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Summary. In the paper, the technologies for the high-performance intellectual nanoporous filtration
systems based on the mathematical model of the two-level transport «filtration-consolidationy in the system of
nanopores in two intraparticle spaces, which includes two subspaces of different-sized nanoporous particles are
developed.
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Statement of the problem. Complex systems and processes designed in the field of
environmental protection, emission reduction, medicine, and liquids or gases filtration require
a new high-performance information systems creation for their research based on scientific
mathematical models with high-quality physical substantiation of the composition of their
elements, connections between them and parameters that determine efficiency their progress
and work.

Analysis of the available investigations. The proposed information technology for the
study of nanoporous filtration systems is based on the one developed by us phenomenological
model of the two-phase and two-level two-level transport «nanofiltration-consolidationy in the
«interparticle space — nanoporous particles» system, which takes into account the complex
feedback-interaction of the internal flow of adsorbed substance from the nanopores of spherical
particles and the mass flow of the substance located in the interparticle space [1, 2].

Formulation of the problem. The nanoporous medium is considered a multi-level
porous system with interparticle and intraparticle networks for express fluid flows. We
consider nanoporous particles containing a liquid substance consisting of various chemical
components. The particles form a nanoporous layer that is subject to one-dimensional
compression (Fig. 1). Substance flows interact between all considered spaces. Nanoporous
particles are separated by a porous membrane. A layer of particles is considered a two-pore
medium. In fig. 1 shows two levels of the considered elementary volume: level 1(a) for the
system of macropores in the interparticle space (interparticle space) and level 2 (b and c)
for the system of nanopores in intraparticle spaces, which includes two subspaces of
particles of different sizes: intraparticle spacel — the space of nanoporous particles with a
radius of at least Ry and intraparticle space 2 — the space of nanoporous particles with a
radius of at least R2 (R1> R2).

Mathematical model. The mathematical model of the considered complex system of
nanofiltration and nano diffusion in the spaces of different-sized nanoporous particles, taking
into account the specified physical factors and feedback interactions, can be described in the
form of a system of boundary value problems for partial differential equations for three of the
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indicated interconnected spaces formed for all spaces (interparticle space and two intraparticle
spaces) relative to the liquid phase.
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Figure 1. Schematization of flow interactions in a two-level system of nanopores between spaces
intraparticle space 1, intraparticle space 2

Problem A (consolidation equation for the interparticle space) consists in finding a
limited solution of the consolidation equation for a layer with different-sized nanoporous
particles in the domain

Dlz{(t,z):t>0, O<z<h}:

oP(t,z) . &°P 1-¢ 0

o =b azzl R1 o .[P (t,x, z)dx, — 3, R .fP(t X,, Z)dX, (1)
with the initial condition:
Pl(t’z)|t=0:PE’ (2)
the boundary conditions (for variable z)
P.(t,z)],.,=0; @| ., =0 (impermeability condition); (3)

Problems B1, 2 (consolidation equations for particles) to find the limited solutions of the
consolidation equations for the nanoporous particles (radius R;) in the domain

Di:{(t,Xi,Z)Zt>O, |Xi|<Ri, O<z<h, i=2,3};

oP PP — . —
— = i_li 1= 13! :1l 4
ot axf J ()
with the initial conditions:
R |t:0 =P(2), i= Z (%)
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the boundary conditions (for radial variable x;) are:

oP.

—|v0=0; P(t,x,,z t,z).

an ( i )‘ ( ) (6)
Nomenclature: B — liquid pressure in interparticle space, P,, P, — liquid pressure in

intraparticle space 1 and intraparticle space 2 (interior of spherical particles 1 and 2) in

accordance, b — is a consolidation coefficient in interparticle space, b,, b, — consolidation

coefficients in intraparticle space 1 and intraparticle space 2, B, B, — elasticity factor of the

particles 1 and 2 in accordance, h — is layer thickness, R1, Rz — radius of particles 1 and 2.
Analytical solution. A pressure profile in interparticle spaces and intraparticle

spaces 1 and intraparticle spaces 2. The analytical solution to the problem is found using

the operational Heaviside’s method, Laplace integral, and Fourier integral transformations.
Applying the finite integral Fourier transform (cos) [3, 4]:

R; R; P
F[ tx z] J‘ (t,xj,z)S(xj,nmj)dxj:IR(t,x z)cosnmxd = m(t z), :{:23 Jj;;

0 0

Fc’l[Pirnj (t,z)}: i P, (t,z)-—"zz— P, (t.2)cosn, x; =P (t.x;,2), iz{3

asz

R |_teop | -
F{ 2}:2[ 8%, JOX; = =115, Py (6.2)+ (1) nm"Pl(t’Z)J:{?" =2

were S(Xj,nm_ ):cosnm_xj, n. = 2m, +1,,, m. =0, — are the spectral functions and spectral
i | m

i 2R !
]
numbers of integral Fourier transform (cos), we obtain the solutions of the problems B, Bo:

) 277m 2 < m fa 27]%1('[—1')
P,(t,x,z)=P, R zn—e . cosnmlx+EZ(—l) bz%je P (z,z)dzcosn, X, [x|<R,
1m=0 T, m =0 0
2 e (),

zue b cos7,, X+: Z( 1)m2b3’7mzje

R2m20 Um 3 m,=0 0

P (tx,z)=P.(2)— P (r.z)dzcosn, x, [X <R, (7)

Substituting the expressions (7) into the consolidation equation (1), after a series of
transformations and successive application to the problem (1)—(3) of the integral Laplace
transform [3] and the finite integral Fourier transform (sin):

FS[Pl*(s,z)] }F’l(s z)-V(z,4,)dz _[P (s,z)-sin,zdz =P (s),

o ] S o V@A) 28 e e s o
F, [Pl’n(s)]_nz_(;a’”(s)—|[\/(z,/1n)||2 - hnZ:(;Pl’n(s)sm J2=P(s,2),
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=
]

z

2n+1

. 2n+1 .
were V(z,4,) =sin T2 _are the spectral functions and A, = 7z — are the spectral

numbers of integral Fourier transformation (Sin-Fourier).
Applying the integral operator of the inverse integral Laplace transformation to
expression (8) we obtain [5, 6]:

n pe ‘9) *
A —|1+2 P, _(s) =
{ +bl[+ R? n;s/b ) g_:os/b z 1 (8)
1(.pe < sib p,(1-£) & s/b, )P
:—b—l(Z R12 z 22 +2 Z(Rz )Z 32 J/'Llj -+

1 m=0 S/bZ + 77m1 2 m; =0 S/bS + nmz
4 1+ pie 1+ B, (A—¢) i
b, b, =7

Using seris [3, 5]

2
x S 11 1 R b
ey SUrRRr D -y o z\/ zth[\/b_RlJ
m=0 Hm (S + bznm) m=0{ m Az + Hm S 2
as result we obtain
. b b
P (s) = bli”+s+ﬁlg\/_2\/§-th SR +/32(1—g)\/_3\/§.th SR,
" R, b, R, b,
- 2+ﬁ\/§th SR |+ £r(1=2) byl [s Sk, |lp L
R s b, R, S b, A,

Introducing the notation
b
¢(s,/1”)=s+bl/1”+ﬂlg\/gx/§-th 2R |+ 5 )‘/:Jg-th SR,
Rl b2 RZ b3

and applying the integral operator of the inverse Laplace transformation, we obtain the formula
for making the transition to the original in equation (8):

-1

(8)
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s
, ] _ N
PLn(D) = E/l_l— . +PE'ilg|—l n
| 4(s2") n ¢(s A \/7R1ch\/7R1
P Pol—¢) 1 e \/7
/?vn ¢(S //ln J7R2Ch\/7R2

where L_l[...] — integral operator of inverse Laplce transformation, " * ™ — is an operator of
convolution of both functions. Now we can consider the next equation:

s+bA"+ e \{F\/g-th(\/bEle+ﬂ2 (1g)§\/§-th(\/bER2]—0.

2

, we obtain:

2 a2 prev V2[R g e B[ Re )
ve b Ay - Bev R tg(\/g] Po(l—¢g)v R, tg[\/gJO. (10)

According to Heviside theorem one can obtain the expression of transfer to
original [4]:

Replacing ivs =v or s=—v

Ll 1 =
s+bA" +ﬁ15\/g«/§-th(\/?l?l J+ﬁ2 (1—8)\/@\/§-th(\/?R2J
Rl b2 R2 b3
1 eStds

G 7{s+b1/1n+ﬁlg\/_«/_th[\/7RlJ+,82(1 g)\/_\/_th(( J: (11)

o0 st ‘

Z e

e [0 ) o o )|

where Vins j=10; n= O,_oo — the roots of transcendental equation (10).

s=—vi,

Calculating of the denominator in (11):
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o sl ) ol ]

Then, as result, the expression (11) will have the vie:

_ 1
Ll

_ 2
s=—vi,

_p e
s+bA" +,Blg\/Rg\/§-th[\/éRl }L,Bz (1—5)\{2E\/§-th(\/gR2] j:11+q)(vjn
1 2

were

by| 1 R R 1
<D(vjn):1+/3152—\/_i atg[vjn\/bl_z} L

- dn itg{ . &}&;

2R,

an\/g

an

We calculate the Laplace originals of expressions:

o

§ -1k e b Z Dot -
k=0 ?R2
\/;Rlch\/7 {\/;Rlch\/iRl} L k=0
\/7 I( 1) e b377kt _ b3 z e-bz/lkt
\/7R20h\/7R2 L/ichh\/iRz} RS k=0
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In result of this transforms, we obtain the original of function P

2
Ve
2 Vin
—b,| po——A |t
2| Tk
b,
1-e B
2
2 an
T —

2o e g Vit 2 & b, sin A z
P(tz)=P. = 1- fe = —" (13
P2 200 R R 2y W

2 Vijn
Ny L
3| Hk
e b3
2 & 1-
—52(1—5)_22
Rz k=0 V2
,U2 jn
Z_-n
b,

which describe the pressure distributions in the interparticle space.

Here vy, j=1,00; n=0,00 — the roots of transcendental equation (10).

(2k +1)72' — . S . .
Tk ="n k =0,00 —are the roots of equation ch b—Rl =0, (s=in, | —imaginary
1 2
unit),
(2k +1)7r — . s
pg =————, k=0,0 —are the roots of equation ch| [—R, [=0, (s=iu),
A = 2n+17r — are the spectral numbers of integral Fourier transformation (Sin-
Fourier).

Substituting into formulas (7) the analytical expression of pressure distributions
in the interparticle space Pi(t,z), calculated according to (13), we obtain the final
expressions for determining the time-space distributions of pressures P2(t,x,z) and P3(t,x,z)
in the spaces of nanoporous particles: intraparticle spase 2 and intraparticle spase 3 in
accordance.

Numerical modelisation and discussion. As a part of the simulation stage,
a special software complex was developed to study the internal kinetics processes
of filtration in multidimensional nanoporous particle media. Software complex was
developed using a modern approach to software design and software engineering best
practices.

Simulation results of the filtration Kinetics process study are shown below.
The process parameters used in simulations are next: h=0.01m, R1=0.008 m, R>=0.004 m,
b1 =107 m?%/s, b, = 2 107" m?/s, bs = 10® m%s, p1 = 0.1, B2 =10.15, &= 0.5. Simulations
assumed that the studied media consists of two types of multidimensional nanoporous
particles of different kinetic properties.
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Figure 2. Distribution of dimensionless pressure in the intraparticles spacel Pa(t,x,z) versus time t, [s] in
different sections of dimensionless layer: a) Z=0.05; b) Z=0.25; ¢) Z=0.5; d) Z=1 (Z=z/h);
1-X=1.0 2-X=0.8; 3-X=0.6; 4 — X=0.4; 5 — X=0.05 (X=x1/R1)

Figure 2 shows the dimensionless liquid pressure profiles inside the porous particles of
first type P2(t,x,z) in time t[s]. The temporal pressure profiles were simulated for different layer
sections: Z=1 (top of layer), Z=0.5 and Z=0.25 (a middle sections of layer), and Z=0 (surface
of the filter medium. In the proposed images are clear to observe that liquid pressure is higher
in the center of particles (X=0.05) and decline in direction of liquid expulsion on a particles
surface X=1 (x, =R_). At the particles edge the pressure in micropores tends to the pressure in
macropores P1(t,z). Also, it is worth to note, that liquid pressure declines rapidly on the particles
surface (X=1) than in the middle sections (0.4, 0.6, 0.8) or particles center (X=0.05).

The difference between the temporal pressure profiles becomes more significant for
particles located on top of the later (Z=0). However, even in sections close to the central axe of
particles (X=0), the liquid pressure drops rather rapidly.
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Figure 3. Distribution of dimensionless pressure in the intraparticles space2 Ps(t,x,z) versus time t, [s] in

different sections of dimensionless layer: a) Z=0.05; b) Z=0.25; ¢) Z=0.5; d) Z=1 (Z=z/h);
1-X=1.0 2-X=0.8; 3—X=0.6; 4—X=0.4; 5 - X=0.05 (X=x2/Ry)
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Figure 3 shows the temporal profiles of dimensionless liquid pressure inside of porous
particles of second type (small) in time t[s]. Same as before, the temporal pressure profiles were
simulated for four different sections of media layer: Z=1, 0.25, 0.5 and 0.05. The consolidation
coefficient for these types of particles characterizes less destroyed cellular tissue compared to
the particles of the first type. Like in a previous example, the presented profiles show liquid
pressure drops on the surface of particles (X=1) are more rapid than for sections close to the
particle’s center (X=0.05), and overall decline is more significant when Z leads to 0. However,
appreciable retardation of liquid pressure drop can be detected in micropores of particles.

Pl{ r.fz]
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Figure 4. Distribution of dimensionless pressure in the interparticles space Pa(t,z):
1-72=0.052-72=03,3-2=05,4-2=0.7;5-2=1.0 (Z=z/h)

Figure 4 shows distributions of pressure profiles in interparticles space Pi(t,z) at
different sections of nanoporous media. Fifth profiles were simulated corresponding to different
sections of porous media. Pressures in all layers begin from full saturation and eventually go to
almost complete depletion. As we can observe, pressure profiles are not evenly distributed. And
most dramatic pressure drop happened for Z=0.05, near the bottom of the filtration media. At
the same time, layers located upper keep pressure for a longer period of time, which is an
indicator of more saturation.

Conclusions. Phenomenological model of solid-liquid expression from liquid
containing nanoporous materials is formulated representing the layer of particles as a bi-porous
system with interparticle and intraparticle networks for liquid flowing. The filtration-
consolidation equations were formulated for both intrerparticle and two intraparticle networks
considering the pressure profiles. It was supposed for nanoporous media that the interaparticles
network forms the first porosity with low storage capacity, while the intraparticle network form
a two second porosity with high storage capacity.

Analytical and numerical and solutions for pressure distribution and consolidation
coefficient were obtained for a real nanoporous material with two different compressibility and
permeability characteristics. The results show a slowed down pressure drop in the intraparticle
network and a slowing down of nanofiltration kinetics for different-sized nanoporous particles.
A special software complex has been built in the framework of science-intensive information
technologies for the study of complex processes of nanofiltration in media with various-sized
nanoporous particles based on the described mathematical model. The main goals pursued
during the design of the software complex were the ability to quickly study nanofiltration
processes for scientists, the ability to work on any modern platforms, high-performance
numerical modeling and friendly UI/UX. Using software development best practices allowed
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for a software design that could easily be extended or improved in the future with the ability to
add new features and enhancements.
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BUCOKOE®EKTHUBHI IHTEJEKTYAJBbHI THOOPMAIITIAHI
TEXHOJIOTT JUISI TOCIIIPKEHHSA CUCTEM ®LIBTPAIII B
CEPEJOBHUILAX PI3HOPO3MIPHUX HAHOIMMOPUCTHUX
YACTUHOK

Muxaiiyio Ilerpuk; Amurpo Muxaauk

TepHoninbcokuu HAYiOHATLHUU MeXHIYHUU YHigepcumem imeni leana [lynios,

Tepuonins, Ykpaina

Pe3ztome. 3anpononosano inghopmayitiny mexunonoziio 00CaioNceHHs HAHONOPUCMUX cucmem Pinbmpayii,

wo b6azyemuvcs Ha pawiuie po3pooaeHill penomenonociuniti Mooeri 080pazHoco0 ma 08OPI6HEE020 MPAHCHOPINY
CHAHOPINbMPAYIA-KOHCONIOAYIAY 6 CUCTNEMT «MINCUACMKOBUL NPOCMIP — HAHONOPUCHMI YACMUHKUY, KUl
8PAX0BYE CKAAOHUL 360POMHUL 38 A30K-83AEMO0II0 BHYMPIUHb020 NOMOKY A0COPOOBAHOI peuoBUHU 3 HAHONOD
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ceputHux UYACMUHOK 1 MACO8020 NOMOKY PEeyoUHU, WO 3HAXOOUMbCA 6 MIdCUACMKO8OMY HPOCHIOPI.
Hanonopucme cepedosuuje po3ensidacmuvcs Ak 0azamopienesa nopucma CUcmema 3 MidcuacmuHKosuMu ma
BHYMPIUHLOYACHMUHKOBUMU Mepedicamy nop i KAHAie, w0 BUKOPUCHOBYIOMbCS 8 AKOCII MPACHOPMHUX HOMOKIE
ona piounu. B ceoto uepey, wacmunku cepedosuwa micmams piouHy 3 DI3HUX XIMIYHUX KOMNOHeHmMis, ma
YMGOPIOIOMb  HAHONOPUCIULL Wap, WO NIO0AEMbCA OOHOBUMIPHOMY CcmuUcHennio. Ydacmunuku po3dineni
nopucmoio memopanoio. Lllap uacmunox 86anxicacmvcs 0BONOPUCMUM cepPedosUweM . CUCEMU MAKPONop y
MIHCHACMUHKOBOMY RPOCMOPI MA CUCIEMU HAHONOP Y BHYMPIUHbOYACMUHKOGUX NPOCMOPAX, AKA BKII0YAE 08d
nIONpOCMopU YaCMUHOK PI3HO20 PO3MIDY.

Ha emani uucnogozo modenosanns pospodreno cneyianoHuti npopamuuli KOMHIEKce Os 00CTiONCeHHSA
GHYMPIWHBLOT KIHemUuKu npoyecis inempayii ¢ cepedoguyax 3 pizHOPOIMIPHUMU HAHONOPUCIMUMU YACHUHKAMU.
Ilpoepamne 3abe3neuents CmMEOPeHO 3 SUKOPUCAHHAM CYYACHO20 NiOX00Y 00 pO3POOJeHHA NPOSPAMHOZ0
3abe3neuents ma 3 ypaxysaHHam HAUKpauux npakmux npospamuoi inscenepii.

Pesynomamu npogedenozo uucenbnozo Mooeniosants NoKA3YI0Mb CHOGIbHeHe NAOIHHA MUCKY Y
GHYMPIUWHLOYACMUHKOBII Mepedici ma YNOGLIbHEeHHS KIHeMUKU KOHCOOayii 015l ce0e008uwy 3 Pi3HOPOIMIPHUMU
HAHONOPUCTMUMU YACMUHKAMU. B pamkax naykoemuux ingpopmayitinux mexnonoziu 0us 00CiONCeHHs npoyecie
Qinompayii 6 cepedosuwax 3 pISHOPOIMIDHUMU HAHONOPUCMUMY YACMUHKAMU HA OCHOBI ORUCAHOL
mamemamuynoi mooeni nodyooeamno cneyianbHull npozpamuull komniexc. OCHOGHUMU YiNAMU PO3POOJIEHHS
MaKo2o KOMNJIeKcy OVIu MONCIUBICING WBUOKO20 BUBYEHHS Npoyecie ginempayii 011 HAYKOBYI8, MOMCIUBICMb
pobomu Ha OYOb-KUX CYYACHUX HAAMDOPMAX, BUCOKONPOOYKMUBHE YUCETbHE MOOeNO8AHH Md 3pPYYHUL
Kopucmysaybkuil inmepgeic. Bukopucmahnns Cy4acHux RpaKmuk po3poOJeHHs NpocpamHo20 3a0e3nedeHisl
00360UN0  PO3POOUMU  APXIMEKINYPY NPOSPAMHO20 3a0e3nedents, AKY MOXCHA JNe2Ko po3uupumu abo
B00CKOHATUMY 8 MATIOYMHLOMY 3 MONCIUBICHIO 000ABAHHA NOKPAUeHb AO0 HOB020 PYHKYIOHATY.

Knrouosi crosa: npoyecu ginempayii, uucenvne Mo0en08anHs, napaieivhi 004UUCIeHH S, HAYKOMICMKI
mexHoN02ii, cepedosuwa 3 PI3HOPO3MIPHUMU HAHONOPUCIUMU YACMUHKAMU.
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