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HamionansHuii yHIBEpCUTET BOJIHOTO TOCIOAAPCTBA Ta MPUPOJTOKOPUCTYBAHHS

MATEMATHYHE MOJIEJIOBAHHA ITPOLHECIB MAT'HITHOI'O
®LIbTPYBAHHS I PETEHEPAIIIL TA OIIIHKA IX EOEKTUBHOCTI

Pesztome. YOockoHaneHo mamemamuyny MOOenb, W0 ONUCYE 3AKOHOMIDHOCHI Npoyecy MAcHImHO20
0caoddicents. 3anponoHO8aH0 MemooOuKy pO3PAXyHKY eeKmusHocmi npoyecié Qinbmpysants ma pezeHepayii.
Hocniooceno pezyromamu, ompumani npu gitempysanti ma pecenepayii y ginempax, axi ¢yukyionyroms 3a
3aKOHAMU, NPUUHAMUMU 8 Y3acanbHeHiu modeni Minya.

Kniouosi cnoea: macnimne @inempysanua, mamemamuyHa —MOOenb  NPoOYecy — MASHIMHO20
Qinompyeanns, QinbmpyeanHs ma peceHepayis MacHimHo2o Pitbmpa.

V. Garashchenko, A. Safonyk, O. Garashchenko

MATHEMATICAL MODELING OF PROCESSES OF MAGNETIC
FILTRATION AND REGENERATION AND ESTIMATION OF THEIR
EFFICIENCY

The summary. The results of the investigations deal with the problem of water system purification from
the contaminating admixtures. The problem is urgent in heat and nuclear engineering, chemical and
metallurgical industries. Conventional methods of water systems purification from the products of corrosion,
which are based on the application of filters, the filtering nozzle of which are organic and inorganic materials,
are known not to provide high level of purification. The process of filtration is especially complicated while
filtering high temperature water media (=100-200°C) and when high-depression iron admixtures are available.
Numerous investigations have testified that iron admixtures (up to 70-95%) in waters of thermal station
equipment possess ferromagnetic properties. The efficiency of purification is testified to be dependent on the
quality of the filtering nozzles regeneration, that is, these processes are interconnected.

It has been proved that for the purification of technological water systems, in which ferromagnetic
admixtures are available, the method of magnetic sedimentation of admixtures in ferromagnetic filtering nozzles,
which can be realized in the magnetic filters, is worthy being applied. Magnetic filters operating includes the
process of admixtures sedimentation in the filtering nozzles and the nozzle regeneration.

It has been testified that nozzles regeneration time affects the filtration cycle duration, that is, the
period of time, during which the filter nozzle is maximally saturated by the admixtures.

Basing on the experimental results data on the effect of active parameters of the magnetic purification
of liquid media upon the mass exchange coefficient, mathematic model, which describes the regularities of the
process of admixtures magnetic sedimentation in the magnetized ferromagnetic nozzle, has been improved. The
basis of the mathematic model are regularities of the filtering process, which are similar to the theoretical
approaches of he Mints mechanical filtration theory.

The proposed mathematical model includes a wide range of change of the magnetized filtering nozzle
length and sedimented admixtures concentration in filtering nozzle. The model takes into account such
parameters: magnetic field stress, granulated filtering nozzle diameter, time of the protective action of the
magnetic filter, rate of he liquid media filtering, coefficient, which is the characteristic of he mass amount of the
magnetic sediment of the ferromagnetic admixture particles per time unit. Basing on the computer experiment
and using the proposed mathematic model the regeneration time, during which the maximal specific density of
the nozzle saturation by the admixtures was found to be reduced to 0,5; 0,4; 0,2; 0.



BICHUK TEPHOIIJIbCbKOIO HALIIOHAJIBHOIO TEXHIYHOIO YHIBEPCUTETY. Ne 1(65) 2012

Nomograms for determination of the operating filtration cycle of chip and ball-shaped filtering nozzle, the
period of nozzle regeneration depending on the input iron concentration and purification efficiency, have been
calculated and built. The rate of the water flow regeneration was found to affect sufficiently the regeneration
efficiency. Thus, at the rate V=1000 m/h during 2 min the regeneration efficiency is 85% of the maximum
possible efficiency. When V=500m/h under the same conditions, the regeneration efficiency is.

Key words: magnetic filtration, mathematical model of magnetic filtration process, filtration and
regeneration of magnetic filter.

IlocranoBka mnpoOiaemu. Ilporec ouMieHHS BOAHHUX CHCTEM BiJ PIZHOTO BUIY
JOMIIIKOBUX 3a0pydHEHb € aKTyaJlbHUM HAayKOBUM 1 HayKOBO-T€XHIUHHUM 3aBIaHHSIM.
Oco0nuBOo rocTpo 1S 3adada CTOITh Yy TEIUIOBIH 1 aTOMHIM eHepreTuli, XiMidHi,
METaIypridiHId MPOMHUCIOBOCTI. ICHYIOWI METOAM OYMINEHHS BOJHUX CEpPEAOBUI BiJ
OPOAYKTIB KOpO3ii, 3acHOBaHI Ha BHKOPHCTaHHI (UIBTPIB-OCA/PKyBadiB, B SIKUX
GimbTpylOUMMH 3arpy3KaMH € OpraHiuHi W HeopraHiuHi Marepiaiu, He 3a0e3NedyloTh
BUCOKUU piBeHb oumnmieHHs [1, 6, 7]. IIporec ocamkeHHs TOMIIIOK OCOOIHMBO YCKJIaIHECHUN
IIPH OYHIICHHI BUCOKOTEMIIEpATyPHUX BOJHUX CEPEIOBHUIN (HAMPHUKIIAI, 3BOPOTHI, IPCHAXKHI,
Typ6inHi kougencatu TEL[, TEC) 1 3a HajgBHOCTI BUCOKOJUCHEPCHUX JOMIIIKOBUX
3a0pynHens [1, 4]. EdekTuBHICTh HpOIECY OYHUIICHHS 3alIeKUTh BiJl SKOCTI MPOBEACHHSA
npolecy perenepaiii ¢pinbTpyrodoi 3arpy3ku. Lli 1Ba mpoliecu € B3aeMomnoB’si3aHUMU. Tomy
CTBOpPEHHSI MOJElNi, SIKa BU3HA4Ya€ MapaMeTpu W YMOBH, MpPH SKHX MPOIECH OYHUIICHHS M
pereHeparlii OyayTh €PEKTHUBHI, € AKTyaTbHAM 3aBIaHHSIIM.

AHaJi3 ocTtaHHix aochaikenb i myOaikauwiid. Bimomi 3 mitepaTypu IOCHTIKEHHS
3aCBIIUYIOTh, M0 3HAYHA YAaCTHHA, 2 Ha OKPEMHUX BUPOOHMIITBAX — BH3HAYAJbHA YaCTHUHA
JOMIIIKOBUX 3a0pyIHEHb y BOJHHX CHCTEMax CKJIAQJalOTh CIOJYKH 3alli3a: MAarHeTHT,
rematut, maremit [1, 3, 4]. IlpuunHOIO HASBHOCTI TaKUX JOMIIIOK € HEMepepBHa B 4Yaci
KOpO3isi Ta 3HOC TEXHONOriyHoro oOnanHaHHsA. HaBiTh He3HayHa  KOHIEHTpAIis
3aJ1130BMICHUX JIOMIIIOK, O0mu3bko 10—50 MKr/kr, y Bojmax (KOHAEHcaTaX, >KHUBHJIbHIM BOJI)
KOTEJIbHUX arperaTiB MpPU3BOJIUTH /10 TOTO, 110 HAa BHYTPINIHIX MOBEPXHIX MapOreHEPYIOUUX
TpyO YTBOPIOIOTBCS 3aNi3HCTI BimkianeHHs. Binkmaaenus Bcvoro 0,3—0,5MM 3yMOBIIOIOTH
neperpiB Tpyo Ha 80-120°C [1-7]. IIpu poMy noripuryeTbes Terionepeaaya, 301IbIIyeTbes
nepeBuTpaTa MalnBa, BiIOyBaeThCS Mepenayn i HaBiTh po3puB Tpyd. Yacrto 3abpyaneHi
KOHJICHCATH CKHUJAIOTh y BOJHI OaceiiHW, 3a0pyAHIOIOYM HABKOJMIIHE CEPEIOBHIIE.
UuceHHUMHU JOCHTI/DKEHHSIMU BCTAaHOBIICHO, IO TakKi 3ami3oBMicHI aoMimku (10 70-95%)
BOJIOJZIIIOTH (pepomarHiTHUMU ab0 (epuMarHiTHUMH BJIACTUBOCTSAMU. Lle € OoCHOBOIO ISt
BUKOPUCTaHHA €KOOe3MeyHoro 1 eHeproe@eKTUBHOrO METOAY MAarHiTHOIO OCaKEHHS
JOMIIIOK y pepOMarHiTHii GiIbTPyrOUiid 3arpy3i, SKUi peai3yeThCsi B MArHITHUX (iIbTpax
[1-6].

Excrutyaramisi marHiTHUX (UIbTpiB BKJIIOYAE Tpouec oOcakeHHs ((QUTbTpyBaHHS)
JOMINIOK Y (hepomarHiTHii GiIbTpyrOUii 3arpysmi i mporec pereHeparii 3arpysku. [Iporec
(GinTbTpyBaHHA XapaKTepU3yeThbCs IepiofoM (iUIbTpoLMKIY (T;) 1 yacoM pereHepamii (Tp).
[epiox ¢inprporukiry (T;) CKIagae Bifg KUIBKOX TOAMH 10 KIJBKOX COTEHb TOIHMH, a 4ac
perenepanii moxke ckinagatu 3—-20xB. [Ipu 1mpoMy 3anexHo Bin (QopMH, PO3MIpIB, Macu
rpanyn (QuUIBTPYIOUOi 3arpy3Kd BHKOPUCTOBYIOTHCA 3HA4HI 00’€MH BOJW ISl pereHeparii.
Bunnkae He0OXiIHICTh CTBOPUTH TaKi YMOBH, i pO3paxyBaTH TaKi TEOPETHYHI PEKOMEH A,
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npu SKkuX e(eKTUBHICTH MpolieciB (PiMbTpyBaHHS Ta pereHeparlii MaKkCuMaibHa, a BUTPATH
BOJIM TIPH pereHeparrii MiHIMaJIbHi.

MeTow naHOi PoGOTH € YIOCKOHAJICHHS MAaTeMaTHYHOI MOJIEINi MPOLECY MarHiTHOTO
OCaJKeHHsI y BUMAKy GiIbTPYBaHHS W pereHepallii, Ta po3paxyHoK mnepioay GpiibTpouukiy i
gacy pereHeparii MarHiTHOToO QuIbTpa.

Bukiang ocHoBHoro marepiaay. [lpumyckaemo, mo 3aKOHOMIPHOCTI B MpoIecax
¢GinbTpyBaHHS ¥ pereHepamnii TpH MarHiTHOMY OC3/DKEHHI JIOMIIIOK —aHaJOTivHi
3aKOHOMIPHOCTSIM Y Teopii MexaHi4HOTo (pimbTpyBanHs Minmna [8].

Buxonsun 3 BHUIECKA3aHOTO, 3alMIIEMO W PO3TISHEMO CHCTEMY pIBHSHB, SKa
BIJIMOBiAA€ sIK mporiecy (GiTbTpyBaHHs, TaK 1 pereHepailii aHaJIori4Ho MiJX0/y, BUKJIaJEHOMY
B [9]

a(o-(p(x,t))c(x,t))+8p(x,t)+V5C(x=t)=()
Py o a7 (1)

ap (.
% = Be(x,t) =z, (p(x.0)) p(x.1),
C|x:0 - C:(t)’ C|t:0 =0, p|x:0 =0, p‘t:O = (), 2)

ne  c (t) =c, =const, p,(x)=0 y Bumagky imsTpyBaHHE i c. (t) = ,upc: ,
(u, = const <<1), p.(x)=p(L—x,t;) npu perenepauii; 0<x<L, 0<t<owo, c(x,f) -
KOHIEHTpAIlis JOMIIIOK y PIAKOMY CepeqoBHIli, M0 GIIbTPYeThCs; pP(X,1) — KOHIIEHTpAIis
JOMIIIOK, OcamkeHHUX y (inbTpyrodii 3arpysmi; c, (f) — KOHUEHTpaLis 3aBHCIHX
JOMIIIKOBUX YaCTHHOK Ha BXoxi ¢inbrpa; p.(x) — mouarkoBuil posmoxin ocamy y
¢inbTpyrouiil 3arpysui (mpu peresepauii p.(x)=p(L—-x,t,), € T, — 4ac 3aXUCHOI Mii
ﬂ H0,75
binpTpa (TIepion QiIBTPOLHKITY)); 'B:(I)/T_ KOoe(IIli€HT, M0 XapaKTepU3ye MacoBi
00CSITM MarHiTHOTO OCAJKCHHs (PEPOMArHITHUX JOMIIIKOBUX YaCTUHOK 33 OJMHHUIIIO Yacy;
f, — BUIbHUII napaMmeTp (BCTAHOBIIOETHCSA JOCIIIHUM LUIAXOM); /1 — HamnpyXeHICTb

Mar”iTHOro mojsi; d — JaiaMeTp IpaHy/lIbOBAaHOI 3arpy3Kd MarHiTHoro (inbTpa; o (p) —

KoeILi€HT, 1110 XapaKTepu3ye MacoBl OOCATH BiAIpBaHMX 3a TOH ke yac BiJ I'paHyJl 3arpy3Ku

somilkoBuX yacTHHOK (a, (p) =, + ca.p(x,t)); L — nosxuua insrpa; V, — mBHAKICTS
¢inbTpyBanHs (k = ¢), abo perenepauii (k =p) (V, = const, 1o XapakTepusye 3aMKHEHICTb

TEXHOJIOTIYHOTO TIPOIIECY); & — MM Mapamerp.

[Mpumyckaemo, 1m0 pereHepariss (iIbTpyr0Uoi 3arpy3kd Mar”HiTHOTO  (imbTpa
3MIMCHIOETECS BOJAHMM IIOTOKOM TIPH BUMKHEHHI MAarHiTHOTO TIOJS Yy HANpPSMKY,
MPOTHWICKHOMY (PUIBTpYBaHHIO (ITPOTUTOKOM), ajie 3a TUMH 3K 3akoHamu. KoedimieHT
e(eKTUBHOI pOOOTH MarHiTHOTO (iIbTpa BU3HAYAETHCS 32 BUPA30OM

C:—C
l//: = 5 (3)

Cy
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Je c.,c — BXiJHA i BUXigHA KOHIEHTpalis 3a0pyaHeHHs (QepOMAarHiTHMX IOMINIOK) TpH
MarHiTHOMy OYMIIEHHI BOJHOIO cepenoBHINa. Y BUNAAKY c(f)=c =const epeKTUBHICTh

OYMINEHHS (UIBTPOM MPAKTHYHO HE 3MIHIOETHCS JO MOMEHTY 4Yacy T, IICHIS SIKOTO
e(eKTUBHICTh NTOYMHAE CHANATH, 10 MIATBEPDKYE BiIOMHH (akT po3noainy eheKTUBHOCTI
¢ineTpa 3 yacom [7-11].

Ha mizxcrasi [8-10] MoxHa 1OKa3aTH, IO Yac 3aXMCHOI Aii QpuibTpa 7, =av,f, Ta 4ac

perenepaii 7, = av,f, 3HaXOIATHCS 3 BUPA3iB

;(=c(L,2'3)=cO(L,73)+ang"cl.(L,rg)JrRZ(L,g,g) 4)
i=1
77=p(L,2'p)=po(L,z'p)+Zgipi(L,rp)+Rn(L,rp,g), ®)
i=1
c:[ —O-OLJ-eJ;kL, tZO-LL,
ae aHAJIOT1YHO pi() [11] 3aIUIIeMO c,(L,t) = i Vi
o,L
0, t< ,
Vi
e D j‘ ( (%) ( )) 4(34) (L)
’ - e (% fi(R)+L-f,(L)) " "dx, t> f,(L),
poL.t)=Blcy(LDdi . ¢ (Li)=| Vi
‘ 0, 1< f;(L),

pi(L1) = [ (Be(L.D) - g (L.T))di .

L

ae gi(L’t):ipj1(a0+1(i’j)2(a*pi2)]’ /li(L,l‘):Vij.é'i()?,ﬁ()?)+L—ﬁ(L))d)~c’

k0

: 1 >b
¢ (L,t)=o. W+ B, I(a,b)= { A A= Y Gmkeni sHavenns dynkuiit f;(x)

0, saxwo a < b.

3HAXOMATHCS IUISXOM IHTEPIOJIIOBAHHS MAacCHBY (xl.,t/.), j=Ln, ne xl.:Ax- 7,

Ax . .
fo :t_}.+70'*pl._1 (xj,tj). JUts OLHKH 3a/IMIIKOBUX diCHIB R, (L,7y,€) Ta R, (L,rp,g)
k

MaeMO BiJIMOBIIHY 3a1ady, aHamoriyny 1o [11].
[lepion ¢inpTpouukny (7,) BU3HAuYaeThCs 3a (Gopmynoro (4) sk yac, yIpOIOBXK SIKOIO
KOHLIEHTpallis Ha Buxozi ¢inbrpa ¢(L,7;) nocsrae pisus mpockakysanns y,=0.5; 0.6; 0.7,

0.8. Takox MPHITYCKAEThCS, MO TMPOIEC pereHepaiii QiabTPyrd0i 3arpy3Ku 3AIHCHIOETHCS
(iIbTPaTOM 3 KOHIEHTpaLi€0 ¢, TOOTO (BinbTpaToM, 310paHuM 3a yac (7,) y A€AKY €MHICTb,

Jie BiH MOBHICTIO TepeMimnyetbes. Yac perenepauii 7, BusHavascs 3a popmyioro (5) sk vac,
YIPOJIOBXK SKOTO MaKCHMajbHa BIAHOCHA LIUIBHICTH HACHYEHHS 3arpy3Kd ocagoM pP(X,7,)
3HIKYETBCS JI0 PiBHS v, =0.5;0.4;0.2; 0.

HapeneMo pesymbTaT po3paxyHKiB 3a ¢dopmymamu (4), (5) mpu c,(f) = 0.2 mr/m,
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V=200m/200, L=1m, B,=0.7-10"m/c, a,=0.35m"/c, H=60 xAM, d=2.4 wmm.

a.=1.

Ha puc. 1 HaBeneno pospaxoBani 3a Gopmynamu (4), (5) HOMorpamu [Ijsi BU3SHAUCHHS
po6odoro QiIIBTPOIMKIY CTPYKKOBOI 3arpy3KH, IMepioy pereHeparlii 3arpy3Ku 3aJIeKHO Bij
BXIZJHOI KOHIIEHTpalii 3amiza Ta e(QEeKTHBHOCTI Mpolecy ouMiieHHs. Hampukinan, mpu

c.(t) =0.2mr/n i edexTuBHOCTI w,=0.5 mMaemo: Juisl KyIbKOBOI 3arpy3ku 7, =70 rox, s

CTPYXKKOBOI 3arpy3Ku 7, =85 TOA.

CA
v, =08 P A

0.2 300 Va=0y —02

n

v, =05 /oy, =04

0.15]

200 v, =05
0.1 '
100
0.05
. 0.0001 .
0 40 60 80 100t 200 0o 5 10 15 20 1 xe

a) 0)
Pucynok 1. Homorpamu po6o4oro ¢iabTpOIMKIy KyJIbKOBOI 3arpy3KH (a)
1 perenepartii (0)
Figure 1. Nomograms of working filtration cycle of ball-shaped nozzle (a)
and regeneration (0)

CcA P A
0.2 300
0.15 ¥y =0.3
/ 200
0.1
100
0.05
. 0.0001 s
0 60 80 100t 200 0 5 10 15 20 ¢

a) 0)
Pucynok 2. Homorpamu po6040ro GiabTpOIHKITY CTPYKKOBOI 3arpy3KH (a)
1 perenepartii (0)
Figure 2. Nomograms of working filtration cycle of chip nozzle (a)
and regeneration (0)
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Vaa 4 3 2 1

A

0 5 10 157,20 25?

Pucynok 3. 3anexHicTh epeKTUBHOCTI IIPOLIECY PETEHEpalii 3arpy3Ku ¥/, Bia
HIBUAKOCTI pereHepaliifHoro BOAHOTO OTOKY Vp , M/rox (1 — Vp =250,2— Vp =500,
3-V,=750,4-V,=1000)
Figure 3. Dependence of efficiency of nozzle regeneration process /, from speed of
regeneration water flow V., m/h (1 — V,=250,2-V, =500,
3-V,=750,4-V,=1000)

Sk 6aunmo 3 puc. 3, MBHUAKICTh pereHepaIiiHOro BOJIHOTO MOTOKY CYTTEBO BIUIMBAE HA
ebekTuBHICTH pereneparii, 30kpema npu V, =1000 m/rox, 3a 1aHUX yMOB 4ac pereHeparii

HaMEHIINN.

BucHoBKH. Y I0CKOHAJICHO MaTEMATUYHY MOJIEIb, 1[0 OMUCYE 3aKOHOMIPHOCTI MTPOIECY
MarHiTHOrO OCaK€HHS JAOMIIMIOK Yy (inbTpyrouid HamarHideHiil 3arpysumi. OTpumaHo
pPO3B’SI30K CHCTEMHU pIiBHSHb, SKa BIJMOBIAa€ MpoIlecaM MAarHiTHOTO (iIbTpyBaHHS W
pereHepairii 3arpy3ku. Ha OCHOBI KOMIT FOTEpHOTO SKCIIEPUMEHTY MOOYJOBaHO HOMOTPAMH
JUI BU3HAYEHHS po00YOro (GiIbTponuKiIy (QiUIBTPYIOYOi 3arpy3ku W Tepiogy pereHepartii.
[TokazaHo 3aneXHICTh €(PEKTUBHOCTI Mpolecy pereHepamii (iabTpyrouoi 3arpy3ku Bif
IIBUJIKOCTI PET€HEPAIifHOTO BOAHOTO ITOTOKY.

Conclusions. A mathematical model which describes conformities of process of the
magnetic besieging of admixtures in the filtering magnetized nozzle was improved. The
decision of the system of equations, which answers the processes of magnetic filtration and
regeneration of nozzle, is got. Nomograms for determination of working filtration cycle of
filtering nozzle and period of regeneration was built on the basis of computer experiment.
Dependence of efficiency of nozzle regeneration process from speed of regeneration water
flow is shown.
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