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1 Introduction 

High temperature aquifer thermal storage (HT-ATES) stores energy in the subsurface and makes 

use of extraction and infiltration of groundwater via wells. In such well applications, well plugging is 

a phenomenon that poses a risk to the sustainability of the energy storage system. In recent 

decades, a great deal of research has been carried out into the risk of well clogging for the drinking 

water production. For the extraction and infiltration of hot water in the groundwater system, the 

control of well clogging is also important. This WarmingUP sub-study addresses the question 

whether the risk of clogging is larger or smaller for HTO wells at higher temperatures, whether 

clogging occurs to the same extent or whether additional requirements must be imposed 

compared to existing guidelines for drinking water production. This report presents the first step of 

the research program on clogging processes in unconsolidated aquifers near high temperature 

storage wells. This report focusses on the effect of the temperature on the behavior of colloidal 

particles during injection. The effect of the release of colloidal particles near the production well is 

also an important aspect, but is not addressed in this report.  

The clogging mechanism involves the transport and deposition of colloidal particles in saturated 

porous media. This physico-chemical filtration is also important for river bed filtration and deep-

bed granular filtration in water treatment for instance. Colloid filtration models are used to 

simulate the deposition of colloids, viruses and bacteria. Classical models are based on the steady 

state particle transport equation without diffusion and apply to the first stage of the clogging 

process only. 

Section 2 presents such a filtration model as explained by De Zwart (2007) that includes a contact 

efficiency term. Section 3 collects expressions for the single-collector contact efficiency in physico-

chemical particle filtration that were proposed by Yao et al. (1971), Rajagopalan and Tein (1976) 

and Tufenkji and Elimelech (2004). The contact efficiency is calculated as a sum of individual 

transport mechanisms: Brownian diffusion, interception and gravitational sedimentation.  Diffusion 

by Brownian motion that results in contact with the collector grains is the dominant process for 

particles with diameters smaller than 1 µm. For larger diameters interception and gravitational 

sedimentation become more important. Interception takes place when particles that move along a 

streamline come into contact with the collector grains. Particles with densities higher than the 

fluid, in which they are transported, settle on the collector due to gravitational sedimentation. 

Section 4 proposes an extended filtration model that adds constitutive relations for fluid viscosity 

and density as a function of temperature. The model solves the flow equation that includes a 

damage function. This damage function scales the hydraulic conductivity as a function of deposited 

particle concentration. As a result, the hydraulic head in a groundwater abstraction well will be 

lower if clogging occurs for the case in which the abstraction rate is the same. However, for a 

situation in which the head in the abstraction well is controlled, the abstraction rate will decrease. 

This will affect the collector efficiency and the rate by which clogging takes place. Next the 

transport equation for the suspended particles is solved. The flow velocity and particle dispersion 

follow from the solution of the flow, the contact efficiency term relates to the flow velocity. The 

concentration of decomposed particles follows from the solution of a third equation and this 

concentration is used for calculating the damage function in the first equation.  Section 5 collects 

the results of a series of model simulations. The impact of temperature is outlined by a single 

simulation that needs to be checked by laboratory experiments. Section 6 presents the conclusions 

and outlines future research.  
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2 Filtration model 

2.1 Transport equation 

Filtration models that are used to describe micro removal in porous media often predict an 

exponential decrease in micro-biological particle concentration with travel distance. The models 

are based on a one-dimensional particle mass balance that include first order particle 

decomposition kinetics. This equation reads: 

 ( ) ( ) ( ) ( )
2

2
0, 0nc uc Dc uc uc

t x x t
  

   
+ + = − =

   
 

Here time (s)t  and space (m)x  are independent variables that denote time and space. 

Concentration of the suspended material  
3(kg/m )c  and the concentration of deposited material  

3 3(m /m )   are chosen as primary variable. The Darcy velocity is given by (m/s)u , the particle 

diffusion coefficient by 
2(m /s)D  and porosity is denoted as (-)n . The filter coefficient (1/m)  

is an empirical filtration coefficient, which ranges from 
-10.001m  to 

-10.1m  and couples  both 

equations. It transfers suspended material (particles) to deposited material (collector grains). The 

filter coefficient (not used in this article) relates to the decomposition rate  (1/s)dk  as dk v= , 

where  the interstitial fluid velocity (m/s)v  follows from the Darcy velocity as: /v u n= . 

If the assumption is made that particle diffusion is negligible, groundwater flow is in-compressible, 

subsurface porosity changes are small and the change of suspended concentration due to 

deposition is negligible, then the one-dimensional particle mass balance equation can be rewritten 

as:  

 0, 0
c

c uc
x t


 

 
+ = − =

 
 

Imposing initial conditions: 

 0, 0 for 0 and 0c x L t= =   =  

and boundary conditions at the inflow boundary: 

 , for 0c c x= =  

provides an analytic solution, which reads: 

 ( ) ( )exp , expc c x c u x t   = − = −  

This expression holds for a constant specific discharge and filtration coefficient and it must be 

noted that this filtration formulation can only be used in early states of clogging as the 

concentration of deposited material grows to infinity in time. 

The filtration coefficient can be related to porosity (-)n , collector efficiency (-)c   and the 

grain size diameter (m)gd  as: 

 
( )3 1

2
c

g

n

d
  

−
=  
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The collector (removal) efficiency follows from the empirical collision efficiency (-)c  and the 

collision probability (or collector contact efficiency) (-) . Under most conditions the collector 

efficiency is lower than the contact efficiency due to repulsive colloidal interactions between 

particles and collector grains Tufenkji and Elimelech (2004)). The collision efficiency expresses the 

number of particles depositing on the collector surface relative to the number of particles colliding 

with the collector. The collision probability (also written as p  or 0 ) follows from the number of 

particles colliding with the collector surface relative to the total number of particles approaching 

the collector (De Zwart (2007)). Column experiments are often used to determine the collision 

efficiency or attachment efficiency as current theories are in-adequate.  The next section provides 

some expressions for the collector contact efficiency.  

2.2 Collector contact efficiency 

The equation for the collector contacts efficiency is given by: 

 d i g   = + +  

where (-)d  is the efficiency due to transport by diffusion, (-)i  denotes the efficiency due to 

transport by interception and (-)g  represents the efficiency due to gravitational sedimentation.  

Dimensionless parameters (aspect ratio, Peclet number, gravity number, London number, Van der 

Waals number, (an additional) gravitational number and attraction number) that govern particle 

filtration are presented first. 

 

The aspect ratio rN  relates the particle diameter (m)pd  to the collector diameter (m)gd  and is 

given by: 

 
p

r

g

d
N

d
=  

The Peclet number peN  that expresses the ratio of convective transport to diffusive transport 

2(m /s)D  reads: 

 
g

pe

vd
N

D
=  

where  (m/s)v  denotes liquid pore velocity and 
2(m /s)D  Brownian diffusion. The Brownian 

diffusion coefficient follows from the Stokes-Einstein equation as: 

 
3

b

p

k T
D

d
=  

where 
-231.3806 10 J/Kbk =   is Bolzmann's constant, (Pas)  denotes the dynamic viscosity of 

the liquid and (K)T  expresses the absolute temperature. The ratio of particle settling velocity 

and flow velocity is expressed by the gravity number gN , which is given by: 

 
( )2

18

p p l

g

d g
N

v

 



−
=  



 

 

Clogging in high temperature storage wells   7/28 

where  3(kg/m )p  is the particle density, 
3(kg/m )l  expresses the liquid density and the 

gravitational acceleration is given by 2(m/s )g . This expression holds for 0p l −  . 

The London number loN  represents the Van der Waals attractive force between collector and 

particle as: 

 
2

4

9
lo

p

A
N

vd
=  

Here, the Hamaker constant A  is set to 
-2010 J . Van der Waals interaction energy to the particle 

thermal energy wN  reads: 

 w

b

A
N

k T
=  

This number can be used for an alternative formulation of the collector efficiency due to 

gravitational sedimentation. 

The attraction number represents the influence of the attractive Van der Waals force and flow 

velocity as: 

 
23

a

p

A
N

vd
=  

The dimensionless parameters will be used next to compute the collector efficiency. Yao et al. 

(1971) considers diffusion, interception and sedimentation and formulates the collision probability 

as: 

 2/3 2/3 23
2

3.94ya s pe r gA N N N −= + +  

Rajagopalan and Tein (1976) extend this formulation and include hydrodynamic interactions and 

the effect of van der Waals attraction on Brownian diffusion. 

 

 1/3 2/3 1/8 15/8 3 1.2 0.44 3.38 10ra s pe s lo r s g rA N A N N A N N − − −= + +   

 The collision probability according to Tufenkji and Elimelech (2004) reads: 

 

𝜂𝑡𝑢 = 2.4𝐴𝑠
1 3⁄ 𝑁𝑟

−0.081𝑁𝑝𝑒
−0.715𝑁𝑤

0.052 + 0.55𝐴𝑠𝑁𝑟
1.675𝑁𝑎

0.125 +  0.22𝑁𝑟
−0.24𝑁𝑔

1.11𝑁𝑤
0.053 

In this expression incorporating Van der Waals attraction and hydrodynamic forces are included in 

all three mechanisms. The equation is based on a numerical solution of the convection-diffusion 

equation with all particle-removal mechanisms and interaction forces considered. 

The Happel correction factor (-)sA , which is used by all formulations, depends on porosity (-)n  

and follows from: 

 
( )5

5 6

2 1

2 3 3 2
sA



  

−
=

− + −
 

where ( )
1/3

1 n = − . 
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3 Filtration model simulations  

3.1 Filtration simulation 

Error! Reference source not found. shows the outcome of a steady state filtration simulation 

without dispersion and compares the numerical solution (solid lines) to the analytical solution 

(dashed lines). The numerical discretization sets: 0.01 mx = , 5.0 st =  and applies a fully 

implicit schema; 

1.0 = . Model parameters are given by: 15.0 CT = , -4( , ) 1.28 10 m/su x t =   and 
20.0 m /sD = . Initial conditions read: 3( ,0) 0.0 kg/mc x =  and boundary conditions impose a 

fixed concentration at the inflow site: 3(0, ) 1.0 kg/mc t = . 

 

 
 

Figure 3-1 Steady state filtration without dispersion. 
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3.2 Collision probability simulation 

 

In this subsection three filtration tests are simulated in a porous medium with collector diameter 

𝑑𝑔 = 2 ⋅ 10-4 m, porosity 0.25n =  and intrinsic permeability 11 23.25679 10 m −=  . The 

empirical collision efficiency c  is set to 1. 

A head loss per unit length 1i =  is chosen in the first simulation where the temperature T  is set 

to 283.0 K . Under this condition the liquid density l  equals 
3999.86 kg/m  and the dynamic 

viscosity of the fluid   is -31.314 10 Pas . The Darcy velocity (m/s)u  follows from: 

 u Ki=  

where (m/s)K  denotes hydraulic conductivity. The hydraulic conductivity relates to the intrinsic 

permeability, the density of the liquid phase, the dynamic viscosity of the fluid and the gravitational 

acceleration coefficient 
2(m/s )g , which was set to 

29.81m/s . This relation can be written as: 

 
g

K



=  

 The actual velocity (m/s)v  is obtained from the Darcy velocity as: /v u n= . By using the given 

parameter set the actual velocity reads: 
-49.72 10 m/sv =   and the Darcy velocity 

-42.43 10 m/su =   for the first test. Figure 3-2 compares the expressions for the collision 

probability for the first test and varies the particle diameter between -710 mpd =  and 

-410 mpd = . Brownian diffusion, interception and gravitational sedimentation are given for the 

model presented by Tufenkji and Elimelech (2004). The influence of the hydrodynamic viscous 

interaction becomes more significant for increasing particle size.

 

Figure 3-2 Collision probability as a function of particle diameter (𝑇 = 15°C, 𝑢 = 21 m/d). 

 

In the second test the temperature is set to 353.0 K . This changes the dynamic viscosity and the 

density of the fluid. The dynamic viscosity of pure water as a function of temperature (Diersch 

(2004)) is given by: 

 
( )247.8/ 140.052.4318 10 10
T


−−=    
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The density of water relates to temperature and Diersch (2004) proposes a six order Taylor 

expansion which is approximated here by: 

 ( ) ( ) ( )
2 33 2 3 510 6.76 10 273 8.99 10 273 9.14 10 273l T T T − − −= +  − −  − +  −  

According to these relations the second test sets the dynamic viscosity  -43.542 10 Pas =   and 

liquid density 
3994.67 kg/ml = . By decreasing the head loss per unit length however, the 

velocity is kept the same as in the first experiment;  84 m/dv = , 21m/du = . Figure 3-3 presents 

the collision probability as a function of particle diameter at 80 C  and a decreased head loss. 

 

Figure 3-3 Collision probability as a function of particle diameter  (𝑇 = 80°C, 𝑢 = 21 m/d). 

 

As the viscosity of water decreases at higher temperatures, larger flow velocities can be maintained 

at equivalent hydraulic head loss near the production well ( 1i = ). In this case the velocity can be 

increased by a factor 3.7 up to 310 m/dv =  and 78 m/du = . 

Figure 3-4 Collision probability as a function of particle diameter  (𝑇 = 80°C, 𝑢 = 78 m/d). presents 

the collision probability for the third test as a function of particle diameter at 80 C  and an 

increased filter velocity. 

 

Figure 3-4 Collision probability as a function of particle diameter  (𝑇 = 80°C, 𝑢 = 78 m/d). 
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Table 3-1 and Table 3-2 present filtration model parameters for particle diameters -610 mpd =  

and -52 10 mpd =  .  Table 3-1 compares the outcome of the first and second test for equivalent 

Darcy velocity  21m/du = .   

Table 3-1 Filtration model parameters, equivalent velocity. 

number 
 
  

-610 mpd =  

21m/du =  

15 CT =   

-52 10 mpd =   

21m/du =  

15 CT =   

-610 mpd =  

21m/du =  

80 CT =    

 -52 10 mpd =   

21m/du =  

80 CT =   

   1.31E-03 1.31E-03 3.54E-04 3.54E-04 

l   1.00E+03 1.00E+03 9.95E+02 9.95E+02 

sA   1.15E+02 1.15E+02 1.15E+02 1.15E+02 

D   3.15E-13 1.58E-14 1.46E-12 7.30E-14 

rN   5.00E-03 1.00E-01 5.00E-03 1.00E-01 

peN   6.16E+05 1.23E+07 1.33E+05 2.66E+06 

gN   7.04E-04 2.82E-01 2.62E-03 1.05E+00 

loN   1.11E-03 2.77E-06 4.11E-03 1.03E-05 

vdwN   2.56E+00 2.56E+00 2.05E+00 2.05E+00 

aN   8.30E-04 2.08E-06 3.08E-03 7.70E-06 

ya   1.36E-02 2.98E-01 3.83E-02 1.07E+00 

ra   5.58E-03 5.21E-01 1.28E-02 1.39E+00 

tu   5.25E-03 3.58E-01 9.41E-03 7.24E-01 

ya   7.63E+01 1.68E+03 2.15E+02 6.01E+03 

ra   3.14E+01 2.93E+03 7.21E+01 7.83E+03 

tu   2.95E+01 2.01E+03 5.30E+01 4.07E+03 

 

The results in Table 3-2 indicate that the collector contact efficiency increases by a factor of 1.8 in 

case of high temperature storage at 80 C  compared to the drinking water production case when 

the groundwater temperature is 15 C  if Tufenkji and Elimelech (2004) model is adopted and small 

particle diameters of -610 mpd =  are considered. For larger particle diameters ( -52 10 mpd =  ) 

the collector contact efficiency increases by a factor of 2.0.   

 

Table 3-2 compares the first and third test where the near well head drop is equivalent 1i =  

setting the Darcy velocity to 21 m/d  for the drinking water production well and 78 m/d  for the 

thermal storage system.  
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Table 3-2 Filtration model parameters, equivalent head drop 

number  
-610 mpd =  

21m/du =  

15 CT =   

-52 10 mpd =   

21m/du =  

15 CT =   

-610 mpd =  

78 m/du =  

80 CT =   

 -52 10 mpd =   

78 m/du =  

80 CT =   

   1.31E-03 1.31E-03 3.54E-04 3.54E-04 

l   1.00E+03 1.00E+03 9.95E+02 9.95E+02 

sA   1.15E+02 1.15E+02 1.15E+02 1.15E+02 

D   3.15E-13 1.58E-14 1.46E-12 7.30E-14 

rN   5.00E-03 1.00E-01 5.00E-03 1.00E-01 

peN   6.16E+05 1.23E+07 4.92E+05 9.83E+06 

gN   7.04E-04 2.82E-01 7.10E-04 2.84E-01 

loN   1.11E-03 2.77E-06 1.11E-03 2.78E-06 

vdwN   2.56E+00 2.56E+00 2.05E+00 2.05E+00 

aN   8.30E-04 2.08E-06 8.35E-04 2.09E-06 

ya   1.36E-02 2.98E-01 1.57E-02 3.01E-01 

ra   5.58E-03 5.21E-01 6.03E-03 5.24E-01 

tu   5.25E-03 3.58E-01 5.48E-03 3.58E-01 

ya   7.63E+01 1.68E+03 8.81E+01 1.69E+03 

ra   3.14E+01 2.93E+03 3.39E+01 2.94E+03 

tu   2.95E+01 2.01E+03 3.08E+01 2.01E+03 

 

The results in Table 3-2 indicate that the collector contact efficiency hardly changes due to 

temperature differences if the head loss over a unit length remains the same.   

These findings indicate that the risk of clogging for high temperature storage systems is larger than 

the risk of clogging in drinking water production wells in the case that the velocity of pore water 

remains the same. However, Tufenkji and Elimelech (2004) constructed their correlation equation 

for predicting single-collector efficiency at low temperatures and laboratory tests at high 

temperatures are needed to validate the application under these conditions. Furthermore, the 

empirical collision efficiency might change resulting in an altered filter coefficient. The table 

indicated a decrease in viscosity by a factor 3.7 and density decrease by less than 1% for the 

thermal storage case compared to the drinking water production case. The impact of high 

temperatures viscosity and liquid density will be studied in the next section. 
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4 Extended filtration model   

The extended filtration model couples the flow equation, the transport equation for suspended 

particles and the box equation for deposited material and applies the collision probability function 

that was proposed by Tufenkji and Elimelech (2004). The permeability of the porous media is 

reduced by a damage function. This section presents a one-dimensional finite difference 

formulation. The appendix verifies the outcome of the sub-models with analytical solutions and 

presents a two-dimensional finite element formulation. 

4.1 Flow equation 

The actual pore velocity (m/s)v  follows from a one-dimensional flow equation (Van Esch (2010)) 

that is given by: 

 0S kK
t x x

    
− = 

   
 

as: / /v kK n x= −   . In this flow equation formulation  (1/m)S  is the storage coefficient, 

(m)  denotes hydraulic head, (-)k  is known as damage function and (m/s)K  express the 

hydraulic conductivity. This damage function scales the hydraulic conductivity as a function of 
deposited particle concentration. Specific discharge (m/s)u  relates to pore velocity as: u nv=  

where (-)n  is porosity. Initial conditions are given by: 

 0 for 0 and 0x L t =   =  

and boundary conditions at the inflow and outflow boundary read: 

 0 1for 0, for 1x x   = = = =  

A first order damage function that reduces the permeability due to deposition of particles is given 

by:  

 
1

1
k


=

+
 

where (-)  is the formation damage coefficient (De Zwart (2007)). 

A finite difference discretisation will be used to solve the flow equation. It applies a six-point 

molecule (central differencing in space and time) and Crank-Nicholson time integration. This finite 

difference approximation reads: 

 ( )
1 1 1 1

1 1 1 11

2 2

2 2
1 0

n n n n n n n n

j j j j j j j jn n

j jS k K k K
t x x

       
 

+ + + +

+ − + −+
   − − + − +

− − − =           

 

The amplification factor of the method can be written as: 

 
( ) ( )

( )

1 1 cos 1

1 cos 1

  


 

+ − −
=

− −
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where the diffusion parameter follows from: 22 /kK t S x =   . The method is unconditionally 

stable for 0.5 1   and the explicit approach ( 0 = ) is stable under the conditions 0 1   

or 

 
2

2

S x
t

kK


   

A  -factor close to 0.5 is preferable for accuracy as can be shown by a Taylor series expansion 

around the point ( , )j n  

 
2 4

21 1
2 122 4

c c
S kK S t kK x

t x x t x

      
− = −  +  

     
 

The algebraic set of equations that needs to be solved reads: 

 1 1 1

1 1

n n n

j j ja b c d  + + +

− ++ + =  

where: 

 

( )

1

2

1

2

1

2

1 1

2

,

2 ,

,

2
1

n

j

n

j

n

j

n n n

j j jn n

j j

k K
a t

x

k K
b S t

x

k K
c t

x

d S t k K
x







  
 

+

+

+

+ −

= − 


= + 


= − 


 − +
= + −     

 

4.2 Transport equation 

 

The transport equation for the suspended and deposited material (Tufenkji et al. (2003)) is given 

by: 

 
2

2
0, 0

c c c
n u D uc uc

t x x t


 

   
+ − + = − =

   
 

Initial conditions are given by: 

 0, 0 for 0 and 0c x L t= =   =  

and boundary conditions at the inflow boundary read: 

 for 0 and 0 forc c x c x= = = →  

A finite difference discretization will also be used to solve the convection-diffusion equation for the 

suspended material. This discretization applies a six-point molecule and Crank-Nicholson time 

integration. This finite difference approximation is written as: 
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For computations of in-compressible flow, without diffusion and constant porosity an alternative 

schema is used: 

 

1 1

1 1 1 0

n n

j j n n

j j

c c
c

x


+ +

− + +
−

+ =


 

This forward in time integration is preferred over the central in time integration because it does 

not show numerical wiggles or short waves with wave lengths 2 x . However, wiggles do not grow 

in time and persist in steady state so they are not related to instability but indicate in fact 

numerical in-accuracy (Vreugdenhill (1989)). 

 

The ordinary differential equation for the deposited material that applies Crank-Nicholson time 

integration reads: 

 ( ) ( )( )
1

1 1 1 1 0

n n

j j n n n n n n

j j j j j ju c u c
t

 
   

+

+ + +
−

− − − =


 

The amplification factor for the convection-diffusion model can be written as: 

 
( ) ( ) ( )

( )

1 1 cos 1 1 sin

1 cos 1 sin

cr

cr

iN

iN

    


   

+ − − − −
=

− − +
 

where the diffusion parameter reads: 22 /D t n x =    and the Courant number is given by 

/crN u t u x=   . The method is unconditionally stable for 0.5 1   and the explicit approach (

0 = ) is stable under two conditions 
2 1crN   , which can be rewritten as: 

 
2

2

2

2

n x nD
t t

D u


      

The restriction on the grid size holds if the condition 2peN   is met, where /peN u x D=   

denotes the cell Peclet number. A Taylor series expansion of the numerical schema to the point 

( , )j n  gives: 

 
2 2 3 4

2 21 1 1
2 6 122 2 3 4

c c c c c c
n u D uc n t u x D x

t x x t x x


     
+ − + = −  −  + 

     
 

The expansion reveals a numerical diffusion coefficient 
2(m /s)nD  that can be written as:  

 ( )
2

1
2 2n

u
D t

n
= −   

For positive values (
1

2
  ) the method adds diffusion to the solution, which is inline with the 

stability analysis. The condition that total diffusion should be positive provides a restriction on the 

time step: 22 /t nD u   for the explicit form. The procedure for selecting spatial and temporal 

discretization reads: 
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D n x
x t

u D


      

The solution is most accurate for 
1

2
 = . For this setting numerical diffusion disappears but other 

terms in the Taylor expansion still cause numerical errors. The condition  2peN   prevents over 

and undershoot problems (wiggles due to spatial inaccuracy). The algebraic set of equations that 

needs to be solved reads: 

 

 

1 1 1

1 1

1 1
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− +
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where: 
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d nc t u D u c

x x
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 ( )1 1n n

j je t u  + += −   

 ( ) ( )1n n n n

j j j jf t u c  = + −   

4.3 Coupling terms 

The discrete value of the damage function n

jk  follows from the concentration of deposited 

material n

j , which in its turn follows from the concentration of suspended material n

jc . The Darcy 

velocity at the center of a finite difference cell j  follows from the computed heads in the adjacent 

cells 1j −  and 1j +   as: 

 
1 1

2

n n

j jn n

j ju k K
x

 − +−
=


 

This velocity supports the transport equation for the suspended material and is used in the 

computation of the collector efficiency. The damage function discretization is given by:  

 
1

1

n

j n

j

k


=
+

 

The filtration coefficient that was proposed in the previous section follows from: 
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n n

j c j
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n
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  

−
=  

The collision probability n

j  depends on flow velocity. 

 



 

 

Clogging in high temperature storage wells   18/28 

5 Extended filtration model simulations  

 

This section presents two coupled flow and filtration simulations where the collision probability 

model that was suggested by Tufenkji and Elimelech (2004) is used. The first case simulates 

clogging of a drinking water production well for which the collision probability was presented by 

Error! Reference source not found. and numerical values where collected in Table 3-1. The 

extended filtration model computes Darcy velocity -42.43 10 m/su =   and a filter coefficient 𝜆 =

29.5 1/m that correspond to the preset values in the table as the collision efficiency was set to 

0.1m = . The second case simulates a high temperature storage system for which the collision 

probability was presented by Figure 3-2 and numerical values where collected in Table 3-2.  Here 

the extended filtration model computes a Darcy velocity 
-49.03 10 m/su =   and a filter coefficient 

30.81/m =  that also correspond to the tabulated data. 

5.1 Drinking water production simulation 

 

Figure 5-1 and Figure 5-2 present the outcome of the coupled flow and filtration simulation at low 

drinking water production temperatures  ( 10 C)T =  . For this problem there is no analytical 

solution available. The collector contacts efficiency formula given by Tufenkji is used, with 

particle diameter -610 mpd = , particle density 32650.0, kg/mp = , collector diameter 

-42 10 mgd =   and collision efficiency 0.1m = . The numerical schema uses: spatial increment 

0.005 mx = , time step 5.0 st =  and weight factor 0.55 = . The set of model parameters 

reads: temperature 10.0 CT = , intrinsic permeability 
11 23.26 10 m =  , liquid density 

3999.87 kg/ml = , dynamic viscosity 
-31.314 10 Pas =  , specific storativity 

-410 1/mS = , 

porosity 0.25n = , dispersivity 
-6 22 10 m /sD =   and damage coefficient 

30.1m /kg = . 

Initial conditions are given by: hydraulic head ( ,0) 0.0 mx =  and concentration dissolved 

particles 
3( ,0) 0.0 kg/mc x = . Boundary conditions impose a hydraulic head at both sides of the 

flow domain and set a constant dissolved particle concentration at the inflow side: left side head 

(0, ) 1.0 mt = , 

right side head (1.0, ) 0.0 mt =  and left side particle concentration 
3(0, ) 1.0 kg/mc t = . 
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Figure 5-1 Coupled time dependent flow (𝑇 = 15°C). 
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Figure 5-2 Coupled time dependent filtration (𝑇 = 15°C). 

5.2 High temperature storage simulation 
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Figure 5-3 and Figure 5-4 show the outcome of a coupled flow and filtration simulation at high 
temperature storage conditions ( 80 C)T =   . The collector contact efficiency formula given by 

Tufenkji is used, with particle diameter -610 mpd = , particle density 32650.0, kg/mp = , 

collector diameter -42 10 mgd =   and collision efficiency 0.1m = . The numerical schema 

uses: spatial increment 0.005 mx = , time step 5.0 st =  and weight factor 0.55 = . 

The set of model parameters reads: temperature 80.0 CT = , intrinsic permeability 
11 23.26 10 m =  , liquid density 

3994.67 kg/ml = , dynamic viscosity -43.5424 10 Pas =  , 

hydraulic conductivity -48.97 10 m/sK =  , specific storativity -410 1/mS = , porosity 0.25n = , 

dispersivity -6 22 10 m /sD =   and damage coefficient 30.1m /kg = . Initial conditions are given 

by: hydraulic head ( ,0) 0.0 mx =  and concentration dissolved particles 3( ,0) 0.0 kg/mc x = . 

and boundary conditions impose a hydraulic head at both sides of the flow domain and set a 

constant dissolved particle concentration at the inflow side: left side head (0, ) 1.0 mt = , right 

side head (1.0, ) 0.0 mt =  and left side particle concentration 
3(0, ) 1.0 kg/mc t = . 
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Figure 5-3 Coupled time dependent flow (𝑇 = 80°). 
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Figure 5-4 Coupled time dependent filtration (𝑇 = 80°C). 
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6 Conclusion  

The extended filtration model that was presented in this report, adds constitutive relations for fluid 

viscosity and density as a function of temperature to the one-dimensional particle mass balance 

equation with first order deposition kinetics. The filter coefficient in this equation follows from a 

collector contact formulation that was presented by Tufenkji and Elimelech (2004). The flow 

velocity that is used in both the mass balance equation of the dissolved particle concentration and 

the collector contact formulation is obtained by solving the flow equation. For a prescribed head 

loss, the flow velocity depends strongly on the fluid density and viscosity. The flow equation 

includes a damage function that scales the hydraulic conductivity as a function of deposited 

particle concentration. The damage function models the clogging process as the permeability is 

reduced when particles are deposited. The deposed particle concentration follows from a third 

mass balance equation.  

 

Figure 6-1 presents the collector contact efficiency or collision probability for a drinking water 

production well that operates at a temperature  of 15 C  at a near well filter velocity of 21m/d . 

 

Figure 6-1 Collision probability for a drinking water production well. 

 

Figure 6-2 presents the collector contact efficiency for a thermal storage system that operates at a 

temperature of 80 C  and a near well filter velocity of 78m/d . The head drop per unit length for 

both the drinking water production case and the thermal storage system case was set to one. The 

increase in pore water velocity at higher temperatures results from the change in viscosity and fluid 

density. Porous media properties like grain size, particle densities and intrinsic permeability were 

identical for both cases.  
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Figure 6-2 Collision probability for a thermal storage system. 

 

The results indicate that the collector contact efficiency hardly changes due to temperature 

differences if the head loss over a unit length remains the same.  However, Tufenkji and Elimelech 

(2004) constructed their correlation equation for predicting single-collector efficiency at low 

temperatures and laboratory tests at high temperatures are needed to validate the application 

under these conditions. Furthermore, the empirical collision efficiency might change resulting in an 

altered filter coefficient. For the  10  minute column test that was presented in this article, the  

extended filtration model simulation for hot water storage at 80 C  shows that the concentration 

of deposed particles is about four times larger than the concentration of deposed particles for 

drinking water production at 10 C  at the inlet point as can be seen in Figure 6-3 and Figure 6-4. 

 

Figure 6-3 Particle deposition for a drinking water production well. 
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Figure 6-4 Particle deposition for a thermal storage system. 

 

The simulations where made for a collision efficiency 0.1m =  and damage coefficient 
30.1m /kg = . At this moment however there are no experimental measurement available that 

support these numbers and their temperature dependency is unknown.  

The following steps are proposed in order to complete this preliminary research: extend the finite 

element implementation to an axi-symmetric 3D extended filtration model and make a simulation 

that supports the set-up of the laboratory experiment that are conducted by KWR. 

Future research should focus on: 

• back calculate KWR experiments, 

• expand number of experiments for other soil types, temperatures and particle mixtures, 

• examine the influence of mobilization of particles, 

• investigate the effect of loaded mineral particles, 

• examine effect of extra deposition of particles on the damage function due to thermal 

effect on the hydrochemical balance. 

 The three-dimensional version of the finite element code can then be used to check a real case HT-

ATES system. 
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