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Abstract. Discharge of rinsing water from fast filters into surface water bodies as a way of their disposal is 
unacceptable for environmental reasons, and in some countries it is prohibited by law. Research by Russian 
and foreign scientists is aimed at studying the schemes for returning wash water to the main stream using 
reagent methods of clarification, ultrafiltration or filtration on ceramic filters. In this paper, the processes of 
removing suspended solids from rinsing waters by means of reagent-free clarification under static 
conditions of sedimentation facilities are considered. In this case, the treated water was exposed to mixing 
with Camp’s criterion obtained as a result of the analysis of the modes of movement in pipelines from the 
fast filter to the settling facility for the treatment of rinse water, as well as under conditions of additional 
mixing inside the treatment facilities either by stirrers or by aeroflocculation. Based on the analysis of the 
results of water clarification under the conditions of reagent-free sedimentation with stirring, mathematical 
dependences of the clarification effect on the Camp’s criterion, water temperature, initial content of 
suspended solids and clarification time were obtained. 

1. Introduction 
The contamination of surface water bodies (streams and reservoirs) with untreated wastewater under 

conditions of low water levels in recent year’s calls into question their use as a source of water supply to 
populated areas. An increase in the content of phytoplankton, an increase in the concentration of aluminum, 
iron and phosphates leads to the fact that water treatment plants cannot cope with the task of preparing 
water for drinking needs. The volume of untreated wastewater entering surface water bodies in the period 
from 2010 to 2017 constantly increased from 2503.45 to 3416.60 million m3 [1]. In 2017, 188645 tons of 
suspended solids, 504.98 tons of aluminum (as Al 3+) and 2137.02 tons of iron (as Fe2+, Fe3+ – all water-
soluble forms) were discharged into the rivers, which are one of the main components of the pollution from 
the backwash water of water treatment plants. 

For a long time, less attention was paid to the research of systems for reuse of backwash water from 
rapid filters and water after washing of sedimentation treatment facilities compared with the other aspects 
of the operation of water treatment plants for municipal and industrial purposes. In Russia (USSR), this 
problem was explored by V.G. Vodin, V.L. Draginsky [2], V.N. Kuznetsov [3], M.I. Urvantseva [4, 5], and 
others. In the foreign literature, the topic of backwash water treatment is reflected in the papers [6–10], 
which offer various technological schemes for treatment and directions for further use of these waters, as 
well as evaluating the possibility of returning them to the head of structures. The most widely presented 
results are on the introduction of ultrafiltration into backwash water return schemes [8, 11–14] or on special 
ceramic filters [14, 15], co-coagulation and ultrafiltration [16], as well as sedimentation in facilities with 
flotation [9]. The vast majority of publications on the topic of treatment of backwash water rapid filters 
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describe the process of clarification using a coagulant and (or) flocculant [9, 11, 17–20]. A survey of water 
treatment plants in the United States, where the requirement to recirculate backwash water from rapid filters 
is legally enforced, showed that 30 % of plants did not provide any treatment of backwash water. Among 
the plants that were treating 54 % used precipitation, 20 % – equalization, 14 % – precipitation and 
equalization, and 11 % – other processes [21]. Lilia Mazari and Djamal Abdessemed [19], unlike the others, 
investigated the possibility of reagentless treatment of backwash water and its use as a coagulant for 
clarification of feed water in the main flow. 

Sedimentation is the cheapest method of treatment, but it is also important to consider that in most 
cases, constructions for reuse of wash water are located far from filters (the source of waste wash water) 
and suspended particles are affected by hydrodynamic forces caused by the processes of stirring the 
volume of water when moving through the pipeline.  

The stirring intensity is usually characterized by the root-mean-square (RMS) velocity gradient (G) 
(often referred to simply as the velocity gradient) or its product for the stirring time GT (Camp criterion). 

Babenkov E.D. in [22] underlines that the minimum value of the RMS velocity gradient at which the 
destruction of flocs occurs is 100 s–1, and that there is the following dependence between the shear stress 

sτ  in the mixed medium and the velocity gradient:  

5 ,
2s Gτ = η                                                                    (1) 

where η  is the dynamic viscosity of the medium, Pa⋅s. 

In [22], the results of measurements of the shear stress of precipitation conducted by Baryshnikova 
and amounting to 1.5–6 mg/cm2 (0.14715 – 0.5886 Pa) are presented, and this corresponds to a RMS 
velocity gradient from 58.84 s–1 to 235 s–1. However, stirring has not only a negative effect on the 
suspended particles, but also contributes to the strengthening of the suspended solids and their intensive 
sedimentation. This paper presents the results of studies on the treatment of backwash water with different 
velocity gradients (with different Camp criteria) in construction for reuse of wash water. 

The aim of the study is to obtain the dependencies of reagentless clarification of backwash water in 
constructions for their reuse. The following tasks contributed to the achievement of the research aim: 

− determination of the magnitude of the RMS velocity gradient (G) and stirring time (T) during the 
movement of backwash water from rapid filters to their treatment facilities (construction for reuse 
of backwash water); 

− experimental study of clarification processes in modelling the stirring in the pipeline and in the 
pipeline, followed by the implementation of the second stage of stirring in a flocculation basin, which 
is part of the construction for reuse of wash water; 

− determination of influencing factors on the efficiency of clarification during the stirring and obtaining 
mathematical dependencies of the clarification effect when modelling stirring in the pipeline and in 
the pipeline, followed by processing in the flocculation basin. 

2. Methods 
2.1. Research objects 

The research was conducted at the water treatment plants (WTP) of the Central water supply system 
of Rostov-on-Don, involving a two-stage reagent scheme of water treatment: sedimentation followed by 
rapid filtration using the reagent flocculant-coagulant FL 4540 (polyDADMAC). At WTP chlorination (with 
liquid chlorine or sodium hypochlorite) is used to decontaminate and improve the coagulation properties of 
the suspended solids. The rapid filters consist of a single-layer filter of 0.5–3.0 mm quartz sand with a 
coefficient of heterogeneity 1.39 or 1.47. The filters are backwashed with clarified water from the clean 
water tanks supplied by pumps at an estimated flow rate of 12 L/s⋅m2. Currently, waste water is discharged 
through a system of beams in the Don river. 

The quality of waste water after washing the rapid filters throughout the year is characterized by a 
concentration of suspended solids from 30 to 400 mg/dm3 and color from 29 to 47 Pt-Co units, despite the 
fact that the feed Don water is characterized as "low-color" for most of the year. The indicators "Total 
alkalinity", "Active reaction of the medium (pH)", "Temperature" in the wastewater were equal to or slightly 
different from the values in the feed water. Total alkalinity was in the range from 1.8 to 4.9 mmol/dm3, active 
reaction of the medium (pH) was in the range 6.6 – 8.21 with a predominance of values in the range 7.0 – 
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8.0, and temperature varied from 0.1 °С (winter) to 29.5 °С (summer). Residual concentrations of FL 4540 
in the backwash water ranged from less than 0.02 to 0.23 mg/dm3. 

2.2. Description of flocculation process 
The formula for calculating the RMS velocity gradient for a gravity pipeline takes the following form: 

2
,V igG =

ν
                                                                      (2) 

where V is velocity of water movement in the pipeline, m/s; ν  is kinematic viscosity of water, m2/s; i  is 
pipeline gradient.  

Converting the formula (2) and involving the determination of the flow velocity by the Chezy equation, 
and the Chezy factor included in it by the formula of N.N. Pavlovsky, we obtain 

( )( )1 30.25
,

ng diG
n

+
=

ν
                                                      (3) 

where n  is friction factor in the Chezy formula, which depends on the pipeline material; d  is internal 
diameter of the pipeline, m. 

In fact, (3) is a linear dependence of the RMS velocity gradient on the pipeline gradient where the 
angle of the line to the abscissa axis depends on the diameter and material of the pipeline and the 
temperature of the transported water (Fig. 1). It should be noted that the value of friction factor should be 
taken from reference data, but not in a consistent manner, as is recommended for hydraulic calculations of 
gravity (n = 0.014) or pressure networks (n = 0.013). The design of gravity pipe from filters is usually 
performed on the calculated flow rate from simultaneous backwash of filters (one or two), while the geodetic 
gradient coincides with the hydraulic one. The conditions of a real multi-functioning pipelines for drainage 
of backwash water from rapid filters are characterized by a probabilistic distribution of costs values, coming 
in it and reduced pipeline capacity due to different factors that can incur an increase in hydraulic gradient 
and formation of pressure mode with a change in the hydrodynamic mode of motion. 

 
Figure 1. Changing of the RMS velocity gradient  

in a gravity pipeline at different hydraulic gradients. 
The recommended value of the RMS velocity gradient for mixers is in the range of 60–300 s–1. For 

flocculation basin they depend on the design and are in the range of 25–60 s–1 [12]. Analyzing the values 
of the RMS velocity gradient obtained by the formula (3) (Fig. 1), we can conclude that they are at the level 
recommended for stirrers or higher, which inevitably causes the impact on the suspended flocs leading to 
their destruction. 

2.3. Studies on the sedimentation treatment of wash water  
Based on this, two groups of experiments were conducted in the study: clarification of wash water 

by sedimentation after hydrodynamic impact with RMS velocity gradients characteristic of water movement 
through the pipeline and clarification by sedimentation after hydrodynamic impact with RMS velocity 
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gradients characteristic of water movement through the pipeline plus stirring with RMS velocity gradients 
characteristic of flocculation basins. Water treatment was carried out under laboratory conditions with a 
sedimentation depth of 0.2, 0.26 and 0.32 m. 

Processing of the obtained results was based on the previously derived dependence for 
sedimentation of backwash water impurities under static conditions [23] and theoretical conclusions from 
the theory of M.S. Smolukhovsky. Experimental work to determine the efficiency of water clarification under 
static conditions was carried out by the author in different periods of the year on the water that was taken 
directly from quartz sand rapid filters during their washing. The subsequent sedimentation tests were done 
in the laboratory. As a result of processing the results, an equation is obtained for determining the time of 
sedimentation for a given clarification effect: 

( )0.5112.19 0.93 0.019 ,wEf ln th Т С= − +                                              (4) 

where t is the clarification time of the backwash water to reach the given clarification effect, s; Ef  is given 

clarification effect, %; wC  is initial concentration of suspended solids, mg/dm3; T  is the temperature of the 
backwash water in the process of clarification, °С; h  is height of the sedimentation layer, m. 

With 95 % confidence, equation (4) can be used in the quality range of backwash water with a 
suspended solids content from 50 to 400 mg/dm3 and a water temperature from 5 to 25 °C. 

Smolukhovsky's theory of coagulation states that the velocity (intensity) of coagulation depends on 
the radius of the sphere of attraction of the particle (approximately equal to two radii of the particle), the 
intensity of diffusion due to Brownian motion and the initial number of particles in the system. In this case, 
from the point of view of the efficiency of the collision of particles, the coagulation processes are classified 
into two types: rapid – each collision ends with the formation of an aggregate and slow – not all collisions 
end with the formation of aggregates. 

For the case of rapid coagulation, the equation describing the change in the number of particles per 
unit of volume of the system at time τ  has the form 

0 0

0
1 2

or ,
1 8 1

n nn n
Drn T

τ τ= =
τ+ π τ +

                                         (5) 

where D  is the diffusion coefficient of single particles; r  is the radius of the particles; 0n  is initial 

concentration of particles; 1 2T  is coagulation time, during which the number of particles per unit volume of 

sol is halved. 

The equation looks similar for slow coagulation with the introduction of the efficiency coefficient of 
convergence of particle collisions :ψ  

0 0

0
1 2

or .
1 8 1

n nn n
Drn T

τ τ= =
τ+ψ π τ +ψ

                                           (6) 

In water treatment plants, perikinetic coagulation processes take place, although it is almost 
impossible to meet their "pure" form due to the constant movement of water and the presence of a minimal 
RMS velocity gradient. According to the data presented in the monograph [22], orthokinetic coagulation 
begins to prevail over perikinetic when the particle size is about 1 mcm. The backwash water contains the 
particles with sizes exceeding 1 mcm (see Fig. 2). 
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Figure 2. Derived curve of particle distribution in the backwash water obtained  

during clarification without mixing [22]. Rmax is maximum radius, m. 
In the research of Harris [24], based on the theory of M.S. Smolukhovsky, the ratio for rapid 

coagulation was obtained 

( )0
0exp ,n KEGn

nτ
= τ                                                         (7) 

where 0n  is the numerical concentration of particles not coagulated by time ,τ  K is coagulation constant; 

E  is experimentally determined parameter; G is the RMS velocity gradient. 

Based on this ratio and the analysis of a number of other papers on this topic, it may be inferred that 
the product of СоGT (Co is the volume concentration of particles in the system, GT is the Camp criterion) 
can be used as a parameter that characterizes the conditions for water treatment with hydrolyzing 
coagulants. Again, it is to be noted that the backwash water is actually a product of coagulation of particles 
held in the layer of the filter and it contains known concentrations of coagulant (flocculant) (according to our 
experiment the reagent content is 0.02–0.23 mg/l) used for water treatment. Therefore, the use of the СоGT 
product is acceptable even without the introduction of additional reagents, and when exposed to the 
backwash water exclusively by stirring. The volume concentration can be replaced by a weight 

concentration according to the ratio [15] 
0

,w
o

CC = γ  where 0γ  is the amount of solid phase by mass per 

unit volume of unconsolidated sediment. 

The effect of temperature on the process of perikinetic coagulation consists of changes in the 
intensity of Brownian motion of particles, which, for example, E.F. Kurgaev proposed to express by means 
of the agglomeration coefficient [25]: 

0.5 0.025 .t Tα = +                                                                  (8) 

At the same time, a change in temperature entails a change in the viscosity of the medium, and 
hence the entire heterophase system, which affects both the particle sedimentation velocity and the stirring 
parameters, in particular, the value of the velocity gradient. Generalizing, we get: 

( ) , , , , ,wEf f C GT t T h=                                                            (9) 

where t is the sedimentation time, s; h  is depth of the water layer, m. 

While investigating natural water treatment of the river Don using WPK-402 (analog of 
PolyDADMAC) the staff of the Department of water supply and drainage of RISI (Rostov Civil Engineering 
Institute) obtained the following equation  

.kGEf const e−= −                                                             (10) 
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The aforementioned dependencies are involved in obtaining an equation for processing experimental 
results. The experimental results were processed using MS Excel (Microsoft Corporation) and STATISTICA 
(StatSoft Inc.) software products. The obtained dependences were checked for the reliability of the 
approximation using the value of the Pearson correlation squared. 

3. Results and Discussion 
The first group of experiments was conducted by clarification of wash water by sedimentation after 

hydrodynamic impact with RMS velocity gradients characteristic of water movement through the pipeline. 
The effect of the velocity gradient applied to backwash water on the subsequent process of water 
clarification by sedimentation under laboratory conditions at different sedimentation layer depths is shown 
in the diagrams (Fig. 3, 4). These results presented on these figures are obtained under the clarification of 
river water during the research. The results of experiments (measurements) were processed using MS 
Excel with the construction of a trend line using a polynomial equation.  

At low values of the velocity gradient (with the Camp criterion GT from 1200 to 5100), the effect of 
clarification of backwash water slightly differs from the values obtained in experiments without stirring [23] 
and does not depend on the value of the Camp criterion (Fig. 3), even if the clarification time is relatively 
short. Considering the abovementioned results conducted by Baryshnikova [22], under such conditions, the 
destruction of flocs does not seem to occur, since shear stresses do not reach critical values and the 
coagulation process occurs with undisturbed partially destabilized suspended particles. It is also important 
to consider that the suspended solids in the backwash water has a zeta potential closer to the isoelectric 
point than in the reagentless feed water. Thus, these results prove this idea. This is indicated by No-Suk 
Parka and his colleagues [26], whose studies show a decrease (in modulus) of the zeta potential of the 
suspended solids from (–19) mV in the feed water to (–1.4) mV in the sediments of sedimentation tanks 
and in the backwash water up to (–4.3) mV. 

Increasing GT values in the range from 10000 to 71000, the changes in the clarification effect is 
slightly increasing. This should be considered a feature for waters with reagent WPK-402 (or PolyDADMAC 
analog) for feed water treatment. This means that this flocculant was used for clarification river water during 
the research period (Fig. 4). Previously performed by other soviet scientists studies on river water 
clarification using WPK-402 as a reagent showed the need for long-term and (or) intensive stirring in order 
to intensify flocculation and improve the sedimentation properties of the suspended solids in sedimentation 
tanks. 

 
Figure 3. Change in the clarification effect depending  

on the GT values in the range of 1000÷5000 at the depth of the sedimentation layer  
of 0.32 m (stirring with a constant RMS velocity gradient). 
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Figure 4. Change in the clarification effect depending  

on the GT values in the range of 10000÷71000 at the depth of the sedimentation layer  
of 0.20 and 0.32 m (stirring with a constant RMS velocity gradient). 

The Fig. 5 presents the second group of experiments.The study of the treatment of backwash water 
with a variable velocity gradient was carried out according to the scheme: the first stage – rapid stirring 
while moving in the pipeline, the second stage – stirring in the flocculation basin. The results obtained in 
this experiment were different from the above. On the diagrams (Fig. 5) for the sedimentation time of 
15 minutes and 60 minutes a minimum at GT value about 60000 is clearly expressed on the approximating 
curve. Comparison of the approximating curves in Fig. 4 and 5 shows that with the same sedimentation 
time, the use of a flocculation basin in a reuse constructions provides the best effect in the ranges of GT 
20000÷40000 and 82000÷90000. If the water is stirred with a GT of 40000 to 82000 when moving through 
the pipeline, the use of flocculation basin reduces the efficiency of backwash water clarification. 

 
Figure 5. Change in the clarification effect when modelling the movement  
of water through a pipeline followed by stirring in the flocculation basin  

(stirring with a variable RMS velocity gradient). 
Thanks to statistical processing of the results of experimental data obtained in laboratory conditions 

when modelling the movement of water through the pipeline to construction for reuse of backwash water 
we have gained an approximating dependence 

( ) ( ) ( )( )
0.032

0.0070.22
0.004100 0.04 5.97 0.46 0.2 10.07С ,w

tEf t exp T GT ln T
h

 
= − − − + +  

 
     (11) 

where Ef  is the clarification effect, %; t is the clarification time (precipitation), s; wC  is initial concentration 

of suspended substances in water, mg/dm3; T  is water temperature, °С; GT  is Camp criterion. 

Stirring with velocity gradients characteristic of flocculation basins for a sufficient duration in the 
aforementioned intervals of the Camp criterion will contribute to the recovery of flocs without the introduction 
of additional doses of reagents. As a result of experiments with modelling water stirring in a pipeline followed 
by stirring in a construction with a lower gradient, the dependence is obtained 
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                       (12) 

Thus, using the obtained approximating equations, it is possible to calculate the clarification effect 
for various stirring options, both without the use of flocculation basins, and with flocculation basins built into 
constructions (or devices that restore the sedimentation properties of the suspended solids after the flocs 
are destroyed when moving through pipelines).  

Based on the abovementioned results the most efficient construction for stirring with different velocity 
gradient should be mechanical stirring devices or air stirring tanks (airflocculators). 

4. Conclusion 
In order to organize reuse of backwash water from rapid filters on drinking water treatment plant the 

reagentless clarification of such water was studied. The research was conducted at the water treatment 
plant of the Central water supply system of Rostov-on-Don. Theoretical investigations and experimental 
results lead to the following conclusions.  

1. The clarification of backwash water of water supply system rapid filters should be conducted 
considering the water removal from filters to the sedimentation facilities. When wash water moves through 
pipelines from rapid filters to reuse constructions, suspended particles are exposed to shear stresses 
caused by water stirring under certain conditions that exceed the limit values. Thus, at RMS velocity 
gradients from 50 to 800 s–1, the formed flocs are destroyed and the clarification efficiency is reduced. 

2. The authors studied the improving the flocculation properties of suspended particles of backwash 
water with extra stirring before the sedimentation in laboratories. Experimental studies have made it 
possible to determine the ranges of the Camp GT criterion, in which it is justified to use additional stirring 
in the flocculating chambers in reuse constructions (20.000 ÷ 40.000 and 82.000 ÷ 90.000) and the GT 
ranges in which additional stirring is impractical (from 40.000 to 82.000). Based on the designs of reuse 
constructions, which are most often used in natural water treatment facilities, we consider it acceptable to 
embed flocculation basin with mechanical stirring devices or air stirring tanks (airflocculators). 

3. Based on the theory of coagulation by M.S. Smolukhovsky and following papers developing its 
concept, factors affecting the efficiency of clarification in sedimentation constructions are identified and 
mathematical dependences of the clarification effect are obtained when stirring in the pipeline and in the 
pipeline with followed by processing in the flocculation basin. The use of the presented mathematical 
dependencies will make it possible to regulate the effect of backwash water clarification in construction for 
reuse of wash water at the design stage or during operation, optimizing it in terms of later use of clarified 
water. 
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