition rates, but after 

rescaling to injected mass of hematite no difference in deposition is observed. The largest 

effect on particle deposition in the converging flow geometry is the change in aspect ratio. 

The deposition in a finer sand is significantly higher than in a coarser sand. The observations 

agree with the deposition criteria from Sen and Khilar (Sen and Khilar 2006). 
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Three main overall conclusions can be drawn from this study.  

 

1) Particle concentration strongly influences clogging 

2) The pore - particle aspect ratio is critical for bridge formation 

3) The flow velocity influences bridging by mobilizing more particles 

 

A good understanding of the dependence of these parameters on mechanical clogging is 

obtained. Based on these finding a more focused study on preventive measures and 

innovative techniques to rehabilitate water supply wells was conducted by a number of water 

companies and research institutes. The results of the combined BTS research project are 

summarized in a guideline book to reduce and prevent mechanical clogging. 
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Samenvatting 

Onderzoek naar verstoppingsprocessen in ongeconsolideerde watervoerende 

pakketten nabij waterwinputten. 

 

Dit proefschrift beschrijft het theoretische en experimentele onderzoek naar mechanische 

verstoppingprocessen in watervoerende pakketten in de buurt van waterwinputten. 

Waterwinputten verstoppen door het accumuleren van deeltjes in de poriën van het 

watervoerende pakket. Deze deeltjes bevinden zich in het grondwater, worden meegevoerd 

met het grondwater en vervolgens afgezet in de poriehalzen nabij waterwinputten. 

 

In Hoofdstuk 2 van dit proefschrift worden de resultaten van de veldmetingen en 

veldobservaties beschreven. Twee afzettingsprocessen spelen een belangrijke rol bij 

mechanische putverstopping. Het eerste proces is gerelateerd aan de aanwezigheid van 

restanten boorspoeling in het watervoerende pakket. Deze restanten vormen een filter waarop 

de meegevoerde deeltjes opgevangen worden. Het tweede proces is het vormen van 

deeltjesbruggen in de poriehalzen. Deze bruggen bestaan uit meerdere deeltjes. Het bestaan 

van de deeltjesbruggen is aangetoond in meerdere waterwinputten op verschillende 

puttenvelden in Nederland. De deeltjesbruggen veroorzaken een reductie in doorlaatbaarheid 

van het watervoerende pakket en een verhoogd specifiek debiet van de put. De veldmetingen 

resulteren in een aantal belangrijke factoren die putverstopping beïnvloeden:  

 

1) Heterogeniteit van het watervoerende pakket; de grootte en grootteverdeling van 

de zandkorrels. Als het zand is opgebouwd uit grote korrels, dan zijn de 

poriehalzen ook groot en kunnen de kleine deeltjes gemakkelijk het watervoerende 

pakket doorstromen. Dit is niet het geval als de zandkorrels een stuk kleiner zijn. 

De ratio van zandkorrelgrootte en deeltjesgrootte is hierin erg bepalend. Deze 

ratio wordt vaak aspect ratio genoemd.  

2) Deeltjesconcentratie; hogere concentraties versnellen het verstoppingproces. 

3) Deeltjeseigenschappen; vorm, grootte en samenstelling van de deeltjes. 

4) Pompdebiet; een hoog debiet veroorzaakt een toename in deeltjesconcentratie. 

Deze toename is gerelateerd aan de mobilisatie van deeltjes in het watervoerende 
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pakket. Een toename in concentratie resulteert weer in een toename in 

verstopping. 

 

In Hoofdstuk 3 is een conceptueel model afgeleid om de relatie tussen brugvorming en de vier 

hierboven genoemde factoren verder te onderzoeken. Een belangrijke parameter is het 

zogenaamde brugvormingscriterium. Deze is gebaseerd op het aantal deeltjes die een porie 

naderen. Het model is gebruikt een bolvormige stromingsgeometrie en gebruikt een 

poriegrootte verdelingsfunctie om het poreuze medium (het watervoerende pakket) te 

genereren. De stroming is verdeeld volgens de poriegrootte zoals bij een “bundle of tubes” 

model. De grotere poriën geleiden de meerderheid van de totale stroming.  

 

De relatie tussen de vier verstoppingfactoren en brugvorming is afgeleid door het veranderen 

van één van deze vier factoren en de resultaten te vergelijken met een referentie berekening. 

De simulatie laat een sterke afhankelijkheid tussen de deeltjesconcentratie en brugvorming 

zien. De stroomsnelheid heeft geen invloed op brugvorming, maar beïnvloedt alleen de 

verstoppingsnelheid. Dit is gerelateerd aan het de opzet van het conceptueel model, waarin de 

mobilisatie van deeltjes door stroming niet is meegenomen. Het model is ook gebruikt om een 

kritische deeltjesconcentratie te bepalen, waarbij bruggetjes gevormd worden. De resultaten 

zijn vergeleken met experimentele data en data van andere modellen beschreven in de 

literatuur. Het conceptueel model beschrijft een sterke afhankelijkheid tussen de aspect ratio 

en kritische deeltjesconcentratie, die sterk overeenkomt met de experimentele data. Het 

model onderschat deze relatie voor grotere waarden van de aspect ratio. 

 

In Hoofdstuk 4 wordt de “Diep Bed Filtratie Theorie” (DBFT) gebruikt om mechanische 

putverstopping te modelleren. De DBFT is herschreven in een algemene vorm om lineaire, 

radiale en bolvormige stromingsgeometrie te kunnen modelleren. Het oorspronkelijke model 

bevat een deeltjesfiltratie afhankelijkheid met concentratie en stroomsnelheid. De 

zogenaamde filtratiecoëfficiënt, die gebruikt wordt in dit model, beschrijft de beïnvloeding 

van het watervoerende pakket op deeltjesfiltratie. In dit model wordt deze filtratiecoëfficiënt 

vaak als constante verondersteld, maar daardoor worden niet alle filtratie processen juist 

gemodelleerd. In dit hoofdstuk is een filtratiecoëfficiënt die afhangt van de stroomsnelheid 

gedefinieerd. Er is een analytische oplossing van de DBFT afgeleid, waarin deze 

stroomsnelheidafhankelijke filtratie- coëfficiënt is meegenomen. Het model laat zien dat in 

convergerende stromingsgeometrieën de deeltjes voornamelijk worden afgevangen op plaatsen 

waar deze convergentie het sterkst is. Dit is te vergelijken met mechanische putverstopping, 
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waar de deeltjes in de buurt van een waterwinput worden afgezet. Door de 

stromingssnelheidafhankelijkheid van de filtratiecoëfficiënt wordt de afzetting van deeltjes 

nabij de put versterkt. In werkelijkheid hangt de filtratie verder af van andere factoren zoals; 

pH, poriegrootte en deeltjesgrootte. Een eenvoudige uitdrukking voor de filtratiecoëfficiënt 

(constant filtratiecoëfficiënt), kan de complexe filtratieprocessen niet juist beschrijven. Een 

uitgebreider, meer complexe filtratiefunctie kan leiden tot betere resultaten. Echter, voor 

niet-constante filtratiecoëfficiënten moeten numerieke routines ontwikkeld worden om de 

filtratiecoëfficiënt te berekenen voor experimenten. 

 

In Hoofdstuk 5 wordt het experimentele gedeelte van het proefschrift gepresenteerd. Er zijn 

twee typen experimenten uitgevoerd, waarbij gebruikt gemaakt is van dezelfde 

filtratieopstelling. Tijdens de experimenten zijn steeds minimaal tien afzettingsprofielen 

gemeten door middel van een CT-scanner. De eerste serie experimenten is uitgevoerd met een 

lineaire filtratieopstelling. De tweede serie experimenten is uitgevoerd met een nieuw 

ontwikkelde convergerende doorstroomopstelling. De lineaire experimenten vertonen een 

kenmerkend filtratie gedrag, namelijk: de deeltjes worden afgevangen nabij het injectiepunt. 

Voor deze experimenten is een programma gebruikt om de relatie tussen deeltjesfiltratie, de 

stroomsnelheid en de concentratie te onderzoeken. De lineaire experimenten laten zien dat 

het poreuze medium sneller verstopt wanneer suspensies met hogere concentratie geïnjecteerd 

worden. Door schaling van de tijd naar de totale hoeveelheid hematiet die geïnjecteerd is, 

verdwijnen de verschillen en zijn de afzettingsprofielen kwalitatief en kwantitatief nagenoeg 

hetzelfde. De in Hoofdstuk 4 gedefinieerde snelheidsafhankelijke filtratiecoëfficiënt is gebruikt 

om de filtratiecoëfficiënt en de δ-exponent voor de experimenten te berekenen. Het model is 

in staat om de experimentele data te matchen en om de niet-lineaire afhankelijkheid van de 

filtratie experimenten te beschrijven.  

 

Er zijn twee series experimenten uitgevoerd met de convergerende stromingsopstelling. Het 

verschil tussen deze twee series is de korrelgrootte van het zand dat gebruikt wordt in de 

experimenten. Hierdoor is het mogelijk om de afhankelijkheid van de deeltjesfiltratie van de 

aspect ratio te onderzoeken. Alle experimenten zijn uitgevoerd volgens hetzelfde 

experimentele procédé, waardoor het ook mogelijk is om de concentratie en de 

stroomsnelheidafhankelijkheid te onderzoeken. Er zijn oppervlakte complex vormende 

chemicaliën aan de suspensie toegevoegd om de oppervlakte lading van de hematietdeeltjes te 

veranderen. De zandhematiet interactie is daardoor veranderd van een aantrekkend naar een 

afstotend systeem. Dit is representatief voor het systeem in watervoerende pakketten, waarbij 
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de oppervlaktelading geen sterke rol speelt. Om de twee systemen te vergelijken is een 

experiment met de lineaire opstelling gedaan, waarbij HMP is gebruikt. Op basis van deze 

vergelijking wordt geconcludeerd dat oppervlaktekrachten een belangrijke rol spelen in de 

filtratie van deeltjes. Een uitgebreider onderzoek naar de rol van de oppervlaktekrachten 

wordt aanbevolen.  

 

De afzettingsprofielen die verkregen zijn door metingen met de CT-scanner tonen aan dat de 

deeltjes voornamelijk worden afgezet in de punt van de trechter. Deze observaties waren 

ondanks de lage signal-to-noise ratio van de CT-data mogelijk. Het afvangen van de deeltjes 

in de punt komt overeen met het afvangen van deeltjes dicht bij een waterwinput. In het 

conische gedeelte spelen twee processen een rol; erosie door de stroomsnelheid van het water 

dat deeltjes wil meevoeren en de formatie van bruggen door de convergerende geometrie, die 

de deeltjes juist weer afzet. Omdat de deeltjes voornamelijk afgezet worden in de punt van de 

trechter is dit laatste proces hier sterker. De afzetting van deeltjes nabij het injectiepunt is in 

nagenoeg alle experimenten te verwaarlozen 
 

De concentratieafhankelijkheid in de conische experimenten is hetzelfde als afhankelijkheid 

gemeten in de lineaire experimenten. Het zand verstopt sneller wanneer hogere 

deeltjesconcentraties gebruikt worden. Ook de aspect ratio speelt een belangrijke rol in het 

afvangen van deeltjes.  De afzetting van deeltjes in het fijnste zand is significant groter dan 

bij een experiment waarbij een grover zand gebruikt is. Deze observaties komen overeen met 

de afzettingscriteria die gedefinieerd zijn in de literatuur. 
 

Gebaseerd op dit onderzoek kunnen drie hoofdconclusies worden gemaakt: 

1) Deeltjesconcentratie beïnvloedt in sterke mate mechanische verstopping. 

2) De poriedeeltjes aspect ratio is een kritische factor voor het vormen van 

deeltjesbruggen. 

3) De stroomsnelheid beïnvloedt de vorming van een deeltjesbrug. De concentratie 

neemt toe bij een toename van de hydrodynamische sleepkracht. 
 

Er is door dit onderzoek een goed inzicht in de relatie tussen deze drie factoren en 

mechanische putverstopping verkregen. Gebaseerd op deze resultaten is er een meer praktisch 

onderzoek uitgevoerd naar preventieve methoden en innovatieve regeneratietechnieken. De 

resultaten van dit BTS onderzoek staan verder beschreven in een richtlijnenboekje om 

mechanische putverstopping te voorkomen. 
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