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Annomayus. Ha Ga3e xanmwuisipHO# Mojenu GpuiabTpoBaHus uaeHTHGHUIUpPOBaHA 3P(PEKTUBHOCTH OUUCTKH
TEXHUYECKOH KHUIKOCTU (CMa304HOTO Maclia) OT MEXaHMYECKUX MPUMECEH C Y4eTOM 3apacTaHusl U OJIOKH-
POBKHM HOp OTIOXKEeHUAMHU. Lleap MonenupoBanus coctosiia B GOPMUPOBAHUM YCIOBUII 1 MEXaHU3MOB OTCEBA
HEPaCTBOPHUMBIX 3arPsI3HEHUH, IPH KOTOPHIX BO3SMOXKHOCTH PACCMATPUBAEMBIX CIIOCOOOB pa3esieHHs reTepo-
TCHHBIX CUCTEM C HAKOIUICHHEM OTJIOKEHWH B MOpax M Ha MOBEPXHOCTH (QMIBTPOBAIBLHOTO MaTepualia Hc-
MOJI30BaJIMCh Obl HarboJee MoMHO. J[eficTBHe BHEITHUX CHJI, BEI3BIBAIOIICE OTKIIOHEHUE TPAEKTOPHH JBHKE-
HUS 4acTHUI 3arps3HEHUs] OT JIMHUK TOKA JUCIEPCHOHHOM Cpelpbl, U UX OTQWIBTPOBBIBAHHE OOBEIUHEHO U
Ipe/ICTaBICHO 000OIIEHHBIM MOKa3aTeneM — KoopauHaToil oTceBa €d. HoBru3Ha moaxona K MUCCIEI0BAHUIO
(UIBTPOBAaHMUS 3aKJIIOYAETCS B YCTAHOBKE TAKOTO pacrpeliesieH sl 3arpsa3HeHUH M0 30HaM U MEXaHH3MaM OT-
ceBa, KOTJa JOCTUraeTcsi HauOoJjee BHITOJHBINH KOMIIPOMHUCC MEKAY TOHKOCTBIO (ITOJTHOTOH) OTCEBa U Ipsize-
€MKOCTBIO (CPOKOM CIIYKObI) (QHIBTPYIOIINX 37eMeHTOB. [loka3aHa KMHETHKA OYMCTKY U U3MEHEHHS pa3Me-
POB KanmMJUISIPOB (DMIIBTPOBATFHON IITOPHI ¢ HEPETYISIPHON MOPOBOW CTPYKTYPOH NpH OT(QUIBTPOBAHHU 3a-
IPAZHUTENS IHUPOKOro (pakUUOHHOTO cocTaBa. IlomyueHHble 3aKOHOMEPHOCTH (PUIBTPOBAHUS MOTYT OBITH
HCIOJIb30BaHbI P OLICHKE 3((EKTUBHOCTH OTCEBA HEPACTBOPHUMBIX 3arpSA3HEHUH CyIOBBIMH (DUIBTPOBAIIB-
HBIMH YCTaHOBKaMH Macja ¢ pabounMH dJIeMeHTaMH (IITOPaMHU) U3 TOBEPXHOCTHBIX HETKAHBIX MaTEPHAJIOB.
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Abstract. The efficiency of systems fluid (lubricating oil) purification from foreign solids accounting deposit
buildup in and clogging up of the pores has been identified. The modelling goal has been to generate such
conditions and mechanisms for insoluble contaminant (IC) screening that would make full use of the capabil-
ities offered by the studied methods of heterogeneous systems separation accompanied by the deposit buildup
in filtering material pores and surface. The action of external forces causing contaminant particle trajectories
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to deviate from dispersion medium flowlines and their filtering have been combined and represented by a
complex index of ed screening coordinate. The novelty of the filtering process study is in establishing such
distribution of contaminants by screening zones and mechanisms where the most profitable compromise be-
tween the filtering elements’ (FE) screening fineness (completeness) and retention capacity (service life) could
be reached. Purification kinetics and changes in irregular porous structure filtering diaphragm pore size when
filtering contaminants of wide fractional compositions have been shown. The filtering process dependencies
obtained can be applied to assessing the efficiency of IC screening conducted by marine motor lubricating
filtering installations employing nonwoven fabric filtering elements (diaphragms).

Keywords: motor oil, oil purification, filtering, filter material, clogging up of filter material pores

For citation: Kicha G.P., Nadezhkin A.V., Goga K.N. Modelling marine motor lubricating oil purification
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Introduction

Full-flow lubricant fine filters employing nonwoven fiber surface-type FE with an irregular
pore structure [1,2] have become widely used to ensure resource-saving oil use on ships carrying
high-speed and medium-speed diesel engines. The porous (capillary) structure of the multipath filter-
ing diaphragm of these FEs is selected in such a manner that the elements, with a nominal screening
fineness of 25-40 um [3], are continually operational with no oil bypassing the filter. Such perfor-
mance can be maintained should FE high contaminant retention capacity and long service life be
provided with full-flow filtration at low hydraulic friction [3]. These elements’ capillary structure and
flow dynamics must meet the requirements of its continuous full-flow filtering mode as well as that
of oil purifiers.

It is impossible to select the porous structure and filtering modes when solving this problem
without considering deposit buildup in the FE. To achieve this goal, development of a kinetic capil-
lary filtration model that will take into account the contamination of the filter material (FM) with
screenings and «cloggingy its porous space up with deposits is crucial [4]. There have been virtually
no theoretical studies of the process in this dimension of filtration [5], which indicates the topicality
of the subject matter covered. Refinement of the deterministic capillary filtration model based on the
developed approach mode is being proposed that would be of scientific and practical interest to ma-
rine power plant professionals.

The most common models of motor lubricating oil (MLO) full-flow fine filtration allow cal-
culating the filtering (screening) characteristics of screening of various pore structures in their initial
state only [3, 6]. Their adaptation to assess the kinetics of purifying fuel and lubricant materials from
solids in internal combustion engines is carried out using empirical coefficients that take into account
the variable efficiency of filters when employed in fuel conditioning and oil cleaning systems [7].
The analysis conducted allowed to establish that it is deposit buildup in FM pores that has the greatest
influence on the fractional coefficient and the completeness of contaminant screening in oil purifiers.
Taking this influence into account in capillary filtration models is the most challenging task, espe-
cially when using porous structures with complex flow dynamics and identifying the action of the
adhesive, sedimentation and tribochemical groups of the disperse phase (DP) deposits [1,8]. Filtra-
tion kinetic study would require to simplify the models by joint consideration and combination of the
main screening mechanisms, accounting the flow dynamics in polyporous structures specified by
different distribution laws [4]. Furthermore, when calculating filtration Kinetics, the study into the
physical and chemical properties of the dispersion medium (DM) while cleaning such a complex
suspension as contaminated lubricating oil employed in a diesel engine [8] is crucial.

The proposed refined kinetic capillary model of MLO full-flow filtration, on the basis of
screening and gravitation sedimentation as well as the effect of the major retention mechanisms of
the interaction between the polydisperse insoluble phase of contaminants and the polyporous structure
filtering partition, takes into comprehensive account. The novelty of the approach is in establishing
the relationship between the flow dynamics processes and the retention capacity of filter structures
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contaminated with screenings, considering the deposit buildup in the pores and the clogging individ-
ual capillaries up with large particles [4].

Known filtration models’ refinement and simplification is in considering the joint action of
all retention mechanisms by introducing a generalized screening coordinate &g, Which is a probabil-
istic characteristic of DP trajectory deviation from DM flowlines in capillaries. The proposed model,

when identifying &q, allows for a high-precision estimate of the fractional coefficient and the com-
pleteness of purification of contaminated FM in the presence of deposits in the pores and secondary
entrainment of DP particles during filtration.

The kinetic capillary model is simple and versatile. It was obtained, based on the Stokes partial
differential equation [10], by considering the steady-state motion of a viscous fluid in a cylindrical ca-
pillary with a parabolic distribution of DM velocity in the cross section of the pore and its vanishing
along the contour of the filter channel. The equation was solved under the supplementary condition that
determined the suspension flow rate through the pore for a given pressure drop and FD thickness [1, 4].

Assuming a uniform DP distribution of diameter d throughout the entire volume of the suspen-
sion and along the front of the pore, one should take the fractional screening coefficient to be propor-
tional to the ratio of flows through the peripheral zone of the capillary at distance €4 d/2 from its surface
to the entire flow through the filter channel of a given size. In this case, the probability of retaining a
contaminant particle is represented by a relative share of the suspension flow from which it will be

removed when passing through the capillary. With g4 =1 the calculated dependencies characterize the
screening caused by the action of the mechanical interlocking effect, i.e. contact of the particle with the
capillary wall, which is observed when neglecting the action of external forces [10, 11]. When this
happens, the coincidence of the trajectory of particle movement along the DM flow lines may occur.
The kinetic capillary model of filtration might become actual on the assumption that contami-
nants are screened out according to the intermediate (in the terminology of V.A. Zhuzhikov [12]) fil-
tration law. Their share from the FM surface deposits due to gravity sedimentation is determined by

constant B, [4]. Its value, as well as €4, depends on the filtration mode, the FM properties and the filter

medium. Their detailed theoretical and experimental study and standardization has been presented in
contributions [3, 4]. In individual cases of employing nonwoven fabric with an irregular porous struc-
ture during LMO purification, nomography of these indicators was carried out [1]. The principles of
capillary filtration kinetic model, as presented below, were extracted on the assumption of a uniform
distribution of accumulated deposits along the periphery of cylindrical pores with an increase in the
crest surface in the FM of the same dimensions by interior diameter as that of the adjacent pores [4, 12].

A feature of the developed filtration kinetic models is giving consideration to the pores’ de-
posit buildup and its impact upon DP particles’ screening. The effect of the varying, due to the deposit
buildup, pore structure of the FM on the IC sedimentation was studied using the initial and current
pore size distribution, identification of buildup in and clogging up of the capillaries of different size
groups taking into account the features of their interaction with the contaminant.

Examination of filtration kinetics through a change in the material porous structure allows to
obtain universal dependencies for calculating the efficiency of the process fuels and lubricant mate-
rials’ purification from any IC when using pore structures with different initial screening complete-
ness. The advantage of the proposed approach is the possibility to calculate the FM retention capacity
through the initial structure with the correction of its parameters (pore size distribution scale and
shape) as deposits build up in the capillaries, taking into account the change in the dispersed compo-
sition and contaminant concentration at the filter inlet [1, 4].

Common relationships of deposit building up in filtering porous structure
and its impact upon dispersephase particles screening)

A model of motor lubricating oil purification by filtering has been studied, considering deposit
buildup in the filter material FM pores and consequent clogging these up with deposits. The retentive-
ty of material with an irregular pore structure has been identified. The dynamics of purification and
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changes in the pore size of this material with deposit buildup on the filter screen have been shown.
Recommendations are given to improve the FM pore structure to achieve the filter element high pu-
rification efficiency and maximum retention capacity when filtering marine diesel engine oil.

A feature of the developed kinetic filtration models is accounting the process of the pore de-
posit buildup and its impact on the DP particles screening. The influence of the filter material variable,
due to deposit buildup, pore structure on the filtration of insoluble impurities has been studied through
the use of the initial and current pore size distribution, identification of the buildup and clogging up
in the capillaries of different size groups, taking into account the characteristics of their interaction
with the contaminant.

Consideration of the filtration kinetics through the change in the material pore structure allows
us to obtain valid relationships for calculating the efficiency of the process of cleaning fuels and
lubricants from any IC when using pore structures with different initial completeness of screening.
The advantage of the proposed approach is the possibility of calculating the FM retention capacity
through the initial structure with adjustment of its parameters (scale and shape of the pore distribution
by size) as deposits build up in capillaries, taking into account changes in contaminant particle size
distribution and concentration when entering the filter.

The challenge for modeling the in-line filtration process is in identification of patterns of
changes in the FM pore structure depending on the deposit buildup. In case of a capillary model, the
change in the diameter D of the capillary due to its layered deposit buildup is proportional to the
intensity of screening and can be determined through the proportion of deposits accumulating inside
the pore [1].

nAp,D* g4d ’ g4d ’ gqd s
= 4 4 = +| = |; 1
Op®Pup 128u_h D D D 1)
9 = UpPupPoilCTs (2)
2gph

O o X

where q,9,, — the fractional intensity of MLO purification by filtration through pores of size D;
Ap, —the oil pressure across the FE; p,;, — the dynamic viscosity of the oil; h, —the FM thickness;
g, —dimensionless screening coordinate; d — the diameter of the insoluble phase particles; g, —the
deposit buildup in pores with diameter D; p,, — the oil density; c— the mass concentration of IC in
the oil; © — the duration of filtering; A, — the ratio of the mass of the FD deposits to the amount of
IC contained therein; B, — the proportion of contaminants deposited on the FM surface; p, — the

density of the FD deposits.
Utilizing dependencies (1) — (3) an equation for calculating the relative pore deposit buildup
3D/D when filtering out a monodisperse contaminant becomes:

oD _ Ap; (4d)° % poct _ ApyT
D{l—gdd [sddjz} 16Hoi|hf2(1+[3f)9f 2

(4)

e
D
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where ay, — the relative rate of reduction of the cross-sectional area of pores with diameter D when

filtering out finely dispersed impurities.
As seen from (4), the relative decrease in the capillary diameter depends on the relationship
between the DP particle size and that of the pores. When filtering out the monodisperse phase of dirt

with small particles, when D/d > 6, the decrease in pore diameter does not depend on the ratio be-
tween the sizes of the capillary and that of the particles
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When purifying the oil from finely dispersed contaminants of a wide fractional composition,
the change in size D can be determined through the average diameter m, of the particles of the filered
DP (g,=1)

2
sD _ ApyT 1- 3m, . 2m2 | (6)
D 2 2D aD
Apfmj At PoiCT
2y hy (1+Bf )Pf .

Where 3D/D > 1/4, the relative change in capillary diameter must be calculated for fine and

coarse contaminants, respectively, according to the formulas:

where a,,, =

%=1— l1-a,,7; (7)
3m, 2m?
%:1_\/1—(1— 2[; +—D‘;jaDmr. (8)
T

Formulas (7) and (8) are valid for systems withm,/m, >6 and o, /m, <1.Using them for
pores with D/m, being less than 5 results in a large error when calculating 3D/D . When changing
3D/D over a wide range, it is necessary to correct the rate of the pore clogging up a,,, utilizing
multiplying by (D, /D)?[2].

When dividing the filtration period t into cycles of duration t;, an equation for the relative

rate of clogging up the pore cross-section with diameter D;_;during the i-th cycle of filtering the
MLO containing finely dispersed contaminants becomes

_ Apf(i—1)m§(i—1)7‘fpoilci—l
znuoilhfz(i—l) (l+ By (i—l))pf
If the rate of a,,, is varying, then the relative decrease in capillary area D over n cycles is
equal to

2
n Di,
Opn = .Z=1: aDmi(D_zlJ T

When filtering out a polydisperse contaminant with a time-dependent composition, the de-
crease in the pore diameter at the n-th filtration cycle is determined by the formula

n 3m ., 2mZ., | D?
DYy 1-Y |1 - T T ) S (10)
D J, ~\” 2p,, aD?, |D

(9)

aDmi

Dependencies (9) and (10) can be utilized with variable concentrations and disperse compo-
sition of the contaminant, but their capabilities, similar to (7) and (8), are limited in the context of
small D. In integral estimate B, , the relative decrease in pore diameter due to the deposit buildup

over n filtration cycles without limitation D is recommended to be found using the following formula
(5Dj _1_ {1_ i Ap; Diz—lmg(i—l)}\‘fpoilci—lri (1_ 3md(i_1) orf \/;DH

+

D i=1 an’loilDzhfZ(i—l)(l_'_Bf(i—l))pf L 2D, , 2md(i—l)
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The expression under the summation symbol t; characterizes the relative reduced rate of di-
ameter D pore clogging up in the i-th filtration cycle. It is equal to the product of a,; and the coef-
ficient (D, , /D )? which takes into account the reduction of the intensity of pore clogging up relative

to the current diameter to the initial one. The cofactor in square brackets determines the impact of the
size of the contaminant particles and that of the pores on their clogging up.

Dependencies (8) — (11) take into account the change in the contaminant particle size distri-
bution when entering the pore. Large particles are more susceptible to inertial screening, and their
proportion in the FM surface deposit layer is higher. Therefore, the a,,, must be calculated according
to the sequential particle retention main mechanisms, leading to deposit buildup and pore clogging
up. Under conditions of filtration of suspensions with DP a time-dependent composition, set by any
distribution law, the high accuracy of 8D/D calculation is provided by utilizing the formula

n 4 i1 2 2
[@j 1 1_2Apf(i—l)Di—lz\'fzpoiICi—lTi DJ' [zsddj 1— e,d ++£ &40 J _
D J, i 32p,,D hf(i—l)pf 0 Dy Di, 2D,

2 2
_1+BD(i—1) 1- - 16B oy [ g4d 1_ g, d N e,d y
2 (1+ BD(H))2 Di—l Di—l Di—l

<F . (d)dd + dTl— Bo . JF( )dd>] . (12)

The characteristics of the dependency (12) allow taking into account the impact of the con-
taminant particle size distribution on the deposit buildup on the FM surface.

Should the pores be filled with deposits for less than a quarter of the cross-sectional area, the
relative decrease in their diameter can be determined by a simplified equation

(S_D] zzn: Apf(i—l)Dizl_ly\’fpoilci—lTi [Dj'l (de ]2 _(dejs +1(8dd ]4 y
DJ, 3 16HoiID2hf(i—1)(1+Bf(i—l)))f 1 0 Diy Di, 4\ Diy

< F_,(d)dd + deFi (d )dd}. (13)

Di -1

Making use of formula 13 will simplify calculations of changes in pore size due to deposit
buildup therein.

Calculation methodology for porous structure drift
and nonwoven fabric efficiency when contaminated with deposits

The dependencies (4) — (13) might become actual when revealing functional expressions for
Bs, hy, Apg . The first of the indicators characterizes the balance of deposits on the FM surface and

the insides. Its value is found according to the statistical processing of a large number of filtering
experiments

0,12
m..
Bfi = Bf (1_ gmi)OAz[iJ Re?r{iog, (14)

rnDi
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where B —a constant characterizing the perfection of the FM pore structure, B, =0.3-2.5[4]; Re,; —

Reynolds number in the i-th filtration cycle with suspension flowing through medium-sized pores.
Dependency (14) was also verified by the results of an active experiment that was planned in
accordance with generally accepted recommendations [4].
The current deposit-accumulated FM clearance ¢, is determined through the initial ¢,

clearance or that of the previous cycle ¢, ; ,, by the equation
Emi :Smo(l_ngi):gm(i—l)(l_amDiTi)' (15)
The thickness of the FM together with deposits at the end of the i-th filtration cycle is equal

to
h h
hﬁ _ fo _ f(i-1) . (16)
1_ Bf(i—l)gmongi 1- Bf(i—l)gm(i—l)amDiTi
1-¢,, 1-¢,;

The FM clearance ¢, and thickness h;, accounting the deposits should be found at the end
of the filtration cycle through the extent of clogging the pores, the sizes of which are set according to
the normalized distribution function f ;(D) through mathematical expectation.

The FD performance characteristics Ap; and Aq, were calculated using the initial and sub-
sequent normalized distribution functions of the pore structure

Dmax
hyN,, [D*f,(D)dD
Apg = APy, DO - ; (17)

hoN, TD“fi(D)dD
0

Dmax
h(,N, [D*f,(D)D
AQ g = AQyyg ° ) (18)

D X

hN_, TD“fO(D)dD
0

where N, — the number of pores per FM unit surface; f (D) — the FM differential pore size distri-

bution function.
The transition from the initial pore distribution to the current one was carried out through the
relationship

D

f.(D)= f, (19)

3D '
1—E(D,Apf ,C,h; ,Bf,r)

In case of the MLO full-flow filtration, due to the constancy of the filtration rate at the average
FE lifetime values Ap,, mp, B;and h, it is feasible to take &, = const. According to (7) and (19)

for the Weibull distribution, the current FM pore structure characteristics are formulated as

Pp-1 Po
f(D)=—P2 e —[L_J - (20)
(1_ EDT)T bgo byy1-apt

Normalization of the f_(D) function leads to a distribution law (as per diameter)
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f.(D)="o

(21)

D pp-1 D Po
P _exp|-| — :
bIID)I; (bDIJ

where the scale parameter b, equals b, (1-a,1)"

When filtering coarse-dispersed phase contaminated oil, the FM pore structure changes and
its dimensional characteristics, provided it is subject to the Weibull distribution in its initial condition,
can be fairly accurately described by the equation

Pp
D
ppD ™ exp —(_}
bD l_gDn

f,(D)= - - = (22)
_3May JaD,  2Mgiy i
2
b o 1_i 2D;, Zmd(i—l) nD, Dil
D 2 2 a‘Dmi’l'-i
i=1 7IDi2_:L 2md(i—l) TEDiZ_l
- 2 T 2 [EXP 2
8md(i—1) nD’, 4md(i—1) |

where @,, —determined by the braced sum.

Dependency f,(D)is not normalized and is suitable for calculating generalized, accounting
the FM polypore structure, completeness @, and fractional screening coefficient @, . When deter-
mining Ap, or q;, it is necessary to know the normalized distribution ?n(D). In order to reduce

f (D) to ?H(D), a normalizing multiplier is used. The n-th filtering cycle it is found by integrating
the expression

/ DIaxfn(D)dD.

In case of complex dependencies f,(D)equations (11) and (12) are used to obtain gp,. The

representation of the current FM pore structure by equation (12) is universal. It is suitable for any
distributions of f (D) and F(D) and considers the impact of the varying dispersion of the contami-

nant on pore clogging-up. Deformed normalized distributions f (D) and F,(D) are utilized to calcu-
late, using the expressions given in [6,8], the fractional coefficient @, and the filter screening com-
pleteness @ at any segment T of its service time, including at a varying value of the concentration of
contaminants c,.

The features of nonwoven fabric pore clogging-up, as revealed by the kinetic capillary model
(22), are as follows:

— the pore cross-sectional area decreases unequally, large pores accounting for the most sig-
nificant changes (D,/D,)?;

—when filtering out finely dispersed phase contaminant, a, is constant for almost all D;

— as deposits build up, the a,,, increases.

The adequacy of the obtained kinetic filtration model can be proved by comparing the calcu-

lated and experimental dependencies of contaminant fractional screening as a function of deposit
buildup.
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Fig. 1. FM pore structure changes when filtering

Small FM pores, especially with Do = 7-12 um, are more susceptible to clogging up by DP
particles when filtering out impurities (fig. 1), which is due to the hydrodynamics of the filtrate flow
and the highest concentration of particles of this size in the MLO (contaminant ss, = 1.05 m?/g). Pores
with an initial diameter of less than 20 pm are intensively clogged up and accumulate dirt to a small
extent. With Do > 50 um, their cross-sectional area decreases at the highest rate. In the range
Do = 2045 um, the effect of clogging up onto the pore structure is equivalent to that of accumulating
dirt up with an increase in the first process for smaller pores and in the second for larger ones.
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Fig. 2. FM filtration characteristics for screening during pore clogging up
and deposit buildup

Filtration kinetics is also characterized by the formation of a bimodal distribution of open par-
tially filled with deposits pores as deposits build up therein (fig. 1). Experiments have proved the ade-
quacy of the mathematical description of the basic filtering kinetic processes [1, 4]. The proof is a good
matching of the FM calculated and experimental characteristics @4 (d) with maximum filling of pores
with deposits and complete FE retention capacity (fig. 2). The calculated dependency for the fractional
screening coefficient is in the confidential interval of experimental data as per this indicator.

Conclusion

Summing up the results of theoretical studies into the kinetics of mechanical impurities con-
taminated systems fluids filtration, the following conclusions can be drawn.
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1. Kinetic models of sophisticated heterogeneous FM systems with irregular pore structure sep-
aration have been developed, allowing:

to establish the distribution of contaminants by screening zones and mechanisms for various
filtering materials;

to determine the relationship of hydrodynamic processes with the porous structures’ retention
capacity and to identify the main filtration regularities;

— to consider pore filling up with deposits and clogging these up with DP large particles;

to calculate the kinetics of the MLO purification from insoluble products of varying contam-
ination disperse and fractional compositions.

2. The updated filtration theory constructs allow:

— to lay a foundation for main directions of MLO purification intensification when contaminated
with insoluble products of complex DP;

— to lay down filtering conditions that would provide for the considered methods of heteroge-
neous systems separation to be utilized to the fullest extent possible;

— to determine the methods of controlling the screening mechanisms in order to achieve multi-
functional or selective filter operation;

— to predict methods of settling the controversy or choosing the most profitable compromise
between the screening fineness and completeness on the one hand and the FM service life and
retention capacity on the other.
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