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ABSTRACT
The deep bed filtration model elaborated by Iwasaki has many applications, e.g. solids
removal from wastewater. Its main parameter, filter coefficient, is directly related to
removal efficiency and depends on filter depth and time of operation. In this paper
the authors have proposed a new approach to modelling, describing dry organic mass
from septic tank effluent and biomass distribution in a sand filter. In this approach the
variable filter coefficient value was used as affected by depth and time of operation
and the live biomass concentration distribution was approximated by a logistic function. Relatively stable biomass contents in deeper beds compartments were observed
in empirical studies. The Iwasaki equations associated with the logistic function can
predict volatile suspended solids deposition and biomass content in sand filters. The
comparison between the model and empirical data for filtration lasting 10 and 20 days
showed a relatively good agreement.
Keywords: clogging, filter coefficient, mathematical modelling, sand filter, solids deposition, suspended solids, biofilm processes.

INTRODUCTION
Solids blocking, deposition and sedimentation
are one of main factors influencing flow conditions
of two phase (solid/liquid) mixture in different environments, e.g. in porous material, micro-capillaries and macro-canals [Santos et al. 2008].
Filtration through soil and other granular materials is one of the most common and the oldest
water [Valentukeviciene 2009] and wastewater
treatment technologies, both for solids – particles
[Cowan and Middlebrooks 1980] and dissolved
substances [Renman et al. 2008] removal. An
interesting use of sand filters is a disinfection of
secondary clarifier effluent [Langenbach et al.
2010] or sand filters backwash residual use for
the improvement of phosphorus removal in the
wastewater treatment [Valentukeviciene and Ignatavicius 2014].
These solutions are popular especially in
non-urbanized areas. These systems (sand filter
drainage proceeded by septic tanks) are still used

because of the simple construction and low costs
of operation, especially for individual systems.
Many studies [Duncan, 1994; Pell and Ljunggren
1996; Spychała 2003] showed that these systems
can work with a high efficiency of organic and
nitrogen compounds removal. The on-site (decentralized) systems have the potential for local
water retention and water loading reduction [Shehabi et al. 2003]. The main disadvantage of this
technology is a relatively high sensitivity to the
clogging phenomenon [Błażejewski and MuratBłażejewska 1997].
It is known that one of main factors affecting
clogging is solids loading and biomass growth. In
some conditions, such as high solid and dissolved
organic compounds loading and small media diameter (fine sand), solids accumulation in filtering media pores is a dominant clogging factor
[Farajzadeh 2004].
Existing sophisticated models require parameters, which often have to be derived from experiments, so there is still a need for a simple formula
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for infiltration rate and clogging time assessment
based on accumulated matter concentration.
In practice there is often the need to locate the
soil infiltration system in a non-optimal environment for soil infiltration e.g. in fine sand. Unfortunately, small grain and pore diameters are prone
to clogging [Nieć and Spychała 2014].
In this paper the authors have proposed a
model, which describes dry organic mass and biomass concentration in a sand filter as a function
of: inlet solids and dissolved organic compounds
concentration, hydraulic load, time of application, filter coefficient and filter depth.

MODELLING ASSUMPTIONS
Deposit of solids
Solids removal from a solution can be conducted as a process of deposition in the pores or
accumulation in front of the filtering layer surface
(external cake build up). The deposition inside
the pores is known as deep bed filtration [Farajzadeh 2004].
The deep filtration can be caused by various
mechanisms [Elimelech and O’Melia 1990]:
•• particle capture in porous media,
•• gravity segregation,
•• particle bridging,
•• size exclusion (particle capture dependency,
particle and pore size),
•• electrical forces (double electrical layer, London-Van der Waals forces).
There are several mechanisms of transporting
which are typical for large particles: interception,
diffusion, hydrodynamic action, sedimentation,
straining, ortho-kinetic flocculation [Keir et al.
2009] and removal mechanisms related to small
particles [Jegatheesan and Vigneswaran 1997;
Knowles et al. 2011], Brownian motion, electrostatic forces, surface area concentrations, bridging and coagulation.
Many authors [Loganet et al. 1995; Jegatheesan 1999; Zamani and Maini 2009] reported
that spherical plastic particles of 1 µm in diameter are too small for interception and sedimentation, and too large for diffusion and electrostatic forces to be significant for modelling. A
similar range of values, 0.7–2 µm, was reported
for influent and effluent of a horizontal subsurface flow in constructed wetlands in Spain by
Puigagut et al. [2008].
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Several authors [Zhao et al. 2009] found that
clogging occurred in a relatively thin upper layer
(0–15 cm) of filter and that clogging matter consists
of inorganic and organic solids in a form of sludge
and gels of high water content (60–70% of water).
Some important simplifications in modelling
are made commonly, e.g. assumption of capillary
tube flow with no transverse flow and no interactions between the particles and the wall. Usually
the mixing of the suspension and constant concentration according to the cross section is also
assumed [Fallah et al. 2012]. Other simplifications can be made in relation to the diffusion (e.g.
due to its negligibility in the mass balance equation [Farajzadeh 2004; Herzig, et al. 1970].
Classical filtration theory elaborated by Iwasaki [Iwasaki 1937] taking into account a solute
transport and mass balance equations [Logan
2001; Bradford et al. 2003; Foppen and Schijven 2006; Tufenkji 2007] is the most commonly
used approach for evaluating migration, retention
(sink term for solids deposition) and detachment
(source term for solids deposition) [Ives 1975]:

∂C
= −λC0 ,
∂h

(1)

∂σ
∂C
,
= −q ⋅
∂t
∂h

(2)

where: C – solids concentration in the filter
(VSS, g·dm-3);
C0 – initial solids concentration (VSS,
g·dm-3);
h – filter depth (m);
σ – specific deposit of solids (VSS g·sm-3);
q – hydraulic load of wastewater (m·d-1);
λ – filter coefficient (1·m-1);
t – time (d).
After integration, equation (1) can be written
in the form:

C = C0 ⋅ e −λh ,

(3)

The filter coefficient λ is believed to be a
dominant parameter in particle filtration (transport and deposition processes) through the filtering (porous) medium.
There are many approaches to filter coefficient evaluation in deep bed filtration:
•• macroscopic approach (macroscopic mass balance), where the filter coefficient corresponds
to the flow conditions of a single collector or a
bundle of single collectors (capillaries of very
small diameter sometimes);
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•• microscopic approach (microscopic trajectory
analysis) – where the filter coefficient reflects
the total collection efficiency as a summary
result of Brownian diffusion, interception and
settling [Fallah et al. 2012];
•• probabilistic approach – where the filter coefficient is changeable along filter depth due to
particle capture probability [Bedrikovetsky et
al. 2011].
In the microscopic approach other forces and
phenomena can be also taken into consideration
such as impaction, straining and surface forces
[Farajzadeh 2004].
The filter coefficient is directly related to removal efficiency and is variable with filter depth
and time of operation. The filter coefficient is
related mainly to a specific deposit of solids σ,
noted by many investigators [Jabur et al. 2005].
There are many formulae representing variability
of the filter coefficient. Most of them are derived
from the model proposed by Ives [1960; 1969].
Some authors have suggested a division of the
specific deposit into two parts: inconvertible and
convertible ones [Jabur 1976; Öllös et al. 1987].
Jabur [2005] proposed to introduce a slow sand
filter parameter, although the measurement of this
parameter is sophisticated.
The filter coefficient is related to filter depth
and time of operation and it has initial value (initial filter coefficient, λ0) depends basically on sizes of solids and filter grains [Bai and Tien 1996].
The filter coefficient λ has been associated with
specific deposit of solids σ in the form (eq. 4):

 σ max − σ 


σ
max



λ = λ0 ⋅ 

(4)

where: σmax – constant (maximum specific deposit of solids) (VSS g·dm-3),
λ0 – initial filter coefficient (1·m-1).

tion-like processes and in relation to this, the
determinative factor is a grain effective surface.
The approach presented in this study is based
on the assumption that the filter coefficient is
rather related to pore space than effective grain
surface. Such an approach corresponds to a high
concentration and relatively large solids particle
diameter.
Biomass concentration
This function is commonly described in the
literature [Tsoularis and Wallace 2002] and used
for the estimation of the population of plants
(Fresco 1973), animals [Aggrey 2002] and microorganisms [Zwietering et al. 1990], however, due
to the impact of numerous factors there is a need
for the empirical determination of some parameters, such as environmental capacity or growth
coefficient.
The following logistic model (eq. 5) has been
used by many researchers in unmodified and
modified forms, e.g. for live organism and biomass concentration [Begon and Mortimer 1981]:

σ b (t ) =

K

 K
1+ 
− 1 ⋅ e − r ⋅t

 σb
 o 

,

(5)

where: σb(t) – biomass concentration after time t
in days (g·dm-3);
K – environmental capacity – maximum
biomass concentration in particular environmental conditions (g·dm-3);
σb0 – initial biomass concentration (VSS
g·dm-3);
r – growth coefficient (1·d-1).
Total specific deposit of organic solids
The sand filter was divided into n number of
layers depending on the layer thickness Δh and
the height of filter h. In the j-th time step and for
the i-th layer the concentration were calculated as
follows:

Some examples of (λ0) values can be found in
the literature, for instance – reported by Campos
[2002], e.g. two values for algae accumulated in
the filter with grains of 227 µm diameter at two
− λ ⋅h
C j , i = C0 ⋅ e j , i i for i = 1, 2. n and hi = i ⋅ ∆
flow rate equal to 0.126 m·h-1 and flow rate equal
to 0.292 m·h-1: 199 1·m-1 and 140 1·m-1, respec- −λ j , i ⋅hi
(6)
C j , i = C0 ⋅ e
for i = 1, 2. n and hi = i ⋅ ∆h
tively. The common physical interpretation
of
where: C0 – initial solids concentration VSS at
filter coefficient is based on its dependency on
h = 0 (g·dm-3).
the effective surface of filter grains.
In conventional (Iwasaki) approach it is asIn the equation (2) the ratio dσ/dt of differsumed that particles (of relatively small diameential expression was replaced by retrograde
ter) are removed from the fluid mainly in adsorp(backward-difference formula):

99

- initial solids concentration VSS at h = 0 (g·dm-3).
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t
,
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(8)
dh

,
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Calculations using the equations (9) and
(10) were repeated for subsequent time steps

where: λ – filter coefficient taking into account
the total specific deposit of organic solids
(1·m-1);

Figure 1. Variability in filter coefficient l (a) and specific deposit of solids σ (b) in time and filter depth
riability in filter coefficient  (a) and specific deposit of solids σ (b) in time and filter depth.

el proposed by authors
100 of this article is based on the Iwasaki’s equations (1) and (2) [Iwasaki 1937]
ussed by [Ives 1960; Ives 1969; Ives 1975] with taking into account the biomass concentration
d by the logistic function (σb).
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the capture
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precise
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3 weeks of wastewater apdetailed information
related
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size distribution,
which
is sometimes
diffic
ult
or
impossible
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plication and samples for viable bacteria cells
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– there is
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at this
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5 cm
counting (as cell forming units – CFU) were
above the soil sample surface. The procedure altaken after 5 weeks. For the purposes of accuMaterial and method
lows to preserve the soil sample with undistribmulated biomass determination 30 g of sand
fication of model uted
parameters
structure.
samples were taken (3 samples for each filter)
ial value of filter coefficient
and 2,
forpipes
viable
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nsparent pipes were filled with a 1.0 cm layer of fine sand (according to Figure
marked
from cells counting – 60 g of
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After saturation of the soil (slow submergence into distilled water), the water
surface
was maintained
water
after
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5 cm above the soil sample surface. The procedure allows to preserve
the and
soil then,
sample
with
uted structure.
crystalline violet.
No BOD5 influence (in the range of 26.0·10-3
g·dm-3 – 143.0·10-3 g·dm-3) on variable bacteria concentration (CFU) in the sand filter was
found. The viable bacteria cells number in sand
in relation to the substrate concentration was
as follows: 3.3 ± 1.4·107 CFU·g-1 for 0.026 g
BOD5·dm-3, 4.0 ± 3.2·107 CFU·g-1 for 0.053 g
BOD5·dm-3, 4.2 ± 1.9·107 CFU·g-1 for 0.106 g
BOD5·dm-3, 3.8 ± 0.9·107 CFU·g-1 for 0.143 g
BOD5·dm-3 (n = 3).

During the study no maximum specific deposit
of solids was identified. So literature data
Figure 2. The sand filter test device for initial filter
were analyzed [Platzer and Mauch 1997] and
coefficient estimation
the theoretical value: 266 g·dm-3 of maximum
(measured as VSS) deposit of solids (σmax) was
Then the wastewater was added (concenproposed as 70% (30% maximum water content
tration of organic matter was equal (0.42 ±
was noted by Platzer and Mauch 1997) of the
e sand filter test device for initial
filter-3 coefficient estimation
0.04)·10-3 g·dm
). Organic matter concentration
investigated sand porosity (38%).
-3
difference
between
the
inlet
and
outlet
was
used
A logistic
g·dm-3).function
Organic (eq. 5) was assessed as
wastewater was added (concentration of organic matter was equal (0.42 ± 0.04)·10
to
estimate
initial
filter
coefficient
according
to
mostfilter
appropriate
for description of biomass
oncentration difference between the inlet and outlet was used to estimatetheinitial
coefficient
g to the equation: the equation:
concentration σb in respect to empirical data.
The basic term in this model K is reaching by
1 C 
0  ln  out 
(13)
the population a stable maximum concentration
l  C0 
,
(13)
(number)
after particular time due to the limited
environmental capacity. Several empirical data
where: Cout – outflow-3solids concentration (VSS
outflow solids concentration
(VSS
-3
(Table 1) were used for logistic function plotting
gˑdm
), gˑdm )
5
and fitting (Figure 3).
l – thickness of filtration
layer (m).
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Table 1. Data used for logistic function plotting and fitting
No.

Data source

1

Vinten et al. [1983]

2

Spychała and Błażejewski [2003]

3
4

Biomass concentration
(g·dm-3)

Filter depth
(cm)

Type of soil

0.150

1

5

4.550 (av.)

500

7–30

Siegrist [1987]

5.200

2130

5

silty clay loam

Siegrist [1987]

3.900

2130

8

silty clay loam

Spychała and Błażejewski [2003] did not observe the significant variability of biomass concentration in the filter up to the 30 cm of depth.
The depth of 7.0 cm was chosen as the minimum
distance from inlet filter surface, where no volatile suspended solids originating from wastewater
was observed (in a fine sand the suspended solids
are captured in a thin layer of filter – over 40% is
accumulated down to 5 cm). The following assumed fitting parameters were used: K = 4.550
g·dm-3, σb0 = 0.250 g·dm-3 and r = 0.11 1·d-1. The
high fitting was achieved (regression coefficient

Figure 3. Fitting of logistic function to empirical data

Figure 4. Relationship between predicted (fitting of logistic function) and measured biomass concentration σb
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Time
(d)

sandy loam
fine sand

0.99). The result of logistic function plotting was
shown in Figures 3 and 4.
Most of the experimental values were very
close to the modelling values for a relatively
long time – more than 300 days. It is worth to
note that the most probable clogging time in
practice is in similar range – several hundred
days. For this time of operation empirical data
values in deeper layers were in relatively narrow
range: 3.090–4.550 g·dm-3 of dry sand.
Experimental set-up
The assessment of biomass accumulation
and its impact on the Iwasaki model of sand filter clogging was carried out. The experiment was
conducted by using laboratory filters on fine sand
(effective grain size d10 and d60 were equal 0.1
mm and 0.3 mm, respectively; uniformity coefficient equal to 3) previously burned at 550 °C.
The wastewater samples were collected from
a single chamber (septic tank) of 3.0 m3 volume
(length: 1.85 m, diameter: 1.34 m) equipped
with an outflow filter made of porous material.
The wastewater originated from four people
family (two adults and two children). Average
wastewater outflow of four months was equal
to 105 dm3 per person per day. The concentrations of suspended solids and volatile suspended solids in septic tank effluent were (148.5 ±
17.9)·10-3 g·dm-3 and (93.0 ± 11.6)·10-3 g·dm-3,
respectively.
In order to accelerate the clogging process
it was decided to use concentrated septic tank
effluent. One of the best known procedures is
evaporation by heating up to the temperature
not damaging biological and organic material
(e.g. amino acids) structures. The concentrated
STE was prepared, using a vacuum evaporation
set described earlier [Spychała et al. 2013]. The
vacuum pump AT100B, which can generate a
pressure down to 2 hPa at 20 ºC was used.
The evaporation process reduces the temperature of wastewater and the heating is needed to
maintain the temperature at approximately 20 ºC.
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The concentrated STE (septic tank effluent) was
dosed with a COD of 1.606 ± 0.282 gO2·dm-3;
SS = 0.592 ± 0.228 g·dm-3 and VSS = 0.380 ±
0.003 g·dm-3. The solids range is comparable to
reported by other authors: 0.280 – 0.375 g·dm-3
of volatile suspended solids [Tehrani 2009]. After the predetermined time was achieved, the columns were disassembled. The specific deposit of
solids (identified as VSS) was measured at every
level of sand filter (each one cm layer of sand filter was burned).
The main experiment was carried out using
laboratory filters. Six transparent pipes of the
height of 30 cm and the diameter of 2.6 cm were
used (Figure 5 pipes: D - I). All the filters were
filled with a 14 cm layer of fine sand with the
same characteristic as used to estimate initial filter coefficient. The research on the three columns
was carried out for ten days and the other two
columns (pipe number I has broken-down during
the study) were continued for twenty days.
Input data used for modelling
Verification of the model was based on empirical research. The modelling data were plotted
for the specific deposit of solids (expressed as
volatile suspended solids) concentration in waste-

Figure 5. Experimental set up
Table 2. Input data used for modelling
Parameter

Symbol

Value

Hydraulic load (m·d )

q

0.02

Initial solids concentration (VSS,
g·dm-3)

C0

0.3804

Initial filter coefficient (1·m-1)

λ0

117

-1

Simulation time step (d)

Δt

1

Soil layer depth for calculation (m)

Δh

0.001

Maximum specific deposit of solids
(VSS g·dm-3)

σmax

266

water C0: 0.3804 g·dm-3 and this same value was
used during empirical research.
The experiment allowed the determination of
the following parameters used in modeling. Data
involved in modelling was presented in Table 2.

RESULTS
The result of the research showed that the total specific deposit of organic solids (expressed
as volatile suspended solids originated from STE
and biomass) depends on the filter depth.
The use of Iwasaki model without taking into
account the biomass concentration (σ) causes at a
depth greater than 3 cm that concentration drops
to zero (Figure 6a). Experimental results indicate
that the biomass growth is noticeable over the entire depth of the filter.
The biomass concentration should be added
as a result of dissolved substrate (organic carbon
measured as COD or BOD5) utilization by live
microorganisms (bacteria mainly). The approximated value can be taken from other investigations made under comparable conditions. In the
Spychała and Błażejewski [2003] study a live
biomass concentration was noted of about 5.0
g·dm-3 of dry sand. A comparable value can be
calculated using the graph given by Leverenz et
al. [2009] – 9.0 g·dm-3 of dry sand (12.0 mg·g-1 of
dry sand at 3.6 g TSS m-2·d-1 – the same value as
in Spychała and Błażejewski [2003] study).
The empirical data distributions (for 10 and
20 days of operation) were close to the model
lines. The results are presented in Figure 6. Both
in the case of empirically determined (measured)
and modelled biomass concentration distribution,
the highest values were obtained (model) and observed (semi-technical scale experiment) in the
thin, top filter layer: 0–3 cm of depth (Figure 6).
Similar empirical results were obtained by
other authors, e.g. Renman et al. [2008] – for carbon and nitrogen distribution in the sand column
during on-site wastewater application. A comparable distribution of biomass concentration as a
result of modelling bacteria growth in the sand
column supplied with substrate was obtained by
Brovelli et al. [2009]. It is worth noting that immobile biomass content with bio-clogging was
observed mainly in (for Courant number, Cr,
equal 0.1) the top 0–10 cm layer of filter, and in
the column without bio-clogging – in the thinner
top layer: 0–7.0 cm). The most similar values of
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a)

b)

Figure 6. Empirical data distributions and model results for 10 and 20 days of operation: deposit of solids (left)
and total specific deposit of organic solids (taking into account the biomass concentration sOT) (right)

vertical distribution in the sand column to this
study were obtained by Brovelli et al. [2009] for
substrate concentration – showing a drastic decrease of concentration below 3–4 cm filter depth.
It is an interesting fact that despite different
conditions and processes in unsaturated soils,
there are examples of modelled distribution of
matter (e.g. microbial) similar to saturated soils
in the filter vertical profile. Mostafa and Van Geel
[2007] presented modelled microbial saturation
dominated (over 95%) in the top 1.5 cm of the
peat column and a similar rate of content in the
top 4–5 cm of the sand soil filter.
The dry organic mass distribution in the sand
column vertical profile obtained as modelling and
experimental results during this study correspond
to other authors’ reports, especially for small grain
diameter soils such as fine sand [Zhao et al. 2009].
There are many examples of grain diameter
and clogging layer thickness association in the
literature. Burčak [1978] for example, reported a
very low clogging layer thickness (about 2.0 cm)
for intermittent filters with a 0.13 mm effective
grain diameter. Kawanishi et al. in turn [1989]
observed a very thin – 3.0 mm clogging layer in
andosols. Similarly, a very shallow clogging layer
was detected by Thomas et al. [1966], showing a
0–1.0 cm of filter depth. A similar but somewhat
higher clogging layer thickness was observed by
Siegrist [1987], which demonstrated several top
centimeters in this regard and by Laak [1986],
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who observed this at a depth of 0.5–3.0 cm, while
Miller et al. [1994] reported 30% of total solids
mass accumulated in the top filter layer (0–2.5
cm). The highest organic mass concentration in
the top (0.0–3.0 cm) layer of vertical filter of
0.25–0.5 mm grain diameter was observed by De
Vries [1972].
Some authors, therefore, suggested a significant role of large particles of suspended solids
inflowing with liquid to the filter [Vinten 1983],
highlighting the high ratio of large particles to the
whole mass accumulated in the clogging layer
(about half). However, others in the literature do
not confirm this association, reporting a lack of
correlation between total suspended solids diameter and clogging process velocity [Laak 1970].
The good convergence was achieved (regression coefficient 0.976 for 10 days of operation
and 0.952 for 20 days of operation). The results
were presented in Figure 7 and Figure 8.

CONCLUSIONS
In this paper the authors have proposed a new
approach to model, which describes dry organic
mass from septic tank effluent and biomass distribution in a sand filter. In this approach the variable filter coefficient value was used as affected by
depth and time of operation and the biomass concentration was approximated by a logistic function.
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Figure 7. Relationship between predicted and measured total specific deposit of organic solids (sTOT) after
10 days

Figure 8. Relationship between predicted and measured total specific deposit of organic solids (sTOT) after
20 days

The following conclusions can be drawn from
this study:

in the filter study was based on the literature
data; however, there are several procedures to
convert the measured distributions by mass or
volume [Rhodes 2008].

1. The Iwasaki model can be satisfactorily applicated as describing specific deposit of solids in
sand filter receiving septic tank effluent but the
extension the formula with the biomass concentration (resulting from dissolved nutrients
utilisation) is reasonable;
2. The new approach to the filter coefficient interpretation – is possible as related to accumulated biomass concentration, time and depth;
3. The novel approach was used to logistic function as a description of biomass concentration
in deep bed filtration assessment – a relatively
stable biomass (measured as volatile solids)
contents were observed in several empirical
studies [Spychała 2003; Siegrist 1987; present
study] after several hundred days of maintenance (300 - 2130 days) – about 3.9 - 5.2 mg
per 1 cm3 of small grain diameter filtering material (fine sand and silty clay loam);
4. The Iwasaki equations associated with logistic function are useful for the prediction of
mechanical and biological clogging in sand
filters;
5. Future studies related to live biomass concentration in porous media during sewage filtration are needed, beside the growth and decay
rate one very important factor is maximum
biomass concentration;
6. The further studies are needed for accumulated matter volume identification. In this
calculation the relatively high density (low
water content) of organic matter accumulated
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