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1. Introduction

In the preparation of drinking water from surface sourc-
es, an important stage of treatment is filtering through a 
granular filter layer. Such a technique of purification, in 
combination with coagulation, enables effective removal of 
finely dispersed suspended particles. At elevated turbidity 
of raw water, filtration is used for post-purification after 
preliminary clarification of water by deposition or in a layer 
of suspended sediment [1, 2].

The water treatment plants commonly use rapid filters 
in which filtering is performed at a rate of 2‒15 m/h [3, 4]. 
These plants widely apply silica sand as a filter layer. As the 
purified water passes through a filtering layer, suspended 
solids “stick” to the grains of a filter layer, which reduces 
porosity but increases head losses in the structure. If the 
filter layer’s thickness is insufficient while the filter layer 
grains are large in size, there occurs a “breakthrough” of 
contaminants into the filtrate. Head losses that exceed the 
critical value or a change in the quality of the filtrate that 
is below the set magnitude are the condition for the transfer 
of the filter from a filtering regime to a regeneration mode. 
Using a water or air-water washing, captured contaminates 
are washed out of the granular layer, thereby restoring its 
filtering and retrieving abilities. The washing is carried 
out within a short period, but its intensity is approximately 
10 times larger than the intensity when filtering [1, 3]. The 
result is a significant amount of washing water (up to 10 % 

of the volume of treated water). Additional facilities and 
equipment are required to treat and pump the water used 
for the regeneration of rapid filters. These expenditures are 
additionally increased by the lost profit due to the fact that 
the treated water, rather than selling it to the consumer, 
is utilized for own needs of the water treatment plant. The 
specified factors render rapid filters among the most ex-
pensive facilities in water treatment technologies. Recently, 
especially in Ukraine, the cost of services to provide drink-
ing water has been continuously increasing. This is due to 
inflation, increased prices for electricity, the need to employ 
expensive imported reagents, and other factors. Reducing 
the amount of washing water in rapid filters will to a cer-
tain degree make it possible to bring down the rising cost 
of water to consumers. Therefore, it is an important task to 
explore ways to solve a given problem.

2. Literature review and problem statement

Among various solutions to reduce the amount of wash-
ing water in the regeneration of rapid filters, one can distin-
guish two directions. The first is a decrease in the number 
of washings by increasing the duration of operation of a 
plant under filtration mode. The second one implies direct 
improvement of the washing process. 

Let us consider the first direction. We should select the 
methods aimed at increasing contaminant capacity of a gran-
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ular filter layer by more uniform distribution of captured 
contaminants along its thickness. This can be achieved by 
applying some solutions that make it possible for the head 
losses and quality of the filtrate to reach critical values in a 
synchronized fashion. Such solutions include the following.

1) Filtration in an ascending flow [5]. In this case, at the 
beginning of a filtering cycle there is a high probability that 
the filter layer expands and contaminants “break through” 
into the filtrate.

2) Multiflow filtering [6], including diverting part of the 
flow to the lower layers [7]. Drainage-distributing system is 
located in the thickness of a filter layer, and part of the work-
ing height is not used for purification. Other disadvantages of 
this method are the colmatation of a drainage system or the 
possibility for the filter layer grains to penetrate the filtrate.

3) Multistage filtering [8]. Each type of a filter layer re-
quires a separate facility, the result being an increase in their 
number and a complicated structural scheme.

4) Application of designs where the filtering and flushing 
are implemented in perpendicular directions [9]. Porous par-
titions that separate the layers during washing prevent their 
mixing layers. It is possible to flush each layer separately as it 
is polluted. However, this requires a more elaborate design to 
prevent washing water overflow between the layers.

5) Application of a double-layer (or layered) filter layer 
with a decreasing grain size in the direction of filtration. 
The main disadvantage of a given technique is mixing layers 
when flushing. To reduce the possibility of mixing, materials 
with different densities are employed, such as anthracite 
(layer 1) and quartz sand (layer 2) [10, 11]. The first layer 
may contain the less costly, in comparison with anthracite, 
local materials: coconut shell [12], burnt palm bark [13], 
charcoal [14], etc. In addition to the difference in densities, 
grain filter layer must possess the required porosity, homo-
geneity, and resistance against abrasion. Meeting all the re-
quirements limits the choice of existing filtering materials of 
natural origin. For a multilayer filter layer, cheaper materials 
of artificial origin, as well as those with various character-
istics, are used: broken glass [15], granules of polystyrene 
[16] or polyvinyl chloride [17]. However, the difference in 
densities of the first and the second layer leads to yet another 
problem rather than mixing. The degree of expansion of the 
less dense upper layer is larger when flushing. As a result, 
it is required to place the grooves that remove the washing 
water at a higher level, this increases the possibility that the 
filter layer grains are washed away.

Porous fibrous polymeric materials can be employed to 
act as a filter layer, as an alternative to the grainy media [18]. 
Purification quality is not inferior to the effectiveness of fil-
tering through quartz sand or granules of foam polystyrene. 
Fibrous materials have far greater porosity; it is possible 
to fabricate porous partitions in a wide range of pore sizes, 
including a variable magnitude; it excludes washing away 
the particles of a filter layer and the mixing of layers when 
flushing. However, in order to regenerate a filtering layer 
made of fibrous material with a large thickness, it is required 
to conduct a more intensive washing, compared with a gran-
ular filter layer.

To prevent uneven washing and the formation of sludge 
accumulation zones, the drainage-distributing systems with 
shells made of fibrous porous polymeric materials have been 
actively used over the past two decades. It seems appropriate 
to use these shells not only to distribute the washing water 
evenly and to cut off the filter layer grains, but also for the 

post-purification of water that passed through the granular 
layer [19]. Suspended particles have a size much smaller than 
the filter layer grains. To cut them off, pores of the fibrous 
shells must be reduced. This leads to an increase in head loss-
es that can be compensated for by increasing the filter layer 
grain size and by applying a multilayer shell whose layer that 
captures the suspension has a small thickness.

On the other hand, it is possible to avoid problems that 
occur when the purified water passes sequentially through a 
granular layer and a fibrous layer by organizing parallel fil-
tering. To do this, it is required to arrange in the thickness of 
a granular filter layer vertical drainage elements with fibrous 
porous shells. The effectiveness of this solution requires 
scientific justification. There are various mathematical mod-
els that describe the process of filtering through granular 
[20, 21] and fibrous media [22, 23]. However, these models 
are hardly applicable to describe the parallel filtering of a 
low-concentrated suspension.

3. The aim and objectives of the study

The aim of the research undertaken is the justification 
of the effectiveness of parallel filtering through a granular 
filter layer and porous shells made of fibrous materials when 
purifying water from suspended solids.

To achieve the set aim, the following tasks have been 
solved:

– to develop a circuit of the rapid filter with vertical 
drainage elements (VDE);

– to construct a mathematical model that would describe 
the process of water purification by filtering during which 
the flows pass in parallel through a grainy filter layer and 
porous fibrous shells (PFS);

– based on the mathematical model, to conduct numer-
ical experiments; based on their analysis, to substantiate 
rational parameters of the device at which its effectiveness 
is maximal.

4. Materials and methods to study parallel filtering of 
a low-concentrated suspensions through granular and 

fibrous media

We shall consider a rapid filter that contains a filter layer, 
made of granular material, with vertical cylindrical drainage 
elements with porous shells made of polymeric fibrous mate-
rials (Fig. 1).

The layer of water in the over-the-filter space creates a 
head under which the purified suspension is filtered in paral-
lel through a granular filter layer (1) and PFS VDE (2). The 
flow rate that passes through VDE increases in the direction 
of filtering. Consequently, the speed of filtering in the gran-
ular layer decreases by its height. During this process, the 
filtering media are colmatating. As PFS is polluted, the load 
on the granular layer increases with the pollution front mov-
ing downwards. Water from VDE is collected and removed 
by a system of pipelines (3), and the filtrate that has passed 
the layer of the granular filter is discharged through a drain-
age system (4). The same system is used for the separation 
of water fed during regeneration of the granular layer. The 
washing water that contains contaminants washed from the 
granular layer, is discharged through a system of grooves (5). 
Flushing the granular filter layer is conducted in line with 
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a standard procedure. PFS are cleaned due to the friction 
of the filter layer particles, agitated in flushing, and a short 
water pulse in reverse direction at the end of the granular 
layer regeneration.

 

Fig. 1. Schematic of the rapid filter with VDE: 1 – layer of 
granular filter layer; 2 – VDE; 3 – system for removing the 
water filtered through VDE; 4 – system for removing the 
water filtered through a granular filter layer; 5 – grooves 
to discharge washing water; hg.m. – working height of the 

granular filter layer; hv.e. – VDE working height; hw – height 
of the layer of water above a granular filter layer

When constructing a mathematical model of work of the 
filtration structure, shown in Fig. 1, we accept the following 
simplification and assumptions:

1. Filtering in a granular filter layer is performed from 
top to bottom, part of the flow is discharged by VDE. VDE 
are evenly arranged in a granular layer; their influence on 
the structure of the filtration flow in horizontal direction 
can be neglected. Concentration of suspended solids in the 
purified water and filter layer grains depends only on the 
height and does not change over area of the filter. Such an 
approach makes it possible to model the process by using 
one-dimensional equations recorded in in a rectangular co-
ordinate system.

2. Filtering through PFS proceeds with the formation of 
a layer of sludge on their surface. The thickness of a layer of 
sludge is the same in the horizontal direction and depends 
only on the vertical coordinate.

3. The flow of purified fluid through a granular filter 
layer and PFS occurs under a laminar mode.

4. Contribution of diffusion in the transport of suspend-
ed solids during filtration in a granular filter layer of the 
system is small compared to other components.

5. In a granular filter layer, the mass transfer kinetics of 
suspended solids from the liquid phase to the solid phase is 
described by a linear dependence.

6. When passing through a granular filter layer, all par-
ticles in the suspension are captured equiprobably regardless 
of size, which is why it is possible to accept the distribution 
of particles of the suspension in the water fed to PFS to be 
the same as in the original. The structure of sediment at the 
surface of PFS over the entire height of VDE is the same, 
only its thickness changes.

7. Resistance of the drainage system (4) (Fig. 1) can be 
neglected.

8. Performance efficiency of the structure is constant 
over the entire time of filtration mode.

9. PFS has a layered structure and consists of an outer 
thin layer with the rating of filtering that ensures the re-
quired degree of purification, and an interior substrate with 
a large pore size. The substrate’s resistance can be neglected.

10. At the beginning of a filtering cycle residual concen-
tration of suspended substances in the filter layer grains and 
at the surface of PFS is zero.

With respect to the assumptions accepted, a mathemati-
cal model of the process of parallel filtering of a low-concen-
trated suspension through a granular filter layer and PFS 
VDE is based on the following equations and dependences.

1) Relationship between flow rate of the filtered water (or 
the speed of filtration) and head losses is described by the fil-
tration equation. For any point with coordinate z, which var-
ies from 0 to hg.m., one can write filtration equation in the form:

– for the granular layer

. .
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where Qg.m.(z, t) is the flow rate of water, which passes through 
a granular filter layer of thickness dz, m3/s; dQv.e.(z, t) is the 
elementary water flow rate, which passes through elementary 
area dFPFS=pNv.e.dPFSdz (m2), of PFS, m3/s; dPFS is the diameter 
of VDE, m; Nv.e. is the number of VDE; 

π
= −

2
. .

. . 4
v e PFS

g m

N d
F F

is the surface area of a granular filter layer, m2; F is the 
cross-sectional area of the working chamber of the filter, m2; 
Dh(z, t) are the head losses at a section from z to hg.m., m.; m is 
the dynamic viscosity, Pa∙s; r is the density of the filtered 
suspension, kg/m3; g is the acceleration of free fall, m2/s; 
Rg.m.(z, t) is the resistance of a granular filter layer, m-1; RPFS is 
the resistance of PFS, m-1; Rs(z, t) is the resistance of the 
layer of sediment at the surface of PFS, m-1; t is the time, s;  
z is the vertical coordinate, m.

At each point with coordinate z, the flow rate of water 
passing through a granular filter layer is equal to

Q g.m.(z, t)=Q‒Qv.e.(z, t), 	 (3)

where Q is the filter performance, m3/s; Qv.e.(z, t) is the flow rate 
of water passing through VDE at a section from 0 to z, m3/s. 

During parallel filtering of suspension through PFS and 
a granular layer, the condition for equality of pressure losses 
on both directions is satisfied. Thus, with respect to depen-
dences (1)–(3), we can record
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− =

π
. .

. . . .
. . . .
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By integrating equation (4), we obtain a dependence to 
determine water flow rate that passes through VDE
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Substituting (3) and (5) in expression (1), we obtain the 
equation of filtration for parallel filtering
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2) Resistance of the granular layer, PFS, and the layer 
of sediment at the surface of PFS, is determined from de-
pendences
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where rg.m.(z, t) is the specific resistance of the colmatated a 
granular filter layer, m-2; rs is the specific resistance of sedi-
ment at the surface of PFS, m-2; rPFS is the specific resistance 
of PFS, m-2; hs(z, t) is the thickness of a layer of sediment, m; 
hPFS is the thickness of PFS, m.

3) Specific resistance of the non-colmatated filter layer 
and the layer of sediment is defined from the dependence of 
Kozeny-Karman
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where n0g.m.(s) is the porosity of the non-colmatated granular 
filter layer (or sediment at the surface of PFS ); 

( )
( )

. . .
. .

6Ф
un g m s

g m s

F
d

=

is the specific surface of the filter layer grains (or sediment 
particles at the surface of PFS), m-1; Ф is the shape factor, for 
spherical particles Ф=1; k1 is the ratio of pore length to its 
diameter; dg.m.(s) is the equivalent diameter of the filter layer 
grains (or sediment particles at the surface of PFS), m. 

To determine specific resistance of PFS, in which the es-
timated parameter is not the size of a filter layer particle but 
the equivalent diameter of pores, we obtained formula [24]

=
2
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PFS

PFS

k F
r

n
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where nPFS is the porosity of PFS; Fun.PFS is the specific pore 
surface of PFS, m-1.

4) It is possible to calculate specific resistance of the col-
matated granular filter layer from dependence [25]
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where ng.m.(z, t) is the porosity of the colmatated granular 
filter layer.

5) A change in the porosity of a granular layer as a result 
of colmatation by the captured suspension is determined 
from expression

= −
γ. . 0 . .

( , )
( , ) ,g m g m

S z t
n z t n

	  
(11)

where g is the concentration of suspended particulate 
matter in the sediment, kg/m3; S(z, t) is the concentration 
of suspended particles captured on the grains of a filter 
layer, kg/m3. 

6) A change in the concentration of suspended particles 
on the grains of the filter layer is determined from the equa-
tion of mass transfer of suspended particles from the liquid 
phase to the solid phase

∂
= −

∂
( , )

( , ) ( , ) ( , ) ( , ),
S z t

b z t C z t a z t S z t
t 	

 (12)

the equation of suspended particles transfer by a flow of the 
filtered fluid makes it possible to calculate the concentration 
of suspended solids in the purified water

∂ ∂ ∂
+ + =
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where С(z, t) is the concentration of particles suspended in 
the filtered fluid, kg/m3; 

= . .

. .
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( , ) g m

g m

Q z t
V z t

F
 

is the filtration speed, m/s; а(z, t) and b(z, t) are the coeffi-
cients, respectively, of detachment and adhesion of particles 
in the suspension to the grains of a filter layer, s-1

7) Coefficients а(z, t) and b(z, t) are defined from depen-
dences:

= α
. .
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where a and b are coefficients that account for the physi-
cal-chemical properties of filter layer grains and the suspen-
sion filtered through it. 

8) Thickness of the sediment layer formed by the depo-
sition of suspended matter at the surface of PFS is equal to

−
=

π ρ ∫ . .
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t
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where Сcr is the concentration of suspended solids in the fil-
trate, kg/m3; rs is the density of the sediment captured at the 
surface of PFS, kg/m3. 

To solve equations (6), (12, (13), the following boundary 
conditions are accepted. 

Initial conditions: at t=0 С(z, 0)=Ccr; S(z, 0)=0.
Distribution of head losses for the thickness of a granular 

filter layer at the beginning of a filtering cycle is described 
by expression

( ) π  
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∆ =
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Boundary conditions: at z=0 C(0, t)=C0 (source water 
turbidity), S(0, t) is determined from equation (12). 

Thus, the system of equations and dependences (2), 
(3), (5)–(15), as well as the boundary conditions, underlie 
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a mathematical model of the water purification process by 
parallel filtering through a granular filter layer and PFS. 

To implement the mathematical model numerically, we 
introduced a grid (a discrete set of nodal points) in the region 
of change in the independent variables. Differential equations 
were replaced with approximate finite-difference analogues. 
Instead of functions of continuous argument, values for the 
desired parameters were found in the nodes of the grid.

In addition, at each time step, we employed the iteration 
method until the relative error exceeded the given value. At 
the first step of the iteration values of unknown parameters 
were taken equal to the values at the previous time step.

5. Results of theoretical study into effectiveness of 
operation of the rapid filter with VDE

Using the mathematical model constructed, we studied the 
effectiveness of application of the filtering structure with VDE. 

The criterion of effectiveness was selected to be the 
magnitude representing the ratio of duration of operation 
between washings of the filter with VDE T2 to the same 
parameter for the filter of traditional design T1 (no VDE). 

Parameters for a granular filter layer in the filter of tra-
ditional design were chosen in such a way that the duration 
of its filtering mode has a maximum value. A decline in the 
quality of the filtrate below an acceptable level (“break-
through” of contaminants) occurs approximately at the same 
time with the achievement of head losses limits. This allows 
a more objective comparison.

We also took into account that VDE, similarly to a 
granular filter layer, require washing. As previously stated, 
flushing VDE is carried out by the reverse current of water 
(from the inside to the outside) and has a less duration in 
comparison with a granular filter layer washing. Introduce 
parameter h=Тv.e./Тg.m., which represents the ratio of VDE 
washing duration to the washing duration of a granular filter 
layer. Therefore, parameter Т2/Т1 should be adjusted

′ 
=   ω  + η

ω

2 2

1 1

. . . .

1
,

1 VDE VDE

g m g m

Т Т
FТ Т
F

 
where 

′ 
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2

1

Т
Т is the efficiency criterion without consid-

ering additional water consumption for washing PFS; 
FPFS=pNv.e.dPFShv.e. is the surface area of PFS, m2; wVDE is the 
intensity of washing PFS VDE, (m3/s)/m2; wg.m. is the inten-
sity of washing a granular filter layer, (m3/s)/m2. 

It was accepted in the calculation that the intensity of 
washing PFS and the intensity of washing a granular filter 
layer are equal. The following structural and technological 
parameters were considered to be the basic factors: equiv-
alent diameter of grains in a granular filter layer, surface 
area, parameter h, working height of the drainage element. 
Values of these parameters changed in the following rang-
es: dg.m.2=(1.0¸1.25)dg.m.1; FPFS=(1.25¸5.0)Fg.m.; h=0.05¸0.15; 
hv.e.=(0.5¸1.0)hg.m..

Magnitudes of other parameters were taken to be constant:
– equivalent diameter of grains in a granular filter layer 

at which duration of the operation of filter with traditional 
design without washing is maximum dg.m.1=0.79×10‒3 m;

– working height of a granular filter layer hg.m.=1.3 m;

– cross-sectional area of the filter working chamber 
F=40 m2;

– filter performance Q=0.08 m3/s;
– porosity of a granular filter layer n0g.m.=0.4;
– PFS porosity nPFS=0.7;
– equivalent diameter of PFS pores dPFS=5×10-6 m;
– equivalent diameter of sediment particles ds=5×10-6 m.
Fig. 2 shows an example of calculation of dependence of 

the efficiency of application of VDE on the grain size in a 
granular filter layer and the resultant surface area FPFS/Fg.m.. 

 

Fig. 2. Influence of grain size and surface area of PFS on 
effectiveness of the operation of filter with VDE: 	

1 – FPFS/Fg.m.=1.65; 2 – FPFS/Fg.m.=2.50; 3 – FPFS/Fg.m.=3.35 

With an increasing equivalent diameter of grains, up to 
a certain point, the efficiency of filter with VDE increases 
almost linearly. After passing the critical value dg.m.2/dg.m.1, at 
which parameter Т2/Т1 reaches a maximum value, the contin-
ued growth in the size of grains leads to a sharp decrease in 
efficiency. With an increase in the PFS filtration area a max-
imum extremum is implemented at a larger value of dg.m.2. In 

Fig. 3 shows an example of calculation of dependence of 
the efficiency of application of VDE on the resultant surface 
area of FPFS/Fg.m. at different values of parameter h. Calcula-
tions are shown for dg.m.2/dg.m.1=1.08.

 

Fig. 3. Influence of the PFS surface area and parameter h on 
the operational efficiency of filter with VDE at constant value 

of dg.m.2/dg.m.1: 1 ‑ h=0,05; 2 ‑ h=0,1; 3 ‑ h=0.15 

With an increase in the number of VDE and, accord-
ingly, the surface area of PFS if a longer washing of VDE 
is required, the efficiency of their application is reduced, if 
with the increasing number of VDE the size of grains in a 
granular filter layer does not change. This effect can be lev-
elled off by selecting for each value of FPFS the rational value 
of equivalent diameter of grains, at which parameter Т2/Т1 is 
maximal (Fig. 4).

The distribution of sediment layer at the surface of PFS 
for VDE height was analyzed (Fig. 5). Fig. 6 shows example 
of calculation of change in the distribution of water flow 
rate that passes through PFS over the filtering mode of filter 
operation for the height of VDE.

Fig. 5 shows that the thickness of the sediment layer 
at the surface of PFS has the greatest value at the top of 
VDE. At the bottom, along section (0,7‒0,8)hv.e., sediment 
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is virtually non-existent. Similarly, Fig. 6 shows that at the 
bottom part, no water inflow is observed through PFS. Flow 
rate Qv.e. practically does not change for the entire period of 
filtration. 

 

Fig. 4. Influence of the PFS surface area and parameter h on 
the operational performance of filter with VDE at a rational 

value of dg.m.2/dg.m.1: 1 – h=0.05; 2 – h=0.1; 3 – h=0.15 

 

Fig. 5. Example of the calculation of sediment distribution for 
the height of VDE

 

Fig. 6. Dynamics of distribution of water flow rate, 	
filtered through PFS, for the height of VDE: 	

1 – t/T2=0; 2 – t/T2=0.5; 3 – t/T2=1 

It is logical to propose to exclude filtering through PFS 
along this section by making a partition impenetrable. This 
makes it possible to reduce the PFS area and decrease the 
amount of water for their washing.

Fig. 7 shows example of calculation of dependence of 
the efficiency of filter with VDE on its working height 
reduced to the thickness of a granular filter layer hv.e./hg.m.. 
An increase in the working height of VDE leads to an 
increase in the efficiency of their utilization. When the 
value of parameter hv.e./hg.m. approaches a critical magni-
tude, the efficiency increases dramatically and reaches 
the maximum value. Next, the effect of VDE application 
drops smoothly.

To study load distribution on VDE and a granular filter 
layer, we calculated dynamics of flow rate passing through 
VDE over the filtering mode of filter operation at different 
values of the surface area of PFS FPFS. In all calculations, for 
each value of FPFS, we chose the rational values of equivalent 
diameter of grains in a granular filter layer. An example of 
such calculation is shown in Fig. 8.

 

Fig. 7. Effect of the working height of VDE and parameter h 
on the operational performance of filter with VDE: 	

1 – h=0.1; 2 – h=0.2; 3 – h=0.3 

 

Fig. 8. Example of calculating the dynamics of 	
water flow passing through VDE: 	

1 – FPFS/Fg.m.=1.65; 2 – FPFS/Fg.m.=2.50; 3 – FPFS/Fg.m.=3.35 

Data in Fig. 8 show that at the beginning of a filtering 
cycle, as a layer of sediment forms at the surface of PFS, 
consumption of water Qv.e., passing through VDE, decreases. 
Next, a granular filter layer colmatates, consumption Qv.e. 
again increases and, by the end of the filtering mode, reaches 
the maximum value. With an increase in the number of VDE 
and, accordingly, the surface area of PFS, the load on VDE 
increases, not linearly, but with attenuation.

6. Discussion of results or research into water 
purification at parallel filtration through a granular 

medium and a fibrous medium

The existence of a maximal extremum in the dependence 
Т2/Т1(dg.m.2/dg.m.1) (Fig. 2) can be explained as follows. At 
a parallel filtering through a granular filter layer and PFS 
VDE, part of the load is redistributed on PFS. Filtration 
speed in the lower layers of the granular layer decreases, 
transport of suspended solids slows down. The lower layers 
are underloaded. In this case, a criterion for disabling the 
filter for washing is the achievement of head losses limits. 
Therefore, an increase in the equivalent diameter of grains 
leads to an increase in the operational efficiency of filter with 
VDE: reduced pressure loss, with simultaneous acceleration 
of the transfer of suspended matter to the lower layers. With 
a further increase in parameter dg.m., at some point, a crite-
rion for starting the regeneration is the “breakthrough” of 
contaminants into the filtrate. Further increase in the grain 
size of a granular filter layer leads to a sharp deterioration in 
the efficiency of VDE application.

An increase in the number of VDE and, accordingly, area 
of filtering through PFS, on the one hand, makes it possible 
to increase the load on PFS, on the other hand, leads to an 
increase in the volume of water required for washing. As a re-
sult, the increasing number of VDE leads to the attenuation 
in the growth of effectiveness or even worsening (Fig. 3, 4). 
It is possible to improve efficiency of VDE application as 
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a result of the selection of a rational value for equivalent 
diameter of grains and reduction in the surface area of PFS 
by eliminating inefficient VDE zones (Fig. 7). As shown in 
Fig. 5, 6, this region is located at the bottom of VDE. Weak 
intensity of filtering through PFS in a given area is due to 
the low speed of filtering through a granular filter layer. In 
the lower layers of a granular filter, there is virtually no tran-
sit flow, these layers are less colmatated, and the remaining 
thickness of a granular filter layer does not create such large 
losses of head as a finely porous fibrous shell. The flow of wa-
ter is redistributed in the direction of a granular filter layer, 
there is almost no inflow to PFS.

Consumption of water, which passes through PFS VDE, 
varies throughout the work of the structure under filtering 
mode (Fig. 8). At the beginning, sediment at the surface 
of PFS has a more significant impact on their throughput 
capacity: flow rate Qv.e. decreases. Next, the degree of col-
matation of a granular filter layer grows, the flow of water 
passing through it is reduced accordingly, the flow rate 
through VDE increases. With an increase in the surface 
area of PFS, the rational value of equivalent diameter of 
grains also increases (Fig. 2). A granular layer consisting 
of larger particles passes water with less head losses, which 
helps increase the flow through a granular filter layer. As a 
result, despite an increase in area FPFS, flow rate Qv.e. grows 
less intensively (Fig. 8).

The results of present research are qualitative in charac-
ter. Their practical value is that they justify the possibility 
to improve work of the rapid filter by applying VDE with 
PFS. The regularities of influence of basic parameters on the 
operational performance of the structure were investigated. 
We show the existence of such values of these parameters at 
which efficiency is maximal. The robustness of data obtained 
is confirmed by the fact that parameters for the filter and a 
granular filter layer are taken within the range of existing 
structures. Calculations that employed the given mathemat-
ical model for the filter of traditional design demonstrated 
results that correlate with actual values for the duration 
of a filtering cycle. In order to obtain specific quantita-
tive recommendations, it is required to conduct a further 
experimental study into physical-chemical properties of a 
particular filtered suspension. It is impossible now to solve 

this task theoretically. However, mathematical modeling can 
dramatically reduce the amount of experimental research.

To improve the reliability of results of theoretical re-
search reported, it is planned in the nearest future to carry 
out a comparison with data on the experimental study of the 
device operation whose schematic is shown in Fig. 1. 

In the future, we should consider filtering with a gradual 
blocking of pores in the porous shell. This would make it pos-
sible to extend the scope of application of the developed math-
ematical model, which takes into account only the formation 
of a sediment layer at the surface. The suspension captured by 
granular filters has a poly-dispersed structure, therefore it is 
impossible to completely exclude other types of filtration. 

The regeneration of PFS requires a more thorough in-
vestigation. Duration and intensity of PFS washing have a 
significant impact on the efficiency of VDE application.

7. Conclusions

1. We presented a fundamental concept and basic opera-
tional principles of the rapid filter with a granular filter layer 
containing VDE with PFS. Such a solution makes it possible 
to increase the duration of work of a filtration structure 
without washing.

2. A mathematical model is constructed of water pu-
rification at the rapid filter containing VDE with PFS. A 
filtration equation was derived to describe parallel filtration 
of a low-concentrated suspension through a granular medi-
um and a fibrous medium. This mathematical model makes 
it possible to calculate rational parameters of the device at 
which the efficiency of VDE application is maximal.

3. Using a mathematical model, we conducted numerical 
experiments. They showed that a significant impact on the 
operational efficiency of a filtering structure with VDE is 
exerted by the equivalent diameter of particles in a granular 
filter layer. The value of this parameter must be chosen in such 
a way as to prevent the “breakthrough” of contaminants into 
the filtrate. We also substantiated the expedience of excluding 
from the process of filtering an ineffective lower VDE zone 
(approximately 30 % by height). This reduces the extra amount 
of washing water required for the regeneration of PFS.
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