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Thoughts on Bank Filtering
 …
(Introduction of the Issue)
Content Summarization
Water production systems of bank filtering have been operating for long decades. We have considerable knowledge about the mechanical nature of filtering; however, the explanation of the microbiological effect mechanism is not fully elaborated. Today it is not sufficient only to give credence to the effectiveness of bank filtering – as János Nagy duly did it long ago – a guarantee for stable operation is also required.
In this article dimension free parameters of the similarity of bank filtering will be determined by means of dimensional analysis. A bridge between infiltration and microbiological processes will be created by the help of diffusion. The decrease of organic compounds during the infiltration process will be determined as the indicator of micro organism life symptoms: in the case of the natural process in Düsseldorf as well as the artificial process in Mühlheim the decrease of TOC
 (or rather BDOC
) is used as an indicator. By the help of the diffusional Reynolds number to be deducted, a couple of phenomena can be easily explained.
This article makes an attempt to create a more effective dialogue between operators and microbiologists. By raising the issues concerned, it intends to give a boost to extending the possibilities of further modelling.
Introduction
Let us have a look at the process of drinking-water production as it is shown by Figure 1. In this arrangement of frequent occurrence natural bank filtering means the first phase of water treatment, whereas the second phase is provided by the artificial technological process of the treatment plant.
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Figure 1: Natural and Artificial Water Treatment
A water treatment plant is built for the purpose of improving the quality of input water. In most cases the artificial process fulfils this task in a chemical sense.
The above term is also true for the natural bank filtering phase as in this case the input and output water is of different qualities thus it is possible to apply the “black-box” approach that is common in technical practice.
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Figure 2: “Black-Box” to Improve Water Quality
The rate of water quality improvement can be determined by means of the difference between input and output. In the case of a natural filtering process our task is to understand the phenomenon, whereas in the case of an artificial process we can reach our aim by applying deliberate intervention, which also includes the possibility of planning the treatment process.
Microbiologists refuse the black-box concept for their special field, and truly, a number of examples can be presented against the applicability of the principle. River and well water can be graded on the basis of microbiological analyses as well, suitability for consumption can be determined this way, too, among others. If we do not have a precise understanding of what happens within the “black-box”, we may consider the changes on the output side to be coincidental though they are definitely not. This is true above all for microbiological processes. However, in practice we rarely have the possibility of a detailed analysis of the processes within the black-box. The microbiological filtering along the river – well section is a non reversible process that provides us the desired improvements on water quality. Thus the “black-box” approach still seems to be valid.
In order to have a deeper understanding of the process of bank filtering, it is necessary to take into consideration all the effects and their consequences, with aspects apparently of no importance also included. We can hope for finding the answers to so far unanswered questions as well by creating a new synthesis of the allegeable facts and experience. Below we make an attempt to achieve this.
Bank Filtering Process Attributes
According to the science of applied hydrobiology [3], biological (microbiological) filtering happens on what we call a biological film or bio film. In the case of bank filtering, bio film formation can be considered determining and it includes biochemical, or aerobe processes, the simplified mechanism of which is shown by Figure 3.
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Figure 3: Simplified Effect Draft
According to what was stated above, the settling micro organisms take part in the decomposition of organic matters. As a result of this process running in the presence of oxygen, carbon dioxide is produced and besides, the propagation of living organisms can be observed.
The bio film seems to be a stable formation: however, by giving a more thorough examination to it we can see it as an active structure.
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Figure 4: Dynamism of the Bio film
Attachment needs a firm surface. The grains of the filtering layer provide the possibility of settlement. In the phase of growth, a propagation of micro organisms happens. This process takes place within the biological film already. The third phase can be named as dispersal. This part of the process is probably responsible for providing stability.
The permanently changing structure shows a construction ribbed in the direction to the depth.
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Figure 5: Ribbed Structure of the Bio Film
Water – as well as oxygen as organic nutrients – is transported into the ribs by convective transport, i.e. infiltration. Entering the film, however, happens by means of diffusion
. According to the latest research, diffusion can be considered as the most important process of maintaining the bio film. Figure 5 originates from a home page [9] where the relating phenomena are illustrated by the help of animation and arrows.
The „ribbed” structure highlights two points: on one hand it increases the surface in order to help the slow process of diffusion; on the other hand by thinning down, it makes dispersal possible thus limiting permanent growth and providing stability. The detached parts are then carried away by the river flow. Probably this is the reason why biological filtering layers usually form at the meeting points of the river reach and water-bearing layer. The location of this biologically active layer is given at the same place by [7], and its thickness is estimated between 0.5 and 1 m.
Now let us make an attempt to apply the above theoretical and practical statements to the conditions of bank filtering, and then analyse them from the aspects of suitability for modelling. The phenomenon, its location as well as its position are illustrated by Figure 6.
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Figure 6: Microbiological Filtering Forming along the Infiltration Route
The water volume of infiltration flowing through the biologically active zone first gets into the water-bearing layer, then the well. Based on the hypothesis, biological filtering happens within a narrow area, at the point of the connection to the bed, as a result, on further sections of the water-bearing layer only mechanical filtering takes place. According to the statements, most changes must happen in the biologically active layer, however, cleaning to a smaller extent can be presumed in the internal layers as well.
As it is shown by Figure 6, the length of the diffusion route depends on grain size. In the case of small size grains the route is shorter, whereas big size grains result in a longer diffusion route, which also means: in the case of small size grains a considerably larger specific surface is available for attachment, which offers more favourable conditions for the formation of  bio film sustained by diffusion. Experience shows, small size grains result in a more effective filtering [2], [3].
As a result of the biochemical effect mechanism illustrated by Figure 3, along the Danube-well route both organic nutrients (TOC) and O2 concentration should decrease. The results listed in Table 1 support this statement.
	Bank Section Characteristics

	Parameters
	The Water of the Danube
	Well Water

	
	Winter
	Summer
	Winter 
	Summer

	Szentendre Island

	TOC  [mg/L]
	2 – 4
	1.5 – 4
	0.4 – 2.4
	0.9 – 1.8

	O2  [mg/L]
	10 – 12
	8 – 11
	No data
	1.8 – 4

	Temp. [0C]
	0.1 – 3
	14 – 23
	7.3 – 7.8
	7.1 – 8

	pH [-]
	8.1 – 8.9
	8 – 8.2
	7.2 – 8.1
	7.1 – 7.7

	Csepel Island

	TOC  [mg/L]
	2.9 – 5.2
	1.8 – 4
	1 – 2.8
	0.9 – 1.6

	O2  [mg/L]
	No data
	7 – 12
	No data
	1.2 – 3.8

	Temp. [0C]
	- 2 – 8.4
	13 – 26.3
	9.9 – 10
	9.8 – 10

	pH [-]
	7.8 – 8.1
	7.8 – 8.7
	6.9 – 7.5
	6.9 – 7.7


Source: FV Zrt.

Table 1: Measured Values of the Danube and Well Water
Winter and summer periods show some difference, and the decrease of a considerable volume is obvious. We have some knowledge about the place and rules according to which the above decrease takes place.
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Figure 7: Changes of Organic Matter along the Infiltration Route
As it is shown on Figure 7, TOC decrease measured by UV absorption technology happens in near proximity of the river bed. Among others, based on the above fact it would be proper to assume that the “border of essential conditions for life”, i.e. the border of the biologically active zone spreads as far as the point where nutrients and oxygen are still provided in a sufficient amount. This does not presumably mean a sharp border as decomposition can take place without the presence of O2 as well.
The water thus having no organic carbon content neither means hazard to wells nor provide the essential conditions of living for pathogen micro organisms any longer. This way bank filtering provides a kind of biological (microbiological) protection to water by the deprivation of nutrients and oxygen. At the network feed point lower sterilization requirements occur, which means: a lower chloride dosage is needed. The observed phenomenon of natural filtering serves as a basis for the Mühlheim process [12]. However, the artificial process has the same aim: nutrient deprivation.
The Possibility of Process Modelling 
Having explained the effect mechanisms and conditions, we can deduct the formulas that describe the phenomenon.
The diffusion process can be described by Fick’s Law [6].
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where
C

TOC or O2 concentration [kg m-3]


w

filtering speed [m s-1]


t

time [s]


D

molecular diffusion factor [m2 s-1]


D*

thermal diffusion factor [kg K-1 m-1 s-1]


T

temperature [K]


F

source term or sink [kg m-3 s-1]
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differential operator
Analysing a stabilized state, we can see the partial, derived term of time become zero. Furthermore, with the thermal diffusion effect also disregarded, the Fick equation can be simplified as follows: 
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The source term can be approached by means of the following relationships:
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based on the process shown by Figure 7. Factor a and b can be obtained by the measurement illustrated by Figure 7.
The law of infiltration is also needed for the description of the phenomenon.
2. 
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where “h” means water level
and for the Equation of Continuity
3. 
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The above equation system needs to be solved so that the “border of essential conditions for life” can be proved. Only if we solve the equation system, can we gain an understanding of deeper processes, similarly to the case of another problem where the explanation of the phenomenon became possible through the solution of the diffusion differential equation [14].
However, this model does not reveal anything relating to the growth mechanism of micro organisms, though mathematical models describing the phenomena of life are to appear soon, at least according to [9].
Similarity Considerations Based on Dimensional Analysis
The comparison of two processes (e.g. filtering on the northern and southern bank) can be carried out by means of considerations based on the similarity theory. This is also possible without the solution of already known equations describing the process or with still unknown relationships. We can reach our aim knowing the dimensions of the different variables. This is possible by the help of dimensional analysis, which can determine similarity parameters by forming dimension free groups.
It is necessary to map the variables of the filtering process in the first step. The physical variables that play (or may play) a decisive role in the effect mechanism of filtering are shown in Table 2.
	Variables
	Symbol
	Dim.
	Comment

	Natural Constant
	1
	Acceleration of Gravity
	g
	m s-2
	Gravitation Field Strength

	Physical Parameters of Water
	2
	Kinematic Viscosity
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	m2 s-1
	

	
	3
	Temperature
	T
	K
	 

	
	4
	Density
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	kg m-3
	 

	Loading
	5
	Infiltration Speed
	w
	m s-1
	 

	Filtering Layer Attributes
	6
	Infiltration Factor
	k
	m s-1
	

	
	7
	Internal Permeability
	Ki
	m2
	

	
	8
	Grain Diameter
	d
	m
	ddominant 

	
	9
	Decomposition Factor
	a
	s-1
	Relating to TOC

	
	10
	Decomposition Factor
	b
	s-1
	Relating to O2

	
	11
	Length of Infiltration Route
	x
	m
	

	Diffusion Parameters
	12
	Molecular Diffusion Factor
	D
	m2 s-1
	

	
	13
	Thermo diffusion Factor
	D*
	kg m-1 K-1 s-1
	

	Chemical Parameters of Water
	14
	TOC Concentration
	TOC
	kg m-3
	 

	
	15
	O2 Concentration
	O2
	kg m-3
	 

	Hydrological Behaviour
	16
	Water Level
	h
	m
	 

	Time
	17
	Time
	t
	s
	 


Table 2: Variables of the Filtering Process
Infiltration and microbiological processes must have complex relationships. As an experiment, let us try to state to what extent this simple approach can explain the experienced phenomena and obtained measuring results.
Let us apply the method of [5]. The steps can be followed according to Table 3:
· Firstly, the dimension matrix will be constructed according to the table of variables.
The dimension matrix is made up by minor matrix A and B together. Enumeration of the variables in the columns and the dimensions in the rows is arbitrary. Thus the size of the dimension matrix is 4*17 in our case. Partition A limited on the right side is a square matrix and cannot be singular, which means 
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. Therefore such variables must be used here that fulfil the above requirement.
· Secondly, matrix D will be a unit matrix. The number of its rows is: 17 - 4=13, the same as the number of dimension free groups.
· Thirdly, with the calculation of the formula 
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 the table will be complete, which means: the elements of matrix C will be included in the bottom right-hand corner.

	
	
	
	Ki
	b
	g
	a
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	O2
	T
	w
	k
	h
	t
	ρ
	x
	D
	D*
	TOC
	d
	
	

	
	
	m
	2
	0
	1
	0
	2
	-3
	0
	1
	1
	1
	0
	-3
	1
	2
	-1
	-3
	1
	
	

	B
	
	kg
	0
	0
	0
	0
	0
	1
	0
	0
	0
	0
	0
	1
	0
	0
	1
	1
	0
	
	A

	
	
	s
	0
	-1
	-2
	-1
	-1
	0
	0
	-1
	-1
	0
	1
	0
	0
	-1
	-1
	0
	0
	
	

	
	
	K
	0
	0
	0
	0
	0
	0
	1
	0
	0
	0
	0
	0
	0
	0
	-1
	0
	0
	
	

	
	
	Π1
	1
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	-2
	
	

	
	
	Π2
	0
	1
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	-1
	0
	0
	2
	
	

	
	
	Π3
	0
	0
	1
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	-2
	0
	0
	3
	
	

	D
	
	Π4
	0
	0
	0
	1
	0
	0
	0
	0
	0
	0
	0
	0
	0
	-1
	0
	0
	2
	
	C = - (A-1B)T

	
	
	Π5
	0
	0
	0
	0
	1
	0
	0
	0
	0
	0
	0
	0
	0
	-1
	0
	0
	0
	
	

	
	
	Π6
	0
	0
	0
	0
	0
	1
	0
	0
	0
	0
	0
	0
	0
	0
	0
	-1
	0
	
	

	
	
	Π7
	0
	0
	0
	0
	0
	0
	1
	0
	0
	0
	0
	0
	0
	-1
	1
	-1
	0
	
	

	
	
	Π8
	0
	0
	0
	0
	0
	0
	0
	1
	0
	0
	0
	0
	0
	-1
	0
	0
	1
	
	

	
	
	Π9
	0
	0
	0
	0
	0
	0
	0
	0
	1
	0
	0
	0
	0
	-1
	0
	0
	1
	
	

	
	
	Π10
	0
	0
	0
	0
	0
	0
	0
	0
	0
	1
	0
	0
	0
	0
	0
	0
	-1
	
	

	
	
	Π11
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	1
	0
	0
	1
	0
	0
	-2
	
	

	
	
	Π12
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	1
	0
	0
	0
	-1
	0
	
	

	
	
	Π13
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	1
	0
	0
	0
	-1
	
	


Table 3: Dimensional Analysis Matrix
Based on the table above – by using the elements of matrix D and C – we can state the following dimension free groups:

	Π1 = Ki / d2
	Shape Factor, Ki = C d2

	Π2 =  b d2 / D
	

	Π3 =  g d3 / D2  
	

	Π4 =  a d2 / D  
	

	Π5 =  ν  / D = Sc
	Schmidt Number

	Π6 =  O2  / TOC
	Concentration – Concentration Ratio

	Π7 = T D* / D / TOC  
	The Criterion for Cross Effect

	Π8 = w d / D  
	Diffusional Reynolds Number

	Π9 =  k d / D  
	

	Π10 = H / d
	

	Π11 =  t D / d2 = Fi
	Fick Number


	Π12 = ρ / TOC
	Density – Concentration Ratio

	Π13 = x / d
	


Table 4: Obtained Dimension Free Numbers
The results obtained comply with the relationships deducted by [6] using a different method. According to the theory of similarity, the product or quotient of similarity numbers can be considered as a criterion as well.
	Π14 = Π8 /  Π9  =  w / k
	Ratio of Filtering Speed and Infiltration Factor

	Π15 = Π2  Π11  =  b t
	Rate of TOC Decomposition

	Π16 = Π4  Π11  =  a t
	Rate of O2 Decomposition

	Π17 = Π10  / Π13  =  H / x 
	Hydraulic Fall

	Π18 =  Π1  Π3 / Π5 =  g d Ki /(D ν)= d k / D = Π9
	Where Ki = k ν / g


Table 5: Additional Dimension Free Forms
Furthermore, we will concentrate on only a few relationships and deduct some conclusions based on them: 
· The ratio of concentrations plays an important role in the process.

· The Schmidt and Fick Numbers are important relating to the similarity of diffusional processes, 
· The diffusional Reynolds Number can be considered as the criterion for microbiological filtering. 
Hereby we will attempt to prove the last statement above. Let us start with the 
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 formula
where
d = dm
 the dominant grain diameter of the filtering layer, 

w
filtering speed, depending on loading
D
diffusional factor, an indirect “characteristic of water quality”
At first view, ReD includes all the most typical characteristics of filtering that affect the effectiveness of cleaning.
The determination of the numerical values of quantities included in the numerator falls within the field of hydrogeology: dm dominant diameter is determined by the help of a grain distribution curve, whereas filtering speed is obtained either by measurement or hydro geological modelling.
D diffusional factor relating to O2 in the function of temperature can be found in tables, its value is: 1,29 10-9 m2/s  at a temperature of 10 0C [9].
However, data relating to organic nutrients are much more difficult to be found. Literature of the subject gives a relationship between the Schmidt Number and the molecular weight of the organic compound as shown by the figure below:
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Source: [6] Szűcs, E. Similarity and Model
Figure 8: Relationship between the Schmidt Number and Molecular Weight
We need the mass number of the typical organic molecule of the river water. It is a simple task to determine the mass number if the formula of the molecule is given. The following one can be found in [7] originated from von Gunten (1991):
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based on which the mass number can be determined at an approximate value of  
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. By using the diagram of Figure 8 we obtain the following number: Sc = 8837. If we substitute this into the formula of the diffusional factor, the value of 
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 will be obtained as a result.
After the comparison of the numbers relating to O2 and organic matters, we can conclude that the diffusion of oxygen happens more easily as a higher value of the diffusional factor is given [9].
Below ReD values are calculated for some cases of typical filtering conditions:
	Slow Filtering
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	Filtering Speed:      0.2 m/hour
Grain Size:              0.3 mm

	Bank Filtering
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	Filtering Speed:      4 m/day
Grain Size:              dm= 1.3 mm 

	Rapid Filtering
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	Filtering Speed:      10 m/hour
Grain Size:              0.6 mm


Table 5: ReD Values for Different Cases of Filtering
The substitution values of the formula show that the same water quality is used in all the three cases, thus filtering speed and grain size mean the only difference. Experience shows that in the case of slow and bank filtering there is a biological activity existing whereas it cannot be measured or proved in the case of rapid filtering. As a result, if our assumption proves to be right, the ReD value as a criterion for microbiological filtering must be approximately between 500 and 11000.
The aim of the Mühlheim process [12] was to decrease TOC content of the water. At first view this concept seems to be a representative of the traditional water treatment technology, however, in this case the ozone grade does not serve the oxidation of iron and manganese, instead, its task is to “cut” long chain molecules. As a result of this cutting the molecular mass will be lower and the same happens to the Schmidt Number. Consequently, based on the formula 
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, with a viscosity remaining unchanged, the value of the diffusional factor increases. Thus, with the diffusional Reynolds Number, 
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 kept constant, speed w can increase in equal proportion. In the case of artificial filtering, the above speed growth is required due to the closed arrangement of a limited size in order to reach the appropriate capacity. Ozone treatment makes the growth of filtering speed possible by increasing the diffusional factor.
Conclusion
In the case of bank filtering, grain size and filtering speed obtained can be considered as filtering layer attributes whereas the diffusional factor is determined by the viscosity of water and the relative molecular mass of the organic molecules that can be found in it.
In the case of bank filtering, viscosity changes with temperature, however, only to a small extent whereas filtering speed is influenced by the existing water level of the Danube and loading caused by pumping. The dominant grain diameter of the filtering layer for a certain well can be considered as constant; however, it may vary in the case of different wells.
Based on our train of thoughts, the effectiveness of bank filtering can be determined according to ReD. The rate of deviation from the optimal value needs to be examined. This was given by means of theoretical discussion only within limits.
Through the study of other dimension free numbers obtained, the direction of further experiments can be determined and the volume of measurements to be carried out can be planned. Converting into being dimension free always means information “condensing”, thus the number of expensive measurements required for the verification of the relationships can be considerably decreased.
Our statements relate to aerobe processes. If the grain structure of the bank section is shifted to the direction of fine grained fractions, in a hydro geological sense permeability as well as producing capacity decrease, besides we also face the phenomenon of  well sanding. From a hydro biological aspect, the bank section susceptible to silting up becomes anaerobe. Though life does exist among anaerobe conditions – isolated from oxygen – as well, in this case bacteria of different types are active and they cause the iron and manganese content to concentrate in the treated water. According to microbiologists, relating to the anaerobe conditions, the pH value or redox potential are more informative. Table 1 shows the difference between the production systems of Szentendre and Csepel Islands as well though the pH value would be really useful if it was given for the biologically active layer.
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Figure 10.6b: Value of the Schmidt Number


for Water Solutions


M: molecular mass; T=293 ºK; ○ inorganic acids


● inorganic matters, x organic matters








� The author is not a hydro biologist but a former operator


� Lectured by: Ferenc Szilágyi PhD, Department of Sanitary and Environmental Engineering, Budapest University of Technology and Economic (BME)





� TOC: Total Organic Carbon


� BDOC: Biodegradable Dissolved Organic Carbon


� Diffusion can be defined as the transport of chemical compounds, during which process the density distribution of these compounds is equalized within the phase. The process of molecular diffusion happens in every case when there are compounds of different chemical potentials given. Considering speed, diffusion can be considered as a very slow process.
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