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ABSTRACT

The need for water production is increasing in urban populations. In conventional water
treatment plants, the filters are backwashed by treated water, which represents high long-
term costs. In order to obtain a highly effective production of water with a subsequent
reduction in production costs, it was proposed to feature a granular filter element with low
density and its potential to provide a down-flow rapid filter, which can represent a reduc-
tion in the volume of water used for backwash. The polymer used for this purpose appears
to be favorable; in addition, there are possibilities of recycling this material. A velocity of
6.08m/h for a 50% expansion was demonstrated, which is very low compared to conven-
tional filter elements (i.e. sand and anthracite). So, this element has shown great potential in
reducing the volume of water during the backwash process, as observed using mathemati-
cal models. The final quality of the filtered water still needs to be analyzed. However, the
permeability coefficient was determinate at 1.79 × 10−5 ± 2.87 × 10−6 m/s being satisfactory as
filtration. The outlook is that it may become an option for element filtration in down-flow
rapid filters for water treatment.

Keywords: Down-flow rapid filtration; Backwashing models; Granular media filters; Low
density; Effective production

1. Introduction

In large cities, with increasing populations, water
consumption has increased not only by individual
demand, but by industrial needs as well. With the
increasing levels of pollution in the sources of supply,
the prices of treated water are being incremented
according to the difficulties encountered, such as the
enlargement of treatment plants for higher flow rates
and the expansion of water supply networks. To assist
in the production of potable water at reasonable costs
and optimize production, this study was conducted to

acquire a new filter element with the prospect that
there may be a reduction in water used for backwash-
ing the filters in the production process. The reduction
in water use may also result in lower backwashing
time and related energy consumption reductions. The
performance of different media filters (sand, anthra-
cite, and garnet) were studied already [1], but did not
evaluate the density of the material with the amount
of water consumed during the backwash process. The
use of granular synthetics as a water treatment filter is
not widely explored, but exists [2]. In Norway, there
is the Skull red water treatment plant. This plant has
direct downward filtration technology with triple layer
filters (two layers of different plastic media and a*Corresponding author.
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layer of sand). This plant supplies 10% of the popula-
tion of Oslo since 1994 and is still in operation. Syn-
thetics are expensive compared to conventional filter
elements such as sand, anthracite, and garnet (easily
extracted from nature), so there would be a long-term
economic advantage. There is also the possibility of
using recycled materials for this purpose; however,
further studies must be administered, particularly
regarding the durability thereof.

To get to that stage, it is necessary to characterize
the filter element, the energy required for its proper
performance and other elements involved in the pro-
cess, such as water quality.

However, the aim of this study was to characterize
the polystyrene (PS) granules as a media filter, espe-
cially the density and performance during the back-
wash. Because it is a lightweight material, it is
believed that low velocities are required during ascen-
sional cleaning, to achieve high porosities, turbulence,
hydrodynamic shear stress, and shear rate, which ease
the cleaning process and could possibly generate sav-
ings in the process.

Experiments to obtain the characteristics of the
material such as grain size, initial porosity, density, and
hardness, as well as acidic and caustic resistances were
performed. Additionally, expansion tests were realized
for this material, in order to obtain the mathematical
model constants to simulate the performance during
backwashing, such as the minimum fluidization rate,
settling velocity, and the sphericity coefficient, among
others. Thus, it was possible to simulate the physical
mechanisms, with an amendment (hypothetical) of the
superficial velocities without an experimental compari-
son. The permeability coefficient was also determinate,
according to the physical aspects of the material.
Currently, physical–chemical aspects of the water or
the filter material were not considered, because it is a
theoretical analysis and it is the first observation of the
use of this material for this purpose.

2. Materials and methods

2.1. Material characterization

During the selection process, the objective was to
find a lightweight material with low density. There-
fore, polymers became the best candidates. Other
polymers were observed, such as acrylonitrile butadi-
ene styrene, polypropylene, and the same PS, but the
granulometry available on the market was larger, as
6mm, which is unfavorable. PS granules were selected
because they displayed similar characteristics (geome-
try and shape) of sand; they are light, inert, and com-
mercially available. PS is displayed in Fig. 1 below.

To verify that a material is capable of constituting
a filter, it has to be characterized by the following cri-
teria: size, sphericity, porosity, hardness, density
(which in this case needs to be lower, or a little higher
than that of water), and present acidic and caustic
resistances.

The granulometric test was performed on material
[3] as shown in Fig. 2 and Table 1, where are results
are obtained by the granulometric curve.

The initial porosity was determined according to
the methodology of AWWA [4] and through this
same calculation, the density of the material was
extracted. The porosity reached 0.382 ± 0.00045, with
a relative error of 0.11% and a specific density of
1.046 ± 0.0005 kg/cm, with a relative error of 0.05%.
The hardness was determined in the UFSC laboratory
of Materials Engineering and reached a value of
15.2 ± 1.15 HV (Vickers), with a relative error of 7.6%.

The caustic and acidic resistances were evaluated
with HCl e NaOH (1%) [5], and presented a loss of
0.18 and 0.07%, respectively. In addition to the physi-
cal and chemical characteristics of the material, expan-
sion tests were performed.

For the experimental expansion test, a transparent
acrylic column with a 60mm diameter and a height of
2m was used. It was built with a level chamber and
three levels were positioned to control head loss dur-
ing expansion. To test the backwashing, the material
was placed in a column with water (wet).

The element was supported by pebbles and stones
with granulometrics between 19 and 1.6mm and was
placed on a 20 cm layer of material, as shown in the
photographs of the expansion test and PS on the sup-
port layer in Fig. 3. The PS granules crossed the
support layer somewhat, but not to the point of
jeopardizing the operation of the system. The initial

Fig. 1. Polystyrene granules.
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permeability and its progress were not analyzed at
that time. The performance of the material during its
expansion was evaluated and the theoretical behavior
was analyzed during backwashing.

The fluidization test was conducted thrice. The fil-
ter bed with 20 cm describes a head loss curve (Fig. 4)
and the large standard deviations in the region near
the minimum velocity of fluidization. Therefore, the
experimental results were compared with the model
suggested by Wen and Yu [6] using Eq. (1).

Vmf ¼ l
qwdeq

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð33:7Þ2 þ 0; 0408Ga

q
� 33:7

� �
(1)

where Vmf =minimum velocity of fluidization, Ga =
Galileo number, given by Ga ¼ deq3gqwðqs � qwÞ=l2,
μ water viscosity to 25˚C, ρw =water density of 25˚C,
ρs = specific density of material, and deq = equivalent
diameter oxf granules.

According to the Wen and Yu model [6], the
minimum velocity of fluidization of the material is
0.248 ± 0.16 mm/s (0.89m/h). This value is within the
standard deviation presented by the experimental
result. The test result also shows fluidization at a
velocity of 1.69 mm/s (6.08m/h), which was achieved
by an increased expansion of approximately 50% as
shown in Fig. 5.

To determine the sphericity of the material, a pres-
sure drop was observed during the expansion tests
and its value was determined by the calculation based
on the Ergun equation, which is valid for fixed and
expanded beds, where KI = 150 and KV = 1.75 for fixed
beds and KV = 1, for expanded beds, for adjustment
values, on Eq. (2):

Fig. 2. Granulometric curve PS.

Table 1
Granulometric characteristics PS

Spherical polymeric polyestyrene

Characteristics Results E (%)

Minimum size 0.52 ± 0.03mm 5.7
Maximum size 1.25 ± 0.05mm 4
Effective size 0.66 ± 0.014mm 2.1
Uniformity coefficient 1.36 ± 0.024 1.7
Media grain diameter 0.87 ± 0.04mm 4.6

Fig. 3. (a) Acrylic column and level chamber built with level markers that indicate head loss during the expansion test
(b) the support layer of the material under analysis.
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hL ¼ KV
ð1� eÞ2
e3C2

e

lLV
qwgdeq2

þ KI
1� e
e3

LV2

Cegdeq
(2)

where KV = head loss coefficient due to viscous force;
KI = head loss coefficient due to inertial force;
ɛ = porosity; L = depth of granular media; V = superfi-
cial velocity; g = acceleration to gravity; d =media
grain diameter, and Ce = sphericity coefficient. This
material reached a value of 0.96 ± 0.086, with a relative
error of 4%. In fact, if the value of the sphericity of
the material is set to 1, then the results are not
changed significantly.

As with Cleasby and Fan [7], the terminal settling
velocity for this material was determined through an
experimental test with a glass column with water of
23.8˚C, and two marks counted the percolation time
for individual grains. This terminal settling velocity
achieved was 10.1 ± 1mm/s (32.65m/h), with a rela-
tive error of 9.9%.

With the results of the characterization of the mate-
rial, it is possible to equate through mathematical
models the behavior of the material during the
backwash. The PS material was compared with mate-
rials already known and studied, such as sand and
anthracite, as in Table 2 [7].

Fig. 4. Experimental results of the head loss curve according to fluidization velocity by the Wen and Yu model [6].

Fig. 5. PS expansion test (Expansion (%) x velocity (m/h)).
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where Vt is the terminal settling velocity and Ret is
the Reynolds number relative to the terminal settling
velocity. Low values of the settling velocity of the PS
beads showed that the material density is slightly
higher than that of water. It can be concluded from
this, that the duration of backwashing can be
impaired, thus requiring a longer time for completion
of the process.

In the equations presented by Turan et al. [8] and
Naseer et al. [9] (presented below) for the simulation
of the physical parameters of the backwash in conven-
tional media, sand and anthracite were used. Through
this parameter, it is possible to identify the influence
of density during the backwash and other physical
parameters of PS granules. In these equations, values
relative to permeability are not entered. This does not
mean that this amount is not relevant, as they influ-
ence this step in the process. However, the purpose is
to follow the model suggested by these authors. The
permeability parameters were not considered at this
time, but were investigated in a second stage.

With initial porosity determined by the AWWA
method [4], the superficial velocity variation was
assigned with values ranging from 0 to 83.3 mm/s
(300m/h). It was possible to calculate the theoretical
porosity of the material during cleaning (backwashing).
The idea was to observe the backwash performance
with increasing backwashing expansion, i.e. increasing
porosity. Obviously, there are differences between the
porosity of clean and dirty media filters. Based on this,
the variation of porosity was analyzed because of the
initial porosity of maximum value, i.e. 100%.

2.2 Backwashing models

The models presented by Turan et al. [8] and
Naseer et al. [9], describe the behavior of the media
filter during backwashing. In fact, the efficiency of
backwashing depends on other aspects: the physical–
chemical parameters, the number of active sites, and
the specific surface of the grain, but the suggested
models only consider the physical parameters.

When subjected to different superficial velocities
during backwash, the material reaches different
degrees of expansion and different porosities. Using
this parameter as a variable, equations were extracted
by the responses to the hydrodynamic shear turbu-
lence and the velocity gradient of PS granules was
used as a filter medium.

To succeed in solving the proposed equations, the
physical constants of the material were sought out.
Subsequently, there were related variables of porosity
and solid fractions, obtained through of the superficial
velocities assigned among 0–83.3 mm/s (0–300m/h).
Thus, it was necessary to follow the reasoning sug-
gested by the authors [8–10] to get the answers of the
physical parameters of backwashing. For all simula-
tions, a temperature of 25˚C was considered.

Expansion models of the fluidized bed: the correlation
of Richardson and Zaki [11] is widely utilized to
describe the characteristics of fluidized beds for spher-
ical grains, according to Eq. (3).

V

Vi
¼ en (3)

where V is the superficial velocity, Vi is the intercep-
tion velocity, n is the expansion coefficient bed, and e
is the fluidized porosity bed.

Cleasby and Fan [7] found that the non-spherical
grains of the bed behave differently during the back-
washing process compared with spherical particles,
and reached the following Eq. (4):

Vi

Vt
¼ 0:91w�0:4 (4)

where Vt is the terminal settling velocity and w is the
grain sphericity.

The superficial velocity of the fluidized bed is
always greater than the fixed bed. When the volume
of the grains in the filter is constant, the fixed and flu-
idized beds can be described as Eq. (5):

Table 2
Physical properties of the media filter

Materials Size (mm) Specific density (g/cm) Porosity deq (mm) Sphericity Vt (cm/s) Ret

Sand* 1.00/0.84 2.65 0.467 1.006 0.73 12.58 143
Anthracite* 1.68/1.41 1.73 0.597 1.516 0.46 6.95 118
Anthracite* 0.853/0.699 1.46 0.564 0.815 0.64 3.94 35.7
PS spheres (averaged) 1.25/0.52 1.046 0.382 0.87 0.96 1.01 8.99

*Data extracted from Cleasby and Fan [7].
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L

L0
¼ ð1� e0Þ

ð1� eÞ (5)

L is the depth of expanded bed, L0 is the depth of
fixed bed, ɛ0 is the porosity of fixed bed, and e0 is the
porosity of expanded bed.

The expansion coefficient with spherical grain can
be described as Eq. (6):

n ¼ 4:45þ 18
deq

D

� �
Re�0:1

t for 1\Re\200 (6)

According to Cleasby and Fan [7], non-spherical
grains can be described as Eq. (7):

n ¼ 4:45þ 18
deq

D

� �
Re�0:1

t wa for 15\Re\200 (7)

where a ¼ �2:9237w0:884Re�0:363 and Re ¼ qwVtdeq
l , and

D = column filter diameter.
These conditions are validated for a backwash with

laminar flow.
Power dissipation during backwash: As previously dis-
cussed, the efficiency of backwashing not only
depends on physical parameters, but also on the phys-
ical–chemical parameters, the number of active sites,
and the specific surface of the grain, among others.
However, the suggested models only consider the
physical parameters. In this case, the physical parame-
ters of the grain, which constitute the bed, are size,
density, superficial velocity, porosity, and the type
and amount of material deposited during filtration.

The velocity gradient and hydrodynamic shear are
very important to make provision for optimal clean-
ing. Camp presented the velocity gradient for laminar
flows in 1964 as τ = μG (where τ is the shear stress and
G is the average shear rate). As the backwash process
usually occurs in a regime transition states, the gradi-
ent can be written as Eq. (8):

G ¼ Pd

lð1þ CÞ
� �0:5

(8)

where Pd is the power dissipation and C is the dissi-
pation coefficient of turbulence during total dissipa-
tion energy.

The energy equation of backwash flow can be
described as Eq. (9):

s
du

dy
¼ a1qwV

3
�=KLm þ ba1qwV

3
�=KLm þ qwV

3
�=Ky

� �
eðn�1Þ

(9)

where β represents the randommotion of grains and a1 ¼
Vi=Vt

is a coefficient related to grain characteristics [12].
In this equation, the left-hand side represents the

energy produced by Reynolds stress and the right-
hand side represents the power necessary to suspend
the grains in unit volumes, the rate of energy removal
due to random motion of suspended grains such as
rotation, rectilinear motion relative to the fluid, and
the power dissipated by a turbulent motion of the
liquid phase. If the regime is laminar flow, these items
are underrepresented.

The von Karman universal constant flow with sus-
pended particles, K and Monin–Obukhov length, Lm,
are given, respectively, as in Eqs. (10) and (11):

K ¼ K0

ð1þ 2ð1� eÞÞ (10)

Lm ¼ V3
�

KgVtðqp
�
qw � 1Þð1� eÞ (11)

where K0 Von Karman universal constant for pure
water flow is 0.4 and (1−ɛ) is the fraction solids or
concentration. In addition, the specific density of fluid
and grain mixture ρa and the friction velocity V* are
represented in Eqs. (12) and (13). V* is used to
describe shear-related motion in moving fluids [13]:

qa ¼ qwð1þ ðqp=qw � 1Þð1� eÞÞ (12)

V� ¼ ðgqwðqp � 1Þð1� eÞD=4qwÞ0:5 (13)

Energy dissipation parameters: The model presented by
Turan [8] was developed to describe the influence
among different types of filter materials with regard
to the energy dissipation parameters such as hydrody-
namic stress, velocity gradient, turbulence dissipation
coefficient (Ca), and turbulence parameter ðCa0:5=ReÞ
in backwashing filters. Thus, the velocity gradient was
developed as Eq. (14):

G ¼ 8V�ðlnðqwV�D=23:2lÞ � 1Þ=KD (14)

Using the energy dissipation equation for backwashing
filters, the hydrodynamic stress can be obtained by
Eq. (15):

sa ¼ qwV
2
�e

ðn�1ÞððaD=6LmÞ þ 1Þ (15)
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where the coefficient α is show in Eq. (16):

a ¼ a1ð1þ bÞ ¼ 7Vi=Vt (16)

If Eq. (8) is arranged in average arithmetic, the turbu-
lence dissipation coefficient Ca can be calculated as
Eq. (17):

Ca ¼ ðsa=lG� 1Þ (17)

The turbulence parameter ðCa0:5=ReÞ, describes the
effect of the turbulence in the liquid phase, calculated
as Eq. (18):

Ca0:5=Re ¼ ðsa=lG � 1Þ0:5=Re (18)

where Re ¼ qwVdeq=l, V is the superficial velocity, and
deq is the equivalent diameter of the grain.

2.3. Permeability coefficient

The permeability coefficient was determined in
accordance with the Kozeny–Carman equation, as
shown in Eq. (19).

Kk ¼ ðDH=LÞ:qw:g:e3
2l:ð1� eÞ2:S2e :V1

(19)

where KK = Kozeny coefficient; ΔH =Head loss (m);
L = depth of granular media (m); ρw =water density
(kg/m3); g = acceleration due to gravity, 9.81m/s2;
e = porosity; μ =water viscosity; Se = specific surface
area, m−1; and V∞ = superficial velocity (m/s).

To find the head loss variation, it is necessary to
simulate the filtration with a pilot filter. The filter was
constructed of stainless steel with a 20 cm square sec-
tion, using the medium filter with PS granules (Fig. 6).

The relation L/d (layer’s height/specific diameter
of the grain) was approximately 1,426 [14]. The opera-
tion rate was 208 ± 1.01m3/m2.d with variable hydrau-
lic load. The raw water source Peri Lagoon (Santa
Catarina/Brazil), reaches a reservoir and is conducted
by a constant level chamber with a pump. This level
chamber has a hole which leads the water (already
with an established flow) until the rapid mixing unit,
which receives the polyaluminum chloride coagulant
at a dosage of 1.08 mg Al3+/L and a gradient rate of
1,200 s−1. The parameters were defined in bench tests
(jar-test). The employed technology treatment was a
direct filtration (coagulation–filtration). Then, after
coagulation, the water was referred to a second-level

chamber, which feeds into down flow filters. The filter
runs were completed when the head loss reached 2m,
which were controlled by piezometers. At the end of
the filter runs, backwashing was performed using the
following steps:

(1) The air was introduced into the bottom of the
filter bed, with a rate of 20 NL/min and a
pressure of 8 kgf/cm for 5min;

(2) After 5min of air, the wait time had an inter-
val of 1–2min (to ensure no loss of material);

(3) After step 2, water was introduced in an
upward flow for 22.8 m/h for 10min. The
expansion of the material reached 200%;

(4) The wait time was 1–2min apart and steps 1,
2, and 3 were repeated for a total of 36min of
backwashing.

With this process, the material was visually clean
and the backwash water was visually clear.

Nine (9) backwash procedures were performed
(between filter runs) according to the procedure
described. Based on this performance, the backwash
process was possible. However, the timings of the air
and water applications and their velocities should be
better analyzed and their values should be optimized.

3. Results and discussion

The objective of this study was to characterize
the PS granules as possible filter elements for rapid
filtration, compared to sand and anthracite. Cur-
rently, the physicochemical parameters were not
evaluated, only the physical parameters were charac-
terized, i.e. the particle size, density, hardness, acid,
and caustic resistance. By obtaining these values,
and following the mathematical models presented by
Turan et al. [8] and Naseer et al. [9], it was possible
to calculate the porosity, hydrodynamic shear stress
and turbulence. This suggested that the superficial
velocity with values between 0 and 83.3mm/s (300
m/h) and the expansion coefficients were also calcu-
lated by Eqs. (6) and (7). The results relative to
superficial velocity and calculated porosity are
shown in Fig. 7.

Fig. 7 illustrates an influence of the filter media on
the backwash rates necessary for the fluidizing med-
ium. It is noticed that the lighter grains should have a
lower velocity for backwashing. While PS spheres
need 2.2 mm/s (7.9 m/h) (expansion between 65 and
85%) to achieve porosity of 0.72 approximately, the
sand needs 50mm/s (180m/h) for the same function.
The deflections shown refer to a cumulative error of
experimental results.
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Once the porosity was determined, according to
the change of surface velocity, the hydrodynamic
shear stress was calculated. However, to arrive at their
values, it was necessary to first determine the friction
velocity, the α coefficient, and the Monin–Obukhov
length. The results were related to the porosity calcu-
lated, shown in Fig. 8.

The hydrodynamic shear contributes to the detach-
ment of the material adhering to the grains during fil-
tration, and breaks the flakes that were formed during
filtration, facilitating backwashing. In Fig. 8, a singular
behavior appears between materials. It is believed that
the hydrodynamic shear values are smaller with
smaller porosities, because the friction between the
particles is smaller due to low turbulence. The Fig. 8

presents its apex with porosities between 0.7 and 0.8
and increased porosity, the particles move away, thus,
reducing the friction and the hydrodynamic shear
stress.

Additionally, as seen in the results shown, PS
beads have lower hydrodynamic shear stress, low
velocity and high expansion (when compared to sand
and anthracite). In this case, the deviation is so small
that it is indistinguishable from the average. Thus,
depending on the characteristics of the raw water to
be filtered, the material retained by the filter and its
amount, this agitation will not be sufficient for the
detachment of particles. Therefore, this process will
require a supplement for this task (e.g. introduction of
air).

Fig. 6. Scheme of the pilot filter with PS granules as filter element (cm).
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At first sight, the best material would have a
higher density, because with a larger hydrodynamic
shear stress and increased friction, it would release
the detachment organic particles. However, this study
is intended for the treatment of drinking water, and
depending on the characteristics of the raw water, the
use could be recommended.

With these parameters of friction velocity (Eq. (13))
and the universal constant (Eq. (10)), it is possible to
calculate the velocity gradient (Eq. (14)). The results of
the velocity gradient were related to fraction solids,
shown in Fig. 9.

As seen in Fig. 9, the value of the velocity gradient
increases with the solids fraction and the specific den-
sity of the filter material [8]. In addition, it is noticed
that the lower superficial velocity will result in a
higher velocity gradient. In observation of the PS
beads, optimum shear conditions, or solid fraction of
about 0.31 of the velocity gradient is 78 s−1. Once the
velocity gradient and hydrodynamic shear stress coef-
ficient are determined, the dissipation of turbulence
coefficient can be calculated by Eq. (17). The results
were related to fraction solids and are plotted in
Fig. 10.

Fig. 7. The porosity calculated of the expanded bed vs superficial velocity of materials with different specific densities.

Fig. 8. Hydrodynamic shear-stress variation as a function of porosity for different media filters.
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The Ca value indicates the contribution of turbu-
lence fluctuations for the total energy dissipation in
a filter. In all cases, it is observed in Fig. 10 that
the maximum amount of Ca is in a solid fraction
of about 0.1, this coefficient decreases by increasing
the fraction of solids. It was observed that for these
specific cases analyzed, the higher the density of
the material, the greater will be the Ca. This may
mean that the power dissipation will be lower
when the material is lighter. However, this observa-
tion needs to be further analyzed, because accord-
ing to the bibliographies, the higher the density
and grain size, lower will be the dissipated
energy [8,9].

Finally, with the turbulence dissipation coefficient,
the parameter of turbulence was determined by
Eq. (18). As the other parameters, the turbulence
parameters are related to the values of solid fraction.
The results are shown in Fig. 11.

This parameter characterizes the effect of turbu-
lence and its intensities. It is observed that the
turbulence intensity increases by increasing the frac-
tion of solids. In addition, the specific density
increased and the size of the grains decreased. PS
granules are more susceptible to turbulence when
compared to anthracite and sand, which being heavier
(denser) need higher velocities and larger fraction
solids to achieve higher values of turbulences. In this

Fig. 9. Velocity gradient vs fraction solids.

Fig. 10. Turbulence dissipation coefficient vs fraction solids.
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case, the greater the solid fraction and turbulence
parameters, the greater the deviation. The turbulence
during the backwash assists in the detachment of
adhered particles during filtration. When the particles
are loose and smaller, they are carried out of the filter
more easily during the cleaning procedure.

To determine the permeability coefficient, the only
characteristic used was the parameter of the PS mate-
rial. In this case, the modeled backwashing parameters
were not considered. The head loss of the clean media
filter was measured at the start of each filtration,
which was 10 times. At this stage, different backwash

cycles and a decreased initial permeability, due to dif-
ferent head loss and initial porosity were considered.

For the initial porosity of 0.382 ± 0.0045, the head
loss (ΔH) and thickness filter media (L) relation were
0.27 ± 0.04m (27 ± 4 cm). Therefore, the permeability
coefficient of PS granules as a media filter in water
with a temperature of approximately 25˚C was calcu-
lated. Results can be seen in Fig. 12.

The permeability coefficient of this head loss varia-
tion, with the porosity decreasing due to filter clog-
ging was 1.79 × 10–5 ± 2.87 × 10–6m/s. The dotted line
indicates the variation according to the experimental

Fig. 11. Turbulence parameters vs Fractions solids.

Fig. 12. Curve ΔH/L on different stages of clogging of the filter according to the permeability coefficient.
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results. Compared with the coefficient of permeability
of the sand (usually found), the result for the granules
of PS was satisfactory, as in sand beds without fine
particles, for example (with a greater than 2mm diam-
eter), the value of the coefficient of permeability is
greater than 1 × 10−4 m/s, while in thin beds of sand
(less than 0.074mm diameter) the values found are
below this value.

4. Conclusions

According to the presented models and tests, it
appears that the physical characteristics of PS granules
showed a capacity to be used as a filter element for
down-flow rapid filters. However, the physical–chemi-
cal parameters, among others, must be analyzed. The
material has a particle size similar to sand with grains
approximately homogeneous. It presents a sphericity
of 0.96 ± 0.086 and low roughness, which although not
recommended for filtration proved valuable in the
backwashing process. The material is lightweight,
which was a sought-after characteristic for this study.
PS granules showed minimum fluidizing velocity of
approximately 0.248 ± 0.16mm/s (0.89 m/h) in experi-
mental expansion tests, which can bring economic
benefits to cleaning systems of down-flow rapid
filtration for drinking water treatment. It has signifi-
cant caustic and acidic resistances, generating no
by-products in water. It has a decreased hardness of
15.2 ± 1.15 HV, which corresponds to one MOH, but
has a notable plasticity, so that the material does not
break, but displays deformations, therefore, that fea-
ture must be evaluated for long-term use.

It is still premature to talk about the limits of use,
design, and implementation methodology, because
parameters relevant to these factors are still being ana-
lyzed. However, during backwashing, special care is
necessary because it is an element of low density. As
verified through experimental tests, expansion low
velocities are needed for the fluidization of the PS
granules, which would result in smaller volumes of
water during the cleaning process. However, it is nec-
essary to check other important parameters during the
backwashing process, such as the hydrodynamic shear
stress, the velocity gradient, and the turbulence
involved in the process of the detachment and break-
ing of the flakes adhered during filtration. These
parameters were modeled. It was modeled that a low
velocity is necessary to achieve a porosity approxi-
mated of 0.7 (expansion between 65 and 85%), or 18
times lower than the velocity applied to the sand so
that it reaches the same condition of porosity during
expansion. In addition, the velocity gradient needed
for the same fraction of solids would be six times

lower. Although lighter and smaller grains would
increase the rate of turbulence in relation to the larger
and heavier grains, they would present a low hydro-
dynamic shear-stress coefficient and low dissipation of
turbulence. Depending on the features of raw water,
this filter requires a support to increase the shear dur-
ing backwashing, in order to break the flakes formed
by the impurities retained during filtration. An
applied study on what would be the best way to
increase this shear is recommended. One possibility is
the introduction of clean air, which would be appro-
priate in this case, because lower airflow would be
sufficient, since it is a lightweight material. During the
experiment to determine the coefficient of permeabil-
ity, backwash procedures were performed after ending
the course of filtration. In this backwash process, air
was used to break the flakes formed during filtration
and the values of the pressure drop were recorded at
the beginning of each filtration process. The backwash
by air apparently shows good results, but must be bet-
ter analyzed.

The result of the permeability coefficient is satisfac-
tory. Additionally, this experiment indicated that this
element can be used as a filter medium and it is possi-
ble to perform backwashing, as the rate of backwash
(water) needs to be large enough to drag the particles
collected during filtration. These elements suggest that
in order to reach an optimum backwash velocity, it is
essential to know the raw water to be treated, because
the dragging depends on the characteristics of these
impurities retained during filtration. Additionally, low
settling velocities suggest that there will be a need for
more time to perform backwashing due to low
velocities.

Furthermore, other parameters still need analysis
for the use of this material, such as its filtration capac-
ity by filtration index, the action of the depth of this
filter, seeking the optimal thickness, and the final
quality of the filtered water. A further investigation of
the time necessary for backwashing, and whether the
main velocity decreases the volume of filtered water
used in the cleaning process will be explored.

As an advantage, the material exhibits a smaller
head loss in backwashing, showing the possibility of
cost reduction in the construction of cleaning systems,
or with the use of pumps with less power, or the
construction of lower reservoirs.

Acknowledgement

The author acknowledges the support of the
FINEP/HABITARE, FAPESC/PRONEX, and Cnpq
(National council of technological and scientific
development).
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List of symbol

Vmf — minimal fluidization velocity
Ga — Galileo number
μ — water viscosity to 25˚
ρw — water density to 25˚C
ρs — specific density of material
deq — equivalent diameter
KV — head loss coefficient due to viscous force
KI — head loss coefficient due to inertial force
e — porosity
L — depth of granular media
V — superficial velocity
g — acceleration to gravity
d — media grain diameter
Ce — sphericity coefficient
Vt — terminal settling velocity and Ret is the

Reynolds number relative to the terminal
settling velocity

V — superficial velocity
Vi — interception velocity
n — expansion coefficient bed
e — fluidized porosity bed
w — grain sphericity
L — depth of expanded bed
L0 — depth of fixed bed
e0 — porosity of fixed bed
Pd — power dissipation
C — dissipation coefficient of turbulence during

total dissipation energy
β — represents the random motion of grains
a1 ¼ Vi=Vt

— coefficient related to grain characteristics
K0 — Von Karman universal constant for pure

water flow is 0.4 and
(1� e) — fraction solids or concentration
ρa — specific density of fluid and grain mixture
V* — friction velocity
KK — Kozeny coefficient
ΔH — Head loss (m)
Se — specific surface area, m−1
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