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Introduction. If wastewater treatment becomes less effective, the intensity of treatment facilities should be increased.
Several approaches to solving this issue have been described in the literature. For example, to intensify the coagulation
process, researchers have used controlled mechanical mixing of coagulants with effluents, mixing with air, and injecting
the coagulant using jet or chamber mixers. The authors of this paper propose integrating a vertical clarifying
filter (VCF) and a mixing chamber into one housing. This is a novel approach that eliminates the disadvantages of
operating separate devices, such as the need for additional space, the possibility of forming aggregates close to the arca
where they are removed on filters, and avoiding breakage of flakes in connecting pipelines. Experimental evidence has
previously demonstrated the effectiveness of this installation. The aim of this study is to develop a scientific
methodology for calculating the combined filter, which is essential for widespread adoption.

Materials and Methods. The mixing efficiency of the fluidized bed was determined using the Camp criterion, which
characterized the energy spent on mixing. Relevant publications on the subject were also taken into account. Special
attention was paid to the description of coagulation. Before developing the calculation method, the authors conducted
experiments and created a mathematical model of the installation. The operation of a combined filter with a mixing
chamber consisting of a rapid mixing tank with a floating load and a settling tank was considered. The main initial data
for the calculation method included: maximum wastewater flow rate, water viscosity, filter diameter, distance from load
to housing, backwash intensity, and the volume of expansion of load during backwashing.

Results. The paper shows that the Camp criterion depends on various factors, including mass, area, contact time, and
viscosity of particles in a fluidized bed. The calculation of the mixing chamber of the filter was based on this
dependence. The regeneration of filters related to the efficiency of backwashing was taken into account. The method for
calculating the mixing chamber was presented, and factors that could reduce the effectiveness of backwashing were
discussed. As compensation, it was proposed to increase the intensity of backwashing or reduce the height of the filter
layer. It was shown how to calculate the dimensions of the mixing chamber elements — the diameter and height of the
tanks. A self-check was included in the calculation to avoid errors.

Discussion and Conclusion. For the first time, an improved combined filter design and a method for calculating it are
described. The proposed approach makes it possible to determine the dimensions of the mixing chamber and ensure the
necessary backwash efficiency. The new solution is of practical interest for enterprises that operate wastewater
treatment plants with VCF.

Keywords: vertical clarifying filter, combined filter, calculation of a combined filter, Camp criterion for fluidized bed,
filtration intensification
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Bgeoenue. 1lpn yXyIIIEHUN OYHUCTKM CTOKOB CJEIYET MOBBICUTh MHTEHCHBHOCTh PAabOThl OUHCTHBIX COOPYKEHHUIL.
HexoTtopble moaxo/p! K pelIeHUI0 JaHHOW 3a/laud OIMCaHbI B JMTeparype. M3BecTHO, Kak B IEsIX MHTEHCH(UKAIMN
IpoIecca KOAryJsLUHM HCIOIb3YeTCA PEeryJupyeMoe MEXaHHYeCKOE MEepPEeMEIINBAaHNE KOaryjsiHTa €O CTOKaMH,
nepeMeIInBaHue ¢ TIOMOIIBIO BO3LyXa, BBOJ KOATyJISIHTA MOCPEACTBOM CTPYHHBIX MIIM KAMEPHBIX CMECHTEIeH. ABTOPHI
JAHHOW CTaThM IpEIJiararoT WHTErPHPOBATh B OJHOM KopIyce (GuiIbTp OCBETNIMTENbHBIA BepTHKaibHBINH (POB) n
KaMmepy nepemeninBaHus. Takoil moaxoxa onwcaH BrepBble. McKiltoueHsl HeMOCTaTKH, XapaKTepHbIE VIS SKCIITyaTalun
000COOJICHHBIX YCTPONCTB: HE HYXHBI JOMOJHUTEIbHBIE MIIOMAAN, MOXKHO PACIIOIOXUTh PAAOM 30HBI 00pa3OBaHUS
arperaTtoB M MX yAaJeHus Ha QuibTpax, a Takke M30eXaTh pa30MBaHUS XJIONBEB B COSIUHSIONIMX TPYOOIPOBOIAX.
D¢ heKTHBHOCTh YCTAaHOBKH paHee MOATBEpAMIIach dKCIepruMeHTanbHO. Llens nanHoro nccienoBaHus — pa3padoTaTh
Hay4YHO 00OCHOBaHHYIO METOJHKY pacdeTa KOMOU(HUIBTPA, YTO BaXKHO IJISI MACCOBOTO BHEIPEHHUSL.

Mamepuanst u memodvt. IPHEKTUBHOCTS NEPEMELINBAHUS IICEBIOOKIKEHHOTO CIJIOS ONPEACISUIM 10 KPHUTEPHIO
Komma, KkoTophlii XapakTepu3yeT SHEpruio, 3aTpayrBacMyl0 Ha IepeMelIMBaHHe. YUYUTHIBAJIHNCH ITyOJHKAIlUH,
TIOCBSIIEHHBIE HcciIeayeMoi mpobieme. Ocoboe BHIMaHHE YIEIsIeTCsl TOMY, Kak oIrcaHa Koaryisnus. Jlo pa3paboTku
METOAMKH pacdeTa aBTOPbI IPOBETH SKCIIEPUMEHTHI M CO3aIM MaTeMaTHYECKYI0 MOJIENb YCTaHOBKHU. PaccmaTpuBaeTcs
(yHKIMOHMpPOBaHWE KOMOM(UIBTpa ¢ KaMepoW TIepeMelIMBaHHs, KOTOpas COCTOMT M3 4Yallld WHTEHCHBHOTO
NepeMEIIVBaHusl C IUIaBAIOLIEd 3arpy3kod M 4dammM ycrnokawBaHUs. OCHOBHBIE HCXOAHBIE IAHHBIE IUII METOAUKU
pacyera: MAaKCHMAaJbHBIH Pacxoj] CTOKOB, BSI3KOCTh BOABI, JHaMETp (HUIBTPa, BBICOTA OT 3arpy3KH IO KOpIIyca,
MHTEHCUBHOCTb OOpaTHOMW MPOMBIBKH U 00bEM PACIIUPEHHUS 3arpy3KH Py 00paTHOM MPOMBIBKE.

Pesynvmamut uccnedosanus. Iloxkazano, kak kputepuid Komna 3aBHCUT OT Macchl YacTHIl, UX TUIONIAIA, BPEMEHHU
KOHTaKTa M BSI3KOCTH INICEBIO0XKIKEHHOTO ciiosi. Ha 3TOH 3aBHCHMOCTH OCHOBaH pacyeT KaMephl MepeMeIInBaHU
koMOu¢misTpa. [IpuHUMaercs BO BHHMaHHE pereHepanus GUIbTpoB, cBi3aHHas ¢ 3(deKkTuBHOCTHIO 0OpaTHOH
MPOMBIBKU. [IpMBOAMTCS MeTOAMKa pacdyera KaMepbl IepeMEIIMBAaHUS. YUUTHIBAIOTCS (DAKTOPBI CHHIKEHUS
s¢dekTuBHOCTH OOpaTHON NPOMBIBKM. B KadecTBe KOMIEHCAIIMM NpEIaraeTcsl yCHIUTh WHTCHCHBHOCTH
MIPOMBIBKM WJIM YMEHBIIUTH BBICOTY (uibTpytomero cios. ITokazaHo, Kak paccuuTaTh radapuThl 3IEMEHTOB
KaMepbl NepeMelINBaHusg — JAuaMeTp M BBICOTY yall. B pacdeTe Takke 3al0’Ke€Ha CaMOIpPOBEPKA, KOTOpas
ITO3BOJIUT N30€KATh OMIMOOK.

Oébcysycoenue u 3akniouenue. BriepBele OMMCaHbl yCOBEPUICHCTBOBAHHAs KOHCTPYKLUS KOMOM(UIBTpa W METOAnKa
ero pacdera. lIpenoskeHHBIN MOAXOJ IO3BOJSIET ONpEAEIUTh rabapUThl KaMephl NEpeMENIMBaHHA U 00ECIedHTh
Heo0X0oauMyIo 3¢ (eKTUBHOCTh 00paTHOW NMPOMBIBKH. HOBOe pelleHue NnpencTaBiseT NpaKTHYECKUH WHTEpec s
MIPEIIPUATHA, KOTOPHIE YKCILUTyaTUPYIOT OUYUCTHEIE coopyskeHus ¢ POB.

KawueBble ciioBa: QuibTp OCBETIUTENbHBIN BEPTUKANbHBIN, KOMOMHUPOBAHHBIN (QUIBTP, pacdyeT KOMOUGHIbTPA,
kputepuii Kamma 11 IceBI00KMKESHHOTO CJI0s, MHTCHCU(HUKAIHS (GUITBTPOBAHUS

BJIaFOIIapHOCTI/l. ABTOpI)I 6J'IaI‘O,HapHT PEAAKINOHHYIO KOMAaHAY KypHaIa U PCLICH3CHTA 3a KOMIICTCHTHYO OKCIICPTU3Y
1 ONEHHBIC PEKOMEHJAWH IO YITYUIICHUIO CTaTbU.

Jna nuruposanusi. Kcenodontor b.C., [upauex A.A. Pa3pabotka MeToauku pacuera KoMOMMUIbTpa. bezonachocme
mexHozenHbix u npupoousix cucmem. 2025;9(1):7-13. https://doi.org/10.23947/2541-9129-2025-9-1-7-13

Introduction. By the end of 2022, polluted wastewater accounted for an average of 33.4% of the total volume of
wastewater in Russia'. One of the main reasons for this issue is insufficient cleaning of wastewater. Industrial facilities
use not only one- or two-stage systems, but also integrated solutions that provide several stages of cleaning. They
consist of components such as raking devices, reverse osmosis membranes, and evaporation plants. Despite the variety
and complexity of these systems, there are several obstacles to their efficiency:

— high cost of equipment;

— outdated structures;

— deterioration of wastewater quality.

! On the State and Protection of the Environment of the Russian Federation in 2022. The State Report. Ministry of Natural Resources and Ecology of
the Russian Federation. (In Russ.) URL: https://2022.ecology-gosdoklad.ru (accessed: 26.08.2024).
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To address these challenges, there are several methods that can be used to improve the performance of wastewater
treatment plants. These methods include mixing coagulants with water in different ways:

— controlled mechanical [1];

— with the addition of air and concentrated coagulant [2];

— due to cavitation resonance effects [3];

— using jet [4] or chamber mixers [5].

However, these technical solutions have their drawbacks. Firstly, additional space is required to accommodate
equipment such as a flocculator or flocculation chamber. Secondly, the areas where aggregates form and are removed
from the filters are located some distance apart. Thirdly, when flocculation and filtration are separated, flakes break up
in connecting pipelines.

To address this issue, we need water purification systems that integrate multiple processes into one unit. This would
improve the existing systems and save space. We would like to emphasize that it concerns upgrading the existing
equipment. To achieve this goal, it is advisable to use combined filters.

The aim of the work is to develop a scientifically sound method of calculation that would allow for the replication of
positive effects of a combined filter with other filters.

Materials and Methods. The authors propose a utility model of a combined filter [6]. This is a sand filter with a
coagulant mixing chamber built into its body. Earlier, the expediency of this approach was proved by the authors of this
article [7]. Combined installations and systems are suitable for solving multiple problems simultaneously. For example,
biochar can be used to remove microplastics from water [8], and the hybrid membrane distillation system can produce
purified water and generate electricity [9], while reverse osmosis can be powered by a concentrated solar gas
engine [10].

According to the authors, the proposed utility model of a combined filter (Fig. 1) represents an effective solution for
enhancing filtration in existing industries. The design of the presented filter differs slightly from the original one [6],
due to design features identified through computer modeling [7]. These features allowed for an increase in the
efficiency of the filter.

Fig. 1. Design of the combined filter: 1 — source water pipe; 2 — reagent supply pipe; 3 — filter housing; 4 — mixing chamber;
5 — rapid mixing tank with floating load; 6 — lower overflow; 7 — settling tank; 8 — upper overflow; 9 — cone insert

Through pipes 1 and 2, water and coagulant flow into the rapid mixing tank. The coagulant is mixed in the first
chamber under the pressure of source water due to the mixing load. After the coagulant treatment, the water is directed
through the lower overflow into the settling tank, and then through the upper overflow into the filter housing.

The coagulant helps to neutralize the charge of colloidal particles [11] and form insoluble compounds [12]. The
coagulation process includes two stages [13], for each of which specific zones are provided in the mixing chamber.

The first stage, the perikinetic stage, takes place in the mixing chamber. Due to the special loading inside the
chamber, the reagents are evenly and quickly distributed, and a high flow velocity gradient is achieved. Contact
coagulation will further increase the efficiency of reagent treatment.

The lower overflow is located between the mixing and flocculation chambers and performs the key function of
protecting the mixing load from being carried further into the tank and into the filter. It also helps to reduce flow
turbulence.

Technosphere Safety
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With a mixing intensity of no more than G =50 — 60 C~' [14] optimal conditions for the formation of flakes are
created in the chambers.

The second stage of the coagulation process is orthokinetic. It takes place in a settling chamber is accompanied by
an increase in the size of colloidal particles greater thanl pm [15]. It implements the functionality of a flocculation
chamber.

The source water, together with the formed flakes, enters the filter housing through the upper overflow. A conical
insert in the lower part of the housing is needed to eliminate swirls that can destroy the flakes.

When developing the calculation methodology, the authors summarized the literature data, conducted laboratory
tests, and performed mathematical modeling. The results of the laboratory studies confirming the effectiveness of the
proposed solution are given in [7]. To evaluate the criteria for the processes, the Camp criterion was selected, which
evaluated the energy spent on mixing. The literature analysis allowed us to find out how the effectiveness of
backwashing depended on its intensity and the degree of load expansion. In addition, the value of the gradient for the
fluidized bed was known from publications.

Results

1. Fluidized bed mixing intensity. Fluidized bed mixing intensity was used as a criterion of work efficiency. Based
on this indicator, it was possible to use a mixing chamber with filters of various sizes and ensure the previously
obtained result [7]. According to [16], the intensity of mixing of the reagent with water was characterized by the Camp
criterion:

9=G-t, 1)
where t — residence time in the mixing chamber, s; G — velocity gradient, 1/s.
Residence time in the mixing chamber:

t=—, 2
0 (2)

where ¥ — volume of the mixing tank, m?; O — flow rate of source water, m%/s.

Velocity gradient:
6= |2, @)
ut

where Ap — pressure drop in the mixing chamber, Pa; p — dynamic viscosity of water, Pa's; t — mixing time, s.
According to [17], the pressure drop for a fluidized bed is determined by the formula:
m.g
, 4
S “
where m, — mass of all particles, kg; g — acceleration of gravity, m/s%;, S — cross-sectional area of the mixing tank, m?.
Combining (1)—(4), we obtain the equation of the Camp criterion:

Ap =

3= Mg 7 (5)
Swe Q
Using formula (5) for laboratory bench [7], the Camp criterion was calculated. It was accepted equal to 100 units.
2. Mixing chamber calculating methodology. The following is a method for calculating the mixing chamber and the
required initial data for the calculation.
Initial data:
— the Camp criterion, 3;
— maximum flow rate of the treated water, O, m*/h;
— dynamic viscosity of water, p, Pa's;
— bulk particle density p,, , kg;

— acceleration of gravity, g, m/s%;

— filter diameter, dy, m;

— height from loading to housing, H, m;

— backwashing intensity, UOII;, I/(s c-m?);

— volume of load expansion during backwashing, Vexp1, m>.

By converting formula (5), system of equations (6) can be obtained, which is used to determine the dimensions of
the mixing chamber.
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d, -H,=2.9.0 |-~ _
nem, g
tzn'd"%.n'Hq (6)
40
m=p n-di.-H,
q My Q

Here dyn. — mixing tank diameter, m; H, — height of the mixing tank and the settling tank, m.
The flow rate in the settling tank should be equal to the flow rate in the filter housing. To determine the diameter of
the settling tank (the entire chamber as a whole), we use the formula:

o [agas 0
ay. = 2 H
where d.y. — settling tank diameter, m.

Let us check whether the chamber fits into the filter housing. To do this, we take into account:
— height of cone insert H.one (1/4 of the diameter of the chamber);
— margin of the distance from the cone to the load with a minimum height of 1/16 of the diameter of the chamber.

d'-l.y dll. y.
H-H,———-——=—2>0. ®)
4 16
Let us check that the camera size is correct:
d,, <dy. Q)
If conditions (8) or (9) are not met, then it is necessary to return to (6) and adjust the dimensions of the mixing
chamber.
Let us calculate the volume occupied by the mixing chamber:

n-d? d
V. = q.y. . Hq + q.y. ] 10
chambe 4 ( 12 j ( )
Let us define the condition for ensuring the necessary load expansion:
T dqz,
'HLI _Vchamber 2 Vexpl' (11)

If the condition is not met, the backwashing efficiency may be reduced. To address this issue, it is important to
understand how backwashing effectiveness can be maintained.
1. By increasing the intensity of backwashing, we find new backwashing intensity MOIT, [18]:
2

decp
HOH] : Vexpl = I/IOHZ : 4 'H_Vchamber . (12)

2. By reducing the loading height, we find the height value from the housing to the load H,ey, which will provide the
necessary volume for the load expansion:
_ Vexpl + Vchamber

Hooe == (13)
4
Let us calculate how much the load height needs to be reduced:
AH g =H - H,,,. (14)

3. For calculations related to changes in the intensity and volume of loading, we use formulas (12) and (13), taking
into account the necessary conditions. For example, based on the capabilities of specific wastewater treatment plants,
we use (13) to set the permissible value for reducing the loading height, set it to (12) and calculate the desired
backwashing intensity.

Let us determine the volume of mixing tank V., and settling tank V.

n-d?
Vi, =—H 15
"= (15)
N d‘f ._din.
Viy, =¥-HT (16)
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Let us calculate the required volume of mixing load Vipua:

1
Vload = g V'-l.n.' (17)
Let us calculate water residence time in the mixing and calming tanks:
3600-7,
by = — ’ (1 8)
Q
Lo 3600V, (19)
wy. Q .

Discussion and Conclusion. The scientific research results of presented in the paper suggest that it is reasonable to
use the proposed method for calculating the filter's performance. Firstly, this method is based on reliable data from
published sources. Secondly, its relative simplicity — consisting of only 19 concise formulas — makes it practical for
real-world applications. After completing this research, the authors verified the previously obtained findings. It was
crucial to demonstrate that the simulated mixing chamber enhances the filtration process and improves coagulation
activity. Therefore, we can use the mixing intensity of a fluidized bed as a measure of efficiency. The method of
calculating a mixing chamber allows us to determine its size and ensure the required backwash efficiency. This solution
can be applied to vertical clarifying filters of various types and sizes. Therefore, this technique can be applied to any
production facility that uses such equipment.
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