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Abstract. The paper discusses the laws behind the filterirmmgguniures of process liquids
through porous materials. At metalwork finishingeogtions, the use of cutting fluids is of particula
importance. During operation, liquids are continelpuand intensively contaminated with solid
metal parts. To restore the original propertiescess fluids are cleaned of mechanical admixtures.
The most widely used methods for purifying prockgsids are those by filtration. The use of
filtration for the purification of process fluids imost effective, since filtering through a layér o
porous materials results in complete extraction @erdoval of solids from liquids. However, the
structural features of the pores in the porousrenuient trigger a number of specific phenomena
that arise when liquids move in the porous chanofedsporous medium.

The research purpose is to discuss and estabkstaws behind the filtering procedures of
process fluids through porous materials. Whenriilte process liquids through a layer of porous
materials, the porous medium of the filter membrexygands with a change in porosity. The change
in porosity occurs due to a decrease in the pohem@ of the porous environment, since the solid
parts together with the liquid penetrate into tloeops channels of the porous environment and
hover in them. The conducted studies permittedatitbors to identify and study the laws of the
filtering process and establish the law of chamgearosity of the porous environment. Based on the
established law, a differential equation is derivéidallowed, for given initial and border-line
conditions, stating the problem of filtering thguid through a layer of solid particles of a vakéab
porous medium of the filtering membrane. The solutf the non-stationary problem with initial
and border-line conditions by the finite differenoethod allowed determining the hydrodynamic
parameters of fluid filtration through a layer ddricles of the porous environment of the filter
membrane and to obtain a solution of the non-statip boundary problem of fluid filtration in a
deformed porous medium. The use of research rgmatsotes complete clarification of the process
fluid and thorough removal of the solid parts ofiuadle secondary raw materials of metal
processing, in particular for powder metallurgyilitates the launching of waste-free production,
and increases the level of environmental cleardimeshe operating area of cutting fluids.
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Introduction

In modern engineering industry during mechanicalcpssing of machine parts, technological
progress prompts the improvement of techniques thighaim of enhancing product quality and reducing
its cost. At metalwork finishing operations, theewd cutting fluids is of particular importance. &fene-
building enterprises use high-performance plantsuand machine tools where the main technological
element is liquid. During operation, process fluate continuously and intensively contaminated with
solid particles of metal processing.

Formulation of the problem

It is known that the solid parts of the slime, whigas washed by the liquid into the contact zone of
abrasive grains on the grinding wheel with theaeefof the part, are deformed themselves and tribge
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deformation of the material over the processedaserfwhich results in burns on the treated surfdcgg

In order to exclude burns on the surfaces of paduténg grinding, to reduce surface roughness and to
maintain cutting fluids in an appropriate workingndition, contaminated fluids must be purified from
solid particles of metalworking. With bigger numlaerd larger variety of cutting fluids used in meukbal
engineering, the requirements for technology andpeaent for process fluid cleaning systems aressing.

Discussion of modern reference publications
To restore the original parameters and their ptaserprocess fluids are purified of mechanical
impurities. The most widely used methods of puaificn of process liquids are those done by filira{i3].
The use of filtering to purify and clarify proceffgids is most effective, since with filtering thugh
a layer of porous materials, it is possible to aghicomplete extraction and removal of solids fliguids
[4], [5], [6]. However, the structural featurestbe pores in the porous environment trigger a nurobe
specific phenomena that arise when liquids moueérpore channels of the porous medium.

The purpose and setting the goal of the study

The purpose of the study is to research and eshabtie laws of filtering process fluids through
porous materials. When filtering process liquidetigh a layer of porous materials, the porous nmaditi
the filter partition changes with a change in isgsity. The change in porosity occurs due to aebse in
the pore volume of the porous space, since solitcjes together with the liquid penetrate into fleres
of the channels of the porous space and hover in it

Statement of the main research material

In this model, the process of filtering slime susgien leads to gradual clogging of the pores of the
filter. When filtering with gradual clogging of theores the filter membrane with a volumeWf [m3],

which contains a layer of granular porous matesigh porosity 17, is exposed to a continuous flow of
technological fluid with a volum&/_ [m?] per minute, which contains solid parts with masgkg]. The
solid particles that enter the pores of the chanoélhe filter membrane hover and linger in itthwihe
filtered liquid continuing to move at the same gpeeolid particles that are stuck in the channeepmf
the filter septum, change its porosity and affeetduration of the filtering process.

To determine the porosity of the filter membranexay time and the phase of filtering the liquid
through the porous layer of the filter membrands ihecessary to know the mass of solid partsdhat
suspended in the pores of the loose porous matérilé filter membrane. To do this, we take tineetit as
an independent variable, and the unknown fungtionas the mass of solid parts that hang in the chhanne
pores of the filter membrane iminutes after the start of filtering. Let us detgre how much the mass of
solid particles of impurities in the filter partti changes over a period of time frano the moment
(t+41).

In one minuteW,, [m®] of contaminated liquid enters the filter membraaed in4t minutes -W,_ At
[m3], and in thes&V -4t [m?] of liquid there arex,-W, -4t [kg] of solid particles of admixture. On the other
hand, during the timgt as much a®V, -4t [m?] of the filtered liquid flows through the filterembrane.

At timet, the entire filter membrane with a volumeW [m?] containsy(t) [kg] of solid particles of
impurities. Consequently, in the volunvé, -4t [m?], there could ben,, -4t-y(t) [kg] of solid particles of
impurities if during the timeft the amount of solid particles in the filter paatit is not added. But since
the mass of solid particles of impurities duringsttime increases by an amoudt infinitely small with
At - 0, then in the volume of liquitlV, 4t [m?] there will beW,, mt[ V() +5] [kg] of solid particles of
impurities, whered - 0, atAt - 0.

Thus, the liquid entering the filtering membranegioa period of timet,t + At) containsc-W,, At
[kg] of solid particles of impurities, and the voie of the porous layer of the filtering membrarietaby
the liquid containgV,. (At (1) + 3] [kg] of solid particles of impurities.
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The increment of solid particles of impurities otiene [y(t+At) - y(t)] is equal to the difference
of these quantities, i.e.:
[y(t+At) - y()] =« W, At-W, D] {)+7].
We divide the resulting equation bly and proceed to the limiting value witkt — 0. On the left
side of the equation we obtain the derivatiét) , and on the right « W_-W,_ Y9, sinced - 0,.with
At - 0.
Therefore, we have a differential equation:
y'()=r W, ~W, ¥ (1)
The differential equation is a linear homogeneofffergntial equation [7]. We solve these linear
homogeneous differential equations by the methodivgible variables. To solve linear homogeneous
differential equation (1) we bring it to the form:
y(t) =c®™" +x,. (2)
Since at the initial moment of filtration, with=0, there were no solid parts of impurities in the
filter membrane, their mass wag0) = 0, assuming in equation (2)=0, we find the integration constant
¢ C=-«k,.
Presenting the valueinto the equation (2), we obtain:
y(H) =&, (1-e"").
With t=t_, in porous layer of the filtering membrane themr a

m, =x,(1-e™"), 3

wheremy — the mass of solid particles, [kg].

The derived formula (3) makes it possible to deieenthe mass of solid parts that are suspended
and hovering in the channel pores of loose poroatenal of the filter membrane at any time durihg t
process of filtering a lubricoolant fluid with sdlparticles of metal working and subsequently aethe
law of change in porosity of a porous medium basethe following reasoning.

Assuming that the change in porosity is proportidadhe increase in the mass of solid parts in the
porous layer of the filter membrane with volumg, me, we obtain:

d
ar=—24, @
pW,
where p — the density of porous medium, [kdlm

Since when filtering water-slurry suspensions tigtowa filter membrane the porous medium
continuously changes and increases due to solittlearof slurry, the continuity equation takes thiem:

a(oY) , Ap) , OpW , 0P, O _

x oy | oz at Pt )
Substituting the value in the continuity equation:
o _dp 9P  om_dr gm
ot dP ot’ ot dm ot
we receive:
o(p,u) . 0(p,V) . 0 dpdoP d7 o
e S e a0 ©

The real liquid is poorly compressible, therefavéh a sufficient degree of accuracy we can present
as follows:

p-p,=L(P-p), (7)
a

wherea — modulus of elasticity, [N/fh
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Determining via the formulas (3), (4) and (7) thenerical values of:

oM _w o o 8)
aH
a7 1
dm oW,
%:B’ (10)
daP «a

after appropriate substitutions, the continuity atopn for a variable porous medium takes the foitmwy
form:
W, [
0(pY) , 3(peY) , 0P , PP , kW, E™E _ 1)
0X oy 0z a ot oW
To solve the obtained differential equation (11)ewtHiltering a slurry-water suspension through a
porous layer of a filter membrane, we assume thatfiuid moves in one direction according to the
accepted model of the slurry-water filtering pracéghen equation (11) takes the form:
W,
a(pOW) +H£6_P+K3 mvyc Eé
0z a ot oW,

The process of filtering water-slurry suspensidieugh a porous layer of solid parts of the filter
membrane obeys the linear law of filtration — D& dgw [8], [9]:

w=Kk, Bdf (13)
dz

=0. (12)

wherek, — coefficient of filtration, [m/s].

The filtration coefficient has a dimensionality s§eed and characterizes the properties of the filte
material for a particular type of liquid. It shoul noted that it is desirable to determine theievaif
filtering coefficient in experimental way, sinceettproposed theoretical formulas do not always give
sufficiently accurate results [10].

Performing the corresponding transformations of fittering equation for a variable of porous
medium through pressure fluctuations on the fittembrane, we obtain the final form of this equafimm
filtering liquid in a variable porous medium:

2 SW,, B
65”7 pLo 6P+K3@WIVM[E 0. (14)
0z alk, 0ot k, Lo W

Thus, basing on the law of changing the porosittheffilter membrane, the differential equation for
filtering the liquid in a variable porous mediumdsrived. Differential equation (14) allows, fovgn
initial and limiting conditions, to obtain a solomi to the problem of filtering fluid through a layef solid
parts of a variable porous medium of the filterhrakhe time 0<t < T and spatial & z< L values:

P (z, 0)=Py; P (0, t)=Py; P (L, t)=P.. (15)

On the surface of the filter membrane, the presdlistribution is defined as a function of
coordinates and time (z, 9.

Pressure distribution on the surface of the fittembrane at the initial time of filtration:

witht=0 P(z, 0)=Ps.

Since the pressure on the surface of the filter bmame is kept constant during filtration, the
hydrostatic pressure force, which acts perpendic¢althe surface of the filter baffle, is a constaaue.

We introduce into the differential equation (14)face that acts perpendicularly to the filter
membrane. As a result, we obtain the differentégplagion of deformation in the porous medium of the
filtering membrane:

2 W,
OF,, T OF, x [gLBON D&%" _

072 alk, ot k, CoDW, (16)
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Given the initial and boundary conditions of thikefing process of water-slurry suspensions, we
arrive at the formulation of non-stationary bournydealue problem of filtering liquids in a deformed
porous medium.

The solution of the non-stationary problem (14)wititial and boundary conditions (15) is carried
out by the finite difference method [11], [12]. Tassence of the method is that it is solved byddsired
set of numbers at the corresponding points of ticeset, where they use the set of points of $eigtion
of straight lines as a discrete set of points.

As a discrete set of numbes, we use the set of intersection points of stralgtés z= mlh
t=nl, withm=0,£1,£2, andn=0, 1, 2, ..., T /7], whereh > 0,z > 0 are some numbers.

We assume that stefs related to step by the dependenae= rh? wherer = const, so the gricDy,
depends only on the paramelehe desired grid function is the talplg » = {P (mh, n)} of the values of
the solutiorP (z, t)of equation (14) at the grid poirDs.

The implicit difference scheme approximating diffietial equation (17) has the form:

PRIt =B P PRi-2Pre Bk W, B

r alk, h? k, Lo LW,
PR=R R=R R'=PR. (18)

In order to calculate the valu®''with m=0,1, 2,...,L when the valueP! is known with
m=0,1, 2,...,L itis necessary to solve the problem:

n+l n ml 1 + 1 W, [0
Foo oy P18 i 22 Py OO IED (19)
T r alk, h k, Co OW,
R =R R™ =P, (20)
After multiplying both parts of the difference edjoa by the factor «7 » the problem will take the
form:

b _ iy PO Pan 2P+ Rk LG, DT
" " a'|](¢ 1§ IS/;EPDM;

Let us introduce the following denominations:

Vv, =P, amzn%r, bmzzn%r—l, C, =11 '05(3 r,
a a a
(4 b (4
.k gw, 0e'-"
qm:Pm_ 3|:g N 7, aOZFL ﬂOZPZ'
k, W,

After appropriate substitutions and transformatjortaking into account the introduced
denominations, the difference equation (19) withltbundary conditions (20) takes the form:
a, V., +b,0V,+ c,[V,, = q, (21)
Vo =ay, VL = 180- (22)
with m=1,2,3,...,L- 1
The coefficientsa,,, b,, c, satisfy the conditions,, >0, c,>0, |b,|>a,+c,+J, where ¢> 0).
Therefore, the problem has a unique solution.
To solve the difference boundary value problem,wrige the equatiorV, = a,of system (21), (22)
in the form:
Vo =My, IV + Ky 5,
whereM,, =0,K,, =a,.
From the equatiora, [V, + b D, + ¢V, = q, corresponding to numben=1 in the system (21,22),
we excludeV, using equatioV, = M,, [V, + K ,.
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The result is written in the following form pernaitt in relation tov,:
Vi =My, IV, + Ky,

where My, =%, Ky :&EH_%'

We continue the described exclusion process faregin=2, 3, 4, ... The coefficients obtained in
the process of eliminating the ratiglg =M., IV, + K., ,, are calculated using recurrence formulas:

_Cm . K _ qm - ame—:I/Z
! m+y2 .
bm+amMm—:I/2 bm+amMm—:I/2
The last of the formulas received in this way isalews:
VL—l = ML—J/z WL + KL—12-

Since the valu®/, = 3, it is possible to calculaté , =M _,, [B,+ K _,,.
After thatV, _, =M, 5,V _,+ K _;, and so forth, tilV, is defined.

The obtained solution permits one to determine hihi@grodynamic parameters of fluid filtration
through a layer of particles of the porous medianthe filter membrane under given initial and boamyd
conditions and to obtain a solution of the nonistetry boundary problem of fluid filtration in afdemed
porous medium.

Mm+]/2 =

Conclusions

1. The studies carried out permitted to identifyl atudy the laws behind the process of filtering
fluids through bulk porous materials.

2. The revealed patterns made it possible to @statiie law of change in the porosity of the filter
partition.

3. Based on the law of changing the porosity of fiter membrane, a differential equation is
derived that allows, for given initial and boundamgnditions, deriving a solution to the non-stasign
boundary problem of filtering the liquid througtettayer of solid parts of the variable porous emwinent
of the filter membrane.

4. The introduction into the differential equati¢i®) of a force that acts perpendicular to thefilt
baffle permits to obtain a differential equation flee deformation of a porous medium.
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