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C. 0. PABIHIH, A. B. 3AXAPOB, M. C. MAHCTAT, C. JI1. TIITE3IH

THHOBAIIMHI TEXHOJIOTTI CTBOPEHHS CKJOKOMIO3HUIIMHAX MATEPIAJIB IS
CYYACHUX BPOHEXHWJIETIB

VY poboti mpoBeneHO MaTepialo3HABUMA aHaNi3 Ta eKCIEepPHMMEHTAIbHE JOCHiKEHHS KePaMOKOMIIO3UTHOTO OpOHeeTeMeHTa JUIs iHINBITyalbHOTO
3axucTy. MeToro OyJI0 BU3HAYMTH ONTHMAJIbHY KOMOIHAIiI0 KepaMiuyHUX i KOMIIO3UTHHUX IIapiB, Mo 3abe3nedye eeKTUBHE PyHHYBaHHS CHApAMIB,
MOTJIMHAHHS KIHETHYHOI eHeprii W MiHiMi3alilo Macu. 3alporoHOBaHO OaraToONIapoOBY apXiTEKTypy <OKOPCTKAa KepaMiuHa TIOBEpXHI —

CKJIOKOMITO3UIIHHNI NPOMDKHMH IIap — IoNiMepHa MiAKIaaka», sika 3a0esledye IOCIIJOBHE PO3CIAHHS eHepril i Jiokamisamio pyifHyBaHb.
OcobnuBy yBary NpHALICHO PO3po0Ii CIIOAYMEHOBHX CKJIOKPHCTATIYHHX MatepianiB, MonudikoBaHuX Y:0s-ctabinmizoBanuM ZrO.. BeneHHs
cTabinizoBanoro ZrO: cTuMymoe GpopMyBaHHsS TOHKOAUCHEpCHOI B-ciogymeHoBoi dasu (1o 85 06.%), mo migsumrye TpimunocTiiikicts (KiC = 8,1
MIa-mM*’) i momyms mpysxuocti (E =~ 320 T'Tla) npu 3mmwkeniit mimsHocTi (~2410 kr/™’) mopismsmo 3 SiC. JloCimimKeHO TepMorpamm,
MIKpOCTPYKTYpy, (a3oBHi CKJIajx i MeXaHIYHi BJIACTHBOCTI; OTPMMaHi JaHi CBiJ4aTh NPO IiABHINEHY BOTHECTIMKICTB i 3/1aTHICTH MaTepiany
BUKOHYBaTH (yHKUii pyiHiBHOro Ta aemndepHoro mapis. EKOHOMIYHA OIiHKA MOKa3ana Kpamui OajaHC «IliHa — SKICTB» y CHOAYMEHOBHX
CKJIOKOMIIO3UTIB TOPIBHAHO 3 KapOimaMy, INO 3HI)KYE BapTiCTh OpOHEENEMEHTIB IpH 30epexeHHI eKCIUTyaTallifHHX XapakTepucTHk. Habip
pEeKOMeHIaMii OXOIUTIOE TEXHOJIOTIYHI MapIIpyTH, KOHTPOIIb aaresii Ta pe3ysIbTaTH MOYaTKOBHX BHUIPOOYBaHb, IO MiATBEPKYIOTh KUTTE3AATHICT
pimeHb. Pe3ynbraT MiATBEPIUKYIOTh MEPCHEKTUBHICTD 3aCTOCYBaHHS PO3pOOJICHUX MaTepianiB y OararomiapoBux OpoHeeleMeHTax KiaciB 4—6 3a
JCTY 8782:2018. 3anporoHoBaHi MaTepiadyM NPHAATHI JUI iHAWBIIyaabHOTO 3aXHCTy Ta OOHOBOI TEXHIKM; IX BIIPOBAUKCHHS MOXE 3HU3HTH
eKCILTyaTaliiHi BUTPaTH.

KarouoBi cioBa: enemMeHTH OpOHE3axHCTy; CKJIOKOMIIO3MIIMHI Marepianu; [(-CHOAYMEH; HAHOCTPYKTypa; 3MillHEHI Marepiaiu;
BOTHECTIHKICTh; IPa/IiEHTHA CTPYKTypa

S. 0. RIABININ, A. V. ZAKHARQV, M. S. MAISTAT, S. L. LIHEZIN

INNOVATIVE TECHNOLOGIES FOR THE DEVELOPMENT OF GLASS-COMPOSITE MATERIALS
FOR MODERN BODY ARMORS

The paper presents a materials-science analysis and experimental study of a ceramic-composite armor element for personal protection. The aim was to
determine the optimal combination of ceramic and composite layers that ensures effective projectile break-up, kinetic energy absorption, and mass
minimization. A multilayer architecture of “rigid ceramic front face — glass-composite intermediate layer — polymer backing” is proposed to
provide sequential energy dissipation and localization of damage. Special attention was paid to the development of spodumene-based glass-ceramic
materials modified with Y2Os-stabilized ZrO.. Addition of stabilized ZrO- promotes formation of a fine-grained -spodumene phase (up to 85 vol.%),
which increases fracture toughness (K:C ~ 8.1 MPa-m®?) and elastic modulus (E = 320 GPa) while reducing density (~2410 kg-m™) compared to SiC.
Thermograms, microstructure, phase composition and mechanical properties were investigated; the data indicate enhanced fire resistance and the
ability of the material to function as both a sacrificial (fracturing) and damping layer. Economic assessment shows a superior cost—performance ratio
of spodumene glass-composites versus carbides, reducing armor element cost while maintaining operational properties. Recommendations cover
manufacturing routes, interlayer adhesion control and initial test results confirming feasibility. The results support the prospective application of the
developed materials in multilayer armor elements of protection classes 4-6 according to DSTU 8782:2018. The proposed materials are suitable for
personal protection and military vehicles and may reduce operational costs.

Keywords: armor protection elements; glass-composite materials; f-spodumene; nanostructure; strengthened materials; fire resistance;
gradient structure

Beryn. Ha pannix eramax OpoHs BHTOTOBISUIacs 31 OpOHI 3 BHUKOPHUCTAaHHSAM moiiMepHHX MaTtpuips (PMC)
cTami, sika e(eKTHBHO TOTJHMHAJa €Heprito ymapy, aie abo FRP.
yepe3 BENMKY Bary IMOYajiM IIyKaTH JIETII Mmarepiaiu,

30KpeMa BJIOCKOHAJICHI CTalll, CIIaBU 3aji3a, aJFOMIHIIO i Ta6muus 1. [lnomumHEA rycTHHA PI3HUX TUIIB OpOHI
TUTaHy. 3roJIOM JUIs 3HIDKCHHS Baru Oponi (tabm. 1) [1]

1oYyajy BHKOPHCTOBYBAaTH KepamiKy, siKa Ma€ MeEHIILY Tun 6poni [InouHHa rycruHa (kr/m?)
TYCTHHY, BHWIIy TBEpJICTh 1 MIIHICTh Ha CTHCK. Cranb 283

[NonanbmmM KpoKOM CcTallo BUKOPUCTAHHS KOMITO3HTIB Ha AroMinii 267

monmimepaux Matpuisix (FRP), me xepamiuni mapw, Tutan 220

po3MireHi MIX HOJ‘IiMePHI/IM'I/I KOMIIO3UTaMH, Kepamika-atioMiHiit 195

TIOTJIMHAIOTH 3aJMIIKOBY €HEpPril0 BiJ CHapsmiB 3aBISIKU KepaMOKOMIIO3UT 98

CBO{if HU3BKIN TycTHHI. Ha chOTOIHI KepaMOKOMITO3UTHA
OpOHA € HaWIermor cepel KOMEpPHIHHO TOCTYITHUX
IbTEPHATHB METaJEBiil OPOHI.

IcHyOTP  TakOX «M’siKi» TUNM  OpoHi, 1O
BUKOPUCTOBYIOTh Jjumie FRP-kommosuntén abo TKaHMHU
06e3 KepaMikum ISl 3aXHCTy BiJ JIETIIMX 3arpos,
HaNpHKJIax Kyib 3 MICTONETIB, X0o4a ISl CepHO3HIIINX
3arpo3, TakMX SK TBHHTOBOYHI Kyiqi, a0o yiamkw,
ONTUMAIBGHOIO € CcaMeé KEepaMOKOMIIO3UTHA OpOHS.
[Nonanbme 0OroBOpeHHS 30CEpeKEHO HAa I[bOMY BHII

BararomrapoBa kepaMOKOMITO3UTHa OpOHs 3a3BUYAii
CKJIaZIa€ThCsl 3 TPHOX OCHOBHMX IIApiB: 30BHILIIHBOTO
komnoszutHoro FRP, mo mnpuiiMae nepmwmii ynap,
KEepaMiyHOTO IIapy, MO TIOTJIMHA€E Oifblly YacTUHY
eHeprii, Ta BHyTpimHb0ro FRP, sikuit yrpumye kepamiky i
JIOZIATKOBO ~ TOTJMHAE eHeprito. I BEOUKHX UM
CKJIAMHUX KOHCTPYKIH KepaMidyHHH Imap  9acTo
CKIAJA€TBC 3 MEHIIMX IUIMTOK, II00 MiABHMIIMTH
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HaJIHICTh KepaMiKH, HE JIaloud PO3TPICKYBaTHCS BCid
HaHei.

Kepamokommo3utHa Oponst (puc. 1) ans Benukux
CTPYKTYp MOXe OyTH 30BHIIIHBOIO 200 IHTETpOBAHOIO.
InrerpoBana OpoHST 3aMiHIOE OCHOBHY  METaJleBY
CTPYKTYPY, BUKOHYIOUHM MOJBIfHY pOJIb — TOTJIMHAHHS
€Heprii Ta CTPYKTYPHOI OCHOBH, IO POOUTS ii JIETIIO0 Ta
epexTuBHImow0. Taki MaTepiany Ui OCTaHHBOTO IIApy
TTOBMHHI BiITIIOBIIATH SK 3aXWCHUM, TaK 1 CTPYKTypHUM
KpHUTEPIIM.

KomnosutHe nokpurTa FRP

KepaMmivHa INTHTKA

3 Kommo3nTHa ocHoBa FRP

Pucynok 1 — IToniepeunuii nepepiz kepaMOKOMIO3UTHOT
OpoHi

IaTerposany OpoHIO MOJKHA 3poouTH
0araTo(yHKIIOHATBFHOO, ONABIIM IMApH UL 3aXHCTy
Bil ENEKTPOMATHITHOTO BUIPOMIHIOBaHHA abo0 Bif
BIIKPUTOr0 BOTHIO. J[IsI TOKpalleHHS CYMICHOCTI MK
JKOPCTKOIO KepaMikoto Ta THydkuMu FRP-xommosuramu
YacTo JIOJAI0Th TYMOBHH 1Iap abo MeTaJeBi MiHU.

[apu Oponi MOXyTh OyTH BHI'OTOBJIEHI OKpPeMO i
3’emHaHi aare3uBamMM abo IpecyBaTHCS pa3oM  Iif
BHUCOKOIO  TemIiepaTyporo. Bemwmki  cTpyktypn 3
IHTErpOBaHOIO OPOHEI MOXKYTh BUTOTOBIISITUCS METOIOM
BakyymMHOTo (popmyBanns cmonu (VARTM) abo indys3ii
cvomu (RFI) [2, 3]. Immi meromu [4] TakoX MiIXOASTH
IUTA CTPYKTYD i3 BOYZOBaHOIO KePaMiKOIO.

3abe3mnedeHHs] MIIHOTO 3’€IHAHHS MiX KepamiKoio
ta FRP-koMmo3utramMm € CKJIagHUM 3aBIAHHSAM 4epes
HU3bKY MIIHICTh 3B’SI3Ky, IO 3HMXKYE CTIHKICTH [0
HaBaHTaXeHb. [N TOCHIEHHS  BHKOPUCTOBYIOTHCS
CremiaabHi aAre3uBU ab0 IT0JaTKOBE OOTOPTAHHS IUTUTOK
TKaHHUHOIO.

Mera poGorn. Ormsin  cyyacHHX  pillleHb
OpOHIOBaHHS ~ Ta  MOPIBHAHHSI 3  OTPUMaHUMHU
pe3yJbTaTami.

Bukiaag ocHoBHOro marepiaay. [IBa OCHOBHUX
MaTepiand, siKi CKIIaJaloTh KePaMOKOMIIO3UTHY OpOHIO, —
e KepaMmika Ta KOMIIO3HTH. Y IBOMY PO3IiTI KOPOTKO
00TOBOPIOEThCS BIUIMB BHOOPY IIMX MaTepialliB Ha Bary
OpOHI, TOBIIMHY Ta MPOJYKTHBHICTb.

KomepuiiiHO TOCTYIHI HACTYITHI BUAM KEPaMiKH, 1110
LINPOKO BHUKOPUCTOBYIOTHCS SIK €IE€MEHTH OpOHIOBAHHS:
okcupn amomiHito (ALO;), HiTpun amominito (AIN),
kap0ing O6opy (B4C), kapbin xpemnito (SiC), mibopun
tutany (TiB,) Ta kapoix Bombdpamy (WC).

Buan kepamikn MoxyTh OyTm KiacudikoBaHi Ha
OCHOBI TYCTHHHM, IJIs 1IbOro iX TOpiBHIOIOTE 3 RHA
eTaJTOHOM. Buan kepamiku, 0 MaloTh T'YCTHHY, OLIbIIy
HiX RHA, Ha3uBaloThCS KepamiKOIO BHCOKOI TyCTHHH
(WCQ). Sxmo rycruHa menma 3a RHA, taky kepamiky
HA3WBaIOTh Kepamikoio Hm3bKoi ryctuHm (AlLOs;, AN,
B.4C, SiC).

TumnoBa koH}irypamis 3pa3ka Juisi TeCTy TJIHOUHU
NPOHUKHEHHS, 10 BHKOPUCTOBYETHCS JUIS OI[IHKM Ta
MOPIBHSHHS KEPaMiKH, CXEMaTHYHO 1TIOCTPYEThCS Ha
puc. 2.

[\ [lir

I Pz

P RHEA

Pucynok 2 — 3pa30k 11 TeCTyBaHHA
Ha ITMOMHY TPOHUKHEHHS
JUTS TIOPIBHSHHSA KepaMidyHIX MaTepiaiB.

I'muOuHa NPOHUKHEHHS y KepaMidHO-MeTaleBiil mimi
MOPIBHIOETBCS 3 I[UUTI0 3 KaTaHO-TOMOT€HHOIO OpOHE0
(RHA). BukopucTOBYIOTBCS  pi3HHMLS B TJIHOHHI
MPOHUKHECHHSA Ta 3MCHINCHHS BarW 3aBIsKH 3aMiHi
MeTainy Ha KepaMikKy. BukopucroByroun
eKCIICpUMCHTANbHI  JaHi, OOYHCIIOEThCS 00’ €MHUIA
mpupict V,, yepe3 KepaMiKy, BAKOPHCTOBYIOUH

Vv :PRHA_P

RHAI
n

Kep

BUKOPHCTOBYIOUM II¢ PIBHSHHSA, MOXXHAa OTPHUMATH
3MEHILICHHSI TIMOWHY NPOHHKHEHHS 3aBJISKH HAsSBHOCTI
KepaMmiku. SIKIO KepaMmMiuHMiA [Iap Mae Taky K
e(eKTUBHICTD, SIK KATAHO-TOMOTEHHA OPOHS, TOIi

PRHA = PRHAI +TKep

O6’emunii mpupict V, npopiHroe 1. OOepHeHe
3Ha4YeHHA V,, OyJe BiTHOCHOI TOBIIUHOIO ty, KepamikH,
HopMaiizoBaHo 3 RHA:

1
t, =—
6i0H V

n

MacoBuii nipupict M,, 3aBAsSKM HasBHOCTI KepaMiKu
3amicte RHA MoOXHa BH3HAYWTH 3 TPUPOCTY 00’eMy,
BUKOPHCTOBYIOYH (hOPMYITY:

M =V Prra
pKep

J€ PRHA Ta Py — L€ TycTUHM RHA Ta xepamiuHOro
mapy. BimmoBigHO, BiZHOCHE 3MEHIIEHHS MACH gy

gepe3  HAsSBHICTh  KepaMikM  MOXXHa  OIIHHTH,
BUKOPHCTOBYIOUH
p sion M

Bicnux Hayionanvnoeo mexuiunozo ynieepcumemy «XI1I».
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30inblIeHHs MacH Ta 30inblIeHHS 00’eMy pi3HHX
BU/IB KepaMmiku OynM TOpiBHSHI B pobotax [5, 6].
OTpuMaHi B IIMX AOCIIKEHHSIX pe3yJIbTaTh BHUKJIAJIeHI B
Tabnmsx 2 Ta 3.

Tabmumst 2. TlopiBHAHHS XapaKTEpPUCTHK pi3HHX
kepamik Ha ocHOBI DOP [5]

Kepamika | I'ycTuna, kv |V, teion | My | Paion
RHA 7810 1 1 1 1

Al O3 3680 1,01 | 0,99 | 2,14 | 0,47
B,C 2500 1 1 3,13 | 0,32
SiC 3200 1,25 0,8 | 3,05 | 0,33
TiB, 4400 1,67 | 0,6 | 2,96 | 0,34

MaxkcumanbHe  3MeHmeHHs Macu  Jgo0 70 %
nopiBasiHO 3 RHA Oyno 3adikcoBaHO 32 BHKOPUCTaHHS
SiC. ABTOpH TIPOBOIIIIN JOCTIHKEHHS 3 BUKOPUCTAHHAM
JIOBI'MX KIHETHWYHUX EHEPrifHUX CHapsdiB, Maca SKHX
cranoBmia 105T, a MBHUIKICT, KOMUBANAcCi B MeXKax
1550...1800 m/c. B IHIIoMY JOCITLIKEHH1
BHKOPHUCTOBYBaJI OpoHEOiHI AUCKK 3 cTadimizaTopamu
Ha ocHOBi 30 Ta 40 MM.

3meHmmenHs Mmacu 3a BukopucranHs B,C Tta TiB,
TakoXX Mae CcXoxuil mopsanok. OpjHak, HalMeHIIa
TOBIIMHA Ul OCSATHEHHS aHAJOTIYHOI NMPOIYKTHBHOCTI
Mmae TiB,. Bei iHnm Buau kepamiki MaroTh TOBLIMHY, SKa
Maibke Taka X abo OuIblle, HDXX y KaTaHO-TOMOT'€HHOI
OpOHi.

Tabmmms 3 — [TopiBHIHHS XapaKTepUCTHK Pi3HUX KepaMmik Ha ocHOBI DOP [6]

Kepamika I'ycTuHa, Kr/M° V, tyion M, Deion
RHA 7810 1 1 1 1
Al,O5 — cneuenuit 95% 3680 0,7 1,43 1,67 0,6
Al,O;5 — cneuenuii 98% 3780 0,78 1,29 1,67 0,6
Hoguii Al,O; — crieuenuii 3690 0,88 1,14 2 0,5
AIN — rapsruenpecoBaHuit 3270 1 1 2,5 0,4
B,C — rapsaenpecoBaHuit 2520 0,78 1,29 2,5 0,4
SiC — rapsiuenpecoBaHuii 3230 1 1 2,5 0,4
Peakuiitno-38’s3anuit SiC 3210 0,88 1,14 3,33 0,3
TiB, — rapsuenpecoBaHwmii 4520 1,75 0,57 3,33 0,3

Tomy, sKmo HaWKpama HPOJYKTUBHICTH OpoHi
moTpiOHA TPW MiHIMAaTbHIA TOBIMHI Ta HAWHWKYiHN Basi,
TiB, € ontumaneHUM MatepianoMm. Oxnak, TiB, Bimomwmii
AK JOpPOTHi Marepiai. SIKImo BapTiCTh € BHUPIMIATEHUM
¢dakropom, TO B4C Ta SiC € piBHOLIHHHUMH
albTEpPHATHBAMMU, ¢ BHMArarOTh OUIBIIOI TOBIIUHH.
OpieHTOBHE MMOPIBHSAHHS BapTOCTI KEpaMiKH MOJAaHO B
Tabnuui 4, BAKOPUCTOBYIOYH JaHi 3 [6].

Tabmunst 4. BinHocHa BapTicTh KepaMiku [6]

Kepamixa FYCTI/II;Ia, BinHQCHa
KI/M BapTICTh
RHA 7810 0,01
Al,O3 — cnievenuit 95% 3680 0,02
Al,O5 — cieuenuii 98% 3780 0,03
Hoguii Al,O3 — crieueHnii 3690 0,05
AIN — rapsiuenpecoBaHui 3270 0,35
B4C — rapsuenpecoBanuit 2520 0,7
SiC — rapsiaenpecoBaHui 3230 0,35
Peakuiitno-38’s3anuii SiC 3210 0,08
TiB, — rapsiuenpecoBanuit 4520 1

Bapticte ycix BHAIB KepaMikd BKa3aHa BiIHOCHO
BapTOCTi Haipopoxyoi kepamiku TiB,. TiB, y 100 pazis
mopoxunii 32 RHA. SiC cranoBute 70% Bim BapTOCTi

TiB,. Oxcux  amoOMIiHIIO €  HaWEKOHOMIYHIIIO
kepamikoro. AIN Tta ByC 3aiimaroTh NOpoMiXKHE
noyoxkeHHA. FRP  koMmo3uTu CKJIagalOThca 3 JIBOX

OCHOBHHMX KOMIIOHEHTIB — apMyIO4Oro Ta MaTpHYHOTO.
ApmyBaHHS U1 OpOHI BHUTOTOBJSETHCS 3 JOBIHX a00
Oe3nepepBHUX BOJIOKOH. BoJIOKHa BHKOPUCTOBYHOTHCS
BUPOOHWKaMH OpoHI y BHUIILANI TKaHWHHU. Pi3HI mmapw
TKaHWHHA CKJIQJAl0ThCsl pa3oM, mob mocsartu OaxaHoi
TOBIIUHHU OpOHI, CKPIIUICHOI MaTpHUIC0. MaTpHUIl MOXKe
OyTH HaHeceHa 30BHI Ha CyXy TKaHWHY a00 X TKaHHHA
Moxe OyTH MOIepesHbO MPOcCOoYeHa MaTpuliero. Takum
YMHOM, BHOIp KOMIIO3MUTHOTO MaTepiaay st OpoHi
BKJIIOYa€ TpH TMiABMOOpPH — BOJIOKHA, apXiTEKTypa
TKAQHWHU Ta MATPHUIIA.

BucokoedekTiBHI BOJOKHA, SIKI BHKOPHCTOBYIOTBCS
IUTs OpOHi, MOKHA KiIacH(iKyBaTH Ha YOTHPH KaTeropii
[7]:

1. Kiacwusi: ckio, ByTienb

2. XopcTkuii apoMaTUYHUH JIAHIIOT: HEWIOH 6,
Heilmon 66, HOMEKC, mapa-apaMigHi BOJIOKHA (KeBiap,
TBapOH, TEXHOPA)

3. TepmooOpoOHi:  PIAKOKPUCTATIYHI  BOJIOKHA,
BEKTpaH; mojieTwieH 3 BucokuM monyiem (HMPE),
CHEKTpa, laiiHeMa, TEKMLIOH

4. Bucokotemneparypsi: noinibensiminazon (PBI),
norideninoenzobicazon (PBO) — 3unon

CKJIsiHI BOJIOKHA € OJHUMHM 3 HAWMOMyJSPHIINX 1
HalleKOHOMIYHIIINX BHCOKOE(EKTUBHHUX BOJIOKOH.
Bimomo Tpu THIH CKISHUX BOJOKOH — E-ckio, R-ckimo Ta
S-cxio. ByriemeBi BOJOKHA € HACTYIIHUMH 32
TOMYNAPHICTIO  BUCOKOE(EKTUBHUMH  BOIOKHAMHU. X
PIIKO BHKOPHCTOBYIOTH Y eJieMEeHTax OpoHI uepe3 iX
KPHUXKICTb. THIHN BYIJIELEBHX BOJIOKOH 0a3yloTbCsi Ha
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BUXITHOMY MaTepiajqi — Ha OCHOBI IOJiaKPUJIOHITPIITY
(PAN) ta Ha ocHOBiI cmosu. ['padiTHi BOJIOKHA TaKoX €

Tabnums 5 — BmacTuBoCTi BOITOKOH [4, 8]

BUIOK0 (OPMOIO BYIJIELIEBMX BOJOKOH. BiacTuBOCTI
JIeSIKMX 3 BOJIOKOH HaBeeH] B Ta0IHIi 5.

BonokHo [inbHicTH (Kr/M?) Monyns (I'Tla) Mexa ButpuBaiocti (MI1a) | IMonowxeHus (%)
Eglass 2540 72 3448 4
Carbon T300 1760 231 3750 1.4
Nylon-66 1140 5 1006 18.2
Kevlar-29 1440 67 2794 3.5
Kevlar-129 1440 96 3429 33
Kevlar-KM2 1440 64 3429 43
Spectra-900 970 79 2610 3.6
Spectra-1000 970 113 3250 2.9
Spectra-2000 970 124 3510 2.9
Zylon-AS 1540 180 5800 3.5
Zylon-HM 1560 270 5800 2.5

Bomokna Spectra € HAWIETIIMMHI Ta MalOTh TIOMipHY
JKOPCTKICTB 1 BUCOKY MIiIHICTh. HaliBakurMu BOIOKHAME
€ Eglass, ame BOHM MarOTh HHU3BKY JKOPCTKICTh, BHCOKY
MIIHICTh Ta HaWBHILY IOJOBKEHICTh. BOHM Takok €
€KOHOMIYHO BurigzauMu. BosmokHa Kevlar wmaroTs
MIOMIpHY Bary, alie HU3bKy )OPCTKICTb 1 BUCOKY MIIIHICTb.
Byrienp Mae momipHy TyCTHHY, BHUCOKY JKOPCTKICTB 1
BUCOKY MIIIHICTh, aji¢ BYIJICIICBI BOJIOKHA € HaHOUIBII
KPUXKAMH 4epe3 iXHIO HAWHMKYY TOJOBXKEHICTb.
Bonokna Zylon MaoTh NMOMipHY TyCTHHY, ajl€ BHCOKY
JKOPCTKICTB 1 Ay»e BHCOKY MilHICTh. OIHAK IIi BOJIOKHA
PBI/PBO BijoMi CBO€I0 3HAYHOO BAPTICTIO.

Cepen ycix mHMX BOJOKOH HaHOUIBII IIMPOKO
BHKOPHCTOBYIOThCA CKio, apamimm ta HMPE. Ckio
TIOITYJISIPHE 3aBISKM CBOIM HU3BKIM BapTOCTi, TOAI SIK
apaminu Ta HMPE nomynsipHi yepe3 cBoro MeHIIy Bary Ta
kpauty npoxaykruBHicte. HMPE € Haitnermmm i3 ycix,
TOMY 4YacTO BiIa€ThCs IepeBara, KOJM Ba)KIMBA HU3bKA
Bara. TumoBi Iiomn MmUIBHOCTI T Spectra Shield™
JUIS PIBHIB 3arpo3d BIiONOBITHO 10 HamioHaabHOTO
incrutyty roctunii (N1J), CHIA [9], HaBeneHi B Tabmuii
6 Ha ocHOBI [10, 11].

Tabmmug 6 — ITnomma mimeHOCTI mmHT Spectra uis pisaux 3arpos [10, 11]

3arposa Kyns [Tnoma miasHOCTI (Kr/M?) Mioma misHocTi (kr/v?) [11]
NIJ [10]
1A 9 mm FMJ RN, .40 S&W FMJ 2 34
11 9 mm FMJ RN, .357 Magnum JSP 4 4-5
1A .357 SIJ FMJ RN, .44 Magnum SJHP 5 5-7
I 7.62 mm NATO FMJ 19 17-32
v .30 caliber M2 AP 32-41 32-37

3 IiIBUIICHHSAM PiBHS 3arpo3u Bara OpoHi 3pocTae 3
2 no 41 xr/m? lle mocmipKeHHS MOBIAOMIISE, IO TUTHTH
Spectra Ha 30% mnermi 3a KepaMiqYHO-KOMIIO3UTHY OpPOHIO
mo pieast NIJ 3 [9]. dus pieas NIJ 4 1 Bume noTpiOHI

KepaMmiuHi JHIeBi ImTH. ToMy Iuroma OIIEHOCTI YIS
piBHS 3arpo3u 4, mMoka3aHa B TaONHWIl 7, 3aJIE)KHUThH Bif
KepaMigHOI JINTEBOT TUTATH.

Tabnuust 7. BIuiB THIy TUIETEHHS HA OAJUTICTUYHU JIMIT

[Tapn ierens Tosuuma Bannmictuanuii miMiT BaHHiCT?mHI/Iﬁ JIMIT 3 TTokpammerHs
(m/¢) [12] KOPEKIII€I0 TOBIIMHU
7 3BuuaitHuit 2.8 61 61 1
7 Carun 3.5 86 69 1.13
17 3BuvaitHuit 5.7 102 102 1
17 Carun 8 171 121 1.19
37 3BUYAHUN 13.8 232 232 1
37 CartuH 14.3 262 252 1.09
TkanmHEM MOXHA KIAcH(iKyBaTH Ha TKaHI Ta  BOJOKHHCTIM cTpykTypi Ta/abo 3’emHanHI0. TkaHi

HeTKaHi. HeTkaHi TKaHWHU TPUMAIOTBCSA Pa30M 3aBISKH

TKaHWUHHU BUTOTOBJIAIOTHCS NUIIXOM IIEPEIUIETCHHSA HUTOK.
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B 3anexHocTi Bim apxiTeKTypH, TKaHUHM MOXHA
nogimuty Ha aomipHi (2D) ta TpuBHMIipHi (3D). B
3aJIeKHOCTI BiJ| THUIly IeEperyieTeHHs, TKaHHHU MOXKHa
po3ninutu Ha omHoctopoHHi (UD), mpocti, caTWHOBI Ta
CaTHMHOBI IJIETCHHSI.

[Inerenns "kommuk" cxoxe Ha MIPOCTE IUIETEHHS, ane
Tpylia 3 JBOX HHTOK TIIEPEIUNTAEThCA 3aMICTh OJHiel
HUTKHU. TBiEBe IUIETEHHS CXOXKE HA INIETEHHS "KOIIHK",
aJie JIMIIe OJ{Ha HUTKA MEPEILTITAEThCS HAJl APOI0 3 JABOX
HUTOK. Y TBUI 2 Ha 2 ogHA HUTKA MEPEIUIITAETHCS i
JBOMa HHWTKaMd. Bimmosimwo, y TBimi 4 Ha 4
HeperuITacThCsl YoTHpH HUTKU. [lnereHHs "kommk" Ta
TBiJIEBE IUIETEHHS OUIBII JPamipylOThCs Y CKJIAJHUX
(dhopMmax Ta 3armo0IiraroTh BUTHHY BOJIOKOH.

CaTHOBe  IUICTEHHS  MOXHA  KIIACH(IKyBaTH
3aJIe)KHO BiJl KUTBKOCTI migiioMHukiB [8]. Hampukman, y
CaTMHOBOMY TIUICTeHHI 3 4 MmiIHOMHUKAMH HHUTKA
MEPEIUTITAETECS 3 KOXKHOK ~ YETBEPTOI0  HHUTKOM.
AHAIOTIYHO, MOXKYTh OyTH CAaTWHOBI TUIETEHHA 3 5 abo §
T TIHOMHUKAMH.

[epennereHHss HaWBHII B TMPOCTOMY IUIETECHHI,
HYDKYI B TBUJIGBOMY IJIETEHHI Ta HAHHMKYI B CATHHOBOMY
mwiereHHi. Yepe3 meperuieTeHHsS BOJOKHA IMiAMAIOTHCS
3MUHAaHHIO, TOMY iXHS €(EeKTHBHICTb 3MEHIIYETHCS.
BHaci1ok 1[b0ro MeXaHiYHi BIACTHBOCTI Ta OauTicCTHYHA
NPOAYKTUBHICTh TOTIpIIyIOThCs. HailOinblie 3MHHaHHS
CIIOCTEpPIraeThcsi B TKAHWHAX IPOCTOTO  IUICTEHHS.
TkaHWHM 3 TOHIIMMH HUTKaMH (MEHIIA KUTBKICTh
BOJIOKOH Ha HHUTKY), ajie INUIbHO meperuieTeHi (Oinble
HUTOK Ha OJUHMIIIO TUIOIII) TTOKA3aJ I Kpallli Pe3yiIbTaTH
[8].

Tunu TUIETeHHA BIUIMBAIOTh Ha  OaJUTICTHUHY
MPONYKTUBHICTb. Y OIHOMY 3 TakKuX JAOCTIDKeHb [12]
CaTUHOBI TUIETEHI JlaMiHaTH Tokaszanu Ha 9—19% kpaury
NPOAYKTUBHICTh Y TOPIBHSHHI 3 TPOCTHM IUICTEHHSIM.
PesynbraT HaBeneHi B TaOnuI 7. bayuticTHYHMIA JTIMIT 3

KODPEKIIi€I0 TOBIIMHU OyB OTPHUMAHUN 3a yYMOBH HOTrO
JIHIHHOT 3MIHM 3 TOBIIHHOIO.

YV 3D TkaHMHaxX TaKOXX IPHCYTHE MOCHUIEHHS B
TOBIMHY. 3D TKaHWHH MOXYTh OYTH BHUTOTOBIICHI
IUITXOM TUICTiHHA abo meperuiereHHs. [locuneHHs mo3a
TUTOIIMHOK TOKPAIIye BUTPUBATICTH IO MOIIKOIXCHD Y
HaTIPSAMKY TEepHIeHIUKYIIPHOMY 10 moBepxHi. OmHaK 11e
TIOTIPIIy€e XapaKkTepUCTHKH B IUIOMHKHI. B meskux
IOCTiKeHHAX Oyno BuUsBIeHO, mo B 3D TkaHmHAX
CIIOCTEPIraeThCs 3HAYHO OLIBIII JIOKaJTi30BaHe
MOMIKO/KeHHsT TopiBHsAHO 3 2D. Ilpore Takox Oyino
3a(ikcOBaHO 3HWKEHHS €(EeKTHUBHOCTI B IIOTJIMHAHHI
KiHeTHYHOT eHepril cHapsa [19].

Kopucts 3D TkanTBa ajist 0a1iCTHYHOTO JIMITY Oyiia
BuBueHa [13]. TIpogyktuBHICTH 2D 3BHYANHOTO TKaITBa
Eglass-enokcuaaoi cMmonu Oyiia TOpiBHSHA 3 3pa3Kamu
3D tranrBa Eglass-enmokcumaHOT cMONIH TaKoi JK TOBIIUHH.
Bamictuaamii  mimiT 3D-TKaHWX KOMIIO3HMTIB CTaHOBHUB
260,4 m/c, a 2D-kommo3uTiB — 244,2 m/c.

VY 2D naminarax Oyno OOCATHYTO 00’€MHOI YacTKH
BosiokHa 50%. VY Toit wac sk y 3D mume 45% Bnanocs
mocsart. Yepes 3D mIeTiHHSA CIIOCTEPIrasiocs 3HMKECHHS
Moayist FOHra B HanpsiMKy BoJiokHa 3 16 mo 12 I'Tla. Ane
MOJyJIb T03a IUIOMMHOK 30utbmuBes 3 8 mo 11 TTla.
Takum 4ymHoM, 3 3D T weaving mOKpaIly€eThCs
Oa/UTICTUYHMI JIIMIT 1 BJIACTHBOCTI 103a IUIOLIMHOIO, ajie
BJIACTHUBOCTI B IUTOMIHHI MOTIPITYIOTHCS.

[Ile omwmH cnoci0 BBEOCHHS 3MIHEHHS dYepes
TOBIIMHY — II¢ TPOKJIagKa cTeka mapis 2D Tkannau. Take
3MIMBaHHSA TaKOXXK MOke OyTH BHKOHAHO, MO0 yTpUMaTH
TKaHWHHU pa3oM IIiJ 9ac BHPOOHHWITBA. BImuB 3mmBaHHS
Ha 0a/UTICTHYHI XapaKTEPUCTUKU OYB KiJIbKICHO OLIIHEHHIHA
i nosigomnennit y [12]. Pesynbratm nupencrasieHi B
Tabiuui 8. BoOHM MOKa3yroTh, 110 3UIMBAaHHS 3HUXKYE
OayuTiCTHYHUI  JIMIT 1, TakUM YHHOM, TOTIpIIy€E
NPOXYKTUBHICTB. JaHi mpeacrasieHi B Tadbaui 9.

Tabnus 8. BrummB npomuBaHAs B TOBIIMHY Ha OaJUTiCTHYHIH JTIMIT

Turm npommBKA Mapu TxannHa Bamnictruanuit mimit (M/c) [12]
bes npomuBku 61
[Ipommwra 3 citkoro 12.7 MM 7 61
[pormwra 3 citkor0 25.4 MM .. 50
be3 mpommBkH 3miaiirmii 102
[Tpommra 3 ciTkoro 12.7 MM 17 97
[Ipommwra 3 citkoro 25.4 MM 88
be3 mpomuBku 86
[Tpommwra 3 ciTkoro 12.7 MM 7 66
[pommwra 3 citkoro 25.4 MM 43
bes npomuBku Carun 171
[pommwra 3 citkoro 12.7 MM 17 113
Iporuuta 3 ciTKOIO 25.4 MM 94
[Momimepn € HaOUTBII IIHPOKO  TeMIlepaTypH, aje 3a3BH4Yail €  MIHAMH  Ta
BHKOPHCTOBYBaHUMH Matepiamamu Matpumi. [lomimepn — moBrosiunuMmu. IlomyssipHi TepMOpeakTHBHI MOJIIMEpPH —
MOXHa  Kknacu(ikyBaTH Ha  TEpMOpEaKkTHBHI Ta  IIe CTIOKCH/IHI CMOJIH, MOJTieCTepH,
tepmoruiactrydi [4, 8, 10]. TepmopeakTuBHi momiMepr He  (eHONOGOPMANBACTiNHI cMOIH Ta BiHiUTecTepu. Yacto
MOXYTb  OyTH  pO3IUIABICHI  MNpH  MiABUIIEHHI  3MIMIYIOTH 1Ba abo Oinbine KoMmoHeHTIB. i koMmoHeHTH
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3’€IHYIOThCSI MDXK COOOI0 TP KIMHATHIH TeMrieparypi 800  TepMOpPEaKTHBHHUX HoJTiMepiB He BUTPUMYIOTh
mil THCKOM TpU BHCOKIH Temmneparypi. binpmiicte  Temneparypu Buie 150 °C.
Tabmunst 9. Brus 3D nnierenss Ha npoayktuBHicTh Eglass-enokcnanoi cmomu [13]
Brnacrusicth 2D mpocTe IIeTEeHHS 3D nnerene
ToBmuHa aminary (Mm) 12 12
O06’eMHa 9acTKa BOJIOKHA 0.5 0.45
[inpHiCTh (KT/M?) 1850 1700
Monyns FOnra B momuni (I'Tla) 16 12
Monyns FOnra nosa momusoro (I'Tla) 8 11
Cuna 3cyBy (MIla) 120 142
Junamiuna mBuakicTs BuBuIbHeHHs eHeprii Glled (JDx/m?) 1000 2000
BammicTiaHMA TiMIT IIBHIKOCTI (M/C) 244.2 260.4

TepmomnnacTiuHi ~ Martepian M SKIIAIOTH 1
TUIABIISITHCS 3 MiABUIICHHSM TEMIIEPATypH, a MOTIM 3HOBY
TBEpHilOTh TpH 1i 3HIWKEHHI. BoHM €  OuIbm
YHIBEpCAIBHUMH, OCKUIBKH IX MOXKHA PO3IDIABHTH Ta
BinpeMoHTyBaTH. [lomynspHi TepMOIUIACTHKH — IIe
nomiimigu (PI), nomicynsdon (PS), momiedipedipkeron

(PEEK), mnomiermien (PE) Ta mnomidenmiencymbdin
(PPS). TepMmomnmacTHKi BUMaraloTh BUCOKHX TEMIEpaTyp
IUIE 0OpOOKH Ta BUTPUMYIOTH TEMIIEpaTypH B Jiama3oHi
1o 300 °C. BracTuBOCTI JesIKMX MOMYJIIPHIX MaTepiajiB
MaTpuili HaBeaeHi B Tabmmmi 10, me Tg o3Hayae
TeMIIepaTypy CKIyBaHHS.

TaGmurst 10. BracTuBoCTI IesIKUX MOMYJISIPHUX MAaTPUYHKUX MaTepianis [4, 14]

Tonivep 1inpHICTH Monynb II{\;IIII)I:;;:; [TonoBxeHHs Tg
3 0, o
(xr/m?) (T'Ta) (MITa) (%) °C)
EnokcuaHa cMona — HU3bKUH MOAYJIb 1163 2.2 55 8.1 177
EI.'IOK.CI/IJlHa CMoJIa — IPOMDKHHUHA MOZYJIb, HU3bKa 1273 34 48 14 216
MIIHICTb
EI.'IOK.CI/II[Ha CMOJIa — IIPOMIKHHUHA MOJYJIb, BUCOKA 1218 34 103 ) 216
MIIHICTb
EnokcuaHa cMona — BUCOKHH MOAYJb 1246 5.2 138 2 216
[Momiamiz (PI) 1218 34 103 2 371
PEEK 1310 1.1 70.3-103 30-150 143
LDPE 925 0.172-0.282 | 8.3-31.4 100-650 —-110
HDPE 959 1.08 22.1-31 10-1200 -90
UHMWPE 940 0.69 38.6-48.3 320-525 -
IcHye «impka HmOCHiIKeHb, SKi TOPIBHIOIOTH  OpoHI 3pocTae B 3,7 pa3u. Takum 4HMHOM, MICIA MEBHOTO

MPOAYKTUBHICTh PI3HUX KOMITO3UTIB. B omHOMY 3 Takmx
JIOoCHiKeHb [15] TpomyKTHBHICTH JaMiHATIB 31 CKIa-
€MOKCHIHOT CMOJIM OyJia MOpIBHSHA 3 MPOIYKTUBHICTIO
JIAMIHATIB 3 BYIJICHEBUX BOJIOKOH-EMIOKCHIHOT CMOJIH
0JIHaKOBOI TOBIIMHH. [IIBHIKICTh OAJUIMCTUYHOIO JIMITY
(V50) naminatiB 3 BYTJICIICBHX BOJIOKOH Oyna Ha 17%
HIDKYa, HDK y JIaMiHaTiB 31 CKJIa-eIMOKCHIHOI CMOJIH.
Uepes KpUXKY MPUPOAY BYTJCHEBUX BOJIOKOH BOHH
3a3BHYail MMOKA3yIOTh TipIIl pe3yjabTaTH B MOPIBHSHHI 3i
CKJIOM TIpH BIUTUBI.

piBHS 3arpo3u IepeBaru B Ba3i TKAHWH 3MEHIIYIOTHCS.
Jnsa HmK4YuX 3arpo3 M’sKa OpOHS € 3HAYHO JIETIIOI —
20% Big Bark crami. Alle IS BHIIMX 3arpo3 Bara
TKaHWHHM CTAHOBHUTH Oim3bK0 50% Bix Barum crtam. OTKe,
mepeBara B Ba3i 3MEHIIYEThCA 3 OOHiel I'sITOl [0
MOJOBUHU. Y Mipy HOAAIBLIOT0 30UIBIIEHHS 3arpo3u
TKaHWHU BXXe He € npuBabnuBumu. HeoOXinHi kepamika,
i, OTKe, KOMOIHAIl KepaMiKa-KOMIIO3HUT € HaHICrIIuMU
piLIEHHAMH JJI1 BUCOKUX 3arpo3.

VY inmomy mocmimkenHi [11] mopiBHIOeTbCs TUTONIA Tabmums 11. Ilmoma Macu pi3HHX M SKHX
MacW, HeoOXigHa [UIA 3axHCTy BiI [JBOX 3arpo3, OpoHbOoBaHHX MaTepiamiB (kr/m?) [11]
BUKOPHUCTOBYIOUH [[Ba Pi3HI KOMITO3UTHI MaTepiand — . ITnoma

. . BponboBanuit [Tnoma macu 9
apamin- ¢eromk ta Spectra (tabn. 11). Jns obox 3arpos . Macu AK-

o . . marepian MM FMJ
Spectra mpubimzno Ha 40% nermuii 3a apamiz. 47

Ille ommH BUCHOBOK MOKHA 3pOOWUTH 3 JaHUX, Cranp 24 .4 34.9
npecTaBicHuX y Tabmumi 11. MoxHa BiI3HAYUTH, IO TkaHa apamin/ 79 204
IIOIAa MacHh CTali 3pOocTae i3 3OUTBIICHHSM piBHS (eronehopManbIerin : :
3arpo3u. OpHaK IUIoma Macu M’sKkoi OpoHi 3pocrae Spectra Shield™ 4.8 18.4

Habararo OUThIIe, HIK y cTami. Y TOH Yac K IDIOIMIa Mach
cram 30imbmryeTses B 1,4 pasu, 1uroma Macu M’SIKOT
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Bubip kepamiku ta FRP-xoMnosuTiB € ocHOBHUM
aCIEeKTOM TPOEKTYBaHHs OpoHi. Y MorepeaHiX poszinax
NPOIYKTUBHICTh OKPEMHX MaTepiajiB Oyia mpejicTaBieHa
OokpeMo. Y TIIbOMY pO3AUII TpeacTaBlieHa BiJHOCHA
MIPONYKTUBHICTE KOMOiHamii. B omHomy 3 Takmx
JOCITiKeHb [16] MOpiBHIOETHCS MPOIYKTUBHICTH KITBKOX
KOMOIHAIn OpoHi. Jns IOCHIDKEHHS
BHKOpHCTOBYBasacsi Kynsi 7.62 x 54R Dragunov LPS.
[oBimomieHi pe3ynbTaTi HaBeeHi B Tabmmi 12.

Tabauns 12. KomOiHamii kKepaMikd Ta KOMITO3HTIB
potu 7.62 x 54R Dragunov [16]

Bpowns (kepamika HJ;CH;a Bignocna | BinHocHa
+ migKkiIangKa) (/2 Maca BapTICTh

RHA 73 1 1

Al203 + 52 47 0.65 25

CKJIO

SiC + Kevlar-29 41 0.56 6.5

B4C + Kevlar 32 0.43 11.2

3 BUKOPHCTAaHHSM JIETIINX MaTepiaiiB Bary OpoHi
MOJKHa 3MEHIIUTH OiIbII HDK B 2,5 pa3u INOPIBHSIHO 3
RHA. Onnak BapTicTh OpOHi 3pOcTa€e OUTBII HiXK Y TECATH
pa3iB y Mipy 3MEHIIEHHS Baru. BHUKOPHCTOBYIOUH IIe
Jermn migkiaankoBi marepiamu, taki sk UHMWPE, Ta
OinbIn MilHI KepaMiku, Taki sk TiB2, Bary Ta TOBIIMHY
OpOHI MO)KHA 3MEHIIUTH Iiie¢ OLIbIINe, aje 3a e BHIIOI0
L{HOIO.

Oo6roBopennsi pe3yabrtartiB. OTXe, BUXOASIYU 3
[bOT0, OpOHEeeIeMEHT MOBUHEH TIOE€HYBATH JIBI OCHOBHI
BJIACTUBOCTI: BUCOKY TBEPIiCTh HOBEPXHEBOI'O APy IS
pyiHYyBaHHS 3aroCTPEeHOr0 HOCa Kyili Ta JOCTAaTHIO
B’SI3KiCTh AJIsl IOTJIMHAHHS eHeprii ynapy 6e3 yTBOpEHHs
TpimuH.  YmapHa  B’A3KICTh, IO  BH3HAYAETHCS
KoegimieaToM  TpimmHOCTIiKOCTI  Ki(, HmOmMOMarae
JIOKaJi3yBaTH pyHHYBaHHS KepaMIi4HOTO IMapy B 30HI mil
KyJi, IO JO3BOJISIE 3aXUCHIH CTPYKTypi BHUTPUMYBATH
KibKa Tomamans. 3i 30imbiieHHsaM K- Takox 3pocrae
po3mip ¢(parMeHTiB y 30HI pyHHYBaHHS, ITiJBHILYIOYN
3aJMIIKOBY ~ MIIHICTh  KepaMiku Ta  edeKTHBHiIIe
ragpmyroud  kymo.  OJHaK ~ TpH  BUKOPHUCTaHHI
TeKCTHJIBHOI MiJKIaJKNA 3 BHCOKOMOJYJIBHUX OpraHidYHUX
BOJIOKOH YTPUMAaHHS BEIUKHX (PparMeHTiB KepaMiKu
MOXKe YCKIaJHUTHUCS Yepe3 Pikydy Iif0 TOCTPUX IPaHEH.
SIKIIO K CHEepromnorivHaKYy (GYHKLI0 BHKOHYE cam

OpoHeeleMeHT,  JAeMIpepHUl  map  3aJUIIAETHCA
HeTomKopKkeHnM [17-19].
IIBUAKICTP TPOXOMHKEHHS ymapHOI XBHJII B

OpoHeMaTepiaji 3aJeKUTh BiJl HOTO MIITBHOCTI Ta MOAYJIS
NPYXKHOCTI. BHcOKa IIBUAKICTh XBHI JO3BOJIAE IIBHIKO
pO3CilOBaTH €HEeprir yAapy Ha BeJIHMKId Iuomi Ta
HiJBUILY€E CTyNiHb pyWHHYBaHHs cHapsiga. Yum Oinblie
PI3HHIL Y MIBUIKOCTI XBWJII MK MaTepiajioM CHapsja Ta
OpoHero, THM CrIIbHIIIE Oy/ie MomKomKeHni cHapsia. s
KepaMiky MIBHIKICTH XBWJII 3pocTae 31 30UIbIICHHAM
MOJIYJIS TIPY>KHOCTI, OJHAK JUI CKIOMAaTepialliB HalBHIIII
MIOKa3HUKH MAaloTh ANTIOMOCHJIIKATHI CKIagu JITIIO 3
MoxmyneM npyxHocTi mume 74-94 T'Tla. Ile moxe Oyt
00yMOBIIGHO HASBHICTIO B CTPYKTypi CKJIOKEpPaMiKH

ckinodasy, sKa 3HIKYE MEXaHI4Hi MIKpOHAalpyra Ta
JIoTIoMarae 3aJiKOBYBaTH TPIllIMHH, 110 YTBOPIOIOTHCS MijT
yac ynapy. Emactuuna ckiomaTpuill crpuse penaxcanii
Hampyr 1 poscifoBaHHIO e€Heprii, ToMy Lei Mmarepial
e(eKTHBHO QYHKIIOHYE SIK eMIT(epHHH 1ap.

OTxKe, CKIOKOMIIO3MIIIMHI MaTepiajy CHTaJoBOTO

TUITy, 3aBAJKH  CBOIM  BJACTHUBOCTSAM,  MOXYTb
BUKOPUCTOBYBAaTHCS B OpOHBOBAaHMX CHCTEMaxX THILY
«kepamika  (GHepropyWHiBHHII  Imap) —  CHTal

(eHepropy#HiBHUI Ta €HEPrONOTIHHAIOYMMA Imap) —
moJiiMep (eHEproMOrIMHAIOYHIN IIIap)».

BrineHHs 1UMX NPUHLUIB JO3BOJIUTH JOCSTTH
HeoOxinHoro piBHs Oponesaxucry (4—6 kmac 3a JICTY
8782:2018) 13 3acTOCyBaHHSM OpOHECHTATY SIK YaCTHHHU
KOMITO3HMLIITHOTO OpOHEeNeMeHTy, 3MEHIIMBINM Bary i
BapTICTh Yy TIOPIBHAHHI 3 TIOBHICTIO KepaMiYHUMH
Bapiantamu. KOHCTpyKmiss OCHOBHOTO OpoHeeJIeMeHTa
MOJKe BKJIFOUATH KUTbKa YacThH (puc. 3).

IIpn xnacudikamii OpoHEXWIETIB 3a piBHEM
CTifikocTi 10 3aco0iB ypaKeHHS CIiJ] BpaxOBYBaTH
BiJINIOBiTHI HOPMATUBHI JOKyMeHTH, Taki sk N1J 0101.06,
NIJ 0101.04 (CIIA), HOSDB Body Armor Standards for

UK Police (Bemuka bpuranis), TR Ballistische
Schutzwesten (Himeuunna), PN-V-87000:2011
(ITonpmra).

- 30BHIMHA MiOKTATKa: HaIMiIHI cTami,

1 Al03s, SiC, B4C, ckmokepaMika i T.10.

| Brytpimms mimkmazka: III, Kesmap,
| & | HBMIIE
_ Tpmmag TLIKIIAIKH Kennap,
ot | BYTJIETIoNiMep
3axmeT  Bim  ymapy: ryma, miHa,

| momikapGoHAT, CHIIKOHH

‘ Kiei: pizni ‘

30BHIIHE NOKPHTTA: GPOHBOBHIT HellloH,
“ - MOMIMOYEBHHHI TOKPHTTS 1 T.1I.

— ‘ OKaHTYBaHHA: TyMa, aMFOMIHIil i T.0. ‘

Pucynok 3 — CxemaTnuHe 300pakeHHS IOIEPEUHOTO
nepepizy OpOHBOBOT IUTUTH

Y nabopaTopHUX yMoOBax Oylo BHUIOTOBJICHO
CKJIOKOMIIO3UIIIHHUIA MaTepian 3a CKISHOI TEXHOJIOTIE0
3 JI0JlaBaHHSAM JIOKCHIY LMPKOHIiIO, cTabili30BaHOTO
iTpieM, SK HamOBHIOBada. JliOKCHI IHPKOHIIO Ji€ SK
KaTaji3aTop KpHCTaji3amii, BIUIMBAIOYM Ha KUIBKICTB 1
pO3Mip KpHCTaNiB y CTIPYKTypi Matepiamy. By3pki Ta
BHCOKI MKW ek30e()eKTiB Ha TepMorpaMax 3paska (puc. 4)
CBiUaTh MPO iHTEHCHBHE (POPMYBaHHS TOHKOIMCIIEPCHOT
CTPYKTYPH, 10 CYTIPOBO/IKY€THCS 00’eMHOI0
KpHCTAJTI3alli€l0 32 MiJIBHIICHUX TeMIeparyp, 3Ha4HO
O1ITbII BUPAXKEHOIO, HIXK Y BUXITHOTO CKIIA.

HocmimkeHHss cTpykTypu Matepiainy (puc. 5)
MmoKas3ajio, 10  BBEJACHHSA  JIOKCHIY  I[MPKOHIIO,
CTab1Ii30BaHOTO ITPiEM, CHPUSIE YIIIJIBHEHHIO CTPYKTYPH
Ta TIICWIIOE KpUCTaizalito B-cnogymery mo 85 00. %
TTicIst TepMiYHOT OOPOOKH.
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3a0e3mneuyeHHss BOTHECTIHKOCTI  CKJIOKepaMiYHHX
MarepianiB (puc. 6) nae iM 34aTHICTH TNPOTHCTOSTH
BiIKpUTOMY mMonyM’1o Oe3 pyiHyBaHHs. Lle pobuts ix
MIPUAATHAMH JUII BUKOPHCTaHHS B YMOBax OOMOBHX Iii,
Je BaKIMBa INBUAKA 3aMiHa 3aXHCHHX €JIEMEHTIB
TEXHIKH, MOIIKO/KEHNX BOTHEMAJIbHUM YH OCKOJIKOBHM
YpasKeHHSIM.

AT

e
100 200 300 400 500 600 700 800 900
TenmepatypaT,® C
Pucynox 4 —TepMmorpama 3pa3ka

WD: 15.07 mm
Det: BSE

SEM HV: 20.0 kV
View field: 100 pm
SEM MAG: 3.61 kx

Pucynok 5 — Ctpykrypa po3po0iieHoro
CKJIOKOMIIO3UIIIHHOTO MaTepiaity
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PucyHox 6 — BoraecTtilikicTs po3po0aeHOro
CKIIOKPHUCTATIYHOTO MaTepiamy

CrolyMeHOBI CHTaJIM MalOTh BAXKJIMBY KOHKYPEHTHY
mepeBary mepel CHTalaMd Ha OCHOBI MUCHIIIKATY JIITiHO
3aBISIKM HIKYill BapTOCTi, SKa 3yMOBIICHa MEHIIHM
BMICTOM OKCHY JIiTiI0. Y TMOPIBHSAHHI 3 aHOPTUTOBUMH Ta
IHIITAMHA

JMITIHATIOMOCHIIIKATHUMHA ~ CUTajJaMU  BOHU
BiJ3HAYAIOTHCS TEXHOJIOTYHICTIO yepes HIDKY1
TEMIIEPATYypU CHUHTE3y Ta CIPOIICHY TEXHOJOTII0
BHPOOHUIITBA.

I[Ipr BUOOpi CKIOKPUCTANIYHOTO MaTepiady Ui
OpOHE3aXUCHOI'O KOMITO3UTY HEOOXIZIHO BPaxOBYBaTH HE
JMIIE eKCIUTyaTalliiHi Ta TEeXHOJIOTIYHI sKOCTi, ane i
BapTiCTh OPOHECIIEMEHTIB. 3 OIVIAAY Ha CIiBBIIHOIICHHS
"miHa: SAKIiCTH" Marepiali Ha OCHOBI KOpPYyHIy Ta
CIOZYMEHOBOI CKJIOKEpaMiKH € ONTHMAIbHUMH  JUIS
BUKOPUCTaHHS B OPOHBOBHX KOMIO3HIIsX.

Bucoka BapTicTh KepaMiyHHX MaTepiajiB, TAKHX SK
SiC, poOuTH BIpOBaJLKEHHS PO3POOJICHNX BITYM3HSHUX
CKJIOKPUCTATIYHUX MaTepialiB EeKOHOMIYHO BHTiIHUM,
OCKLUIBKH [TO3BOJISIE 3MEHIIUTH BapTiCTh OPOHEECIIEMEHTIB
Maibke BTpHYI, T IBUITYFOUH ix
KOHKYPEHTOCIIPOMO>KHICTh Ha CBITOBOMY PHHKY.

3HIKEHHA IIJIBHOCTI Ta M1 ABUILIEHHSA
TPIIIUHOCTIHKOCTI  PO3POOJCHOIO  CKJIOKPHUCTATIYHOTO
MaTepiary (Tabm. 13) mMOpIBHAHO 3 TpaAWIiIHHUMHU
umTtaMu Ha ocHoBi SiC (peakuiiiHO crie4eHWid KapOin
KpeMHito BUpoOHHUITBa Saint-Gobain Ceramic Materials)
JI03BOJISIE 3HAYHO 3MCHILUTH Bary OpOHEKOMITO3HILIH.

Tabmunsg 13. MexaHi4HI BIAaCTHBOCTI pO3pOOJICHUX
CKM Ta Bimomoro Marepiamy I OpOHE3aXUCTy Ta iX
XapaKTEPUCTHKH YAAPOCTIMKOCTI Ta KPUXKOCTI.

JHocuninni marepianmu | Otpumannii 3paszok | SiC

HV, MIla 8,94 22-23
HK, I'Tla 8,7 -

Kic, MIa-m"? 8,1 3-4

E, TTla 320 375-420
p, Kr/M 2410 3050-3150
v, KM/C 13,27 11,9-13,8
M, TTla? M3 kr’’ 1,16 2,24

B, m"” 1,1 5,5-7,6

Buxopsun 3 11b0r0, 4acTKOBa 3aMiHa HAATBEPAOTO
KepaMmigHOTO OpOHeeleMeHTa Ha CHCTeMy KepaMmika —
CKM - keBnap miIBUIIYE KABYUIICTH OPOHI IPH 00CTpiTi
1 3HWKYE 3arajibHy Bary.

BucHoBkH.

[opiBHSAHHS

BJIACTHUBOCTEH

PO3pOOIEHNX CKIOKPUCTATIYHUX MaTepialliB 3 BiIOMHUMHU
CKM nmoka3zano, 0 BOHH € TMEpPCHEeKTUBHUMH IS
3aCTOCYBAHHS K €HEPropyHHYIOUi Ta EHEProNOrIHHAIOY]

CKJIaJ0BI

(p =

B TIOJICTIICHUX OpOHEEeIIEMEHTaX.
HU3BKIA IIUIBHOCTI

3aBasku

2410 xr/m®) pospoOeHi

Marepiain MOXYTh €()EeKTHBHO BUKOHYBaTH (QYHKIII
JpoOIIsTI0TOo Ta IeMII()epHOTo MapiB Y KOMIIO3UIISX THITY
«KOPYHIOBa KepaMika — CKJIOKOMIIO3UIIIHIIA MaTepial —
BHCOKOMOJICKYJISIDHUH ~ TIONiETHIICH»,  3a0e3rnedyodn
3HIKCHHS Bard Ta BapTOCTi OpPOHEEIIEMEHTIB.
JocmimKeHHs TOKa3and, [0 00’€MHE 3MIil[HEHHS
CKJIOKPUCTATIYHUX  MaTepiaiB  dYepe3  J0JaBaHHS
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CTab11130BaHOTO JUOKCHTY ITUPKOHIIO (ZrO2
crabimizoBaHoro Y20s) J[03BONsSE€ OTpUMATH BHUCOKI
TEPMOMEXaHIYHI ~ XapaKTePUCTHKH. 3a  BUCOKUMH
MOKa3HUKaMK TepMoMexaHiuHux BiactuBoctedt (KiC =
8,1 MIla-m™; HV = 8,94 I'lla; E = 320 I'la; v = 13,27
KM/c; p = 2410 kr/mM3), i Marepiany € IPUIATHUMH UL
BUKOPHCTaHHS Yy  MOJETIICHHX  OpoHeeIeMeHTax
IHAWBITyaThbHOTO 3aXUCTY 3 PIBHEM 3aXUCTy 6 KIIacy.

CHHTE30BaHI  CIIOMYMEHOBI  CKIIOKOMITO3UIIIHHI
MaTepiajM, BHUIOTOBJCHI METOIOM MpPECyBaHHS 3
BUKOPHUCTaHHAM CTabimi3oBaHoro ZrQOa, BiAMOBIIAIOTh
HEOOXiTHUM BUMOTaM JUI BUTOTOBJICHHS JIETKHX Ta
eeKTUBHUX  OpOHEEJIEMEHTIB, M0  poOUTH  iX
KOHKYPEHTOCIIPOMOKHHMH 3a CITIBBIJHOIICHHSM «IliHA:
sSKicTe» y  cdepl  3aXMCHMX  MarepiajiB Ui
IHMBITyadbHOTO 3aXUCTY.
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V. F. MOISEEV, E. V. MANOILO, M. 4. LUKIANENKO, 4. 0. VASYLENKO

TECHNOLOGICAL EQUIPMENT FOR DEWATERING SLUDGE WITH A HIGH MINERAL
CONTENT

Sludge dewatering is a critical stage in the wastewater treatment process, allowing for a reduction in sludge volume, optimization of transportation
and disposal costs, and stabilization of the material for further processing or disposal. Current trends in the use of equipment for wastewater sludge
dewatering processes are analyzed. The design features and limitations of certain types of equipment are indicated. A particular challenge is the
treatment of sludge with a high content of mineral impurities, which cause intensive wear of equipment, blockage of flow, and complications in the
operation of traditional dewatering methods. The use of filter presses and centrifuges in such conditions is ineffective, which necessitates the search
for more reliable and energy-efficient technologies. Roller presses demonstrate potential advantages due to reduced abrasive impact, low energy
consumption, and compact design. The purpose of this study is to evaluate the effectiveness of preliminary sludge treatment using a sand separator
before feeding it to a roller press. The research methodology is presented. Sludge formed as a result of dry anaerobic fermentation of household
waste at a waste sorting plant was selected as the object for dewatering. The technological scheme of the wastewater dewatering process is
considered in detail. The physicochemical characteristics of the sludge before and after separation were analyzed, and the load on the press shafts
was measured. The design of the filtration equipment is presented and its operating principle is described in detail. A comparative analysis of the
sludge before and after treatment in a sand separator showed a significant improvement in both the physicochemical characteristics of the flow and
the stability of the equipment operation. The results obtained allow us to assess the feasibility of integrating a sand separator into the dewatering
scheme and its impact on the stability of the equipment operation.
Keywords: sludge dewatering, wastewater, minerals, energy efficiency, sand separator, roller press, system efficiency, mechanical wear

B. ®. MOICEEB, €. B. MAHOHJIO, M. A. IVK’ THEHKO, A. 0. BACHJIEHKO

TEXHOJIOTTYHE OBJAJHAHHA JIs1 3HEBOJHEHHSA OCAJAQY 3 BHCOKHMM BMICTOM
MIHEPAJIBHUX PEHOBUH

3neeoOnenHs ocady € KpumudHuM emanom y npoyeci oYuujeHHs cmiyHux 600, uj0 O00360NAEC 3MEHWUmMU 00’ €M 0Cado8ux mac, onmumizyeamu
sumpamu Ha MpAHCNOPMYSAHHA MA YMURi3ayito, a maxkoxc 3abesneyumu cmabinisayilo mamepiany 01 noO0albuoi nepepooku abo BUOANEHHS.
Ipoananizoeano cyuachi meHOeHyii' y UKOpUCMAaHHi 001AOHAHHS O]l NPOBEOEHHS NPOYecie 3HeBOOHEHHs 0cadie cmiyHux 600. Braszano ocobnugocmi
KOHCMpYKYiti ma obmedcenns nesnux munie oonaonanns Ocobaugy ckaaonicms cmanogums 06po6ka ocady 3 NiOUWeHUM EMICIOM MiHEpanbHUX
QOMIWOK, AKI BUKIUKAIOMb [HMEHCUSHE 3HOWEHHS 0ONAOHaHMSA, OJOKY8AHHA NOMOKY MA YCKIAOHEHHs eKChiyamayii mpaouyiiHux memoois
3He800HeHHs. 3acmocysanns Qinemp-npecie i yenmpugye y makux yMoeax GUAGNACMbCA MANOePeKMUSHUM, U0 00YMOBNIOE HeOOXIOHICMb NOULYKY
Oinbut HAOIUIHUX Ma eHep2oowaoHux mexnono2ii. Ponukosi npecu demoncmpyloms nomenyiiini nepeéazu 3a605Ku 3MEHUEHHIO aOPA3UEHO20 BNIUEY,
HU3LKOMY €eHepeOCnOdICUBAHHIO ma KOMHAKmMHOCmi KoHcmpyKyil. Memoio yvoeo 0ocniodicenns € oyinka egexmugnocmi nonepeonbo2o ovulyeHHs
ocady 3a 00NOM02010 NiCK08020 cenapamopa nepeo o020 noodayero Ha poruxkosuil npec. Haseoena memooonoein nposedenns docniosicenns. Y akocmi
00’ekmy 6y10 006paHo Onsl 3HEBOOHeHHsT 0cadu, SKI QOPMYIOmMbCs 6HACHIOOK Cyxoi anaepobHOl pepmenmayii noGymosux 6i0xodie Ha
cmimmecopmysansroMy nionpuemcmei. JJokiaono posenaHyma mexuoio2iuna cxema npoyecy 3negoonents cmiynux 6o0. Ilpogedeno ananiz gisuxo-
XIMIYHUX Xapakmepucmuk ocady 00 ma nicis cenapayii, a maxkodic Oyl0 6UMIPSIHO HABAHMAdCeHHs Ha eanu npecy. HagseoeHo koHcmpykyito
Ginbmpysanvhozo 061a0HaHHA Ma OOKIAOHO ORUCAHO NpuHYyun 1o2o pobomu. Ilopieusanvhuli ananiz ocady 0o ma nicis 06poOKU 6 NICKOGOMY
cenapamopi 3aceiouug cymmese NOKPAWEHHA AK QI3UKO-XIMIYHUX Xapakmepucmuk NOmoKy, mak i cmabinbHocmi excniyamayii 001aoHauHs.
Ompumani pezynemamu 003801510Mb  OYiHUMU OOYLIbHICMb  iHMezpayil NicKoB020 cenapamopa y cXemy 3HeGOOHeHHs ma 11020 6NIue Ha
cmabinbHicms pooomu 06NAOHAHHSL.

Knwuosi cnoea: 3nesooHenHs ocady, cmiuHi 600U, MIHEpanbHi pevyosUHU, eHepeoedheKmusHicmy, NICKo8Ull cenapamop, poIuKosull npec,
eexmusnicmy cucmemu, MexanHiuHuil 3HOC.

Introduction. Wastewater treatment is a multi-stage
process that includes both biological and mechanical
methods of treating contaminated flows. One of the most
important stages is sludge dewatering, which significantly
reduces the volume and weight of the residues formed,
thereby reducing the operating costs of transportation and
disposal, as well as improving the hygienic and
environmental characteristics of the final product.
However, in cases where the sludge contains a large
amount of abrasive mineral impurities (e.g., sand, glass,
soil or sludge microparticles), traditional equipment faces
serious operational problems. Accelerated wear of
mechanisms, an increase in the number of emergency
stops, and a decrease in process efficiency all require the
implementation of additional technological solutions. One
promising direction is the use of sand separators as a
preliminary stage of sludge treatment before dewatering.
This reduces the content of solid mineral inclusions in the
flow, thereby reducing the load on the main equipment.
Of particular relevance is research into the effectiveness

of such a system in combination with roller presses,
which are considered an energy-efficient alternative to
traditional methods. Traditionally, technologies such as
belt filter presses, chamber filter presses, and centrifuges
are used for sludge dewatering. However, in cases where
the sludge contains a significant amount of abrasive
particles, these technologies may be less effective due to
high wear on the working elements. This creates a need to
find more reliable and energy-efficient solutions for
processing such sludge.

This  article  discusses  the  experimental
implementation of a sand separator in the dewatering
process chain, evaluates the parameters of the sludge
before and after pre-treatment, and analyzes the load on
the press equipment. The aim of the study is to determine
the effect of pre-separation on the stability of the roller
press and the overall efficiency of dewatering.

Current status of the problem. Wastewater sludge
dewatering is an important step in the technological
process of treatment, which plays a key role in
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minimizing waste and ensuring the environmental
sustainability of enterprises. Efficient dewatering reduces
the volume of sludge for further disposal and reduces the
cost of its transportation and storage. There are several
main sludge dewatering technologies, with the most
common being filter presses, centrifuges and roller
presses. Each of these technologies has its advantages and
disadvantages depending on the sludge composition and
operating conditions.

Filter presses are widely used for sludges with a high
organic content, as they provide a high degree of
dewatering, but this equipment requires significant energy
consumption and frequent maintenance. It is particularly
problematic to use them when treating sludge containing
abrasive particles such as sand or glass, which reduce
efficiency and increase wear of the filter elements [1].
Centrifuges are effective when dealing with wastewater
containing chemically active or inorganic substances, but
due to their high rotor speeds, they are subject to
significant wear and tear when dealing with inorganic-
rich sludge. This leads to increased maintenance costs and
can reduce the durability of the equipment [2].

Recently, disc dehydrators have gained popularity
due to their energy efficiency and compactness. They
reduce energy consumption compared to other methods
and can be used for various types of sludge, including
those containing high levels of inorganic substances [3].
Roller presses are a promising alternative for the
dewatering of sludges containing large amounts of
abrasive particles. These presses are highly resistant to
wear and tear, as the design minimizes contact between
the abrasive particles and the working elements of the
equipment. This allows for greater durability and reduced
energy consumption compared to centrifuges, making
them cost-effective for enterprises [1].

In review about dewatering of sewage sludge [4] is
discussed the use of belt filter presses and centrifuges for
sludge dewatering, focusing on the mechanics of water
removal and new developments in high-solids centrifuges.
The reference [5] examines the dewatering of sludge
using diaphragm plate-and-frame filtration, focusing on
improvements in throughput and solids concentration. A
comparative study of centrifuges and belt filter presses in
terms of dewatering efficiency, cost, and polymer
requirements presented in reference [6] Compares
centrifuges and belt filter presses, analyzing dewatering
performance and cost.

In reference [7] reviews filtration technologies like
membrane presses and decanter centrifuges for sludge
dewatering, with a focus on compressibility and particle
size. Investigates the efficiency of electro-dewatering
technology for reducing sludge volume and its potential
for decontamination presented in work [8]. Critical review
on dewatering of sewage sludge [9] discusses various
sludge dewatering technologies and their environmental
implications, with an emphasis on chemical conditioning
methods. Shevchenko, A., Shevchenko, T. [10] examines
the advantages of application of containerized sludge
dewatering plants, as well as the rationale for the use of

MDQ multi-disc dehydrators. The main focuses are
placed on considering the technical features of the
equipment in terms of capital and operating costs, as well
as equipment maintenance. Authors [11] focus on deep-
dewatering technologies, such as chemical
preconditioning and electrical-mechanical dewatering, to
improve sludge dewatering efficiency.

In reference [12] reviews various pretreatment
technologies  like thickening, conditioning, and
dewatering, including centrifuges and belt filter presses.
Multivariate data analysis of full-scale sludge dewatering
presented in reference [13].

High-dry dewatering of sludge based on different
pretreatment conditions reviewed in reference [14].
Electro-dewatering is an energy-efficient method for
dewatering wastewater sludge, but its effectiveness may
be limited by the sludge's electrical conductivity and
microbial content [15]. In reference [16] describes the use
of a hydraulic press system, originally from the food
industry, for more effective dewatering of sewage sludge.
Kim, S. [17] focused on improved waste-activated sludge
dewatering. Citeau, M. and Olivier, J. [18] investigates
the use of electro-osmotic dewatering to increase dry
solids content in sludge dewatering.

It should also be noted that the quality of the filtrate
after dewatering can vary depending on the technology
used. Centrifuges can produce leachate with a high
content of suspended solids, which requires additional
treatment. Roller presses, on the other hand, provide
better filtrate quality, which reduces the load on
subsequent treatment stages [2]. Thus, the use of roller
presses is a promising solution for companies dealing
with sludge with a high content of inorganic substances.
This technology ensures efficient dewatering with
reduced energy consumption, long equipment life and
high quality filtrate [3]. Roller press technology has made
significant strides in terms of design, capacity, and
durability. Advances in modeling and simulation have
enabled better optimization of these machines, while
modular design principles have improved their flexibility
and efficiency. These developments have broadened the
application of roller presses across various industries,
ensuring better performance and longer service life.

Research methodology. The object of the study was
a system for dewatering sludge formed as a result of dry
anaerobic fermentation of household waste at a waste
sorting plant. At the inlet, the sludge has a dry matter
content of 8-16% (Fig. 1) and is characterized by an
increased content of mineral impurities (up to 64%),
significant viscosity, and abrasiveness, which complicates
the use of traditional mechanical dewatering methods. An
excessive amount of solid inclusions, such as sand, slag,
glass, and soil microparticles, causes rapid wear of
working components, frequent equipment blockages, and
reduced process stability.

In order to assess the feasibility of introducing a
sand separator as a preliminary cleaning stage prior to
dewatering, the study was conducted on a pilot industrial
line consisting of a sand separator and a roller press
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manufactured by ESMIL (Fig. 2). The technological
scheme included preliminary cleaning in a sand separator,
which made it possible to effectively reduce the mineral
content to a level that ensured safe delivery of sludge to
the press without the risk of blockage or damage (Fig. 3).

-

i o

.- 3 -

Figure 1 — Photo of dehydrated sludge after roller press

1 i £
L= -] o -]

Figure 3 — Technological diagram of the dehydration process

After passing through the sand separator, the
sediment was fed into the flocculation tank of the roller
press, where the reagents were dosed. PAX 18
polyaluminium chloride (18% AlOs) was used for
coagulation, which was fed from a tank using a regulated
pump. The flocculant Ekoline PFC 75008 in the form of a
solution with a concentration of 0,1-0,12% was prepared
at a special dosing station and also fed into the flocculator
by a pump with flow control. The selection of reagents
was carried out by a subcontracted laboratory through a
series of laboratory tests (Fig. 4).

To accurately assess the impact of preliminary
separation, four types of sediment samples were collected
and analyzed: filtrate after pressing without using a sand
separator, filtrate after pressing with a sand separator,
sediment before the sand separator, and sediment after it —
immediateely before entering the roller press. Visual
analysis confirmed the change in the structural

characteristics of the sediment after separation, and
laboratory tests revealed differences in the content of dry
matter and mineral inclusions.

|
c
Figure 4 — Appearance of biomass waste used in the research:
a — filtrate after pressing without using a sand separator,
b — filtrate after pressing using a sand separator, ¢ — sediment on
the feed line to the roller press before the sand separator,

d — sediment on the feed line to the roller press after the sand
separator, immediately before the roller press

The key analytical method in the study was the
determination of total dry matter (TS) content. Samples
weighing 5 g were calcined in a muffle furnace at 550 °C
for 5 hours. After cooling in a desiccator, the ash residue
was determined, and the mass fraction of ash substances
was calculated using the classical formula:
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_my—m,
- m, —m,
where m; — mass of the empty crucible, g; m, — mass of
the crucible with the wet sample, g; m; — mass of the
crucible after calcinations, g.

4 100%> (1)

b

Figure 5 — Calcining process equipment and outcome:
a - LAC muffle oven, b — samples of biomass raw materials
under study in porcelain crucibles after calcination at 550°C

In addition to laboratory analysis, the study included
measurements of the roller press's operating parameters:
shaft loads, number of emergency stops, changes in
filtrate quality (turbidity, suspended solids content), and
an assessment of total energy consumption. The shaft load
data was taken from the readings of frequency converters
installed on the drive motor-reducers of the roller press
and measured as a percentage of the rated torque.

N u -
Figure 6 — Frequency converter indicators

Research results. The schematic diagram of the
filter unit and the principle of operation of the roller press
is shown in Fig. 7 and Fig. 8. The roller press consists of
two main parts, which are located next to each other and
connected by a feed channel. One part of the press is
mounted on a frame, the other part is mounted on a tank

for collecting filtrate. The tank mounted on the frame is
divided into two sections: a dosing tank and a flocculation
tank. The partition between the sections has a V-shaped
overflow. The flocculation tank contains a motor-driven
agitator for mixing the sludge with the reagent to form
flocs, after which the sludge is fed to the dewatering unit
located above the filtrate collection tank.

The trough for receiving and discharging the filtrate
is located under the dewatering unit.

The sludge is fed to the inlet of the dosing chamber
by a pump. After chemical treatment, the sludge is fed to
the dewatering unit.

Filltration section | Dehydration section
— — | —

>

Coagulation sludge

Sludge Cake

Figure 7 — Schematic diagram of the filter unit

Each filter roller consists of thick resin discs, small
thin stainless steel discs, and large thin stainless steel
discs. Gaps are formed between adjacent discs, through
which only water flows. The larger discs of the filter rolls
engage with the smaller discs of the adjacent filter rolls,
which helps to keep the gaps clean.

The filter rollers are arranged so that the distance
between the upper and lower rows gradually decreases
from the sludge inlet to the sediment outlet, resulting in
sludge compression. In addition, the filter rollers in the
dewatering zone rotate more slowly than in the filtration
zone and, together with an adjustable damper installed at
the sludge outlet, perform dewatering. The dewatered
sludge is discharged through a sludge chute equipped with
a partition that creates additional pressure on the sludge.
This feature allows you to adjust the solids content in the
sediment.

The principle of operation of the sand separator is
shown in Fig. 9.

The inlet and outlet pipes are installed in the upper
part of the tank. Devices for washing sand with inlet and
outlet branches for washing water are installed in the
lower part of the conical tank. The mixing device is
installed inside the tank and is driven by a gear motor.
Another gear motor drives the sand conveyor screw. The
sand conveyor, consisting of several housings with
rotating screws inside, is installed on the tank at an angle
of 35°. The rounded body of the sand conveyor is
protected by wear-resistant polymer inserts. The sections
of the housing are connected by flanged couplings.
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Figure 8 — View of the roller press

GRIT CONVEYOR DRIVE

Operaling time and switching frequency are configured
depending on the specified cperating modes

AGITATOR DRIVE

Operabing time and rotation speed of agiator are configured
depending on the specified cperating modes

INSPECTION PORT

Aleckable inspecnon port 15 provided for visual inspecton
of the treatment process and ease of maintanance

of the equipment

WASTEWATER SUPPLY

Rotational movernent of wastewater flow creates
the phenomenan of centrifugal force, which proviges
necessary conditions for mineral particles (grit) separation

AGITATOR
In arger to ensure specifed parameters of the mang intensity,
the device 1s equipped In agitator, Grit, pressed la the walls

of the grit separalor, 15 separated frarm water urdet the action
of centrifugal forces. Separated gnt accumulates in the conical
part of the grit separator

GRIT WASHING UNIT

‘Washing water s supplied automatically
in accordance wath the specfied operating mode

WASTEWATER OUTFLOW

Wastewater outflow for sunsequent
treatment stages

SCREW CONVEYOR

Grit fram the conical part of grit separator

15 removed to the discharge area by a highly durable,
abrasion-resisiant sorew conveyer

GRIT WASHING AREA
In the grit washing area, organic substances are washed
out from gnit by creating an intenswe agitation area

Figure 9 — General view of the sand separator

Wastewater or sludge is fed into the inlet area of the
conical tank and swirled along the walls of the tank by the
rotation of the mixing device. The sand slides down the
walls of the conical tank and enters the sand washing unit.
The treated wastewater or sludge is sent to the outlet pipe
for further treatment. The sand is washed under water

pressure in the sand washing unit. The sand is mixed with
a mixer to improve the washing process. The wash water
is drained to the next stages of treatment, and the sand is
collected at the bottom of the tank. From there, it is
transported to the unloading area by a screw conveyor.
The sand is unloaded into a container or onto a conveyor.
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A comparative analysis of the sediment before and
after treatment in a sand separator showed a significant
improvement in both the physical and chemical
characteristics of the flow and the stability of equipment
operation. The main results are presented in two areas:
changes in dry matter content and the load on the roller
press shafts.

The total dry matter content in the samples is shown
in Figure 10 in the form of a diagram.

Based on the results of the research, it was found
that the highest total dry matter content, which is 5,124%,
is characteristic of sludge before the sand separator. A
significantly lower total dry matter content of 3,809% is
characteristic of the sediment before the press, an even
lower content (3,776%) is characteristic of the filtrate
after the press without the use of a sand separator, and the
lowest was found in the filtrate after the press without the
use of a sand separator, and the filtrate after the press with
the use of a sand separator was 1,461%.

6
5,124

5
— 3,809 3,776
S ’
2
2 3
3
=]
S 2 1,461
—
- 1
<
=
2
< 0
g sludge sludge filtrate after filtrate after
= before the  before the  the press  the press

grit press (using a grit  (without
separator separator) using a grit

Raw material tested separator)

Figure 10 — Total dry matter content in samples

The loads were taken from the readings of frequency
converters installed separately for each zone of the
dewatering unit. The division into zones is shown in Fig.
11. The comparison of loads on the roller press shafts,
with and without the use of a sand separator, is presented
in Table 1 and measured as a percentage of the nominal
torque.

Table 1 — Load on shafts

Load on shafts Load on shafts with
Division without using a grit using a grit
separator, % separator, %
Thickening zone 50...60 40...50
Filtering zone 85...90 65...70
Dewatering zone 100...110 90...95

This means that the load on the shafts and main
moving parts of the roller press is reduced by 20% when
the sand separator is installed, thereby increasing the

service life of these parts.

2 DEWATERING FILTERING
ZONE ZONE

1 DE'«'\’;‘\TEF!]!‘«‘IG,'lr )\ THICKENING
ZONE 4 . ZONE

1 DEWATERING
ZONE

THICKENING FILTERING
_ ZONE ZONE

Figure 11 — Zones of the dewatering unit

Conclusions. The study proves that the installation
of a sand separator upstream of the roller press in the
process of dewatering sludge with a high content of
mineral impurities is a technically feasible and effective
solution. Preliminary sludge cleaning significantly
reduces the abrasive load on the equipment, which
manifests itself in a reduction in the load on the roller
press shafts in all areas of operation — from compaction to
dewatering. This, in turn, increases operational reliability,
reduces the frequency of equipment downtime due to
accidents, and extends the service life of moving parts.

There is also an improvement in the quality of the
filtrate: after passing through the sand separator, the
sludge has a lower concentration of mineral inclusions,
which reduces turbidity and increases the efficiency of
subsequent processing stages. In addition, reducing the
solid load helps to stabilize the process, reduce energy
consumption, and optimize maintenance costs. Overall,
the combination of a sand separator with a roller press
provides a more reliable, controllable, and energy-
efficient dewatering process, especially when treating
complex, abrasive sediments. This solution is promising
for implementation at facilities where conventional
dewatering methods are not effective enough due to the
high content of mineral impurities.
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A.M. MUPOHOB, M. B. UIIBYEHKO, O. O. TAIIOHOBA, €. /]. IOHOMAPEHKO, C. M. BUKAHOB

MATEMATHYHE TA IMITAHIMHE MOJEJIOBAHHS XIMIYHOI'O PEAKTOPA IJJEAJIBHOI'O
BUTICHEHHS JJ151 ONTUMIBAIIL KIIBKOCTI KATAJIIBATOPA

VY cTaTTi pO3rIsIHYTO MUTAHHS MOEIHAHHSI MAaTEMAaTUYHOTO Ta IMITaLIIfHOrO MOJIEITIOBAHHS IS aHANi3y il onTuMizawii poOOTH peakTopa iJeatbHOro
puricenHs (PIB) Ha npukiani peakiii merizpataiii MeTaHONIy A0 AWMETWIOBOro edipy y rasoiil ¢asi B mpucyTHOCTI Katamizatopa. MeToro
JOCITI/KEHHS BU3HAYEHO MOOY/I0BY MaTeMaTHYHOI MOZENI Ha OCHOBI KJIIACMYHUX PIBHAHb MAaTEpPialIbHOTO Ta EHEPreTHYHOro OallaHCy 3 HACTYIHOIO
peadizauiero imiTaniiHoi cxemu y cepenosuiti DWSIM i3 3acTocyBaHHSIM TepMoauHamMiyHOro nakety Ilenr-PoGincona. [Toka3aHo, 1110 MaTeMaTHYHA
MOJIeJb ZI03BOJISIE LIBUJKO OLIHMTH 0a30Bi MapaMeTpu MpOLeCy, HPOTe JUIsi BUCOKOI TOYHOCTI PO3PaxyHKIB, ypaxyBaHHsS peajbHOI KIHETHKH Ta
KaTaJITHYHUX OCOOJIMBOCTEHl JOLIJIBHO 3alydaTH Cy4acHe imirauiliHe MozentoBaHHsA. Ha OCHOBI iMITAaliifHOIO €eKCHEPUMEHTY JOBEAEHO, L0 3MiHa
KIJIBKOCTI KaTaizaTopa CyTTEBO BILUIMBAE HAa KOHBEPCiI0 MeTaHoILy: 30inbienHs Big 0,6 10 2,2 Kr/M* 1ajio 3MOry MiIBUIIUTH KOHBEpCito 3 15,53 % no
81,86 %. Lle 3acBiguye 3HauHy 4yTiuBicTh PIB 10 Bapiauii akTUBHOI MOBEpXHi KaTaji3aTopa Ta MiATBEP/KYE BaXIIHBICTH TOUYHOIO HAJAIITYBAHHS
napameTpiB cumyssiii. OkpeMy yBary npuaineHo BukopuctanHio y DWSIM cnenianbHOro KOHTpojepa [uisi ONTUMI3aliifHOro min0opy KilnbKOCTI
Karaji3zaropa BiIIIOBIZIHO 1O 3a7aHOi ycTaBKM KoHBepcii. Po3poGiieHa iMmiTaliiiHa Mojenb BpaxoBY€ XiMIUHY CTEXiOMETpit0, KIHETHKY peakiii,
MDK(a3HHIT MacoepeHoc Ta 0COOIUBOCTI TEIUIOBOTO PEXXHMMY, IO JO3BOJISIE MOJCTIOBATH peajbHi BUPOOHNYI YMOBH Ta MPOTHO3YBATH MOBEIIHKY
peakTopa npH 3MiHi YMOB #oro excrutyarauii. [IopiBHAIbHMN aHaNI3 OKa3aB, 110 MATEMATUYHUI MiJXIA 3pyYHHUHN JUIS NEPBUHHOTO MPOEKTYBAHHS Ta
OIIIHKY BIUIMBY IapaMeTpiB, a iMiTaliiiHa cxema 3a0e3nedye IeTalizallilo Ta BpaXyBaHHsS HH3KH JOJAATKOBUX (DaKTOPIB, IO € KIIFOYOBHM IS
MPOMHMCIIOBOT IIPakTUKK. OTpUMaHi pe3yJIbTaTH JEMOHCTPYIOTh IPAKTHYHY LIHHICTh Yepe3 MOETHAHHs 000X MiAXO/IB y CydacHii XiMiuHiil iHKeHepil
Ta MiATBEPIKYIOTh MOXJIMBICTh BHUKOPUCTAHHS pO3POOJIEHOI MOAeNi Uil TEXHIKO-€KOHOMIYHOTO OOIPYHTYBaHHS Ta oNTHMI3auii poOoTH
KaTaTITHYHAX PEakKTOpiB Oe3 mpoBeaeHHs noporux (i3MyHuX excrepuMeHTiB. IIpeacTaBieHi pe3ysibTaTH MOXXHA 3aCTOCOBYBATH [UIS IIiJTOTOBKH
MPOEKTHOI JOKYMEHTALil, PO3poOKH CTpaTerii aBTOMAaTH30BAHOrO KEpyBaHHS Ta HaBYaHHs (axiBUiB y ramxys3i XiMiYHOrO BHPOOHHIITBA.
3anpornoHoBaHa y poOOTi CIIPOIIEHA METOMKA JOBOIUTH CBOIO €()EKTHBHICTB JUIl BU3HAYCHHS KIIOYOBHUX €JIEMEHTIB y CYYaCHUX iHKUHIPHHIOBHX
3aJa4ax Ta BIOCKOHAJICHHI ICHYIOYHX TEXHOJOTIYHUX PIIICHb.

KurouoBi cjioBa: MaTeMaTHIHe MOJEIIOBAaHHS; iMiTaliifHe MOIEIIOBAHHS; XIMIYHHII peakTop; ONTHMI3allisf; PEakTop iJealbHOr0 BUTICHEHHS;
PIB; PFR; cumynsnis; DWSIM.

A. M. MYRONOQOV, M. V. ILCHENKO, O. O. GAPONOVA, Ye. D. PONOMARENKO, S. M. BYKANOV

MATHEMATICAL AND SIMULATION MODELLING OF AN IDEAL PLUG-FLOW CHEMICAL
REACTOR FOR CATALYST LOADING VALUE OPTIMIZING

The article presents a comprehensive approach combining mathematical and simulation modelling for the analysis and operational optimization of a
plug-flow reactor (PFR), using the example of methanol dehydration to dimethyl ether in the gas phase with a catalyst bed. The main aim of the
research is to establish a reliable mathematical model based on classical mass and energy balance equations and to implement this model in the
DWSIM simulation environment with the Peng-Robinson thermodynamic package for accurate calculation of gas-phase mixture properties. The paper
demonstrates that the analytical model provides rapid estimation of fundamental process parameters but is limited when accounting for realistic
reaction kinetics, catalyst performance and detailed thermodynamics. To overcome these constraints, a detailed simulation model was developed in
DWSIM, which allows dynamic manipulation of reactor parameters and integration of real operational factors. The conducted simulation showed that
increasing the catalyst bed loading from 0.6 kg/m® to 2.2 kg/m? leads to a significant improvement in methanol conversion from 15,53% to 81,86%.
This highlights the high sensitivity of a PFR to the active catalytic surface and confirms the importance of precise model parameter tuning. Special
attention was paid to using the DWSIM controller block for automated regulation of the catalyst loading value to achieve a target conversion with
defined accuracy. The simulation model developed in this work accurately integrates reaction stoichiometry, kinetic expressions, interphase mass
transfer and the thermal regime, making it possible to closely replicate real industrial process conditions and predict reactor behavior under varying
production scenarios. A comparative assessment reveals that while the mathematical framework is convenient for initial design calculations and
parameter impact evaluation, the simulation approach ensures advanced detail, flexible adjustments and deeper insights for industrial practice. The
combined use of both approaches significantly improves calculation reliability, supports technical and economic decision-making, and reduces the
need for expensive pilot testing. The results and techniques described are applicable for preparing design documentation, developing automated
process control strategies and training future chemical engineering specialists. The proposed methodology thus demonstrates its high practical value
and potential for modern engineering challenges and continuous improvement of industrial reactor technologies.

Keywords: mathematical modelling; simulation modelling; chemical reactor; optimization; Plug-Flow reactor; PIB; PFR; simulation; DWSIM.

Beryn. IMpouecn XiMi4HOTO CHHTE3Yy PEYOBHH, SIKi
3IICHIOIOTBCS Y peakTopax BiAMOBIIHOTO 33ja4aM THUILY
BHCTYTIAIOTH SIPOM TEXHOJOTIYHOTO JIAHITIOTa OLTBIIOCTI
ramy3ei 3araJbHO-XiMIi9HOI 1 IepepoOHOi TPOMHUCIOBOCTI.
Peakropu imeanpHOoro BHTicHeHHS (PIB) € omamm 3
LIMPOKO 3aCTOCOBYBaHHMX THIIIB amapari, sKi 3aisHI y
Oe3nepepBHOMY BUPOOHHMIITBI MPOMHUCIOBOI MPOIYKIIii.
Ile MOSICHIOETRCS iX BUCOKOIO €()EKTUBHICTIO, IPOCTOTOO
KOHCTPYKLIi Ta MPUIATHICTIO 10 3pyYHOTO aHAJITUYHOTO
omucy [1]. Y Teopii XxiMiyHOT iHKeHepil Liei THIT peakTopa
XapaKTepU3y€eThCsl THM, 1110 MOTOKK PEAreHTiB PyXatoThCs
0e3 mepeMillyBaHHS B OCHOBOMY HAalpsIMKY, Jal04n

3MOTY KOPEKTHO ONHCYBaTH mepelir ycix peakmii 3a
JIOTIOMOT'0I0 CUCTEMH AN(EpeHIiHHUX PIBHSHB [2].

B ymoBax 3pocTaHHsS BHMOI' IIOJIO TOYHOCTI YCiX
TEXHOJIOTIYHAX PO3PaxyHKiB, BUCOKOI IMepeadadyBaHOCTI
BHPOOHUYHX TPOIIECIB 1 MPOSKTHOI eHeproeeKTHBHOCTI
o0naiHaHHsL 0COOIMBOT aKTyalnbHOCTI HAOYBaIOTh 3ajadi,
MOB’sI3aHi 3 MOJICTIOBaHHSIM. BOHUM 31aTHI AyXe CYTTEBO
CIIPOCTHUTH, TIPUCKOPUTHU Ta 3IELIEBUTH PO3POOKY Maiike
yCIX THIMIB 00JaJHAHHSI, MiJBUIIMTH SKICTh IPOEKTHUX
pillieHb Ta HajgaTH 3MOTYy 3a0e3NeYnTH HEeOOXiqHy JUIs
NPUKITAIHAX 3a7ad BapiaTHBHICTh PO3PaXxyHKY OKPEMHX
XapaKTEePUCTHK.
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MaremaTiuuHe MOJEITIOBAHHS JI03BOJIIE OTPUMYBATH
KUTBKICHE YSBICHHSA MPO Tepedir peakiiid, po3mojii
KOHLEHTpALii, TEMIIEpaTypH 1 IHIIHNX MapaMeTpiB y310BK
peakropa. BomHowac cydyacHe koMI'IOTepHE iMiTamiliHe
MOJICIOBAHHS Yy MPOTrPAaMHUX CEPEIOBUINAX HA KIITAJIT
Aspen HYSYS, UniSim Design abo DWSIM nae 3mory
peamizyBaTi OUTBII CKJIAagHI BHUIIAJKH, BpPaXxOBYBAaTH
peanpHI YMOBH, a TaKOX 3IIHCHIOBaTH OaraToBapiaHTHI
pO3paxyHKH B3araii 0e3 morpedu y 3aificHeHH] (hi3maHIX
eKCIepuMeHTiB [3].

He3Baxkaroun Ha IHTCHCHBHHH PO3BHTOK 3ac00iB
IMITaIIfHOTO MOJICTIOBAHHS B OCTAHHI POKH, KIFOUOBHM
eTarnoM TOOYJOBH IMITAI[IfHOT MOJENi 3aJIUIIAETHCS
(hopMyBaHHSI KOPEKTHOI MaTeMaTHUHOI OCHOBHU. be3 Hel
pe3ysbTaTh MOJIETIOBAHHS MOXKYTh OyTH HEKOPEKTHUMH 3
¢bi3nyHOl TOYKK 30py 200 HEMPUIATHUMHE VIS TTOJATTBIIOT
imKeHepHoi iHTepnperanii [4]. ¥V 3ramaHoMy KOHTEKCTI
BHHUKAE TOTpeda B YITKOMY 3B 3Ky MK MAaTEeMaTHIHOIO
(hopmaurizariero mporecy i #oro nudpoBoro peaizaliiero.

MeToro oCTiIKeHHS, MIPEICTaBICHOTO y PoOoTi, €
BU3HAYCHHS] MaTEMaTHYHOT OCHOBH JIJIsI TOOYIOBH MOJEI
peakTopa iearbHOro BUTICHEHHS y cepeoBuiini DWSIM.
VY cBoIO uepry, OCHOBHOIO 33/1a4€I0 MOJIEINI € ONTHUMI3allis
KUTBKOCTI ~ KaTaji3aTopa I JOCATHEHHS OakaHuX
MIOKa3HHKIB ITPOIYKTUBHOCTI Ta KOHBEPCIl pEUOBHUH.

AHaxi3 jgiTeparypu. Marematu4He Ta iMiTalliiiHe
MOJICITIOBAHHSL PEAaKTOPIB iealbHOTO BHTICHCHHA (Y
anriiomoBHii Jitepatypi — PFR, Plug-Flow Reactor)
BXOIUTh /IO KOJa BEIIbMU IOMYJSIPHUX TEM HAYKOBHX
myOmikamiit y ramy3i ximiuHoi imkenepii. Tak, 3arampHi
TeopeTHdHi 0cHOBU Mozenei PIB BukiameHi y KIIOYOBHX
pobotax Levenspiel [1] ta Fogler [2], sixi ¢popmanizyBanu
PO3paxyHOK MaTepiajbHUX OallaHCiB, KIHETHUKY peakiii
Ta PO3MOJIII BUTPAT Yacy, 10 HUHI BUCTYIAIOTh OCHOBOIO
Maiike yCiX MaTeMaTHYHUX MOJIeJIeH IIbOTO THITY.

3okpema, Levenspiel [1] posrisgae PIB sk TpyOHuit
peaktop 0e3 axciaJpHOIO TMEpeMillyBaHHS, MOKa3yIOuH,
IO MaTeMaTUYHe PO3B’s3aHHS PIBHAHb OAllaHCy Mac Ta
KIHETHKH Jla€ oJpa3y JIeKUIbKa aHATITHYHUX PO3B’S3KIB Y
BUTJISIN peakuii nepmoro nopsaaky. Fogler [2] nonosHroe
Ii pe3yNbTaTH, HABOAAYM aHANI3 Pi3HUX (PAKTOPIB, IO
PeTYIIIOI0Th HEeCTalOiIbHICTh, TEIUIOBHHA PEXHUM Ta Te, SK
JCTIepCis 3MaTHA 3MIHIOBATH MTOBEIIHKY PEaKTopa.

[Mpamni, npucBsveHi HeineaabHOMY PyXYy PEYOBUH Y
PIB Tinbku NOTIHOIMIOIOTH PO3YMIHHS BIUIMBY aKCIalbHOI
nucnepcii. Hanpuknan, mociimkenns Adeniyi [S] mono
HeiJleaJIbHOCTI PeXHUMY PyXY CHPOBHHH B OONajHaHHI Y
nporieci camnoHigikaiii IeMOHCTPYE, SK PO3MOAUT Yacy
nepeOyBaHHs y PIB BUKOpUCTOBYETHCS ISl OL[IHKH YHCIIA
PeaKkTopiB i/eaqbHOrO 3MIllyBaHHS, SIKI OyIyTh 3/aTHI
HOro 3aMiHUTH B pEabHHX MOBaX.

Cporo/iHi iICHY€ IUIAN KJTac CIIeIlialbHUX 33134, SKi
HazuBatoTecs CFD (Bin anrmiticekoi Computational Fluid
Dynamics), mo SBISIOTH CO00I0 METOAN KOMITIOTEPHOTO
MO/ICIIFOBAHHSI, SIKI JIO3BOJISIIOTH 3/1iHCHIOBATH IEPEBIPKY
IH)KEHEPHHUX PIllleHb Ha MPEIMET iXHbOI Mpare3aaTHOCTI,
OIIIHIOBATH 1X e€()eKTHBHICTH Ta €KOHOMIYHY MOLLUIBHICTH
10 mouarky OyniBenbHuX poOiT. Ornsix [6] mizkpecioe
BOXJIMBICTh BpaxyBaHHA JUCIEpCii Ta IOJAJIBIIOrO
BBeneHHs: CFD-moneneil A TOYHOrO MOJETIOBAHHS

TiIPOIUHAMIKH, a Yy MJOCHiKeHHI [7] po3risnaerses
TpruazHUll peakTop 3 KparejabHUM IIapoM Ta MOKa3aHO
MOJIETIb JUIsl OIUCY Tedii PIIMHM Ha TBEPAUX YaCTHHKAaX.
Mopens BpaxoBye MEXaHi3MH IIPUMYCOBOI KOHBEKIIil,
akciaJpHOI qucnepcii Ta Mk(a3HOro MacoIepeHocy.

VY codepi iMiTamifHOTO MOJETIOBaHHS MPOMHCIOBUX
XIMIYHAX BHPOOHHITB OCTaHHIM YacoM CYTTE€BO 3pociia
MOMYJISIPHICTH TAKETiB BIIKPUTOTO KOAY — 30KpeMa,
DWSIM [8]. ¥V barateox poOoTax pO3TISHYTO CHCTEMY
XIMIYHMX TpOIECiB y TpyO4acTux peakropax, sKi
JIOTIOMAraroTh JOCIHIAHHKAM BHM3HA4YaTH pallioHaIbHI
PEXKUMHU pOOOTU PEAKTOPIB, 320€3MCUYIOUH BIAMOBIIHICTh
BUMOTaM JI0 e(heKTUBHOCTI XiMiyHUX TporeciB. CydacHe
IMITaIllifHE MOJICITIOBAHHS JIO3BOJISE BI3yasi3yBaTH Ta
aHami3zyBaTu noBeninky PIB 3a nonomororo mporpam. Lle
0cO0JIMBO KOPHMCHO Ml CKIQIHUX CHCTEM, I 3a3BHYai
Ba)XKO OTPHMATH aHATITHYHI PillIeHHS.

VY mochimxerHi [9] po3risgaeTbcs MOICTIOBAHHS Ta
IMITaIiss TPOMHUCIIOBHX pPEaKTOpiB, BUKOPUCTAHUX Y
xiMiuHIH Ta OyOmnmpHIM TexHomorii. Y crarti [10]
MPE/ICTABICHO MOJIENIIOBAHHS PEakTopa 3 3aKpy4eHOIO
TpyOKOIO, Jie aHA3yIOThCSI PeaKilii NepIIoro NopsaKy B
JaMiHApHUX  HBIOTOHIBCBKUX Ta  HEHBIOTOHIBCHKUX
pinuHax. JlochikeHHs MOKa3ye, SIKUM YHHOM TeOMEeTpis
peakTopa BIUIMBA€E Ha €PEKTUBHICTH ITPOLIECY.

VY kuu3i Ranade [11] omucyethes, Tk MOACTIOBAHHS
MOTOKIB y XIMIYHHX PEAKTOpaX MOXKe MOKPAIIUTH IXHE
MPOEKTYBaHHSI, EKCILTyaTalli0 Ta MPOYKTUBHICTh. Bike y
2002 poui aBTOp BOayae BKpal BENUKI MEPCIEKTHBH Y
3aCTOCYBaHHI OOYHCIIOBATLHOTO MOJETIOBAHHSA ITOTOKIB
U 1HKeHepil XiMIYHUX peakTopiB. Y mochimkeHHi [12]
PO3IIISIAETHCS. MOJICITIOBAHHS 1 CUMYJISILIIS IPOMHUCIOBOTO
Tpu(a3HOro peakropa 3 KpamleIbHHM IIapoOM, 3aIisTHUM
Ut rimporeHizamii 1,3-OyTtamieHy B H-OyTaH. Y DaHOMY
BHUIIAJIKY MOJICJTFOBAHHS MIPOBOTUTHCS IS OI[IHKH BHXOJLY
YCTAHOBKH. Y CBOIO 4Yepry, IOCHiKeHHs [4] neMoHcTpye
NIPUKJIaJ], MOJENIOBAHHS TiJpOTeHi3alliifHOro0 peakropa B
DWSIM 3i BKIIIOYCHHSM KIiHETHKH Ta TEPMOIWHAMIKH,
IO MiJKPECITIOE MPAKTUYHY MPHUIATHICTH MPOrpaMu JUis
MIPOMHUCIIOBHX PO3PaxXyHKIB Ta pealbHUX 3aCTOCYHKIB.

AHai3 niTepaTypH Y9iTKO MOKa3ye: sSIK MaTeMaTHYHE,
TaK i iMiTamiiiHe MOJETIOBaHHA Hapas3i € HeBiT€MHUMH
IHCTpYMEHTaMH JJIsl PO3YMIHHSA Ta ONTHMi3amii poboTH
peakTopiB  igeanpbHOro  BHTicHeHHs. L[i  Meromu
JO3BOJISIIOTh  IH)KGHEpPaM Ta JOCHIAHUKAM C(QEKTHBHO
MPOCKTYBAaTH Ta CKCIUIyaTyBaTH XIMI4HI pPEaKTOPH,
3a0e3nevyroyd iX BHCOKY MNPOJYKTHUBHICTH Ta 3arajibHy
0ce31eKy BUPOOHUYHUX MPOIICCIB.

Onuc pocaixkennsi. PIB Hamexuts 10 uucia
(dyHIaMeHTaTBHUX O00'€KTIB XIMIYHOI TEXHOJOTIl, Ui
SKUX MaTeMaTHYHa MOJENb MOXKe OyTH OTpuUMaHa 3
0a30BHX 3aKOHIB 30epexeHHsI MacH Ta eHeprii. 'ooBHOIO
TepeBarol0 MO € BiTHOCHA MPOCTOTa MATEMAaTUIHOTO
OIHCY ¥ rapHa y3TOMKEHICTh 3 (PI3SMIHUMH TPOLIECAMH 3a
HU3KHU PeaTiCTUYHHUX NMpUIyIueHs [1, 2].

OcHosHi npunymenHs PIB:

— peakliiiHa CyMilll PYyXaeTbCsl Yepe3 pPeaxkTop y
BUTJISII «TIOPIIHS 0€3 aKCialbHOTO 3MILTyBaHHS;

— TIOBHE IIOTIEpeYHEe MepeMillyBaHHS 3abesreuye
OJTHODIJIHICTh NTapaMeTpiB y OyIb-IKOMY NEpETHHI;
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— peak1ii MPOTIKalTh TIIBKK Y3[JOBXK OCI peaKTopa;

— IMBUAKICTh Peakiliii 3aJIeXKHUTh BiJl MICI[CBHX YMOB
(TemIepaTypy Ta KOHIEHTpalii peareHTiB).

PiBHsHHS MaTepianbHOro OamaHcy Uit HE3MIHHOTO
00'eMy peakTopa Mae BUTIISII:

d& __Ia (1)
dv v’
ne Ca — KOHIIEHTpAIIis peareHTy A, KMOJIb/M?;
V — peakuiitamii 00'em, M*;
I'n — IIBUIKICTB peakilii, KMOIb/(M?-C);
v — 00'eMHa BUTpaTa, M>/C.
Skio 06'eMHa BUTpaTa U — cTajla, MOYKHA 3allUcaTH
PIBHSHHS Yepe3 yac rnepedyBaHHs T

T:X’ dC_A:—rA (2)
v dr

Jns peakuii N-ro mOpsAAKY IIBUAKICT peakii Oyae
BU3HAYATUCA SIK

n
ry=k-Ch, 3)
ne k — koHcramra mBHAKOCTI peakiti. Jms peaxii
MIEPIIOro HOPSAKY OTPUMAEMO aHATITUYHUI PO3B’ 30K

Ch=Cpo-€™™, “4)
ne Cpp — MoyaTKoBa KOHILIEHTPAIIS] pEareHTy.

Enepretnunuii Oamanc (@i ek30TepMidHOi abo
€HJIOTEePMIYHOI peaKilii) OIHUCYEThCS PIBHSIHHIM

PCp(:TT,:iQP'rAa (5)

ne T — temmeparypa, °C;
p — I'yCTHHA, KI/M;
C, — terutoemHicTs, Jx/kr-°C;
Qp — Tentora peakuii, Jx.

L1i piBHSIHHS 103BOJISIIOTH OMKUCATH SIK 130TEPMIYHHUH,
Tax i axiabatnunuil pexum. {1 aniabaTHYHOTO peXuMy
TEIJIOOOMIH 3 HaBKOJIMIIHIM CEPEIOBUIIIEM BHKIIIOYAIOT.
VY cknmagHUX BHITAJIKaX JOAAIOTH PIBHAHHS TeIUIoNepenadi
MIDXK peakIiifHOI0 CyMIIIIIIO Ta CTIHKaMHu peakropa [2, 5].

Mogens PIB Hag3zBu4aiiHO KOpHCHA 1Tl IEPBUHHUX
PpO3paxyHKiB Ta ONTHMi3amii KOHCTPYKIII peakTopiB, ne
XapaKTepHUM € YMOBHO PiBHOMIPHHH JIaMiHAPHHUN TMOTIK
0e3 aKciampbHOTO 3MIITyBaHHA. Y TPOMHUCIOBOCTI TakKi
PEaKTOpH 3aCTOCOBYIOTBCS Ul IPOBEACHHS MIBUAKUX
peakiliif, HapuKIag rigporeHizamii i kpekinry [2, 13].
Mogens mo0pe BimoOpa)ka€ OCHOBHI 3aJICKHOCTI MIX
rapameTpamu, IO HiITBEPIKEHO EKCIIEPUMEHTaMH Ta
MOpiBHAHHAM 13 Ot cknaguumu CFD-monpemsimu [5].
BonHowac, 11 BUCOKOTOYHHMX 1HXXEHEPHHX PO3paxyHKiB
4acTO BUKOPUCTOBYIOTH PO3IMINPEHHS 0a30BO1 MOJIEIIi:

— Mojeni aucnepcii Ay ypaxyBaHHS aKCiaJIbHOTO
3MIIIyBaHHS;

— MOZETIi 3 IePEeMiHHOO MIBUIKICTIO TIOTOKY;

— MOZETi 3 ypaxyBaHHSIM KAaTaTITHYHHAX PEaKIii y
mopHCTOMY cepemoBuii [7, 13].

Ha mpakTuimi iHXEHEpPH 3aCTOCOBYIOTH aHATITHYHI
pileHHs sk 0a3y Al MPOSKTYBaHHS peakTopa Ta miadopy
TEXHOJIOTIYHUX PEXKUMIB HOro poOOTH. 3HaHHS 4YacOBOL

XapaKTEPUCTUKU TepeOyBaHHS JIOIIOMAara€ BHU3HAYUTH
ONTHUMAJIbHY JIOBKHUHY PEaKTOpa, TEMIIEpaTypy Ta THCK.
Po3po6iieHi piBHSHHS JIETKO Peai3yroThCsl Y IPOrPaMHUX
cepenosuiiax — Ha kKmrtant DWSIM gu Aspen Plus [3, 8].
ITpn npoMy MaremMaTHdHa MOJEIb BUCTYIAE SAPOM JUIS
TIEPEeBIPKU TOYHOCTI HAJAIITYBaHb iMiTamiiHoi cxemu. Ha
JI07Iady MaTeMaTHYHE MOJIETIOBAHHS JJO3BOJISIE 31IHCHUTH
aHaJli3 9yTIMBOCTI — OIMIHKY TOTO, SK 3MiHA KIHETHYHUX
mapaMeTpiB YM BUTPATH BIUIMHYThH Ha KiHIIEBY KOHBEPCIO
peareHTy abo CeleKTUBHICTb MPOMyKTy [2, 13].

HesBaxkaroun Ha 4MMaly MOTY>KHICTh aHAITHYHOTO
amapary, OUIBIIICTh pealbHUX O0'€KTIB OYIKyBaHO HE
BiJINIOBIJIAIOTh i7icalbHUM yMOBaM. Tojai Ha JOMOMOTY
MPUXOJUTH IMITAIlIfHE MOJICIIIOBAHHS, SKe (HaKTHIHO
0a3yeTbCsi Ha HaBEACHUX PIBHIHHAX, e JIO3BOJISIE
BPaxOBYBaTH [OJAaTKOBI €(EeKTH: 3MILIyBaHHS, PEaJIbHY
TepMoanHaMiKy, OaratodasHicTe. HacTymHmii Oiok 1miel
CTaTTi NpUCBAYeHUH MO0y m0BI imiTaniitHoi Monemni PIB Ta
JIEMOHCTPY€, K MaTeMaTH4Ha 0a3a IEepeTBOPIOETHCA Y
THYYKHA KOMIT IOTepHUH IHCTPyMEHT.

DWSIM no3Boiisie peaizyBaTd TEOPETUIHY MOJICIb
PIB, 3a0e3neuyioun BKpail BUCOKY TOUHICTh 1HKEHEPHHX
PO3paxyHKIB Ta 3QJIMIIAI0YH YAMAIMN CTYIiHb CBOOOAH Y
HAJTAIITyBaHHI HU3KU TEXHOJIOTIYHHUX MmapaMeTpiB [8].

VY 1pOoMy JOCHTIKEHHI 00’€KTOM MOJICITIOBAHHS €
orpumanHsi jaumermwiioBoro egipy (C:HsO) numsixom
nerigpatamii Metanory (CHsOH) — 3 BimmimeHHsIM BOIU
(H20) y nmpucyTHOCTI KaramizaTopa (yci y ra3oBii ¢asi).

Peaxkuis BinOyBaeThCs y ra3oBiif (azi i Mae BUTIIA:

2CH;0H — C:HsO + H,0. (6)

L5 peakwisi € eHAOTEPMIYHOIO Ta XapaKTEPU3YETHCS
CKJIATHOI0 KIHETHKOIO, sIKa 3aJICXKHUTH BiJl TEMIIEPATypH,
THCKY Ta aKTUBHOCTI Karamizaropa [l,2]. Hms imitamii
BUKOPHCTOBYBATHMEMO TepMOAMHAMIuHuN makeT [leHr-
PoGiHcoHa — 1ie piBHSIHHS CTaHy, SIK€ 3aCTOCOBYETBCS IS
TOYHOTO PO3PaxXyHKY BJIACTHBOCTEH Ta30BHX CyMillIei
NPU CEpelHIX Ta BUCOKMX THUCKaX, J€ BIAXHMIECHHS BiJ
17IcaIbHOCTI € JTOBOJII 3HaYHUMU [2, 8].

ITocranoBka iMiTamiiHoI 3amaui y DWSIM oxorutoe
HACTYITHI €Taru: BUOip KOMITOHEHTIB (TUMETIIOBHUH edip,
METaHOJ, BOAa) Ta TepMmoaumHamiuHoro makery (Peng
Robinson), 3aBmaHHs mnapameTpiB peakuii (Y4acHHKIB,
cTexioMeTpii, KiHeTukw) Ta KoHdirypysanus PIB (pexum,
00’eM, TOBXHHA 200 JiaMeTp peakTopa, KaTami3aTop).

Po3risiHeMO MpHKIa] HA OCHOBI TaKUX JAHHUX PO
CHUPOBHHY: BHUTparta 0,03 kr/c, tuck — 2,5 Milla,
temnepatypa — 300°C. Bka3zaHi XapakTEpUCTHKH TOTOKY
«Kusneuns PIB» y Mmomeni HaBeneHi Ha puc. 1.

MaremaTtruna 6a3a mozaeni y DWSIM dopmansHO
BIJINOBi/Ia€ KI1acHuHOMY piBHsHHIO PIB:

dc :_r(C,T) ™

dl w
ne | — koopanHaTa, cpsIMOBaHa Y3I0BXK OCI peakTopa;
r(C,T) — mBuaKicTs peakuii, 3aJe’KHa BETMINHA;
W — JTiHiITHa TIBU/IKICTh Ta30BOTO TIOTOKY.
Jis KaTamiTHYHOI peakilii KiHeTHKa yCKIIaJIHIOETCS
BpaxyBaHHSM aKTUBHOCTI Karami3aTopa Ta MIBHUAKOCTI
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mudys3ii pearentiB y nopu Hocis [1]. Tomy HacTynmHUM
KPOKOM 33/1aHO TapaMeTpH T'eTepOreHHOI KaTaliTUYHOL

peakuii 3rigHo piBHsHHS (6). [letanpHi HalamITyBaHHS
napaMeTpiB peakiii HaBeeH1 Ha puc. 2.

Property Package Settings

Property Package |Peng-Rubinson [PR] (1)

v] =]

Input Data  Results Annotations Dynamics Floating Tables

Stream Conditions Compound Amounts

—

YXuBneHHs PIB

Basis | Mole Fractions

v

Solvent

4 300,00C

Dimethyl ether
Water

Compound Amount | i
1
1]

e ]

@ 2500,00 kPa
£ 0,03 kg/s

Puc. 1 — [TapameTpu NOTOKY *HBJICHHS peakTopa

Heterogeneous Catalytic Reaction

Identification

MName |PeaKLun

Description

Components and Stoichiometry

Stoichiometry [OK || alance

Mame Molar Weight AHF (k)/kg) Include  BC SC
Methanal 32,0419 -6271,17 [ B |2
Dimethyl ether 46,0684 -3996,23 ] O h
Water 18,0153 134227 [ O

Heat of Reaction (kI/kmol_BC) |-12017 |

Equation |2CH30H <--» CH3OCH3 = HOH

| Base Component |Methanol

Heterogeneous Kinetic Reaction Parameters

Basis |Parl|a| Pressures V| Phase |\hpul

v | Tmin D Tmax (K)

Kinetics Specification @ Simple O Advanced

Python Script ~

Reaction Rate [Base Component} = Mumerator / Denominator

&) Help

Mumerator | exp(-8-9680,/T)*((R12)*exp|-2.8086+3061/T)-P1*P2) |

Denominator | R1*exp(-2.8086+=3061/T)

Expression Variables: Temperature (T} in K, reactant amounts (R1, R2, ..., Rn) and product amounts [P1, P2, ..., Pn) in
the selected amount unit, reaction rate (1) in the selected velocity unit.

Rate Units |kmol/[kg.s] %

Use " as the decimal separator on math expressions.

| Cancel | | OK

Puc. 2 — [Napamerpu reTeporeHHoi karamitnaHoi peakuii y PIB

Jis ommcy KIHETHKHM peakmii BHKOPHUCTOBYETHCS
BHpa3 Ha OCHOBI MapLiaJIbHUX THCKIB KOMITOHEHTIB!

Pome - Pw
r=K- Pmeon ==~ (®)
ome * K
Ie I — WIBHAKICTh peakiii Jaerimpararii MeTaHOMy,

KMOJIb/Kr(KaTajizaTopa)/c;
K — koHCTaHTa MWIBUIKOCTI, KMOJIb/Kr(Katanizaropa)/c/I1a;
p — napuianeHi Tucku Ila;
MeOH, DME ta W — metaHon, quMeTwioBuid edip i Boja,
BIZAITOBIAHO;
K — koHCTaHTa piBHOBAaru peaxiiii JAerimpararii.

VY cBoro 4epry, 3rajiaHi KOHCTAHTH PO3PAXOBYIOTh 5K

3061

9680 ta K =-2,8086+ ——
T(K

k=-8-2
T(K)

®

Hns Bukopucranns y DWSIM pisasauas (8) ciin
TIEPETBOPUTH 10 BHUITY, KM MiCTUTHME JIHIIE 2 CKIAaI0B1
— YHCENbHUK Ta 3HaMeHHUK. PiBHSHH (8) HaOyBae BUIY:

r=k'(p§/|e0H K~ Ppwe - p\N)/(pMeOH -K). (10)

Ockinekn DWSIM BuMarae KomyBaTh peareHTH SIK
R1, R2 tomio, a mpoxyktn peakuii — sk P1, P2 Tomo, ams
BUKOPHCTaHHA y Iporpami umcenbHUK 3 piBHSHHA (10)
HaOyBae Burisiny (11), a 3HamenHUK — BUTIsAy (12):
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—2,8086+MJ

R1- e[ (12)
ne R1 — meranon, P1 — mumerunosuii edip, a P2 — Bona.
VY SKOCTI peakTopa, 110 MOJIENIOE PEXKHUM 1/1€aIbHOTO
ButicHeHHs1, DWSIM BukopucroBye Plug-Flow Reactor
(PFR). Iepmmit myck mMozeni 3IiiiCHEHO 3 HACTYITHHUMH
napameTpamu peaktopa (puc. 3): 06°eM — 5 M, TOBKHHA
— 1 M, kimpkicTh Katamizatopa 0,6 Kr/M® 3 JiaMeTpoM
YacTOK 3 MM i YacTKO¥ MOpoxHHH — 0,3; pesxuM poOOTH
— aniabaTnynui, 6e3 3MiHM (a3 (yci KOMIIOHEHTH peakiii
MiATPUMYIOTECS Y Ta30M0AI0HOMY CTaHi).

Calculation Parameters

General Dimensions Catalyst Info  Annotations Advanced

Reaction Set MakeT peakyiii ana PIB ~

Calculation Mode Adiabatic e

Cutlet Temperature 321,971 |[C

Calculation Parameters

General Dimensions  Catalyst Info  Annotations  Advanced

Reactive Volume | 5| m3 e

Sizing Information @ Length O Diameter

Tube Length | 1| m e

Tube Diameter 2523,13| | mm

R

Mumber of Tubes

Calculation Parameters

General Dimensions CatalystInfo  aApnotations Advanced

Catalyst Loading information are required when dealing with
Heterogeneous Catalytic Reactions.

Catalyst Loading | 06| kg/m3 -
Catalyst Particle Diameter | 3| mm e
Catalyst Void Fraction | 03|

6
Puc. 3 — HanamryBanHs peakropa:
a — pexXuM poOOTH; 6 — rabapuTHI MapaMeTpH;
6 — mapaMeTpy KaTai3aTopa

3a 3aMOBYYBaHHSM MPU MOJIEIIIOBAHHI CXEM PEaKTop
PFR notpebye miakiItoueHHs eHePreTUYHOTO MOTOKY, aje
y JaHOMY BUTIaJKy (pHc. 4) NOTpeOu y MiZiBeJeHH] eHeprii
J0 MponecCy HEMae, TOXK HWOro BeJINYHMHA )IOpiBHIOC HYJIO.

PIB MpoayxT PIB

YwBnenua PIB —

EHepris

Puc. 4 — 3aransuuii Burisiy imitamiigoi Mmoaeini PIB

3a pe3ynbTaTaMM MEepUIoTo IyCKYy MOZEN OTPUMAaHO
KOHBepcito Mmetanonmy 15,53% (puc. 5, a), To0TO MHOTrO
BMICT Yy TIOTOIlI POAYKTY Onm3bko 84,47% (puc. 5, 6).

Results
Export Profile to New Spreadsheet
General Reactions Conversions  Concentration Profile
Compound Conversion (%)
15,5292
a
Input Data Results  Annotations Dynamics  Floating Tables
Compounds  Phase Properties
Amounts | Properties
Basis | Mole Fractions ~
Show as percentages
Misture  Vapor
Compound Amount
84,470829
Dimethyl ether 7, 7645857
Water 7,7645857

0
Puc. 5 — Pesynbraru nepuoro mycky PIB:
a — KOHBEPCisi METaHOIY; 6 — CKJIQJI IPOIYKTY peaKiii

€ oueBUIHMM: a0M BU3HATH TEXHOJIOTIYHHUHN MpOIIEeC
e(peKTUBHUM, KOHBEpCist 0a30BOr0 KOMIOHEHTY MOBHHHA
HaOmmxatrcs 10 MakcuManbHOI (80-90%). {06 mocsrTu
OakaHMX TIOKa3HMKIB, O MOJENI CXEMH BapTO JOJNATH
CHeLiaIbHUH  KOHTpOJep, SKWH MaTHME BIAITIOBITHY
yCTaBKy piBHS KOHBepcii. Y SKOCTI mapamerpy, SKHA
Oyne BapitoBaTHCs, OOpaHO KiJIBKICTh KarajizaTtopa, a y
SKOCTI HITLOBOTO TapaMerpa i ONTHMi3amii —
KOHBEPCII0O METaHONy 3 OakaHMM 3Ha4deHHsM 85% Ta
JIONYCTHMUM BIZIXHJICHHSM (IOXHOKO10) 5% — puc. 6.

Kentponep 3 ycraekow (Controller Block) -

General Info

Object KoHTponep 3 yCTaBkom

Linked Objects

Manipulated Object FIE ~
Manipulated Property Catalyst loading ~
Current Value 0,6 kg/m3

Controlled Object PIE ~
Controlled Property Methanol: Conversion b

Current Value 15,5292 (-69,4708) %

|:| Reference Object ~
Reference Property ~
Current Value

Parameters

Converge/Solve with Flowsheet Solver

Set-Point/Offset (Controlled Property) | 35|

Tolerance (Maximum Error) | 5|

Puc. 6 — HamamryBanHs KOHTpoJepa 3 ycTaBkolo 85(5)%
KOHBepCil MeTaHoJIy 3 BapitoBaHHsIM 00’emy PIB
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PesynbpraToM pobOTH LIEOTO KOHTPOJIEpA € BUXiA Ha
boBe 3HaueHHs 81,86% koHBepcii MeTanony (puc. 7 a)
3 MPOMOPLIAHAM 3POCTAHHAM YACTKH JUMETHUIOBOTO
edipy Ta Boau y IpOIyKTi peakropa (puc. 7 0).

Results
Export Profile to Mew Spreadsheet

General Reactions Conversions  Concentration Profile

Compound Conversion (%)
31,364|

a
Input Data Results  Annotations Dynamics  Floating Tables
Compounds  Phase Properties
Amounts  Properties
Basis | Mole Fractions s

Show as percentages

Mixture  Vapor

| Compound Amount

Dimethyl ether

18,135951
40,932025

Water 40,932025

o
Puc. 7 — Pe3ynbratu ontuMizanii peakiiiinoro o6’emy PIB:
a — KOHBEPCist METaHOy; 0 — CKJIa]] IPOIYKTY peaKIil

OnTuMizoBaHe MOJEIUTIO 3HAYCHHS BEIMYUHH MACH
KaraizaTopa JJisl TAaKOrO 3HaueHHs KOHBEpCii METaHOoIy
ckazae 6imst 2,2 kr/M’. Pe3ybTaT HaBeIeHO Ha pHC. 8.

Koutponep 3 yeraekow (Controller Block)

General Info

Object KoHTpOnep 3 yCraekow

Linked Objects
Manipulated Object PIB ~
Manipulated Property Catalyst loading ~

Current Value 219686 kg/m3

Puc. 8 — OntumizoBaHa KiTbKICTh KaTajizaTopa

3aranpHuil BUTIIA po3pobiieHoi iMitamiiaol Moxeri PIB
3 ONTHMI30BaHUMH TIapaMeTpaMH TOAAHO Ha pucC. 9.

©

KoHTponep:3 ycTaBKoto

——

Xueneuua PIB MpoaykT PIB
4 300,00C - -
@ 2 500,00 kPa : ¢ 4T035C
.« Enepris @ 2500,00 kPa
£ 0,03 kg/s ;
0,00 kw £ 0,03 kg/s

Puc. 9 — 3araneuuii Burisiy iMitaniigoi moaeini PIB

Sk BupHO 3 pHc. 9, 3a BU3HAUCHUX IapaMeTpiB
NpOOYKT peakTtopa HaOyB Temmepatypu 410,89 °C, mo
3acBiguye e()eKTHBHICTh BUKOPUCTAHHS KaTaji3aropa.

Oo6roBopenHs pe3yiabTatiB. HaBeneHi pesynbratu
MOJICTIFOBaHHSI peakii Jeriaparaiii MeTaHoIy y peakTopi
i7IcaJTbHOr0 BHTICHCHHS MOBHICTIO MiATBEPIWIA BHCOKY
e(eKTUBHICTH TIOETHAHHSI MAaTEeMAaTUYHUX Ta IMITAIlIHHUX
MAXOMIB IS AOCIKEHHS Ta ONTUMI3amii XIMIYHHX
nporeciB. Ha migcrasi moxentoBanas y DWSIM 3rinHO
MpoOHMX IaHWX BCTAaHOBJIECHO, IO BHXiJHA KOHBEPCIA
METaHONy 3a 0a30BHX [apaMeTpiB CKJajana JIHIIe
15,53 %. Ilicast BIpoBaKEeHHsI KOHTPOJIepa 3 YCTaBKOIO 1
peryJroBaHHs KiTbKOCTI Karanmizatopa Bix 0,6 kr/m* 1o
2,2kr/M® BpHanocs JOCATTH  MiJBHIICHHS  CTYHEHS
koHBepcii 1o 81,864 %. HaBeneni mudpu 1eMOHCTPYIOTh
BUCOKY uyTimBicTh PIB 10 3MiHM aKkTHBHOI MOBEpPXHI
Karajizaropa Ta MiATBEP/UKYIOTh HEOOXIIHICTH TOHKOTO
pETyIIIOBaHHS TEXHOJIOTIYHUX YMOB.

IMopiBHsIBHUN aHANI3 MAaTEMAaTHYHOI Ta IMITAIIHHOT
MoJleNiel 3acBimdye, IO Tepmia 3JaTHa 3a0e3rnedyBaTd
IIBUJIKE OTPUMAHHSA OIIHOYHHX 3HA4YCHb KOHBEpcii Ha
OCHOBi CIIPOLICHHWX TPHUITYIICHb IIOAO OIXHOPITHOCTI
MMOTOKY Ta CTAJNO] MBHUIKOCTI peakiii. BoHa 3amumaeTses
KOPUCHUM IHCTPYMEHTOM JIJIsl TIONIEPEJHBOTO PO3PAXYHKY
0o0’emy peaktopa, 4Yacy mepeOyBaHHsS Ta OYIKyBaHOI
npoaykTtuBHOCTI. IIpore y Bumamkax, KOJH MOTPIOHO
BpaxyBaTu peanbHi (aKkTopu — BTpaTH TeIUIa, 3MiHY
CKJany ra3oBoi (a3u, OOMEKEHHS IIBUAKOCTI peakilil
yepe3 MUdy3ilo y KartaimizaTopi — MaTeMaThiHa MOJIENb
MoCTynaeTbess y To4dHocti. HaromicTs, Habarato OunbIm
raydka imitamis y DWSIM 3matHa BimirpaBatu Iyxke
3HAYHy POJIb Ha ETali JeTali3alii MpOeKTy Ta IOIIyKY
ONTUMAITFHUX PEXHUMIB €KCILTyaTallii.

OTpuMmaHi 3Ha4YeHHS KOHBepcii  BiAMOBialOTH
(i3M4HO OOTPYHTOBaHMM IMPOTHO3aM JUISl KaTaJITUYHUX
peakropiB mogiOHoro tumy. Kpim Toro, BHKOpUCTaHHs
KOHTpoJiepa y IMiTalliiiHiii Mozeni 4YiTKO IOKa3aio
MOTEHIiaJl aBTOMaTH30BaHOTO KEpyBaHHsS MapaMmeTpamu
MpoIeCy y pPeaTbHOMY BHPOOHMIITBI — TaKUH MiAXia
JTO3BOJISIE ABTOHOMHO MIATPUMYBATH 3aJaHUN piBECHb
MEPETBOPEHHS HABITh MPU KOJWBAHHAX BXiJJHUX YMOB.

3arajioM, MOE€IHAHHS AHATITUYHOI Ta IMITALiHOT
MOJIeNIel  JI03BOJSIE 3 MAKCHMAIBHOK e(EeKTUBHICTIO
BHKOPHCTOBYBAaTH OOM/BA MiAXOIM: MaTeMaTUIHUN OJIOK
IIBUJIKO OKPECITIOE PaMKH MOXIIMBUX ITapaMeTpiB, TOI
SK IMiTallil YTOYHIOE IX, HAONMKAIOYU MOAETh 10
peanbHoOcTi. lle migBUIYE JOCTOBIPHICTH PO3PaXyHKIB,
CKOpOYYy€E BUTPATH Ha (i3UYHUI EKCIIEPUMEHT Ta 3HUKYE
PHU3UKH MPOEKTHUX TTOMHIIOK.

BucHoBkH. Y po0OTi pO3IIISTHYTO MareMaTHYHE Ta
iMiTalliifHe KoMI'roTepHe MmozentoBanHs PIB (peaxtopa
iIealbHOTO BWTICHEHHs) Ha MpPUKIAIl TeTepOreHHOI
KaTaTITHYHOI peakiii po3KJIaJaHHs METAHONIY y Ta30Bii
(hazi. ocmikeHo aHAIITHYHY MOJENb 3 BUKOPUCTAHHIM
KJIACHYHHUX PIBHIHb MAaTEpPialbHOTO Ta CHEPTeTHYHOTO
Gamancy. Y mporpami DWSIM pearnizoBaHo iMiTamiiHy
cXeMy, sSIKa BPaxOBY€ OUIBII CKIIaIHI acleKTH IPOLecy —
BIUIMB TCPMOJHUHAMIKH, XapaKTEPUCTHKH KaTalli3aropa Ta
MOXIITUBICTh aBTOMATH30BAHOTO PETYJIOBAHHS 3 METOI0
MOUIYKY ONTHMI30BAHOIO 32 TMOMNEPEeJHbO BH3HAYEHHM
mapaMeTpoM pimieHHs. Pesynbpraté  poOoTH  imiTariil
MoKaszanyu 3Ha4YHy BiAMIHHICTH y KOHBepcCii Ipu 3MiHi
Macy KarajiizaTopa, IO IMiJAKPECIIOE MPaKTUYHY IHHICTh
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IMITaIIfHOTO ~ MOJEJIOBAaHHA  UIS  MPOTHO3YyBaHHS
e(eKTUBHOCTI peakTopa 3a pi3HUX yMOB. JloBeneHo, 0
KOMOIHAIi MaTeMaTHYHOro Ta IMITALIMHOIO MigXOIiB
3a0e3neuye BUCOKHMH piBEHb a/JE€KBATHOCTI Ta TOYHOCTI
PO3paxyHKiB, J103BOJISIE IIBUJIKO aIanTyBaTH MOAENb i
BUPOOHMYI peatii W 3MEHIIYE 3aleXHICTh BiJl JOPOTHX
(I3UYHHUX eKCTIEPUMEHTIB.

AeKBaTHICTD MOJENEH MiATBEPDKYETHCS THM, IIIO
imiTatop peamnizye ¢Gi3mgHO OOIPYHTOBaHI aITOPUTMH
PO3paxyHKy MOTOKIB Ta (ha30BUX piBHOBAr. [1opiBHSIHHS
pe3yabTaTIB IMITAIlli 3 EKCHEPUMEHTAIBHUMH IaHUMHU
3a3BHYAll JIEMOHCTPY€E BIAXWICHHS y MeEXaX KIIbKOX
BigcotkiB [1, 7, 9]. Lle cBiguuTh, 1m0 iMiTaliiiHa MOJENb
MOXe e(QEKTUBHO BUKOPHCTOBYBATHCS Y MPOMHUCIOBOCTI
JUISl TIPOTHO3YBaHHS TIOBEIIHKH pEaJbHUX PEaKTOPIiB Ta
MIPUHHATTS pillIeHb 0100 HOro MOJepHi3arii.

Hagite nHactimeku mpocty moxens PIB, sk Oyna
noOynoBaHa i IPOTECTOBaHA, MOXKHA PEKOMEHIYBATH 5K
HATIMHUN 1HCTPYMEHT MU HapaMeTPUYHOI ONTHUMi3arlil
€JIEMEHTIB KOHCTPYKIii, KUIBKOCTI KartajizaTopa Ta
BIIPOBA/PKCHHSI KOMIIOHEHTIB CHUCTEM aBTOMAaTH30BAHOTO
KepyBaHHS XIMIYHUMH PEaKTOPaMH Y IPOMHUCIOBOCTI.
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0. M. APTHLIIYK

HA®TOBI CBEPJJIOBUHH, BUBEJEHI 3 EKCILTYATALI SIK JUKEPEJIA BTOPUHHOI EHEPTTi

Mera. locniauTi noTeHIian nepeobiaiHaHHs BUBEICHUX 3 eKCILTyaTallii HahTOBUX CBEPAJIOBHH Y JUKEPEa BTOPUHHOI re0TepMalibHOT eHeprii.
Meroauka. JlocmipkeHHsT 0a3yeThbCcss Ha aHali3i KOHCTPYKIIH CBEpIJIOBHH Ta TEXHOJIOTil eKciulyartanii Ha(TOBHX CBEP/UIOBHH, OLIHII
reoTepMaabHOrO MOTEHIATy 3aJIUIIKOBHX PECYpPCiB Ta MOJEIIOBAHHI CHCTEM TEIIooOMiHy. JlOCTiIKeHHs BKJIIOYA€ METOJ IMOPIBHSIHHS IS
BIJJKPUTHX 1 3aMKHYTHX CHCTEM i3 3acTocyBaHHAM U-MOMIOHUX i ABOTPYOHHX TEIIIOOOMIHHUKIB.

PesymbraTu. IIpoBeneHO aHANi3 KOHCTPYKTHBHHX OCOOJIMBOCTEH HAa(TOBHX CBEPIJIOBHH Ta MOXIJIMBOCTEH iX mepeoOiiaJHaHHS IiJ Te€OTepMalIbHi
cucTeMH 0e3 HeOOXiTHOCTI J0AaTKOBOro OypiHHs. JlocmimkeHHs MiATBEPAWIIO, L0 mepeobiaHanHs HaQTOBUX CBEPAJIOBHH J03BOJISIE €DEKTHBHO
BHUKOPHCTOBYBAaTU I'€0TEPMAaJIbHY €HEPrito 3aBJSIKM HasBHIN iHPpacTPyKTypi Ta MiHIMaJIbHUM BUTpaTaM Ha OypiHHA. Y CHillIHA ajanTauis 6ap’epHUX
cucteM (IIEpBHHHUX I BTOPUHHHX) CIpHsie IXHill Oe3meuHil ekcruryararii. 3aMkHyTi cuctemu 3 U-MOAIOHMMH TeIIOOOMIHHUKAMH IIOKA3alH BHILLY
€KOHOMIYHY JOLIIBHICTh, TO/I SIK BIAKPHUTI CUCTEMH 3a0e3MeUyIOTh OUIbIINIA TEIIOBUH BHUXI.

HaykoBa HoBu3Ha. HaykoBa HOBU3HA NOJISATae B po3poOlli IHTErpoBaHOro MiIXoay A0 nepenpodintoBanHs HAGTOBUX CBEPIUIOBUH ISl T€OTEPMAIIbHOT
EHEePreTHKH 3 YypaxyBaHHSAM IX JKHUTTEBOTO NHUKIy. 3alpolOHOBAHO BAOCKOHAJICHI TEXHIUHI pillleHHs, 30kpeMa onTuMmizamis U-mopiOHuX
TEIIOOOMIHHHKIB 13 BUKOPHCTAHHSIM HH3bKOTEMIIEPATYPHUX POOOUHX PiIHH, IO PO3IIMPIOE MOXKJIMBOCTI T€OTEPMAaTbHUX TEXHOJIOTIH y perioHax i3
MOMIPHMM TEIUIOBUM HOTEHIIIaJIOM.

IpakTiyna 3Ha4uMicTh. [IpaKTHYHA 3HAYMMICTh JOCIIKCHHS MOJISIra€ B MOXIIMBOCT] 3HIDKCHHSI BUTPAT Ha KOHCEPBALII0 CBEPAIOBHH Ta iHTerpamii
reoTepMalbHOI eHeprii B eHepreTuyHuii 6ananc Ykpainu. 3anpornoHOBaHi TEXHOJIOTIT CIPUSIIOTh SKOJIOTIuHIi Oe3Meli, 3SMEHILICHHIO 3aJIeKHOCTI Bif
BUKOITHOTO TAJIMBa Ta CTBOPEHHIO HOBUX Po0OOYMX Micupb y cdepi BigHOBIOBaHOI eHepreTuku. [IpakTuuna ampoOauisi po3poOJeHUX pilleHb y
IJOTHUX MPOEKTAX MOKa3aja iX BHCOKY aJalTHBHICTB JO Pi3HHX TiAPOreoJorid4HuX yMoB. IIepCIEKTHBHUM HANpPSMOM IOJAIBLINX TOCIIKEHb €
YJOCKOHAJIEHHs CUCTEM JJUCTaHIiIHOr0 MOHITOPHHIY pOOOTH re0TepMalbHUX YCTAaHOBOK HA OCHOBI Mepeo0IaiHaHUX CBEPJUIOBUH.

Kimouosi ciioBa: HahTOBI CBEPUIOBHHH, T€OTEPMAIIbHA SHEPTisl, BTOPHHHE BUKOPUCTAHHS, TEIUIOOOMIHHI CUCTEMH, €HEeproe()eKTUBHICTb, HACOCHE 001 /1Ha-
HHSL

Yu. M. ARTYSHUK

OIL WELLS DECOMMISSIONED AS SECONDARY ENERGY SOURCES

Purpose. Explore the potential of converting decommissioned oil wells into sources of secondary geothermal energy.
Method. The study is based on the analysis of well designs and oil well operation technology, assessment of the geothermal potential of residual resources and
modeling of heat exchange systems. The study includes a comparison method for open and closed systems using U-shaped and two-tube heat exchangers.
Results. An analysis of the structural characteristics of oil wells and the feasibility of their conversion into geothermal systems without the need for additional
drilling has been conducted, which significantly reduces costs and minimizes the risks associated with the construction of new wells.The study confirmed that
the conversion of oil wells can effectively use geothermal energy due to the existing infrastructure and minimal drilling costs. Successful adaptation of barrier
systems (primary and secondary) contributes to their safe operation. Closed systems with U-shaped heat exchangers have shown greater economic feasibility,
while open systems provide greater thermal output.
Scientific novelty. The scientific novelty is the development of an integrated approach to repurposing oil wells for geothermal energy, taking into account their
life cycle. Improved technical solutions are proposed, in particular optimization of U-shaped heat exchangers using low-temperature working fluids, which
expands the possibilities of geothermal technologies in regions with moderate thermal potential.
Practical significance. The practical significance of the study is the possibility of reducing the cost of well conservation and integrating geothermal energy into
the energy balance of Ukraine. The proposed technologies contribute to environmental safety, reduce dependence on fossil fuels and create new jobs in the field
of renewable energy. Practical testing of the developed solutions in pilot projects showed their high adaptability to various hydrogeological conditions. A
promising direction for further research is the improvement of remote monitoring systems for geothermal installations based on converted wells.

Keywords: oil wells, geothermal energy, secondary use, heat exchange systems, energy efficiency, pumping equipment.

Beryn. Cooromui B Ykpaini € Onu3pko 8 THCAY
BUBEJCHHX 3 EKCIUTyaTallil CBEpIOBUH, IO € JKEPEIOM
3a0pyHEHHS AOBKULIA. Y KOHTEKCTI MIO0ANBbHHUX 3MiH Y
€HepreTU4Hii ramysi Ta 3pocTaryoi MoTpedn 3MEHIIUTH
3aJIeXKHICTh BiJ TPAIULIHHUX JDKEpPEN SHEeprii, BaXKITMBUM
CTa€ MUTaHHS e(EeKTHBHOTO 3aCTOCYBaHHS BTOPHMHHHUX
SHEPreTHYHUX pecypciB. 3 ypaxXyBaHHSIM BHKIHKIB
KIIIMaTHYHOI KpPM3M Ta 3pOCTalodoi TOoTpedu B
JekapOOHizaIlii SKOHOMIKH, IMOIIYK HOBUX MiIXOIIB JIO
BUKOPHUCTAaHHA ICHYIOUMX pECYpCiB CTa€ MpPiOPUTETOM
EHepreTH4Hol  TOMTHKA  YKpaiHn. Bukopucranss
MOKMHYTUX Ha(TOBUX CBEPIIOBHH SIK albTEPHATUBHUX
JoKepeN eHeprii He JIMIIe 3MEHIIYE €KOJIOTIUHI PU3UKH,
MOB’si3aHi 3 iX KOHCEpBAIli€lo, a il J03BOJISIE IHTErpyBaTh
BiZIHOBJIIOBaHY €HEPTil0 B pETiOHalIbHI €HEPrOCHUCTEMH.
Takuii miaxix NoenHye B c00i €eKOHOMIYHY €(pEeKTUBHICTb,
eKOJIOTiYHy Oe3MeKy Ta MOXKJIHMBICTh BHKOPHCTaHHS
HasiBHOT iIH(PACTPYKTYpH.

OOHKUM 13 TIEPCIIEKTUBHUX IMIIXO/IB € MEPETBOPCHHS
BUBEIICHUX 3 eKCIulyatamii HaTOBHX CBEpIJIOBUH Ha
JoKepena BTOpUHHOI eHeprii. Takoro ponay eHepreTudHi
00’€KTH MICTSATD 3aJIMIIKOBY T€0TepMajIbHy €HEprio, Ky
MOKHa BUKOPUCTOBYBATH JJIsl BUPOOHHIITBA TEIIOBOI Ta
€JIEKTPUYHOI eHepril 3aBISIKU Cy4aCHUM TEXHOJIOTisM [5].
Hapasi 3HauHa KijbKicTh HAQTOBHUX CBEPIIOBUH Y Pi3HUX
perioHax cBiTY BTpadae e(eKTHBHICTb Uil BUAOOYTKY
BYIJICBOJHIB, 1IN0 MPHU3BOAUTH OO CKOJOTIYHHX Ta
EeKOHOMIYHUX TpoOeM. 3aKkpHUTTS TaKUX CBEPUIOBHH
BAMara€ 3HAYHWX (IHAHCOBUX BHTPAT, TOMI fAK IX
nepenpodiIOBaHHsA IMiJi CHEPreTHYHI 00 ’€KTH MOXKe
CHPUATH MIJABHUIICHHIO €HEProe(EeKTUBHOCTI Ta CTAaJIOro
PO3BHTKY.

OcTaHHI ~ JOCTI[DKCHHS  HIATBEPIUKYIOTh, IO
BUBEJICHI 3 eKCIUTyaTalii HadToBI CBEPIUIOBUHH MOXYTh
CTaTH JDKEPEJIOM reoTepManbHOi eHeprii [12; 7]. YenimHi
MPUKIIAO BUKOPUCTaHHS TaKUX TEXHOJOTH  Bxke
neMoHcTpytoThes B Kanani Ta Himewunsi [8]. Kpim Toro,
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JOCIIJDKEHHST BKa3ylOThb Ha IIOTEHIiaJ] BHKOPHCTaHHS
3aJIMIIKOBUX Ta30BUX PECYPCIB y LUX CBEPUIOBHHAX LIS
renepanii enekrpoeneprii  [10]. Opmnak  OuTbIIICTH
HayKOBIIB  HAroJIOIIylOTh, IO Uil  YCIIIIHOTO
BITPOBADKEHHS TaKMX TEXHOJIOTIH HEOOXiIHO po3poOuTn

BIJIMOBiMHI IHDKEHEpHI piMIeHHs Ta MeXaHismu [3].
[MutaHHs  BTOPHMHHOTO  BUKOPHUCTAHHS  Ha()TOBUX
CBEp/JIOBHH  3aMIIAETHCS  JIOCUTh  aKTYaIbHHUMH 1

OTPeOyIOTh MOJANBIINX HAYKOBUX JOCIIHKEHb, 30KpeMa
II0/I0 OIIHKHU iX €HePreTHYHOr0 MOTEHIIany, eKOJIOTIUHOT
Oe3leKH Ta EKOHOMIYHOI JOLJIBHOCTI B  MeXax
(opMyBaHHS HOBHX JDKEpesl eHepril B €HepreTHYHOMY
OanaHci Ykpainu.

JlocmimkeHHsT  BKa3ylOTh, IO  BIPOBA/KCHHS
TeOTepMAIFHIX CHCTEM Ha OCHOBI 3aJIMIIKOBOI eHeprii
CBEp/JIOBUH MOXE CTaTH BaXJIUBUM IHCTPYMEHTOM
JOCATHEHHS] KIIMATHYHHUX ILiNel, 30KpeMa B yMOBax
ITIOCTBOEHHOTO BiNHOBIEHHS KpaiHu. OTxke, HayKoBe
OOTpYHTYBaHHS TEXHOJOTIYHHX i €KOHOMIUYHHX ACIIEKTiB
TAKOTO MepeodIaTHaHHS € aKTYaIbHUM 1 CBOEUACHHUM, IO
1 3yMOBHJIO BUOIP TEMH LIOTO JTOCIIHKEHHS.

OcHoBHa 4acTMHa. HesBakaroum Ha 3HAYHHN
MMOTEHIlia)l BHKOPHUCTAHHS TeOTEPMAIbHOI CHEprii sK
€KOJIOTIYHO YHCTOIO Ta BIJHOBIIOBAaHOTO JpKepelsa
eHeprii, Il BIpOBa/KeHHS BiIOYBAETHCSI IOCUTH TTOBLIBHO
1 30CEepe/KYeTbCsl TEPEeBaAXHO B  perioHax, Je

CIIOCTEpITaeThCs IHTEHCHBHA BYJIKaHIYHA abo
riIporepMasibHa  aKTUBHICTB, MmO  oOMexye i
IIpoKOMacITabHe 3aCTOCYBaHHSI. OCHOBHUMU

(dakropamu, SKi TalIbMYIOTh PO3BHUTOK IIi€i Tamysi, €
BHCOKa BapTiCTh, CKIATHICTD MpoIecy OypiHHS Ta 3HAYHI
TCOJIOTIYHI PU3MKH, IOB’S3aHI 31 CTBOPCHHSM HOBHX
reoTepMalbHUX CBEPUIOBHH, OCKIIBKM LeH mporec

BUMAra€ peTeJIbHOr0  Te0(i3UYHOr0  JOCIIIHKEHHS,
3HAYHUX (DIHAHCOBMUX BHUTpPAT Ta CIENiaNi30BaHOTO
TEXHIYHOTO o0J1aIHaHHSI. IMokunyTi HadTOBI

CBEp/JIOBUHU, 30KpeMa, CTAHOBJISITh 3HAYHHUHN 1HTEpeC IS
TaKWX MiIeH, OCKUIBKHM BOHH HE MOTPEOYIOTH HOBOTO
OypiHHS, IO CYTTEBO 3MEHIIY€E BUTPATH HA IX MiATOTOBKY
IO BHKOPHCTAaHHSA, a TaKOX MalTh JETaJbHO
3aJOKyMEHTOBaHI TEXHIYHI TapaMeTpH, HAaKOMUYeHi 3a
mepiox iXHBOI eKCIUTyaTarlii, IO JO3BOJIIE IIPOBECTH
BceOiUHYy  OIIHKY  iXHBOI  TPOAYKTHUBHOCTI  Ta
e(heKTUBHOCTI 3 MiHiMansHuMHK pu3ukamu [3]. Kpim Toro,
HasiBHA  1HQPACTpyKTypa  HapTOBHX  CBEpPAJIOBHH,
BKJIFOYHO 3 TPyOONpOBOJAMH, CUCTEMaMHU TepMeTH3allil
Ta HACOCHUM OOJaJHaHHAM, MOXKe OYTH aJanToBaHa JUIs
po0OTH B TeOTepMalIbHHX CHCTeMaxX Oe3 HEOOXiJTHOCTI
3HAYHHUX MOMU(DIKaIliH, 110 T03BOJISIE CYTTEBO CKOPOTUTH
KaIliTajdbHi BUTPATH Y TOPIBHAHHI 3 OyAIBHUIITBOM HOBHUX
OypoBHX 00’€KTIB Il TEOTEPMAIBHOI EHEPreTHKU
(puc. 1).

[Tig wac poGOTH CUCTEMU HATpiTa piFHA MUPKYIIOE
yepes3 MPOHHUKHI TPIHWHYBATI TiPCHKi MTOPOIH, IIOCTYIOBO
repesarodd  iM  CBOIO EHEprifo, MiCas YOro TEIUIo
BUJIy4Ya€ThCs 32 JOMOMOTOI0 CHELialbHO 00JalITOBaHUX
BU/I00YBHUX CBEPUIOBHH. BHKOpHCTAaBIIM HaKOIHYCHE
Temio, poboye cepemopuile (HaifdacTime Boma abo

CBEpMJIOBUHU, (OpMyIOYM 3aMKHYTYy LUPKYJSLIHHY
CHCTEMY IIOBTOPHOTO BHMKOPHCTaHHS TEIJIOBOi eHeprii
[13].

040 040 a40
4g0 090090

Hagrosi
caep UIOBMHH

PucyHok — 1. Cxema nepeoOuiaiHaHHsT HAQTOBUX
CBEPAJIOBHH Yy JIKEpEa BTOPUHHOI F€0TEPMAIIbHOT
eneprii [11]

3 ormiay Ha BHINe3a3HAueHe, C(PEKTHBHICTh Ta
Oe3MeyHICTh  Tpolecy IMepeobiagHaHHs — HaTOBUX
CBEPIUIOBHH Y re0TepMajlbHi YCTAHOBKH 3HAYHOK MipOO
3aJIeKHUTh BiJI MPAaBUILHOTO BUKOPUCTAHHS BXKE HASBHUX
TeXHIYHUX Oap’epiB, 30KpeMa CHCTEM TepMeTH3allii, sKi
3a0e3MedyoTh CTaOUIbHICTG CBEPUIOBHHM TN dac il
MOJAJBIIOI eKCIUTyaTalii y HOBIW sIKOCTi. 3a3BHYail 1ie
BKJIFOYA€ TEPeBIpKY LUTICHOCTI 0OCaIHUX  KOJIOH,
TePMETHYHICTh IIEMEHTHOT'O KiJIbIIs, @ TAKOXK IPUIATHICT
THPIIOBOTO o0JiaiHaHHS 110 BCTAHOBJICHHS
TEIUIOOOMIHHUX  eJeMeHTiB.  JloJaTKOBO  BaXKJIUBO
BPaxOBYBaTH TiIPOTCOJIOTIYHI XapaKTEPUCTUKU JiTISTHKH,
TEeMIEPaTypy TeOTepMATbHUX TOPU30HTIB Ta TIHOHHY
pO3TalllyBaHHs MPOJYKTUBHUX IUTACTiB. BKka3aHi YMHHUKH
BU3HAYAIOTh JOLIBHICTh 3aCTOCYBaHHS IEBHOTO THITY
TEIUTIOOOMIHHOI CHCTEMH — BIIKPUTOI UM 3aMKHYTOi, Ta
o0MparloThC 3 ypaxyBaHHAM TEXHIYHHX OOMEXEHb
CBEP/UIOBHHH. Y CHIIIIHE TIepeoOIaHaHAS 3aJIeXKHUTh 1 Bl
MOJKJIMBOCTI IHTerpaifii TertooOMiHHHKA 0e3 1CTOTHOTrO
MOPYIIEHHSI TiAPOAMHAMIYHOTO PEXHUMY MiJ3eMHOI0
cepeioBHIlia. TakKUM YHHOM, JOUITEHHM € KOMIUICKCHHI
MiAXIA 0 OIIHKH TEXHIYHOTO CTaHy CBEPIJIOBHUHH, IO
BKJTIOYA€ IH)KEHEPHO-T€O0JIOT1YHI BUIIYKYBaHHS,
reoisuuHe 30HIYBaHHS Ta MOJCIIOBAaHHS TEILIOBUX
MOTOKIB JJIsi BH3HAYCHHS MAaKCHMAlbHO €(EeKTHBHOrO
BapiaHTy BUKOPUCTAHHS F€0TEPMALHOTO PECypCy.

[lepen TuMm, SK TEpeWTH 1O €TAIiB OCTATOYHOTO
nepeTBOpeHHs HaQTOBOT CBEP/VIOBUHH HA HOBE JKEPEIIO
eHeprii, HeoOXigHO pO3TIIAHYTH INOMIHPEHY MPAKTHKY
BUKOPHCTAHHS CIELIATbHUX Oap’€pHUX CHCTEM, SKi
MOJUISAIOTHCS HA MEPBUHHI Ta BTopuHHI. Taki 6ap’epu €
HEBIJI'EMHHMM €JIEMEHTOM Yy Tpoleci (YHKI[IOHYBaHHS
HadTOBOI Ta Tra3oBOi  NPOMHCIOBOCTI,  OCKLIBKH
3a0e3rneuyroTh Oe3leuHy eKCIUTyarTallilo CBepAJOBHUHU
OPOTSTOM YChOTO ii JKUTTEBOrO LHUKIY: Bix OypiHHS 10
OCTATOYHOTO 3aKPUTTSA. BakiIMBO 3a3HaYMTH, IO Wi
0ap’epHi MeXaHI3MH TaKOX BiJirpaloTh KIOYOBY POJb Y
pas3i nepeobaaHaHHS MOKUHYTOI HAQTOBOI CBEPATIOBHHH

CreliaibHl ~ TEpPMOHOCIi)  TMOBEpPTAETBCS  Hazan y .

. . UL TIOHAJIBIIOTO BHKOPUCTAaHHSA B AKOCT1 JDKEpEIa
reoTepMabHe CepeIOBHIIe yepes HaTHITaJIbHI
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reorepManbHOi eHeprii. Ha mowarkoBiii cramii OypiHHS
CBEp/JIOBUHN OCHOBHHMM 0ap’epoM € OypoBHH PpO3YMH,
KW 3amo0irae HEKOHTPOJILOBAHOMY BHUKHJY IIJIACTOBHX
¢moiniB, Tomi sSK BTOpUHHHMH Oap’ep QopmyeTbes 3a
paxyHOK BHKOPUCTaHHA 00caZHOi KOJIOHH, THUpJa
CBEp/JIOBMHHU Ta NPOTUBHKHUIHOTO obianHanus (BOP). ¥V
mepiox BUOOOYTKY IIEpBHHHUI Oap’ep NpeacTaBICHUI
LEMCHTOBAaHOK  OOCAaIHOI  KOJIOHOH,  IMaKepaMH,
eKCILUTyaTallifHOI0 KOJOHOIO Ta 3aIipHOI apMaTypOIo
(DHSV), Tomi sk BTOPHHHHI Oap’ep MTOMOBHIOETHCS
TpyOHMM MifiBicOM, IO 3abe3nedye I0JaTKOBUM pIBEHb
6e3neku (puc. 2.) [14].
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VeTanoBKa MpoGKH i 3aKpUTTA
Pucynoxk — 2. Koncrpykuis HahTOBUX CBEPIIOBHH
Ta X mepeobaaHaHHs U1l BTOPDHHHOTO BUKOPUCTAHHS B
reoTepManbHii eHepretui [3]

Ha eram mepeoOmagHaHHS CBEPUIOBHHU  JUIS
reoTepMaIbHOr0  BHKOPUCTAHHS  OCOONMBY  yBary
HEOoOXiTHO MPUIUTNTH OIIHII CTaHy ICHYIOUNX 0ap’€pHUX
CHCTEeM, aJKe CaMe BOHHU TapaHTyIOTh T€PMETHYHICTh Ta
CTa0lNbHICTh  KOHCTPYKILIi B  yMOBaX  TpPHUBAJIOTO
TEIJIOBOTO HaBaHTakeHHs. J[oJjaTkoBe IeMEeHTyBaHH:,
BCTAHOBJIGHHSI HOBHX TI'epMETH3YBAIbHHX EJIEMEHTIB Ta
MOJIepHi3allii THUPJIOBOrO OOJIaJHAHHS MOXYTh OyTH
JOUUTBHUMH B pasi BHUsBJICHHS AedekTiB. 3abe3nedeHHs
LiTicHocTI  0ap’epiB € KPUTHYHO BAXKJIMBUM  JUIS
3amo0iraHHs ~ BHTOKaM  TEIUIOHOCIS,  MOTPAIUITHHIO
3a0pyJHIOIOYUX PEYOBHH Yy TMiA3eMHI TOPHU30HTH Ta
30epeXeHHST EKOJIOTIIHOT OE3MEKH MPOEKTY.

Y pa3i TEMYacOoBOTO TPHUIIMHEHHS EKCILTyaTarlil
CBep/JJIOBUHM Ui ITIPOBEICHHS  PEMOHTHUX  abo
IHTEPBEHIIIHUX POOIT MEPBHHHUI Oap’€p CKIATAETHCA 3
LIEMEHTOBaHOI 00cagHOi KOJIOHHM, 3aKiaigeHoi IIHOOKOI
MpoOKK Ta HaUIMIIKOBOIO OypOBOTO PO3YHMHY, TOMI SIK
BTOPUHHHUH Oap’ep MpPakTUYHO 1NEHTUYHUHA TOMY, IO
BUKOPHCTOBYEThCSl MiJ 4ac OypinHs. Ha 3akirouHOMy
erami  JKUTTEBOTO  IMKIY  CBEPUIOBUHM,  KOJH
BiZIOYBAETHCSI OCTATOYHE 3aKPUTTS, OCHOBHI Ta BTOPHHHI
Oap’epu  (POPMYIOTBCS 3 BHKOPHCTAHHSM CIICI[iaIbHUX
LIEMEHTHUX TPOOOK, SIKi BCTAHOBIIOIOTHCS Ha BCil
JOBXKHUHI CTOBOypa CBEpIJIOBUHH Ta JOTIOBHIOIOTHCS
HasgBHOIO O00CAgHOI0 KOJIOHOIO IS  3a0e3redeHHs
JIOBIOTPHBAJIOT0 TEPMETUYHOTO 130JIFOBAHHSI T€OIOTYHUX
mwiacTis [7].

Y mpoueci mnepeoOiaqHaHHS ~— BUBEICHHX 3
eKCIUTyaTalii HahTOBUX CBEP/JIOBUH U1l BAKOPUCTAHHS B

reoTepMalbHIi  €HepreTHli OJHMM i3  HaWOUIBII
e(eKTUBHHX PINICHb € BIPOBAPKECHHS TEIUIOOOMIHHHUKIB,
SKI MOXYTb OyTH peasli3oBaHi y BUIJISAIl OAMHOYHUX 200
GararokonTypHux U-moniOHux TpyOdacTux cucreM. Y
Takiil KOHCTpYyKWii OCHOBHMM eyleMeHToM € U-moxmiOHa
TpyOKa, IO PO3MIIIYEThCS OE3MOCEPEIHBO BCEPEIUHI
CBEPUIOBHHHM, a MPOCTiIp MK II CTIHKaMH Ta 00CagHOIO
KOJIOHOIO 3aIlOBHIOETHCS  CIICI[IAIbHUM TEPMOCTIIKUM
UIaMoM, SIKUH 3a0e3nedye epeKTHBHY TeIrrIonepenady Ta
MiHIMI3y€e TEIUIOBI BTpaTd B TMpoOIeci eKCIuTyaTamii
(puc. 3).
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PucyHoxk — 3. MexaHni3Mm Teruionepeaadi y
JIBOTPYOHI CHCTEMI Te0TepMaIbHOTO BUKOPUCTAHHS
Ha(pTOBUX CBEPIOBUH (yIOCKOHAJICHO aBTOPOM Ha
ocHOBI [7])

VYcmimHe — 3aCTOCYBaHHS — TEIUIOOOMIHHHKIB Y
nepeobiaHaHuX Ha(TOBUX CBEPUIOBHHAX MOTpedye He
JWIIE PEeTEIbHOTO I1HXEHEPHOTO IIPOEKTYBAaHHSA, a W
ajanTarnii iCHylo4nx 0ap’€pHHX CHCTEM JI0 HOBHX YMOB
eKcruryararii. 3okpema, mpu BOpoBakeHHI U-oaiOHIX
TpyOUaCTHX CHUCTEM HEOOXiTHO 3a0e3MeYnTH CyMIiCHICTh
MaTepialiB NUIaMy Ta TEIUIOOOMIHHHKA 3 arpecCHBHUM
reoTepMalbHUM CepeOBHIIEM. BaXkKIMBHM acleKTOM €
TaKOX KOHTPOJIb 32 CTPYKTYpPHOIO CTiHKICTIO 00camHol
KOJIOHM B  yMOBax  JAWHAMIYHOTO  TEIJIOBOTO
HaBaHTaeHHS. HaniliHicTh  QyHKUIIOHYBaHHS  BCi€l
CHCTEMH BHM3HAYAETHCS SIKICTIO TOYATKOBOI IIEMEHTAIlil,
TepMETHYHICTIO MPOOOK Ta BIJCYTHICTIO KaHAJIiB BUTOKY.
Tomy mepeocmucienHs QyHKIIOHANBEHOI poiii 6ap’epHUX
€JIEMEHTIB Y KOHTEKCTI re0TepMalbHOTO IepeodIiaHaHHs
€  KIIOYOBMM  YHHHHKOM  JUI1  3a0e3Me4eHHS
JIOBTOTPHUBAJION Ta OesneyHol eKCILTyaTartii
MOJIEPHI30BaHUX CBEPAJIOBHH.

Opniero 3 0a30BMX IepeBar BUKOpuCTaHHsA U-
MOAIOHOr0 TEIIOOOMIHHHUKA € MOYKIIUBICTh 3aCTOCYBaHHS
BTOPUHHHX POOOYUX  piAWMH, SKI MalOTh HUXKYY
TEeMIIepaTypy KHWIIHHS, HDK BOJA, IO JIO3BOJISE OUIBII
e(peKTUBHO BHKOPHCTOBYBAaTH T€OTEpMalbHE TEILUIO
HaBITh TPU BIJHOCHO HEBHUCOKUX TemmepaTypax. Jlo
TakuX poOOYMX PiAMH MOXKYTh HaleXaTH 1300yTaH abo
amiak, fKi B TIpoleci HMUPKYJmii MO TerIo0OMiHHHUKY
HarpiBalOThCs, BHUIAPOBYIOTHCS Ta YTBOPIOKOTH Tap,
3maTHUA Oe3rocepefHhO0 MPUBOAUTH B PyX TYpOiHY At
BUpOOHHUIITBA enekTpoeHeprii. OcHoBHa mepeBara U-
noAiOHOro  TEIUIOOOMIHHMKa — Tepei  JBOTPYOHOIO
CHCTEMOIO MOJIATaE B TOMY, LIO I HOro poOOTH He
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NoTpiOHO 3a0e31eyyBaTy MOBHY TePMETHYHICTD 00caHOT
KOJIOHM, IO 3HAYHO CIIPOIIY€E TEXHIYHY peatizallito
NPOEKTY Ta 3MEHIIY€E BUTPATH HA HOTO BIPOBAKEHHSI.
[IpononyeTnes PO3IIIsaaTH BIPOBAKCHHS
TEIJIOOOMIHHUKIB, 30Kkpema U-momiOHUX TpyOUacThx
CHUCTEM, SIK OJTHE 3 HAUOUITBIN e()eKTHBHUX TEXHOJOTTIHUX
pilleHs y Tpomeci TepeoONagHaHHS BHBEICHHUX 3
eKcIuryartarii Ha(TOBHMX CBEpAJIOBHH M  TOTped
TeoTepMallbHOI €HePTeTHKH, OCKUTBKM Taka KOHCTPYKITis
He JIUIIE J03BOJIsIE BUKOPUCTOBYBATH poO0Yl PiIMHM U1
e(peKTUBHOrO TEHEpPYBaHHs EJIEKTpOeHeprii, a W Jae
3MOTY YHUKHYTH HEOOXIJHOCTI MOBHOI TrepMeTH3allil
o0cagHOl KOJOHM, IO, B CBOI 4Yepry, CIIpHsE
CIPOIIEHHIO  TEXHIYHOi  peamizamii  MpoekTy Ta
CKOPOYEHHIO BUTpaT.

ANBTepHATUBHUM MiAXOJOM JO BHKOPHCTAHHS
TEIUIOBOI €Hepril MOKWHYTHX HAa()TOBHX CBEpIIOBHH €
BCTAHOBJICHHS [JBOTPYOHOTO TEIIOOOMIHHHKA, —SIKHHA
mependadae  pO3MIIIEHHS  BCEpeAWHI  CBEPAJIOBUHU
JIOJATKOBOI 130J150BaHOT TPYOH MeHIIoro miameTpa. OmuH
i3 BapiaHTIB (DYHKIIIOHYBaHHS TaKol CHCTeMH Iependadae
nojayy po0ovol piIUHM BHU3 uepe3 KUIbIEBUH MPOCTIp
MK BHYTPIIIHBOIO TPYOOIO Ta 00CaHOI0 KOJIOHOIO, MICIIs
YOro BOHA MIiHIMAEThCS HAropy BXKe depe3 i30Jb0BaHy
TpyOy. Takumii migxix 3abe3meuye Oe3nepepBHUI
TEIUIOOOMIH, TpPU SKOMY TEIUIO 3 TeOTePMAIBHOTO
pe3epByapa rnepeaaeTbesi poOdoUiil pianHi, SKa, IPOXOATIH
Yyepe3 3OBHILIHIA  KUIBIEBHI HPOCTIp, MOCTYIOBO
HarpiBaeTbcs [6].

['eoTepMalnbHI CHCTEMH, 10 BUKOPHCTOBYIOTHCS IS
BWJIYYCHHS TEIDIOBOI €Heprii i3 3eMHHX HaIp, MOXYTh
(YHKIIIOHYBAaTH Ha OCHOBI BiAKpUTOro ab0 3aMKHYTOI'O
LUKy IMPKYJALii TerioHocis. CucteMa BIAKPHTOTO
LUKy Tmependadae HasBHICTh SK MIHIMyM OJHi€l
HATHITATFHOI Ta OJHi€T BHIOOYBHOI CBEPAJIOBUHH, MK
SKAMH LUPKYyJIIoe pobouya pimuHa. Y Takid cucreMi
piavHa,  HaifiyacTimie  BOAa,  3aKAuyeThCs  depes
HArHITaJbHY CBEpJIOBHHY B T'€OTEPMAIIbHUII pe3epByap,
Jile BOHAa MPOXOAWTH Yepe3 TMOPUCTY TipChKY MHOpoy,
MOCTYMOBO HATPiBAKOYHCH 33 PaXyHOK Mepenayi Teria Bij
ripcbkoro Macusy [4].

Pucynok — 4. llupkyssiiiiiHa ciucreMa BUIYYCHHS
reOTePMaNTbHOT EHEPril 3 MOKUHYTHX Ha(QTOBUX
CBEPJIOBUH [4]

[Micns uporo Harpita pianHa miAHIMAaeTbC Ha
MIOBEPXHIO Yepe3 BUI0OYBHY CBEp/JIOBUHY, Jie ii TemioBa
€HEeprisl BUIYYa€eThCS VISl IOJANIBIIOT0 BUKOPUCTAHHS B
SHEPreTUYHUX YH MPOMUCIIOBHX HULIX (pHC. 4).

Takum umHOM, BuOip Mk U-momiOHoo Ta
IBOTpYOHOIO  cHcTeMaMH  Mae  0OasyBaTucs  Ha
KOMIUTEKCHIM OIIHIII TEXHIYHOTO CTaHy CBEpAJIOBHHH,
TIINOWHU i pO3TalIyBaHHs, TEMIIEPATYpPH
reoTepMaIbHOTO TOPU30HTY Ta JOCTYITHOCTI
BIZIMIOBITHOTO pOOOYOro cepeoBuIna. Y BHIAAKaX, KOJIH
oOca/iHa KOJIOHA BTpaTH/Ia FTEPMETHYHICTh a00 Ma€e 3HaYHI
MOMIKO/DKECHHS, TOUTBHUM € BUKOPUCTaHHS JBOTPYOHOT
KOHCTPYKIIii, sIKa J03BOJIA€ BiTHOBUTH (PYHKIIOHAIBHICTH
CBEpIJIOBUHU O€3 3HAYHOTO BTPYYaHHS y ii IEepPBHHHY
CTpykTypy. HaTtomicTs mpm 30epekeHHI MiTICHOCTI
KOHCTPYKTHBHHX €JIEMEHTIB IpiopuTeT ciif HaxaBatu U-
noaioHuM TEI000OMIHHHKAM SIK €KOHOMIYHO
OOTpYHTOBaHHUM 1 TEXHOJIOTIYHO MPOCTIIINM y peai3arii.
O6ugBa  mWAXOOM — PO3MHUPIOIOTH  IHCTPYMEHTapIii
TeoTepMaNbHOI CHEePreTHKH Ta BIOKPHUBAlOTH HOBI
MO>KJIMBOCTI ISl CTaJlOr0 €HEPreTUYHOTO BUKOPHUCTAHHS
MOKUHYTHX 00’ €KTiB HaQTOBUIOOYTKY.

Ha BigMiHy Bifi BIIKpHUTHUX CHCTEM, reoTepMallbHi
CHCTEMU 3aMKHYTOTO IIMKIy Iepea0dadaroTh TOBHY
i305s11iF0  poOOYOTO TEIUIOHOCIA Bin Oe3mocepeJHbOro
KOHTaKTy 3 IJ3€MHUM BOJOHOCHUM IapoMm. OCHOBHa
repeBara Takoi TEXHOJIOTI] MOJIsrae y 3MEHIICHHI PU3HKIB
3a0pyAHEHHS O0ONamHAHHS, OCKUTBKH BHKIFOYA€THCS
YTBOPEHHS BiJKJIaJieHb Ha TPyOOIPOBOaax i Hacocax, mo
3a3BUYall CIIPUYMHAETHCS BUCOKHM BMICTOM MiHEpaliB y
MPUPOTHUX TiA3eMHUX Bomax. KpiM TOro, 3aMKHyTa
CHCTeMa JI03BOJIsIE YHUKHYTH BUKH[IIB PO3YMHEHUX Ia3iB,
3HU3UTH HAaBaHTQ)XKEHHS Ha HAcOCHE OOJagHAHHA Ta
BUKOPHCTOBYBAaTH aJlbTEPHATHBHI po0OOYl pimuHH 3
HIDKYUMH TEMIIEpaTypaMH KUITIHHS, TaKi K 1300yTaH abo
amiak, 10 MiABHINYE epeKTHBHICTh Terutonepenadi [12].
JlonaTkoBOIO TepeBarol € Te, M0 B TaKUX CHCTEMax
HEMae  HEOOXiTHOCTI Yy  CTBOPEHHI  CKJIAJHOI
BOJIOTOCIIONIAPChKOi  IHPPACTPyKTypHd, a  TaKOX
3HIKYETBCS PiBEHb KalliTaJbHUX BUTPAT, OCKUIBKU JUTA iX
(hyHKIIIOHYBaHHS JIOCTaTHRO OJHi€T CBEPAJIOBUHH 3aMiCTh
IIBOX, AK V BIIKPUTHX cUCTeMax (puc. 5).
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PucyHok — 5. Cuctema renepaliiii eHeprii Ha OCHOBI
reoTepPMaIbHOTO MTOTEHIIATYy TOKUHYTHX HAa(TOBHX
CBEpJIOBHH (YI0CKOHAJIEHO aBTOPOM Ha OCHOBI [1;7])

BonmHowac  cmig  3a3HaUMTH, 10 BIIKPUTI
reoTepMalbHi CHCTEMU 3a0€3MeuyroTh 3HAYHO BHIHMN
piBeHb  BWIIYYCHHS  TEIUIOBOI  €HEprii,  OCKUIBKU

30

Bicnux Hayionanvnoeo mexuiunozo ynieepcumemy «XI1I».

Cepisn: Ximis, ximiuna mexnonozis ma exonozisi Ne 2(14)°2025



ISSN 2708-5252 (Online)

XapaKTepU3YIOThCS ~ OUTBINOI  B3aEMOJiE0  PoOOUOT
PLAMHM 3 TI3EMHUMH MOPOJAAMH, IO CIIPHIE KpPaIIOMy
HOTJIMHAHHIO TeTUIa Ta ITiJBUIEHHIO TPOTyKTUBHOCTI.
CucremMn  3aMKHYTOrO  KOHTypY  Halyacrimie
peanisytotbess y Buriminl U-moxpiOHnx abo OBOTpYOHMX
TETJIOOOMIHHUKIB, SIKI BCTAHOBIIIOIOTHCS y CBEPIUIOBHHI
Ta BUKOPHCTOBYIOTHCS /sl €(PEKTUBHOTO BHITYYCHHS
TEIUIOBOi €Heprii 3 TIMOOKHX TeOTepPMAaTbHUX IKepel
[10]. ¥V  Bumagky mepeoOnamHaHHS  Ha(TOBHX
CBEp/JIOBHH, BUBEJCHUX 3 EKCIUTyaTalii, IX KOHCTPYKIIis
MOke OyTH ajanToBaHAa Il BUKOPHUCTAHHSA OJHI€l 3 X
CHCTEM, III0 JJO3BOJISIE 3HAYHO 3HU3UTH BUTPATH HA HOBE
OypiHHA Ta 3pOOUTH MPOIEC TeHeparlii TerIoBoI eHeprii
OlLJIBII EKOJIOTIYHO OE3IIEYHUM Ta EKOHOMIYHO BUT1IHUM.
OTKe, cucTeMH 3aMKHYTOTO KOHTYpY, 30kpema, U-

mofibHi abo ABOTPYOHI TENMJIOOOMIHHWKHM — CTaroTh
ONTHMAJIGHUM  pIIIEHHSAM IS T1epeoOJiaHaHHs
BUBEJCHHX 3 eKCIUTyaTamii Ha@TOBHX CBEpIJIOBHUH,

OCKUIBKH TaKa aJanTalis JO3BOJAE YHUKHYTH JOPOTOro
OypiHHS HOBHX 00’ €KTiB, 3HH3UTH €KOJIOTIYHI PH3UKHU Ta
CIPHUATH OUIBII CTAIOMY W EKOHOMIYHO JIOIIJIBHOMY
BUKOPUCTAHHIO reoTepMaIbHOro HOTEHIiay,
MEPETBOPIOIOYN TTOKUHYTI CBEPAJIOBMHM Ha e(eKTHBHI
JoKepena BTOpUHHOI eHeprii. [lepeTBopeHHs! BUBEIEHHX 3
eKcIulyartarii Ha(TOBMX CBEpPIJIOBHH Yy JDKepena
BTOPHHHOI €Heprii He JHIIe IO03BOJSIE ONTHMI3yBaTH
BUKOPUCTaHHS MPUPOJHUX pecypciB, a W crpuse
MiHIMI3aIlii BUTpaT, IOB’S3aHUX 13 KOHCEPBAIi€I0 Ta
JIKBiJAL€I0 CTApUX CBEPAJIOBHH, LIO YacTO € 3HAYHUM
(hiHAaHCOBUM HABAaHTAXXCHHSAM IS BUIOOYBHAX KOMIAHIMH.

Y KOHTEKCTI TEXHIYHOI OWIHKA e(pEeKTUBHOCTI
3aMKHYTHUX Ta BIIKPUTHX T€OTEPMAJIbHUX CHCTEM
BaKJIMBO BPAaXOBYBAaTH PsJl MapaMeTpiB, sSKi BU3HAYAIOTh
JOUUIBHICT, BUOOpY Tiel uM 1HIIOI KOHQIrypauii npu
nepeoOigagHaHHI  HaQTOBUX  CBEpPAJIOBHH. 30Kpema,
BIZIKPUTI CHCTEMHU € OUIbII TOTY)KHHMH 3 TOYKH 30pY
TEIJIOBOI HPOJYKTHBHOCTI, ajne IMOTpeOyITh CYBOPOTO
KOHTPOJNIO  SKOCTI ~ MiI3€MHUX  BOJ, PETENBHOrO
MOHITOpPUHTY 71e0iTy Ta TeMIepaTypH IIIaCTOBHX
(GroiniB, a TaKOXXK HAasSBHOCTI BOJOHOCHHX TOPH30HTIB i3
JIOCTaTHBOIO TIPOHHUKHICTIO. KpiM TOrO, eKcruryaTamis
BIIKPUTHX CHCTEM IIOB’S3aHa 3 PHU3UKOM 3a0pyIHEHHS
MiI3eMHUX BOJ| TEXHIYHUMH DPiIMHAMH Ta 3BOPOTHUMH
BUKHIAaMH, IO BHMMAara€ BIIPOBA/DKEHHSA JIOJATKOBHX
CHCTEM EKOJIOTIYHOTO KOHTPOJIIO.

HaromicTh 3aMKHYTI CHCTEMH XapaKTepU3YIOThCS
OUIBIIOID  CTAaOUIBHICTIO  Ta  HU3BKUM  piBHEM
TEXHOTEHHOTO BIUTMBY Ha HABKONMIIHE CEpeIOBMIIE. IX
KOHCTPYKIisL 3a0e3leuye TOBHY 130JIAIi0 TEIUIOHOCIS,
10 JJO3BOJISIE HE JIMILE 3aM00IrTH BTpaTtaM eHeprii, ane i
3MCHIIIUTH  TEXHIYHI  YCKIAaTHCHHS, TOB’s3aHi 3
00CITyrOByBaHHIM HACOCHOTO o0naHaHHS.
3acTocyBaHHS CYYacHHX pOOOYMX pIAWH 3 HHU3BKOIO
TEMIEpaTypor0  KHIiHHA  3a0e3nedye  ITiJBUIICHHS
KoedillieHTa TMEePeTBOPEHHS Telia, a BHKOPHUCTAHHSI
TEIUIOI3OSMIMHUX ~MaTepialniB  y TPYOHHUX CHCTeMax

YCTAaHOBOK Ha 0a3i NMOKMHYTUX HA(TOBHX CBEPIUIOBHH
BapTO 3aCTOCOBYBaTH MaTeMaTW4HE MOJETIOBAHHS JUIs
BU3HAYECHHS! ONTHMAILHOTO TiAPOAMHAMIYHOTO PEXHMY,
IO JO03BOJSIE 3a0E3MEUYNTH MAaKCUMAaJbHO e(eKTHUBHE
BWITy4eHHS TeryioBoi eHeprii. Takum 4nHOM, BHOIp MiX
BIIKPUTHM 1 3aMKHYTHM KOHTYpPOM Mae Oa3zyBaTHcCs Ha

JNETaTbHOMY  TEXHIKO-€KOJIOTiYHOMY  aHami3i  yMOB
KOHKPETHOTO  POJOBWINA, 3  ypaxyBaHHAM  ioro
reoJyorigHoi OyIOBH, TeMIlepaTypHOro mpodimo Ta

CTyIeHs aerpaaiii iHhpacTpyKTypPH CBEPIIOBUHH.

BucnoBkn. IlpoBeneHo aHali3 KOHCTPYKTUBHHX
ocoOnuBocTeld HAPTOBHX CBEPAJIOBUH Ta MOKJINBOCTEH
ix mepeoOJiaiHaHHS i Te0TepMalibHI CUCTeMH Oe3 HeoO-
X1JIHOCTI JIOMaTKOBOTO OYpIiHHS, IO 3HAYHO 3HUXKYE BHU-
TpaTH Ta MiHIMI3y€e PU3UKH, OB SI3aHi 31 CTBOPEHHAM
HOBHX CBepIiIoBHH. OIIIHEHO TEXHIYHY IOUITBHICTH BH-
KOPHUCTaHHS iICHYIOUHMX TPYOOIIPOBOJIB, HACOCHOTO 00Ja-
JIHAHHS Ta CHCTEM repMeTHu3ailii HahTOBUX CBEP/UIOBUH Y
TeoTepMaNbHUX YCTAaHOBKAX, IO 3a0e3Meuye eKOHOMIYHY
e(eKTUBHICTH BIPOBAKCHHS TAKIX TEXHOJOTIH.

OOrpyHTOBaHO MepeBard PI3HUX CXEM BHJIYYEHHS
TEIJIOBOI eHeprii, 30KkpeMa 3aCTOCYBaHHS 3aMKHYTHX Ta
BIZIKDUTHUX KOHTYPIB LUPKYJSIIl TEIUIOHOCIS, a TaKoX
BU3HAYCHO ONTHUMAJIbHI TEIUIOOOMIHHI CHCTEMH JUIs
po0OTH B TeOTepMaIbHIX YMOBax. P0o3po0JIeHO TeXHIYHY
MoJenb BIpoBapkeHHs U-nmomiOHUX 1 JABOTPYOHHMX
TETJIOOOMIHHUKIB y TTOKHHYT]1 HaTOBI CBEPUIOBHHH, IO
JIO3BOJMTH B TOJANBINA poOOTI 3HAYHO ITiBUIIUTH
PpiBeHb IPOAYKTUBHOCTI OTPHUMAHHS BHJIYYCHHS TEIUIOBOL
eHeprii Ta 3a0e3meunTi CTaOLIbHY poboty
TeoTepMaIbHUX CTAHIIIH.

3anpornoHOBaHO METOIH IiABHMICHHS ¢(EKTHBHOCTI
reoTepMalIbHUX CHCTEM, sIKi 0a3yl0ThCsS Ha BUKOPUCTaHHI
ANbTEPHATUBHUX TEIUIOHOCITB 13 HU3bKOIO TEMIIEPATypOIO
KUMIHHS (Hampukiaj, i300yTaH, amiak), a TakoX Ha
BJOCKOHAJICHHI ~ TEXHOJIOTIYHHMX  MPOIECIB  IIIISIXOM
3aCTOCYBaHHSl CyYaCHUX I30JLILIHHMX MarepiaiiB, IO
3MEHLIYIOTh TEIIOBI BTPATH.

JocnmimkeHHsT TakokK — J03BONWIO  chopMyBaTH
HAyKOBO OOIDYHTOBaHy IIO3HILII0 IOJO0 HEOOXigHOCTI
KOMILUIEKCHOTO MIAXOQY IO OIIHKH TEXHIYHOTO CTaHy
MOKUHYTHX  HAapTOBMX  CBEp/UVIOBMH  mepex  IX
nepenpoQiIoBaHHIM Y TeoTepMallbHI 00 €KTH.
BcTaHOBNIEHO, 1O BHPOBA/PKEHHS Cy4YacHHX METOJIB
reo(i3MYHOI  JIarHOCTHKH, MOJCITIOBAHHSA TEILUIOBHUX
MOTOKIB Ta TiAPOAMHAMIYHOTO aHali3y [O03BOJISIE 3
BHCOKOIO TOYHICTIO BU3HAYaTH 3aJTAIIKOBHIT
reoTepMaNbHUA  TMOTEHILIAN CBEP/JIOBUH, OIHIOBATH
NpUAaTHICT  00CagHMX KOJIOH Ta  IPOrHO3YBaTh
e(eKTUBHICT, (YHKIIOHYBaHHS CHCTEM TEIIOOOMIHY.
3acTocyBaHHS 3a3HAYCHHUX MIIXOIIB CIPHSE 3MECHIICHHIO
TEXHIYHUX PHU3HKIB, MiABHUINCHHIO OE3MEeKH CeKCILTyaTarlii
TeoTepMaNbHIUX YCTAaHOBOK 1 3a0e3medye JOBrOTpUBAIUI
TepMiH ix pobotu. Taka crpareris mae 3MOTry NPHUIAMAaTH
OOIpYHTOBaHI 1H)KCHEpHi pINICHHS I0A0 BHOOPY THILY
cHUCTEeMU LHMPKYJSnil (BiEKpuTOi 4YM 3aMKHYTOi) Ta

JI03BOJISIE  MIHIMI3yBaTH TEIUIOBI BTPAaTH B TPOLECI  TEXHOJNOTIYHOro OONajHaHHA, W10, Y CBOIO Yepry,

LUPKYJISLI. MiJBUIyEe  IHBECTUIIHHY  NPHBAOJIUBICTE  IMPOEKTIB
VY mporieci MpoeKTyBaHHsI Te€0TEPMaTbHUX reoTepMaIbHOT EHEPTeTUKU B YKpaiHi.
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QUESTION OF THE ZrO, — TiO, PHASE DIAGRAM

Ceramic materials based on zirconium dioxide (ZrO:) occupy leading positions among modern structural and functional materials due to their unique
physical and chemical properties. These properties are due to the possibility of controlled stabilization of polymorphic modifications of ZrO:
(monoclinic, tetragonal and cubic). Partially stabilized zirconia exhibits high chemical inertness, low thermal conductivity, exceptional corrosion
resistance and thermal shock resistance. These properties make ZrO:-based ceramics promising for use in a wide range of fields, including
biomedical, electronic, structural and functional ceramics, as well as abrasives, refractories and insulation materials. One of the key problems when
using pure ZrO: is the phase transition from the tetragonal to the monoclinic modification, accompanied by a significant change in the volume of the
crystal lattice, which can lead to the destruction of the material. To prevent this transition, modifiers are used that form solid solutions with tetragonal
Zr0:, providing a metastable state due to distortions in the crystal structure. Among such modifiers, titanium dioxide (TiO:) occupies a special place.
Joint doping of ZrO. with TiO: allows achieving specific effects, especially in the field of electroceramics, where unique dielectric properties of
finished materials based on these oxides are manifested, which makes the ZrO. — TiO: system an object of increased interest for researchers and
engineers. The phase diagram of the ZrO. — TiO: system has been studied since the 1950s, and during this time it has undergone significant
refinements. Modern research continues to improve it, but the use of a small scale to display the full diagram over the entire temperature range has led
to graphical inaccuracies, which complicates its application in technological practice. In this paper, a comprehensive analysis of the phase diagrams is
performed, based on the generalization of data from various studies. This made it possible to identify the most reliable and reproducible elements of
the phase structure of the system. To improve the ease of interpretation and practical use, the diagram was conditionally divided into two temperature
ranges: low-temperature (800 — 1600 °C) and high-temperature (1600 — 2400 °C). This division facilitates the understanding of phase equilibria and
their dependence on temperature and composition, which is critically important for optimizing the synthesis of materials in this system. The obtained
data on the phase structure of the ZrO. — TiO: system create the basis for the targeted synthesis of ceramic materials with a given phase composition
and performance characteristics.

Keywords: zirconium dioxide, titanium dioxide, phase equilibria, modification, solid solutions, ceramics, phase diagram, synthesis of
materials.

C. M. JIOTBIHKOB, 0. M. BOPHCEHKO, H. I1. KJIOYKO, I M.ILIAFAHOBA, B. M. ITYMEHKO

J0 IUTAHHA ITPO AIATPAMY CTAHY ZrO, - TiO,

Kepamiuni MaTepianu Ha OCHOBI JIOKCHAY IMPKOHIIO (ZrO:) 3aliMaroTh JTiAMPYIOYi MO3MLII cepel] CyYacHHX KOHCTPYKLIMHMX Ta (yHKIIOHATBHHX
MarepiaiiB 3aBASKUM CBOIM YHIKaJbHUM (I3MKO-XIMiYHMM BIacTHBOCTAM. L{i BIacTHBOCTI OOYyMOBIICHI MOXJIMBICTIO KOHTPOJBOBAaHOI cTadimizamil
nonivMopduux Moxudikamniit ZrO» (MOHOKIIHHOI, TeTparoHalIbHOI Ta KyOiuHOI). YacTKkoBO cTabini3oBaHUM AIOKCHA HUPKOHIIO JEMOHCTPYE BHCOKY
XIMiYHYy HEpTHICTh, HU3bKY TEILIONPOBIIHICT, BUHATKOBY KOPO3ilHYy CTIHKICTh Ta CTIHKiCTb 0 TepMidHUX ynapiB. Lli skocTi pobsiTh KepaMiky Ha
ocHOBI ZrO: HEpCHeKTUBHOIO Ui 3aCTOCYBaHHS B IIMPOKOMY CIEKTpi oOmacteil, BKIIOYAalOUM OiOMEIMYHY, €JIEKTPOHHY, KOHCTPYKLiiHY Ta
(byHKIIOHATBHY KepaMiKy, a TaKoX sIK abpa3WBHi, BOTHETPHBKI Ta i30/miiHi Marepianu. OpHi€I0 3 KIIOYOBHX MPOOIEM IIPU BHKOPHCTAHHI YHUCTOTO
ZrO: € (a3oBuil HIepexil 3 TETparoHaJbHOI B MOHOKJIIHHY MOIU(]IKaI[if0, 110 CYNPOBOKYETHCS 3HAYHOK 3MIiHOK 00'€éMy KPHUCTAJIYHHX IPaT, II0
MOXKe IPU3BOAUTH 10 PyiHYBaHHs MaTepiaiy. s 3amo0iraHHs HbOMY MEPEX0OAy 3aCTOCOBYIOTHCS MOAU(IKATOPH, SKi YTBOPIOIOTH TBEP/i PO3UHHH 3
TerparoHanbHUM ZrO», 3abesmedyiodn MeTacTaOiIbHUM CTaH 3a paxyHOK BHMHHUKHEHHS ne(ekTiB y KpucTamiuHiii cTpykrypi. Cepex Takux
MoaudikaropiB ocobnuBy yBary 3aiimae giokcua tutany (TiOz). CrinmbHe gomyBanHs ZrO: 3 TiO: mo3Boise Aocsrtd creuu@iuHuX eQeKTiB,
0COOJIMBO B Tally3i eNeKTPOKEPaMiKH, [¢ NPOSIBIAIOTECS YHIKANbHI HieIEKTPUYHI BIACTHBOCTI FOTOBHX MaTepiaiiB Ha OCHOBI JaHUX OKCHIIB, IO
pobuts cucremy ZrO: — TiO2 06'eKTOM HiJBHINEHOTO iHTEpeCy A AOCHIiAHUKIB Ta imkeHepiB. Jliarpama crany cucremu ZrO: — TiO: BuBuanacs 3 50-
X POKIB, i 3a Ieif yac BOHA 3a3Hajia 3HAYHHMX yTOYHEeHb. CydacHi TOCIIDKEHHS NIPOAOBXKYIOTh YIOCKOHAIIOBATH ii, IPOTE BUKOPUCTAHHS APiOGHOTO
MaciuTady A BiZoOpaXkeHHs! MOBHOI TiarpaMH y BChOMY TEMIIEpaTypHOMY Miala3oHi MPU3BENO 10 TpadidHOi HETOYHOCTI, IO YCKIATHIOE il
3aCTOCYBaHHS y TEXHOIOTIUHIN MpaKTHI. Y JaHii poOOTi IpoBeneHO BCeOIUHMI aHali3 JiarpaM CTaHy, 3aCHOBaHUH Ha y3arallbHeHHI JAaHUX 13 Pi3HHUX
JociipkeHs. Lle 103BoNMIO BUIUTHTH HAHOIIBII JOCTOBIPHI Ta BIATBOPIOBaHI eleMeHTH (a3oBoi OynoBu cucremu. [l MiABUIIEHHS 3py4YHOCTI
iHTeprpeTanii Ta NPaKTHYHOTO BUKOPUCTAHHS Jliarpama Oylia yMOBHO IO/IJICHA Ha JBa TEMIIEPaTypHi Aiara3oHu: Hu3bKoTemneparypHuii (800 — 1600
°C) Ta Bucokoremmneparypauii (1600 — 2400 °C). Taxuii noain nonerurye po3yMiHHs (a30BHX piBHOBAr Ta iX 3aJI€XKHOCTI BiJ] TEMIIEpaTypH Ta CKIaLy,
[0 KPUTHYHO BAKJIMBO JUIS ONTHUMI3allil MPOLECiB CHHTE3y MarepiaiiB y aaHiid cucremi. Otpumani aaHi mpo ¢aszoBy OynoBy cuctemu ZrO: — TiO:
CTBOPIOIOTH OCHOBY /ISl CIIPSIMOBAHOTO CHHTE3y KepaMidHHUX MaTepiaiiB i3 3a1aHuM (a30BHM CKJIAJOM Ta EKCIUTyaTallifHIMH XapaKTePHCTHKAMH.

Kai04oBi ciioBa: 1iOKCHI LIMPKOHIIO, AIOKCU THTaHy, (a30Bi piBHOBaru, Moaudikaiisi, TBEpAi PO3YMHU, KepaMika, JiarpaMa CTaHy, CHHTE3
MarepiaJin

Introduction. Zirconium dioxide (ZrO:) ceramics
occupy an important place among modern structural and
functional materials [1]. This is due to the possibility of
controlled  stabilization of various polymorphic

chemical inertness, low thermal conductivity, high
corrosion resistance and excellent thermal shock
resistance [1, 2]. Due to these properties, ceramics
obtained from partially stabilized ZrO: are considered as a

modifications of ZrO., which allows controlling the
structure and properties. Zirconium dioxide has a number
of outstanding properties, including high mechanical
strength, elastic modulus, hardness, fracture toughness,
corrosion and wear resistance, good tribological
properties, and high-temperature ionic conductivity.
Ceramics obtained from partially stabilized ZrO-
exhibit excellent physicochemical properties such as

promising replacement for pure ZrO: in the field of high-
performance materials, including electronic, functional,
biomedical and structural ceramics [3-5].

In addition, ZrO»-based ceramics have found wide
application as abrasive, refractory and insulating materials
[6, 7]. Before the appearance of this type of ceramics,
pure ZrO: ceramics occupied a dominant position in the
market. However, its further use has been limited due to
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less stable performance characteristics. One of the main
reasons for this is the significant volumetric changes
during phase transitions caused by temperature
fluctuations during the manufacturing process, which
leads to internal stresses and the formation of destructive
defects. These factors negatively affect the physical
properties of pure ZrO- and significantly reduce its potential
for use as a structural and functional material [8, 9].

When producing ceramic materials for various
purposes (cutters, low-temperature dielectrics, high-
temperature oxygen concentration sensors in gas
mixtures, etc.), zirconium dioxide needs to be modified
due to differences in the volumes of the elementary
crystal lattices of its polymorphic modifications
(monoclinic, tetragonal and cubic). The main danger is
the modification transition of the tetragonal modification
to the monoclinic one, which is accompanied by a
significant (more than 6 %) expansion of the material and
leads to its destruction upon cooling. Therefore, they
strive to prevent the phase transition to the monoclinic
modification using various additives — modifiers capable
of forming solid solutions with tetragonal ZrO,.

At present, many oxides (CrO, MgO, Y,0;, CeO,)
are known and have already become traditionally used,
capable of forming solid solutions with ZrO, and
providing a metastable state due to certain distortions in
the tetragonal structure [10—-15].

Zirconium dioxide — monoclinic modification
(baddeleyite) according to the symmetry of the crystal
lattice belongs to the space group P2,/c, which changes
during the phase transition (about 1140 °C) to tetragonal
(P4,/mmc), stable up to 2333 °C with a subsequent
change to cubic (Fm3m). At high pressures, the existence
of two phases of ZrO, with an orthorhombic crystal lattice
was established [12].

Crystallochemical regularities in ZrO, (hereinafter,
the abbreviations t — tetragonal, m — monoclinic and ¢ —
cubic modification of ZrO, will be used) determine the
specifics of the formation of solid solutions and the
possibilities of regulating the degree of stabilization.
Divalent oxides (CaO, MgO) have a relatively low
solubility in t-ZrO,, which limits the achievable level of
stabilization of solid solutions. Trivalent oxides (Y,Os,
Gd,0;, Ga,05) are capable of better solid-phase solubility
in t-ZrO, due to filling anion vacancies in the crystal
structure. Tetravalent oxides (CeO,, GeO,, TiO,) with
solid-phase solubility in t-ZrO, provide significant
concentrations due to isovalent cation substitution, and
mixed complex oxides based on tri- and pentavalent
elements (YTaO4, YNbO,) are capable of exchange-
compensatory heterovalent isomorphism and also provide
high concentrations in the resulting solid solutions.

For economic reasons, biocompatibility conditions
and the crystalline proximity of the parameters of the
crystal lattices of t-ZrO, and rutile, TiO, is often used as a
modifier. An additional advantage, especially in the
manufacture of electroceramics, is the manifestation of
specific effects during the combined doping of t-ZrO,, in
particular, MgO and TiO,. In addition, researchers [12]
have expanded the range of possible TiO, concentrations

in homogeneous solid solutions based on t-ZrO,
to 25 mol. %. In this case, a significant role in the
stabilization of t-ZrO, is given to the formation of clusters
close to the composition of Zr;TiOg, which play a specific
role in the processes of ordering — softening of solid
solutions with the formation of domains. This
circumstance complements the relevance of the analysis
of the ZrO, — TiO, system.

Modern data on the phase diagram of ZrQO, —
TiO,. The phase diagram of ZrO, — TiO, has been studied
since the 1950s by many researchers and has undergone
significant refinements to date. The issues of the existence
of ZrTiO,, ZrTi,O4, ZrsTi;Opy compounds, the
temperature ranges of their thermodynamic stability,
deviations of srilankite (ZrTi,O¢) from the stoichiometric
composition, etc. have been discussed for a long time.
The relevance of research into materials of the ZrO, —
TiO, system is due to their extensive use in various fields
of technology and modern technological processes,
especially with the use of ultra-high-frequency devices.
Integrated information on the achievements and problems
in the studies of the ZrO, — TiO, phase diagram can be
obtained from the results of works [16, 17], in which the
controversial compound ZrsTi;0,4 is no longer considered
due to the absence of confirmation of its synthesis by the
sol-gel method since 1998.

In the study [16], the emphasis was placed on
examining ZrTiO¢ in the form of a solid solution (the
formula is (Zr,T1),0,), capable of ordering-disordering the
crystal lattice. From this point of view, the experimental
results of phase changes in mixtures of initial oxides in
the presence of fluxing additives (CuO, mixtures of
LiMoO,; and MoO; in a mass ratio of 1:1.6) are
considered. The starting mixtures were pressed into
platinum capsules and fired for a long time (in particular,
96 hours at 800 °C) in a furnace with a controlled
temperature of +1 °C, and then cooled to room
temperature for 1 minute: experiments were carried out at
800 — 1650 °C, the majority of experiments were carried
out in the range of 1000 — 1200 °C, which is most
important for controlling the technological parameters of
obtaining ceramic materials.

According to the results of experiments in the solid-
phase solution after firing at 800 °C, the TiO,
concentration was 64.9 mol. % (in srilankite the TiO,
content is 66.7%), and after firing at 1060 °C, the TiO,
concentration decreased to 60.4 wt. %, which is explained
by the process of ordering-disordering of the (Zr,Ti),04
cations. In the temperature range of 1060 — 1160 °C, a
sudden change in the parameter “b” of the crystal lattice
of the solid solution was noted (at 1160 °C, the TiO,
content was 51.5 wt.%), and the closest correspondence
of the composition of the solid solution to the ZrTiO4
compound was noted after firing at 1080 °C (49.0 wt. %
TiO,). Above 1160 °C, the prevalence of disordering
processes (more uniform distribution of titanium and
zirconium cations in the corresponding positions of the
crystal lattice) was noted, which is reflected by the
formation of two steeply ascending boundaries of the
crystallization fields from the ZrTiO, composition on the
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constructed phase diagram in the studied temperature
range (Fig. 1).
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Figure 1 — The ZrO, — TiO, phase diagram at atmospheric
pressure based on experimental data [16]

The diagram contains a tie line connecting the points
of the solid solution compositions that participate in the
eutectoid interaction at about 1080 °C. The experimental
results do not substantiate the reliable presence of this tie
line, which is within the permissible temperature
deviations of the tie line at ~ 1060 °C, corresponding to
the peritectoid interaction.

The reasons for the deviations of the solid solution
compositions in the range of 1060 — 1160 °C from the
stoichiometry of the ZrTiO, composition were not
analysed; they may be due to the use of fluxes in the
experiments and errors in determining the TiO,
concentrations. The noted reasons, along with a
significant manifestation of kinetic inhibition of lower-
temperature processes in the studied samples, could also
cause significantly greater deviations of solid solutions
below 1060 °C from the ZrTi,O composition.

The authors of [17] correct some temperatures of
phase equilibria in the ZrO, — TiO, system in the range of
1000 — 1500 °C, as well as the compositions of solid
solutions. However, the ZrTi,O, compound is displayed
with a stoichiometric composition existing in the low-
temperature region up to ~ 1170 °C, when it
disproportionates according to the mechanism of
peritectoid reaction with the formation of two solid
solutions: based on ZrO, and ZrTiO,. In this case, ZrTi,04
is designated as a'-ZrTiO,, and a solid solution with a
composition close to ZrTiO, is designated as o-ZrTiO,.
These designations do not bring additional information to
the essence of the processes occurring, as does the
designation of the region of solid solutions based on
ZI'TiO4 - B'(erTil—x)204~

The temperature dependence of the heat capacity for
ZrTiO, established in [15] made it possible to use
thermodynamic calculations to predict the parameters of
phase equilibria in the system and to conduct
confirmatory experiments, including in the high-
temperature region up to 1850 °C.

In the phase diagram of ZrO, — TiO, (Fig. 2), the
structural elements of the low-temperature region are
close to those in [16].

2000

1500

1000

TEMPERATURE KELVIN

M a-ZiTiOs
(ZrTiy0g)

500 T | T T
@ 0 0.2 0.4 0.6 0.8 1.0
MOLE FRACTION TiQ:

Figure 2 — Calculated phase diagram of the ZrO, — TiO,
system [17]

At the same time, a small scale was chosen to
display the entire temperature range of the state diagram,
which introduced some graphical inaccuracies and made
it inconvenient to use it in technological practice.

Results and discussion. The results of the analysis
of the phase diagrams of ZrO, — TiO, according to the
studies [16—19] allow us to generalize them with the
preservation of the most reliable elements of the structure
and in a scale of the temperature axis convenient for
technological practice, dividing it into two ranges of
values: low-temperature (800 — 1600 °C) and high-
temperature
(1600 — 2400 °C) — Fig. 3a and 3b, respectively. In the
temperature range of 1060—1084 °C, the only tie line is
preserved at 1070 °C, which combines two processes:

1. disproportionation of ZrTi,Og (a'-ZrTiO4 — here
and in Fig. 3a, b the designations are retained according to
[17]) by the eutectoid mechanism

ZrTi,04 < a-ZrTiO4 + s.s. TiO, (94.8 mol. % TiOy);
2. eutectoid interaction by mechanism:

o-ZrTiO4 + m-ZrO, (7.7 mol. % TiO,) <>
t-Zr0; (9.0 mol. % TiO,).
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The konnoda (about 1129 °C according to
calculations [17]) is not preserved due to its lack of
information, since in fact it only reflects the temperature
of the onset of formation of a homogeneous solid solution
of B-ZrTiO4 ((Z14Ti;),04) based on a-ZrTiO, with an

T, °C
1600+
N
15004
1400 4+ B-ZT (ZxT1.x)204
B-ZT+t-Z(s.5.)
1300 + B-ZT+T(s.5.)
1200 + t-Z(s.5.) T(s.5.)
—m-7(5.8.)+ t-Z(ss.)
1100 1070 °C
1000+
m-Z(s.5.)
200 +
800+ m-Z(ss)HZT: ZTy+T(s.5.)
t ; ——
0 20 40 60%-ZTgg 100
TiQ;, mol % {ZT2)

excess or deficiency of TiO,. The boundary curves formed
above this temperature highlight the region of
homogeneous solid solutions of B-ZrTiO, and
simultaneously determine the coexisting compositions
based on t-ZrO, and TiO,, respectively (Fig. 3a).

T, °C

2400 T

2333 °C
2300 A

2700 4 Liquid (L)

2100 1
2000 + t-Z(s.5.+L
1870 °g
1900 - B-ZTJ’_L
1800 T
_
_ 7
ve “
[75] et
1700 T N i
- &
N
1600 4 =
0 20 40 60 80 100

TiOz2, mol

b

Figure 3 — Phase diagram of the ZrO, — TiO, system:
a — low-temperature region (800 — 1600 °C),
b — high-temperature region (1600 — 2400 °C)

In the high-temperature region of the ZrO, — TiO,
phase diagram (Fig. 3b) at 1751 °C, a single eutectic point
is noted (TiO, content 77 mol.%), when interaction occurs
between a homogeneous solid solution of B-ZrTiO4
(59 mol. % TiO,) and a solid solution based on TiO,
(86 mol. % TiO,) with the formation of a melt.

At the eutectic temperature, B-ZrTiO4 and the solid
solution based on TiO, have the maximum concentration
of TiO, in their compositions. The konnoda at 1836 °C
was adopted based on the calculated results [17] and
reflects the peritectic decomposition of the B-ZrTiO, solid
solution into a solid solution of t-ZrO, (19 mol. % TiO,)
and a melt containing 64 mol. % TiO,. The temperature of

2166 °C was taken as the minimum temperature for the
possible formation of c-ZrO, according to the peritectic
mechanism of interaction:

8.8. t-ZrO; (3.3 mol. % TiO,) + liquid (40.0 mol. % TiO,)
&> ¢-Zr0O, (5.5 mon. % TiO,).

The corresponding tie line unites the above-
mentioned points of the compositions at 2166 °C and this
temperature determines the maximum solubility of TiO,
with ¢-ZrO, — 5.5 mol. %. For better visual perception,
the boundary lines in Fig. 3b above 2490 °C are not
drawn, since in real technological practice higher
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temperatures are extremely rarely used, and if necessary,
they can be easily extrapolated to the melting point of
zirconium dioxide without any significant loss in the
accuracy of the construction. The general appearance of
the phase diagram is also not difficult to visualize by
combining Fig. 3a and 3b along the 1600 °C isotherm.

Conclusions. The results of the analysis of the phase
diagrams of the ZrO. — TiO: system, performed on the
basis of data presented in different studies, allowed us to
generalize them while preserving the most reliable and
stably reproducible elements of the phase structure. For
the sake of ecase of interpretation and subsequent use of
the phase diagram of the ZrO. — TiO: system, the
temperature range was conditionally divided into two
characteristic intervals: low-temperature (800 — 1600°C)
and high-temperature (1600 — 2400°C).

Thus, the obtained data on the structure of the ZrO:
— TiO: system will be used for the targeted synthesis of
functional ceramic materials with specified phase
composition and operational characteristics. This allows
the development of materials with improved mechanical,
thermal and electrical properties adapted for specific
applications.
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V]IK 62-403:001 (477)
B.I. JMHTPEHKO, I. T'. 3E3EKAJIO, A. IT. KPOJIb

JOCJUIKEHHSI EKOJIOTTYHO-BE3NEYHHUX 3MAIIYBAJBHUX JOBABOK JO BYPOBHX
PIVH

doi: 10.20998/2079-0821.2025.02.06

3acTocyBaHHS MaCTWJIBHHUX 100aBOK (JIyOpuKaHTIB) y OypOBHX Ta TEXHOJOTIYHUX PiJJMHAX € KIIOYOBUM JUISl YCHIIIHOrO OyAiBHMLTBA HA(TOra30BUX
CBEpJIOBMH. BOHM BiirparoTh BUpIMIAIBHY pPOJb Y IOKPAIICHHI TEXHIKO-TEXHOJIOTIYHUX, CKOHOMIYHHX Ta CKOJOIiYHMUX MOKA3HHKIB BCHOTO
nporecy. B ocTaHHI pokH y CEeKTOpi MPOMHMBHHX piguH Ui OypiHHS TNIHOOKMX Ha(TOra3oBHX CBEPIJIOBHH OCOONMBY aKTyalbHICTh HaOyIH
€KOJIOT1YHO-0e3MeYHi 3MalyBalbHi J00aBKH. Y PoOOTI MpeACTaBIIEH] pe3yIbTaTH eKCIEPUMEHTAIbHUX JOCIIPKEHb aHTU()PAKIIIHUX BIIAaCTHBOCTEH
€KOJIOTIYHO Oe3MeYHNX KOMIIO3MILIH 3MallyBaJbHUX 100aBOK. PO3po0JICeHO HOBY €KOJOTIYHO Oe3ledHy 3MallyBajJbHy N00aBKy 10 HPOMHBAIBHHX
PIIHMH 3 MOKPAIEHUMH TPHOOIOrIYHIMH XapaKTePUCTUKAMH, siKa 3abe3rnedye Oe3aBapiiiHy MPOBOAKY CTOBOYpY HaTOra3oBOi CBEp/AIOBUHH, B T.4. i
il 4ac PO3KPHUTTS TOPiJ, O BKIJIIOYAIOTH MUTHI i MOTEHLIHHO MUTHI TOPU30HTH MiI3EMHUX BOA. 3a pe3ysibTaTaMu JaOOpaTOPHUX E€KCIEPUMEHTIB
BCTAaHOBJICHO, HaWKpalll NOKa3HUKU 32 3MAllyBaJIbHOK 3[aTHICTIO, TEPMOCTIMKICTIO Ta CTIHKICTIO JI0 COJNEil MarOTh KOMIIO3MLII, 110 0a3yrOThCS Ha
AIKUIAaMIHHUX COJIAX CYMIlli )KUPHHUX KHCJIOT POCIMHHHX OJii Ta TajoBoi oiil. BeranoBneno, mo kommnosuuis «bypon-2» HaiOinbm edeKTHBHO
BIUIMBA€ Ha TPHOOJIOTriuHI XapakrepucTHku npomuBanbHOI pimuau. Koedimientn tepts KTK i Kyrp 3Ha4HO 3HIKYIOTBCS NMPU KOHLEHTpALl
3MaryBanbHO1 106aBkn 0,5% 00., mpy bOMY aAre3iifHi BIaCTHBOCTI JOCATAIOTH perinaMeHToBaHuX 3Ha4eHsb (K, < 30). OnTumaneHO0 106aBKOIO 10
MOJCJIBHUX NPOMUBAIBHHUX PIOMH LBOr0 TUIy MOXKHa BBaxkatu — 1,0 % 00. Po3pobieHa KOMIO3HUIS CKIAZAETBCS 3 EKOJOTIYHO Oe3MmeuHHX
KOMITOHEHTIB Ha OCHOBI QJIKIIAMiHHUX COJICH CyMillli BUIUJICHUX XXMPHUX KHUCJIOT POCIMHHMX OJid 1 TanoBoi oiii 3 JoO0aBKaMu XiMIYHHX PEareHTiB,
1[0 MOJIMIIYIOTh €MYJIbralio, IPOTHIIIHHY i, MPOTUICHPECAHTHI HU3BKOTEMIIEPATyPHI XapaKTePUCTUKU. Pe3ynbTaTn QOCIiKeHb, CBIYaTh, M0
3MallyBaJibHi BIACTHBOCTI MOJICIBHUX MPOMHBHHX PiJHH MAIOTh Kpallli HOKa3HUKHU MpH iX 06podii 1,0 % 06. po3pobiieHoro kommosuuieto «bypoi-
2» MOPIBHSHO 3 IHIIUMHU 3MAlLyBaJbHUMU 100aBKaMH, 1[0 BUKOPUCTOBYIOTHCS BITYN3HIHUMU OYypPOBHMHU IiAMPUEMCTBAMH.
KuarouoBi ciioBa: OypoBuii po3unt; KoeQillieHT 3MallyBaHHS; MACTWIbHI BIACTHBOCTI, OypiHHS; TPUOOTEXHIUHI BIaCTUBOCTI; OypiHHS.

V.. DMYTRENKGO, I. G. ZEZEKALO, A. P. KROL
RESEARCH ON ENVIRONMENTALLY SAFE LUBRICANT ADDITIVES TO DRILLING FLUIDS

The use of lubricating additives (lubricants) in drilling and processing fluids is key to the successful construction of oil and gas wells. They play a
decisive role in improving the technical, technological, economic and environmental performance of the entire process. In recent years,
environmentally friendly lubricating additives have become particularly relevant in the sector of drilling fluids for deep oil and gas wells. The paper
presents the results of experimental studies of the anti-fraction properties of environmentally safe compositions of lubricating additives. A new
environmentally safe lubricating additive for flushing fluids with improved tribological characteristics has been developed, which ensures trouble-free
drilling of the oil and gas wellbore, including during the exposure of rocks containing drinking and potentially drinking groundwater horizons.
According to the results of laboratory experiments, the best indicators in terms of lubricity, heat resistance and salt resistance are found in
compositions based on alkylamine salts of a mixture of fatty acids of vegetable oils and tall oil. It was found that the composition "Burol-2" most
effectively affects the tribological characteristics of the flushing fluid. The friction coefficients of CTC and KMTP are significantly reduced at a
concentration of the lubricating additive of 0.5% vol., while the adhesive properties reach regulated values (K, < 30). The optimal additive to model
flushing fluids of this type can be considered to be 1.0% vol. The developed composition consists of environmentally safe components based on
alkylamine salts of a mixture of selected fatty acids of vegetable oils and tall oil with additives of chemical reagents that improve emulsification, anti-
depressant effect, and anti-depressant low-temperature characteristics. The results of the research show that the lubricating properties of model
flushing fluids have better indicators when treated with 1.0% vol. of the developed composition "Burol-2" compared to other lubricating additives
used by domestic drilling enterprises.
Keywords: drilling fluid; lubrication coefficient; lubricating properties, drilling; tribotechnical properties; drilling.

pimun). KpiM TOro, mnas HOCSTHEHHS MOTPIOHHMX
3MalyBaIbHUAX BIACTUBOCTEH  Ha  OOpOOJIEeHHS

Beryn. AcniekTu 3aCTOCYBaHHS MacCTHJIBHHX J100aBOK
— JIyOpHKaHTIB y OypOBHX PO3YMHAX Ta TEXHOJIOTIUYHHX

pimuHax 3aiiMaloTh 0COOJIMBE BXKIIMBE MICIE y TEXHIKO-
TEXHOJIOTIYHUX, EKOHOMIYHUX Ta €KOJOTi4YHI IOKa3HUKU
YCIIMIHOCTI OyAiBHUITBA Ha(TOra30BHX CBEpPIJIOBUH.
Momudikamiss OypoBMX IPOMHUBHHX DpIIMH HIISIXOM
TIOJIIIIEHHS iX TPUOOTEXHIYHNX BIACTHBOCTEH € JIOCUTH
e(eKTUBHUM CHOCOOOM TIJBHINCHHS JOBIOBIYHOCTI
obOcanHuX TpyO, eeMeHTiB OypmIbHAX KOJOH [ 1-2].

B ocramHI pokHm y CEKTOpi HMPOMHBHUX PIAWH IUISA
OypiHHS TTHOOKUX HA(PTOra30BUX CBEPIOBHH OCOOIUBY
aKTyallbHICTh HAOYJINM €KOJIOTTYHO-0e3MeuHi 3MalllyBaibHi
nobaskwu [1-3].

Y nanuit yac npu PO3KPUTTI BOJAOHOCHHX TOPH3OHTIB
(MMTHUX 1 TOTEHUIHO NHTHHX) BHKOPUCTOBYIOTH B
SKOCTI 3MalllyBaJlbHUX J00aBOK BIIXOAW TepepoOICHHS
POCITMHHUX Ol — Tigpodys, kodoc Tomo. Aje I
3MamlyBajbHi JOOABKM MAarOTh HH3bKI TEXHOJOTiYHI
BIacTHBOCTI (HemocTaTHs TigpodoOizyroua Iisi, BHCOKa
B'SI3KICTh ~ NPM  HU3BKUX  TEMIIEpaTypax, HH3bKa
PO3YMHHICTE y TepeBaKHi OLIBIIOCTI TMPOMHUBATBHUX

MPOMHUBAIIBHOT PIAMHE HEOOXIJHO BUTPATUTU 3HAUYHY IX
KUTBKICTh (TaK, HANpHKIAJ], HEOOXiTHA KOHIICHTPAIlis
rizpody3y moxe cranoButn 10-20 % 00.) [1-3]. Ie
POOUTH 3acTOCYBaHHS MOAIOHUX 3MAIyBaJILHUX JT00aBOK
HEJOUJILHUM K 3 TEXHOJIOTIYHOI, TaK i 3 €KOHOMIYHOL
TOUYOK 30py. Tomy, SK TIpaBWIO, HEBIIBOPOTHOIO
ANTBTEPHATHBOIO € OOpOOJICHHS IPOMHBAIBHUX PIIHH
cuporo HapToro B KimpkocTi 7-10 % Bim o00'emy
MPOMHUBAIIFHOI PiAWHU, TIPU [IBOMY 3aCTOCYBAaHHS HaQTH
B SIKOCTI 3MaIlyBaJbHOI J100aBKH [0 MPOMHBAIBHUX

piauH Mae HACTYITHI HETaTUBHI HACJIIAKH:
3a0pyTHIOIOTBCSl  MiJA3€MHI  BOJOHOCHI  TOPWU3OHTH;
3a0pYyJHIOETBCS TOBITPS B po0OOdill 30HI 1 HABKOJIO
OypoBoi YCTAaHOBKHU BYTJIEBOTHIMHU BHACTI 0K

BUIIAPOBYBaHHS JIETKUX (pakiiii HaQTH; 3a0pyAHIOIOTHCS
TPYHTH 1 IiA3eMHI BOIM IMiJ 4ac 30MpaHHs 1 30epiraHHs
3a0pyaHeHnx HadTolo BiIXOMiB OYpiHHS B IUIAMOBHX
ambapax Ha TepuTOpii OypoBHX MaWIaHYMKIB, a TaKOX
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i Yac MpoBeaeHHs PoOIT 3 TEXHIYHOI peKyJbTHUBalii [4-
5]

Kpim TOro, HE BUITPaBAaHO B IOCUTH 3HAYHUX 00'eMax
(Bim IEKiTBKOX JMECATKIB IO COTCHb TOHH HAa OJIHY
CBEp/JIOBHHY) BHUTpavaeTbesi Hadra. Tak, Ha OypoBHX
MiANpUEMCTBaX YKpaiHM B cepenHpoMy Ha | Metp
MIPOXOAKH BHUTpadaeTscs Mo S50 KT cupoi HapTH. YKpaiHa
3abe3mnedye cebe HAPTOI BIACHOTO BHIOOYTKY JIMIIE Ha
15 %. Buxonmsum 3 wnporo, HadTa € CTpaTErigHOIO
CHPOBOHOIO JJisl YKpaiHH 1 MOBUHHA BUKOPUCTOBYBATHCS
BUKJIIOYHO 33 i I[UIBOBUM TPU3HAYCHHSIM IS
HaTOXIMIYHOT MPOMHUCIOBOCTI, B TOMY WYHCH JUIs
BUPOOHMIITBA €HEPrOHOCITB [ 1-6].

BpaxoBytoun BuUCOKY agedinuTHICTE HadTH I
HapOJHOTO TocIoapcTBa YKpainu i ii BapTicTh, a TaKOX
Cepiio3HI EKOJIOTIYHI 1 CaHITapHO-TIriEHIYHI TPOOJIEMH,
0 BUHUKAIOTH TMpH 11 3aCTOCYBaHHI B  SKOCTI
3MallyBaJdbHOI J00aBKM, IIOCTa€ BaKIMBA 3a1ada —
po3pobuTH  exoJoridHo Oe3ledHi, 3 TMOKPaICHAMHA
TEXHOJIOTIYHAMH BJIACTHBOCTSIMH 3MAIllyBaJbHI JOOaBKU
JO TPOMHUBAIBHUX PIINH Ha HEBYIJICBOJIHIN OCHOBI,
BUPOOHUIITBO SKUX MOXHa Oyno O HamaroguTa 3
BITYM3HSHOI CHPOBUHH JUIs 3a0e3ledeHHs MoTped
CTOpY/UKYBaHHs HaTOra30BUX CBEPIUIOBHH B YKpaiHi.

AHaJi3 iCHYIOYMX pPO3pPo0OK Ta 3aCTOCOBYBAaHHX
BIiTUM3HAHMX i 3apyOi’KHMX MACTUJILHMX 100aBOK /s
OypoBuX Ppo34yuHiB mnpu OypiHHi Ta 3aBeplueHHI
CBEPAJIOBHH. CyuacHuit piBeHb PO3BUTKY
Ha(pTOBHIOOYBHOI Tally3i BHCYBA€ MiABHUIIECHI BUMOTH 10
MAaCTHJIBHHX J00aBOK Uit OypoBHX po3umHIB. BoHH
NOBUHHI ©(EeKTUBHO NPALIOBATH y CKIAJHHUX TipHUYO-
Te0JIOTIYHMX YMOBaX, L0 XapaKTePH3YIOThCS BHCOKUMH
TeMmIepaTypaMu H  THUCKOM, TMOJIMIHEpAJbHOI Ta
KOpO3iliHOIO arpeciero. Jlo oOCTaHHBOrO 4Yacy, KOJIU
MacoBO IPOBOAMIOCS OYypiHHS BEPTHUKAIBHHX CTBOJIB,
MacTHJIbHI ~ JOOaBKM  BHUCTYyNaIM  JOHNOMIKHHMH
peareHTaMu. SIKk MacTHIIBHI 100aBKH BHKOPHUCTOBYBAIIUCS
MepeBayKHO TOBapHI MPOAYKTH, po3polieHi i BUpoOieHi
TIPOMUCITIOBICTIO IS 1HIKX TIineit [ 1-5].

TpagumiiHUMH Ta OJHUMH 3 TEPIINX MAaCTHIBHIX
n00aBOK 10 OypoBHX PO3YMHIB Ha BOIHINA OCHOBi Oyim
HadTa, HapTompoxyktu Ta rpadit [1-3]. Hadra, mo
MICTUTbCS B €MYJIbCil, 3MOYy€ TOBEPXHIO JMOJIIT,
OypwIbHHX TPYO, IO 3HMXKYE CXWIIBHICTh 10 3a0WMBaHHS
[UITAMOM TIPOMDKKIB MDK 3yOLSIMH [0JIOTa, a TaKOX
3MEeHIIye  HMOBIpHICTh  HPUXOIUIEHHS  OypoBOro
IHCTpYMEHTY, CHpUSIOYM MiABHIIEHHIO TiIpaBiivyHOl
MOTY>KHOCTI, 1[0 MiJJBOTUTHCS JO BUOOIO, Ta 3MCHIIICHHIO
CHJI TEpTS MDK METaJeBOIO IMOBEPXHEI0 W TIIMHHUCTOIO
kipkoro [7]. Sk MacTWiIbHI T0OABKH BUKOPHUCTOBYBAIUCS
TaK0X Ha(TOMPOIYKTH, TaKi sIK CMOJIA TOJTIANIKITIOCH30IiB
abo BaxkKa MIpONi3HA CMOJA, IH3ENbHE ITaJHBO, SKE €
BOXKUM 3QJIMIIKOBHM IPOXYKTOM MPsAMOI INEpPEeroHKH
HadTH, BiAXOAM HadTOmepepoOHMX 3aBOJIIB y BHIVISI
Ha(TOBUX IIAMiB, BIAXOAM KOHTAKTHOI OYMCTKH OJIHB
IIpY IXHLOMY BHPOOHUIITBI Ha HaTONEepepoOHHX 3aBoIax
[8].

BB rpadgiTy Ha MIBUIIEHHS  MACTHIBHHX
BJIACTHBOCTEH OypOBOTO PO3YHMHY IMOSICHIOETHCS SIBHILEM

ractudikamii TepThOBUX MOBEPXOHb 13 (OPMYBaHHIM
M’SKIIOTO ITOBEPXHEBOrO Iapy, L0 CHPHUSE YCYHEHHIO
MIKpOILIOPCTKOCTEH, JIOKaji3amii TepTs i 3HOIIYBaHHS, a
TaKOX 3HIKEHHIO NMUTOMHMX HaBaHTAXEHb y 30HI TepTs
[9-12]. Sk Bimomo, rpadit Mae BHCOKY aacopOuiiiHy
3[aTHICT, BHACIIIOK 4Oro ajicopOOoBaHi pedoBHHU (Tapu
BOAW, KHCEHb, BYIJICBOOHI, TIapw OpraHiyHUX i
HEOPTaHIYHUX PEYOBWH), NMPOHUKAIOYH B MIKIUIOIIUHHI
mpocropu Tpadity Ta 3OUTBIIYIOYM BIICTaHb MK
IUIOIIMHAMH, 3HIKYIOTh IIOBEPXHEBY €HEprilo MK HUMH
Ta MIOHICTh agcopOmiiHoro mapy [12]. YV npakrtuii
OypiHHSI CBEpIUIOBHH JUIS TOCWIEHHS aiaresii 4acTHHOK
TEXHIYHOTO BYTJICIIIO JI0 TIOBEPXHI MeTany
BUKOPUCTOBYIOTh cyMimi rpadity 3 Hadroro abo
Hadronpoaykramu [11]. OxgHak HaBiTH IIpU 3aCTOCYBaHHI
TaKO1 TEXHOJIOTII MIITHICTh acOPOIiITHOTO Mapy, Mo Mae
(i3nuHMIA 3B'A30K 13 MOBEPXHEI0 METally, 3aJIMIIA€ThCS
HU3BKOIO, BHACIIIOK YOTO BiH BUTICHSETHCS 3 TApP TEPTA i
HEe  3JaTHUH  BUTPUMYBaTH  BHCOKI  KOHTAKTHI
HaBaHTaXeHHA [12].

Chix 3a3HaYuTH, IO KpIM 3raJlaHuxX HEIONIKIB,
BUKOPUCTaHHS HapTH SK  MacTWIbHOI  J0OaBKH
IPU3BOAUTH IO TIPUCKOPEHHS 3HOLIYBaHHA T'yMOBHUX
Jeraneil 1 By3niB TepTs OypoBHX HacociB i BHOIMHHX
JIBUTYHIB, CIIOTBOPEHHsSI  pe3y/bTaTiB  reodizuyHuX
JIOCITI[)KEHD, HETEXHOJIOTIYHOCTI, TOKCHUYHOCTI,
MOXEXHOI HeOe3Nekn Ta 3a0pyAHEHHS HaBKOJIHMIIHBOTO
cepenoBuiia [1-4]. JonaBaHHsA OO TJIMHUCTOTO PO3YHHY
Hadtn HaBiTh y Kimekocti 10% € HemocTaTHBO
e(eKTHBHUM, OCKIJIbBKM B YMOBaX BHCOKMX KOHTaKTHHX
HaTpy>KeHb, 0 BUHUKAIOTh B OMOpPi IoJI0Ta, HadTa HE
CTBOPIOE HAa CTAJIEBUX IIOBEPXHAX IOCTaTHHO MIIHOI
xemocopOiriitaoi wriBku [3-4]. Kpim Toro, 3actocyBaHHs
HadTH NPU3BOAUTH A0 OE3MOBOPOTHOI BTpATH IIHHOI
CHUPOBUHM, TOMY IMHUTAaHHS PO BUKIIOYEHHS HaAQTH SK
MaCTUIILHOT TOOABKH € Ay)Ke BaXKITUBHM.

Cymim rynponiB (CI') € mnoGiYHUM TPOIYKTOM
(BiX0/10M) MaciI0HPOBOI'0 BUPOOHUIITBA 1 YTBOPIOETHCS
B pE3yNbTAaTi AUCTHIIALI] XUPHUX KHUCIOT 1 COAICTOKIB
pocimHHUX  Ooniii  (OaBOBHSIHOI, COHSIIHUKOBOY),
TBapUHHUX JKUPIB, a TAKOX IXHIX cyMmimeil. AKTHBHUMHU
3MamnyBanbHUME pedoBnHamMu B CI' € HacudeHi Ta
HEHACHWYCHI KUPHI KACIOTH i ixHi cknanHi edipu. PiBeHp
HPOSBY NPOTH3HOCHHUX 1 3MAallyBaJbHUX BIIACTHBOCTEH
3ManryBajabHOi q00aBkd CI' 3HAYHOIO MIPOIO 3aJICHKUTH
BiJl JTy’)KHOCTI CepeJIOBHILA I HASBHOCTI B HhOMY KaTiOHIB
KaJbIliro Ta MarHito [1-5, 13]. YHacninok B3aemonii CI 3
MU KaTioHamH, a Takox npu pH > 10,5 edexTuBHICTSD ii
K 3MallyBajbHOI 100aBKM pisko moripuryerbes. CI0
nmobpe CyMicHa SK 31 3BUYAHHUMH, TaK i 3 OOTSKCHUMHU
OypoBMMH  pO34MHaMH{, aje IIOTaHO CyMiCHa 3
Hadroemyibciiiumu. [lpu  KoHmeHTpamii HadTH B
posumHi moHazn 5% mpoTtnsHocHi BractuBocTi CI' pisko
moripuryroTecs [14].

VY ckiazni GaBOBHSHOIO COAICTOKY MICTSTHCS JKUPHI
KHCJIOTH, HEHTPaIbHHUIA KHP 1 TOCHUIION, HMPOIYKTH HOTO

MEPETBOPCHHS, OKHUCHCHHS, B3aeMomdil 3  OLIKamH,
dochaTuaMu, KUPHUMH KHUCIOTAaMH Ta HEUTpalbHUM
skupoM.  Ilig  dYac  AMCTMNAINT  SKHPHHUX  KHCJIOT

BiIOYBAIOThCSI JIOCHTh CKJIAJTHI TPOIECH TMOIAJIBIIOrO
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NepETBOPEHHS TIOXIHUX TOCHITONY, IXHBOT B3aEMOIIT MixK
co0010, 3 HEHAaCHYEHUMH KHCJIOTaMH Ta IHIIMMH
CYNYTHIMH pEYOBMHaMH. Y pe3yJbTaTi IMX IPOIECiB
OJJHOYACHO 3 BIJITOHKOIO KUPHUX KHCJIOT YTBOPIOETHCS
rocunoinoBa cmona [15]. 3a ckiagoMm, CTPYKTyporo Ta
BIIACTHBOCTSIMH TOCHIION HAJEXHTH JI0 MOJi(EHOIIB, Ma€e
BIIACTUBOCTI ~ BHUCOKOC(EKTHBHOTO  AHTHOKCHIAHTY,
yHiBepcanpHOTo cTabiimi3aTopa KOMIDIEKCHOI mii Ta
YUHATH IUIacTU(ikyrounidi i Moanikylounid BIUIMB Ha
moBepxHto TepTs [15]. OmHak, He3BaKarO4Yd Ha BHCOKI
3MallyBajbHI BJIACTHUBOCTI, BUKOPUCTAHHS T'OCHUIIONY SIK
3MallyBaJbHOI 0OaBKH YCKIIQJIHEHE 4Yepe3 HOro BHCOKY
B'si3KicTh mpu  Temmeparypax 283 K 1 Huxue.
Po3pimkeHHss  UUIIXOM ~ BBEIEHHS 10 CKJIany
HaTONPOAYKTIB He HalyJao TOIMMpPEeHHs dYepe3 IX
nedimur [15-17].

[Ipn OypiHHI cBepUIOBHH, TOUYMHAIOYH 3 70-X POKIB,
SK 3MallyBajbHI J00aBKM i OypOBHX pO3YMHIB
BHKOPHUCTOBYIOTh pEareHTH Ha OCHOBI TimpodoOizyrodoi
KpeMHifopraniyHoi  pimmHM  (MOHOHATpieBi  codii
etTunMetwicuHanTpiony) I'KXK-10, TKK-11 [19-20].

[MpucyTHicTh y OypoBomy po3zuuni 0,6-0,8% I'KXK-10
Jla€ Takuil caMuil 3MamlyBajJbHUNA e(eKT, K T0JaBaHHA
20% wnadru. 3a yrounenumu ganumu A.K. Camoros,
SKAH TpPOBOAWB  JOCHIIKEHHS 3  BUKOPUCTAaHHAM
MaTeMaTU4HOi  Teopii IUIaHyBaHHS  EKCIIEPUMEHTY,
ontuManbHu  BMmict 'KOK-10 y OypoBoMy pozumHi
BimmoBimae nume 6-8% HapTu. Hum Takoxk moBemeHa
JOLUTBHICTE 00pOOKH OypOBOTO PO3UNHY 3MAIlyBaIbHOIO
KOMIO3HUIII€I0, MO Cckmamgaerscs 3 6-8% Hadta i 1%
I'KXK-10.

IToxparieHHs 3MalIyBalbHUX BIACTHBOCTEH OypOBHX
PO3UYHHIB [IOCATAETHCS BBEACHHSAM Yy OYpOBHII PO3YUH
CIIeLliaJIbHAX PEareHTiB — HOBEPXHEBO-aKTHBHUX PEYOBHH
(ITAP). 3rigno 3 gocmimxenusamu [1.A. Pebunaepa, ITAP,
azcopOyloUnch Ha TBEPIUX MOBEPXHSX, CTBOPIOIOTH
OpIEHTOBaHI MOJIEKYJISIpHI IIapu, sIKi MalTh IEBHY
MEXaHiYHy MIOHICTh Ta 3MIHIOIOTb  EHEpPreTHYHi
XapaKTEepUCTUKH IIUX IOBEPXOHB [1-5].

Sk 3MamyBadbHI  00aBKM ~ BHKOPHCTOBYIOTbH
rogoBHUM umHOM IIAP  amioHOakTMBHI — pi3HI
ankinmapmwicynboHatn  (CyabQoHON, CyIb(QOoHATpiEBa
cite-CHC, KYHP Ta iHmi), HeioHOTeHHI ——
noJjliokcuetTmboBani - ankingenonu (OI1-10, mkonay,
mpeporienn  Toino). Cepen  alKUIOPHICY/Ib(POHATIB
HANMOIIMPEHIlT CylIb()OHOAM pI3HUX BHI. BomHouac
JOCHIDKEHHST [MOKa3ajiM, 1[0 B yMOBaX BHCOKOI
HanpyXeHoCcTi  Cynb(OHOJ  CHpUsE  IiIBHILIECHHIO
HIBUJIKOCTI 3HOCY CTalli, a 3aCTOCYBaHHS CYJb(OHOIY B
MiHepali30BaHUX BOAAX NPU3BOJUTH JIO YTBOPCHHS
IUIacTiBYacTuXx ocamis [21].

Bimomo, mo Oimemicte IIAP wepes mudimsHy
npupoxy OYZOBH MOJICKYJI BUKIMKAIOTh CHIIBHE CIIIHCHHS
MIPOMUBHUX PigUH, IO Pi3KO TMOTIPIITy€e Mpane3qaTHICTh
HACOCIB, TigpaBIiYHUX  3a0iHMX  OBUTYHIB,  aje
HaMBaXITUBIIIIE — MOXKE CHPUYUHUTH aBapiiiHy CUTYyalilo
4yepe3 BTpaTy IIUIBHOCTI OypoBOro po3uuHy. IHIIOK
Cepio3HOI0 TPOOJIEMOIO € CXMJIBHICTh IO BUCOJIIOBAHHS
HU3bKOMOJIGKYJISIDHUX ~ aHioHakTMBHUX [IAP  tuny
IKIICYTb(OHATIB, IKiTapuiICcyTb(OHATIB Ta

BUCOKOMONeKy sIpHuX ITAP Tumy akpuioBux mnomiMepiB
[21].

BumMoraMm couiecTiKOCTI BiAIIOBIAIOTh HEIOHOIEHHI
CIONYKH, TPOT€ BOHU MCHII c(pEKTHBHI 3a HOHOTCHHI
I[MTAP n1ms mokpamieHHs 3MamiyBalbHOI [ii  OypoBHX
po3uuHiB [21].

[pubmm3ao mo 1995 poky, xomm modYamocs
iHTeHCUBHE OYpiHHA TOPWU3OHTAIBHHAX  CBEPIIOBHH
BEJIMKOi TPOTSHKHOCTI Ta OIYHMX CTOBOYPIB, CTaBICHHS
JO 3MallyBalbHHX HO00aBOK 3MIHHJIOCA. Y CKJIaJHEHHS
reoMeTpii cToBOypa Ta OypiHHS CBEpPAJIOBHH Y CKJIQJHUX
TipHUYO-TEOJIOTIYHMX YMOBaxX TIOCWIMIM BHMOTH [0
3MalllyBaJIbHUX J00aBOK, [0 BUKJIMKaIO TNOTpeOy Yy
MPOBECHHI CIEIialbHUX JIOCTIKEHb I PO3POOKH
HOBUX, OUThII €()eKTHBHUX 3MallyBaJbHHUX 100aBOK [1—
2].

[Moyanocs mmpoke BUKOPUCTAHHS HE JIMIIE TOBAPHHUX
MPOAYKTIB (SK IOTIOMIKHUX PEYOBHH), a U CIEIialbHO
pPO3pOOIEHNX pEareHTiB OCHOBHOTO TIPU3HAYEHHS SIK
3MaIlyBaJIbHAX JOOABOK.

HocmimkenHs  0araTb0OX  aBTOPIB  JO3BOJISIOTH
PO3LIMPUTH YSIBICHHS MPO MEXaHi3M 3MallyBaJbHOT Jii
Ha MEXI 3 METaJeBOI0 IOBEPXHEI0, BU3HAYUTH TpyNd
HAWOIIBII MEpPCIEeKTHBHUX 3MAalllyBaJbHUX  CKIAMIB,
nepeBayKHO XxeMocopOuiitHoi aii [14].

Sk 3MamryBanbHI J00aBKH st OYpOBHX PO3YHHIB
JIOCTIKYBAIHCS CyMIllli CHHTETHYHHUX BHUIIUX CITUPTIB 3
pi3HMM BMICTOM aTOMiB BYIJICIIO B MoJjekynax [14].
HaiiBummmu  TpOTHM3HOCHUMHM Ta  3MallyBalbHUMHU
BJIACTUBOCTSIMH BOJIOZI€ CYMIIl CHHPTIB i3 BMICTOM Yy
Monekynax 10—12 aTomiB ByTIIEIO.

OpHak Cliji 3a3HAYUTH, MO 31 30UIBIICHHSIM BMICTY
aTOMIB BYIJICHIO Y MOJICKYJIaX CHHPTY HOTO PO3YMHHICTH
Yy BOJAI TOTIPIIYETHCS, HIUIBHICTH OYpPOBOTO PO3YHHY
3HMKY€eThes Ha 3% (mpu koHueHTpauii TC 10 1%). Kpim
TOro, 3MallyBaJbHUN IIap, CTBOPIOBAHHH CYMIIIIIIO
BUIIMX CHHTETUYHHUX CIIUPTIB, HE BUTPUMYE BHUCOKHX
KOHTaKTHUX HaBaHTaxeHb [22].

[Iupoke 3acTocyBaHHs Ipu OypiHHI Ta 3aBEpIICHHI
CBEPAJIOBHH TIOJITITIKONEB] OypOBi pO3YMHH, IPUCYTHICTH
y SKAX TIONIMITIKONIO 3 Kiacy 0araToaTOMHHUX CIHPTIB
3a0e3nedye TOKpAIIeHHS 3MAallyBalbHUX, IHTIOYIOUHX,

MTOBEPXHEBO-aKTUBHHUX BIIACTUBOCTEH [22-23].
Bukopucranns BHUCOKOMOJIEKYJISIPHOTO
MOJIETHJICHIIIKOMIO  sIK  (UIOKYJISIHTY — HAJIKOJIOITHUX

YaCcTOK J03BOJIMJIO OTPUMATH HeIAHMcHepryroodi Oyposi
PO3YMHU HOBOTO THITY 3 MOKpAIEHUMH 1HT1OYIOYHMH Ta
3MalllyBaJlbHUMHU BJIACTHBOCTSIMH. EdexruBHicTh
3aCTOCYBaHHS MOJTIAJIKIJICHTTIKOTIB 3pocTae 3
MiABUINEHASIM KUTBKOCTI KIHIIEBUX TiAPOKCHIBHHUX TPYI Y
ixHix Monexynax. Posramyxeni ITAP, marounm 3nauHMiA
3amac  CTPYKTYypH,  XapaKkTEepHU3YIOTbCS ~ BHCOKOIO
TEXHOJIOTIYHOI0 €MHICTIO, III0 3YMOBIIOE iXHE YCIIIIHE
BUKOPHCTAHHSA y PI3HUX rany3sax Oypiaas [22].

OcranHiMH pokaMu OyJIO 3ampONOHOBAHO HHU3KY
HOBUX 3MallyBaJIbHUX J00aBOK Ha OCHOBI MPUPOIHOT
cupoBunu [1-5, 22].

Haii6inpil  mepcHeKTHBHUMH Ta  yHIBEPCAILHUMH
3MalllyBaJlbHUMH J00aBKaMH 110 OYpOBHX PO3UUHIB €
XIMIYHI CHOJYKM HAa OCHOBI HACHYCHUX 1 HCHACHYCHHUX
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KapOOHOBMX (KMpHHUX) KucioT abo ix wmwmma [1-5].
EdexTuBHICTH TaKUX 3MalllyBaJIbHUX n06aBOK
00yMOBJIGHa YTBOPEHHSIM Ha METAJEBUX IOBEPXHIX
MIIHUX B S3KOIUIACTHYHUX XEMOCOPOIIMHUX ILIIBOK
OpPraHOMETAJICBUX BOJOHEPO3UMHHUX MW, II0 MaroTh
BHCOKY aJre3ifiHy i1 kore3iiiHy 3matHocTi. Taki TUTiBKH
3a0e3MedyIoTh HaliifHIA 3aXUCT METAJy BiJ 3HOITYBAaHHSI
B yYMOBax TIPaHMUYHOIO TEPTS Ta HU3BKHHA OIIp
TaHTEHIIITHOMY TIepEeMIIIEeHHI0 OJHA BiAHOCHO OMIHOI.
MeHm epeKTUBHUMH € OMHJICHI MpOAYKTH (onear
HATPII0, OKHMCICHUH METPONIaTyM, MIJIOHA(T TOIIO), IO
noB’s3aHo, Ha nTyMky @. boxmyeHa, 3 iXHBOIO XOpPOIIOIO
BOJIOPO3YMHHICTIO, SIKa CIPUSE INBUAKOMY 3MHBAHHIO
TUTIBKY 3 TIOBEPXHI TEPTAL.

[ligBumeHIMH ~ 3MAIlyBaJbHIMH  BJIACTHBOCTSIMH
BOJIOMIFOTE  BOAHI  cepemoBuWmia 3  Jo0OaBKaMH
BHCOKOMOJICKYJISIPHUX KapOOHOBHX KHCJIOT, a TaKOX
JeSIKUX PEYOBHH, AKTUBHAM KOMIIOHEHTOM SIKHX €
BHCOKOMOJIEKYIISIpHI KapOOHOBI KHCIOTH Ta iX TMOXigHI
[4-5]. JlocaimkeHHs MOKa3aJu, o Oararo
3MalllyBaJbHUX 100ABOK 3HMXKYIOTh KOSQII[EHT TepTd Y
BOJTHOMY CEpEIOBHII, AEsKi H00aBKM 3HMXKYIOTh HOTO
(xo4a ¥ MEHIIO MIpO) y TMPICHOMY OEHTOHITOBOMY
OypOBOMY PO34YHHI, i TIJIBKU KHUPHI KUCIOTH, CyJIb(HOBaHI
JKUPHI KHCJIOTH Ta CYMIll TPUDIILEPUAIB 1 CIHHPTIB
3HWXKYIOTh TEPTS SK y IPICHUX, TaK 1 B MiHEpaJli30BaHUX
OypoBux posumHax. OcraHHi [100aBKH, KpiM TOTO,
edexTuBHi i U1 OypOBUX PO3UMHIB HA MOPCHKIH BOJI.

BuxopucTaHHs JKUPHUX KHCIOT SK 3MAallyBaIbHUX
n00aBOK OOMEXeHe depe3 X IeQImUTHICTh 1 BHUCOKY
Baprictb. ToMy sK DKEpeno JKHPHUX  KUCIOT
BUKOPHCTOBYIOTHCS TIPOMHCIIOBI BIIXOJM — CHHTETHUYHI
)upHi kuciotn (cepenni Ta Buml ¢pakmii CXKK) Ta ix
KyOOBlI  3QJIMILIIKK, COANCTOKH, TOCHUIIOJNIOBI  CMOJIH,
TYAPOHH KHPOBOT MPOMHCIIOBOCTI, BiZIXOH
TJIIEPUHOBOTO  BUPOOHMITBA, TallOBE Maclio, IO
OTPUMYETHCA TPU CYIb(PATHOMY CIOCOOI BHPOOHHUIITBA
LIEJII0JI034 TOILO [5].

OckinbKi €(heKTHBHICTD 3MallyBaIbHUX J00aBOK Ha
OCHOBI  KapOOHOBHX  KHCJIOT  MiJBUIIYEThCA  3i
30UIBIICHASAM JOBXWHH BYTJICBOIHEBUX JIAHITIOTIB i
BMICTy aTOMIB BYTJCHIO, SIK OCHOBY 0araTthbOX BiOMHX
3MalllyBaJbHUX PEYOBUH PEKOMEHOBAHO 3aCTOCOBYBATU
CHHTETHUYHI KHMPHI KHCIOTH abo iX KyOOBI 3aJUILIKK
¢paxuii C20-25 [1-5].

OxpiM  3a3Ha4eHUX BHIIE, 3aAMPONOHYBAIHOBAHO
3MallyBajbHI J100aBKH J0 OypOBHX PO3YMHIB Ha OCHOBI
CHHTETUYHUX JKUPHHUX KHCIIOT, OOpOOJEHUX HWKYHUMHU

OJTHOATOMHUMH CHHUPTaMH abo OJIIrOMEPHUMH
MOJIETWICHIJIIKOMIMA  9M  IX CyMillaMH, KyOOBUMH
3aJMIIKaMHd  BHPOOHHMITBAa  OYTHJIOBHX  CIHPTIB,

ToJTiaNKiTeHrTiKoaeM [22].

J1s ToKpareHHsI 3MallyBalbHOI 3aTHOCTI OYpOBOTO
pO3UMHY PpEKOMEHIOBAaHO BHKOPHCTOBYBAaTH KyOOBi
samumkn - (KO), ski € BigxogamMu  BHPOOHHUIITBA
CHHTETHYHUX KUPHHUX KHCJIOT y IPOILECi iX OTpUMaHHSA 3
Ha()TH NUIIXOM OKHCIIEHHS NapadiHOBUX BYTIIEBOHIB.

JlocBil TPOMHCIOBOTO 3aCTOCYBaHHS B  SKOCTI
3MallyBajJbHOI J00aBKH 10 OypOBUX PO3UMHIB CHPHUX
TAJIOBUX Macelsl IOKa3aB, IO BOHH XapaKTepH3YIThCS

HU3BKMMH  3MallyBaJlbHUMH  BJIACTHBOCTSIMH  4epe3
MOTaHy €MyJbrOBaHICTh y BOJHHMX CEpEeNOBUINAX Ta
HU3bKY TEXHOJIOTIYHICTh, 3yMOBIJIEHY 3aryCTiHHSM IIpH
temrepatypi -5-10°C [2].

Po6oTu nmokaszanu, mo i OTPUMaHHS 3MallyBajIbHOI
J00aBKM KOMIUIEKCHOI IPOTH3HOCHOI Ta cTabuIi3yrouoi
nIii MO)KHa BHKOPHCTOBYBAaTH TOJOBHY (PAaKIifo Bif
peKTH]IKAI] TAIOBOTO Maciia — JIETKE TaJlOBE MacIIO.

[NopiBHsUTEHI BUNIPOOYBaHHS 3MallyBaJIbHAX PEUOBHH
[23] moxkazanmm, 1O TpPH 3HAYHUX HABAHTAKEHHSIX
e(hEeKTUBHICTD 3aCTOCYBaHHS IMIIOPTHHUX 3MallyBaJIbHUX
3aco0iB (Bit Lube - CILIA, Madoil - fInonist Ta iH.) y nBa-
TPH pa3u HIKYA, HiXK KYOOBUX 3aJUIIKIB JKUPHUX KHCIOT

[55].
IMpn OypinHi HadTOBMX 1 Tra30BUX CBEPAJIOBUH B
VYropuni, komummHi  YexocmoauumHi, [lombmi,

Bonrapii Ta Himewumni B skocti oOcHOBH  abo
KOMIIOHEHTIB 3MallyBalbHHX JT00aBOK BHKOPHCTOBYIOTh
TaJoBe MAaclio, OJe{H, KacCTOpPOBE MAacjo; BHII XHPHI Ta
CMOJISTHI KHCIOTH abo iX Mmna; cynb(aToBaHi pOCIUHHI
’KHpPH; eMyJIbIOBaHI POCIHMHHI )KUPH Ta IIILEPUAN BUIIUX
KHUPHUX KHCJIOT i ix XJIOpHI MTOX1IHI;
ankinoensoscynbdonaru [13, 23].

Hes3Bakaroun Ha 31aBaHe PI3HOMAHITTS Ta BEJHKY
KUTBKICTh 3MalllyBaJbHHUX 3aC00iB, SIKi IMPOMOHYIOTHCS IO
BUKOPDHCTaHHS  BITYM3HSHMMH  Ta  3apyObKHUMHU
BUPOOHMKAMH, BOHW HE3HAYHO BIJPI3HSIOTHCS 32 CBOIMHU
SKCIUTyaTalifHUMH XapaKTePUCTHKAMU 1 € CXOXHUMH 32
CBOEIO TIPUPOIOIO.

Y 3B'S3Ky 3 1WM, MNpakTHYHEe OYpiHHA Bce IIIe
moTpedye 3MallyBalbHUX J00AaBOK OibII BHCOKOTO
PiBHS, SIKI 3[aTHI BUKOHYBaTH CBOI ()YHKIIII B IIHPOKOMY
Jiama3oHi TeMIIEpaTyp, COJCBHX Ta IHIIMX arpEeCHBHHUX
(dakropis. Pazom 3 THM, 3MairyBagbHa J00aBKa,
nepeOyBalO4M B CHCTEMi OYpOBOTO PO3YKHY, HE TIOBUHHA
OyTH iHIU(EPEeHTHOIO0, a MOBUHHA CIIPUATH TOJIMIIESHHIO
3arajJbHUX TEXHOJIOTIYHMX Ta CHELiaIbHUX IOKAa3HUKIB
OypoBOTO PO34YMHY, TOOTO OYTH MOTI(PYHKIIIOHATHHOIO 32
CBOIM XapaKTepoM.

Taxum YHHOM, npoOiema CTBOpPEHHS
BHCOKOS(EKTHBHOI ~ 3MallyBalbHOI J00aBKH HOBOTO
MOKOJIHHA, IO TPYHTYEThCS HE Ha TPAAHULIHHOMY

MiAXOli, € Ha CHOTOMHI OJHIEIO 3 aKTyallbHUX Y CyYacHIH
MPAKTHUII OYpPiHHS.

Mera poOoTH: po3poOKa HOBOI  €KOJIOTIYHO
6e3neyHoi 3MallyBaJbHOI 100AaBOK 1O MPOMHBAIBHUX
piavH 3 MOKPAICHUMH TPUOOJIOTIYUHUMH

XapaKTepuCTUKaMH, sika 0 3abe3neuyBasa Oe3aBapiliHy
MIPOBOJIKY CTOBOYpY HadTora3zoBoi CBEp/JIOBHHH, y T.4U. i
MiJ 9Yac PO3KPHUTTSA IMOPiA, IO BKIOYAIOTH IHUTHI i
MOTEHI[IHO MATHI TOPH30HTH ITiJ3EMHHUX BOJ.

Martepianu Ta MeTOAN J0CiTKEHHS

Jns mpoBemeHHS 1a0OpPaTOpPHUX JOCHIIKEHb 3
BU3HAUCHHS  3MalllyBaJlbHUX  BJIACTUBOCTEH  OyJo
MPUTOTOBAHO JIBa THITH MOJIeJeil TPOMHUBAILHUX PIJUH 3
HACTYIHHMMH CKJIAZIOM 1 XapakTepucTikamu (tadur. 1):
- mogeab Nel — cxman: 10% wmac. Genronity, 5% Mac.
KCl, 2% wmac. CaSO,, 5% wmac. nirHocymnbdonary, 0,7%
mac. KMII, 25% mac. BaSQ,, Bona — pemira.
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- moxeab Ne2 — cknan: 18% wmac. Oentonity, 5% NaCl,
10% wmac. nirHocynbdonaty, 0,5% mac. KMII, 30% wmac.
BaSO,, Bona — pemira.

Ta6murs 1
IMoka3HuKH Mojeliell NPOMUBAJIBHUX PiIuH
Ioxa3Huku Mopeas 1 | Moaean 2
MPOMUBATbHOT O0ypoBoro O0ypoBoro
pinuHu PO3YHHY PO3YHHY
muToMa Bara (), /e’ 1,34 1,36
B’sI3KiCTh YMOBHA (T), C 11 20
CTaTWYHE HANPYKCHHS 3/10 35/49
3cyBy (CH3), alla
dimpTpamis (D), 7 6
cM’/30xB
TOBINKHA KipKH (0), MM 3 2
KOeIIiEHT TepTs >0,5 0,46
kipku (KTK)
KoedirienT aaresii 72 61
ipxit (Kyp)
KOeiIlieHT KOB3aHHS >0,3 >0,3
Ha MTII (Kyn)

TaJ1oBa

BJIACTUBOCTI

MIPOTHITIHHY
HU3BKOTEMITEpaTypHi XapaKTepucTuKH [59].

Bynu npuabani Matepianu: CyMilll BUIUIEHUX KUCIOT

oJTis,

BU3HAYCHHS
Y mporieci

1o

XapaKTEePUCTHUK,
BIIACTHBOCTEHN MPUAOaHNX

MaTepiaiB.

3MallyBalbHIl
TEPMOCTIHKOCTI Ta COJIECTIHKOCTI MAarOTh KOMITO3MIII Ha
OCHOBI AJKUIaMIHHUX COJIeH CyMIIll BHIUICHHX >KUPHHUX
KHCJIOT POCIMHHUX OJii 1 TanoBoi omii 3 Jo0aBKaMu

pinakoBoi oJIii, riZpoBaHe KacTOpOBE Macjo, OCipKOBaHa
TiIpOKCHCTEapHHOBA

KHUCJI0Ta,

TIOJTIETHIICHTIIIKOJIb Pi3HOT MOJIEKYJISIPHOI MacH, €HITOCaH-
K, rigpodysu pi3HUX 0MiHHOEKCTPaKIiiHUX ITiJIIPHEMCTB
VYkpalau Ta iHII XiMpeareHTH IS CKJIAIaHHS PEUenTyp
3MamryBaJbHHUX 100aBOK. BukoHaHi mabopaTopHi poOOTH
(hi3UKO-XIMITHIX

71a00paTOPHUX  JOCHIDKEHb HASBHOL
CHPOBMHH 1 MarepiasliB OyJ0 BU3HAYE€HO, IO HaMKparii

3IaTHOCTI,

XIMIYHAX peareHTiB, IO MOJIMIIYIOTh eMyJIbralliio,

mifo,

MPOTHICTIPECAHTHI

[Ticnst momepenHpoi ampobamii OyJ0 BHAIICHO TpH

KOMIIO3MLIi, SKi YMOBHO mo3Haumnn — «byporn — 1»,
«bypon — 2», «bypor — 3».

npoMuBaneHOi piguau — 0,5; 1,0; 1,5 [59]. Temnepatypa
Burpo6ysans — 20 °C + 2 °C 190 °C + 5 °C [59].

Jlis BU3HAueHHs MapaMeTpiB MPOMHBAIBHOI PiIUHH
BUKOPHCTOBYBAJIOCS HACTYITHE J1abopaTopHe 00JagHaHHS
[59]:

- IMTOMa Bara — Baru BaxinbHi BPII-1;

- B’AI3KICTh yMOBHA — Bicko3uMeTp nonpoBuii CIIB-5;
- cTaTH4YHE HampykeHHs 3cyBy — CHC-2;

- pimpTparis — BM-6;

- KTK — KTK-2M;
- Ky — HIKII-1M;
- Kyt — MatmHa tepTst moboa MTIIL
MeTtoauku BUKOHAHHS BUMIPIOBaHb, K1

3aCTOCOBYBAIMCS IIiJ] Yac JaOOpaTOPHUX JOCIiIKEHb,
BukianeHi B PJ1 41-5804046-91.

Pe3ynbTaTi 1ociainxKenb
BukoHaHi JOCTIKEHHS 3 pPO3pPOOKH e(EeKTUBHUX
pementyp 3MamlyBaJbHHX H00AaBOK Ta JIabOpaTopHi

IOCHIDKEHHS 3 OIIHKM 1X TEXHOJOTIYHMX BIIACTUBOCTEM

Ha TUIIOBUX MOJEINAX NPOMHBAIBHUX PIAHMH 3 BUCOKHUMH

(PUKLIHHAMH BIACTHBOCTSIMH.

IIpn cknagaHHi JOCHIAHUX PELENTYp 3MallyBaJbHUX

JI00aBOK KEPYBAIIUCS TAKUMHU KPUTEPISIMH:

- TP BUTOTOBJICHHI 3MallyBaJIbHUX H00AaBOK HE TOBHHHI
yTBOpIOBaTuCsl  crnoinykn  Oumbme IV kiacy
HeOe3MeyHoCTI 3 HEBU3HAUYCHWMH TOKCHKOJIOTTYHUMHU
TTOKa3HUKaMH;

- peenTypy MOBHHHI OyTH CyMICHUMH 3 THMH THIIaMH
MPOMUBAIFHUX PiOUH, SKi HA CHOTOAHI HaiOiibIIe
TIOIIUPEHi npu CIIOPYIKEHHI Ha(TOTa30BUX
CBEP/UTOBHH B YKpaiHi;

-IiI dYac 3acTOCyBaHHS B Oynb-fKy HOpy pPOKY
3MalllyBajbHI [O0ABKM HE TIOBHHHI BTpayaTH CBOI
BJIACTHBOCTI, a B 3WMOBH Iepioll MaroTh 30epiratu
PIAMHHMN CTaH [0 TEeMIepaTypyd HaBKOJIUIIHBOTO
cepeoBuINa He MeHIe — (Minyc) 10 oC;

- HE BUKJIMKATH KOPO3ii OypMIBHOTO IHCTPYMEHTY;

- 3a0e3reuyBaTd  HalifiHy 3MallyBaIbHY [ii0
BUGiitHEX TemmepaTypax g0 100 °C;

- He YTBOPIOBATH B IHMPKYJAMiHIA cucTeMi OypoBoi
YCTaHOBKHM 1 CHCTEMi HAKONMYEHHS BiIXOMdiB OypiHHS
HEPO3YNHHUX MTOBEPXHEBUX ILTIBOK.

pu

BumnpobyBanbHi KOHIIEHTpaIii 3MalTyBaTbHUX
N00aBOK CTaHOBWIH % 00. 10 00’eéMy MOJEIBHOT
Tabnus 2
Pe3y/1bTaTH J1260PATOPHUX BUNIPOGYBAHB 3MAIYBAIBLHOI KoMIo3uwii «Bypoa-2» (t Bunpodysans — 20 'C)
Ne moaesi npoMuBaJIBLHOI PiAMHU
HajimenyBaHHs Onun. Bumipy Nel Ne 2
napameTpy KOHIIL 100. «BbypoJ-2», % 00. KOHIL 100. «Bypoa-2», % 00.
0,5 1,0 1,5 0,5 1,0 1,5
Y r/em’ 1,34 1,32 1,32 1,36 1,35 1,35
T CEK. 11 10 9 17 16 16
CH3 nlla 4/14 5/13 6/11 33/49 29/43 27/38
@ o’/ 8 8 8 5 5 5
30xB
0 MM 3,0 2,5 2,5 2,0 2,0 2,0
KTK - 0,25 0,19 0,14 0,32 0,20 0,13
Kip — 14 16 7 22 13 9
Ky - 0,12 0,10 0,10 0,15 0,11 0,10
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Tabnums 3

Pe3yIbTaTH J1aGOPaTOPHUX BUNIPOGYBAHb 3MAINYBAIBLHOI KoMIo3uwii «Bypoa-2» (t BunpoGysann — 90 'C)

Ne Mopieni mpoMUBaIbHOT piAMHH
HaiimenyBanHs Onun. Ne 1 Ne 2
napamerpy BUMIpY koHilL. J{06. «Bypon-2», % 006. KoHII. 100. «Bypois-2», % 00.
0,5 1,0 1,5 0,5 1,0 1,5

Y r/em’ 1,32 1,31 1,31 1,34 1,33 1,33
T CEK. 11 11 11 24 20 18
CH3 alla 11/18 13/21 12/19 31/52 33/46 24/32
) cm’/30xB 10 10 10 8 8 8
) MM 3,0 3,0 3,0 2,5 2,5 2,5
KTK - 0,28 0,20 0,15 0,36 0,22 0,19
Kip — 19 17 9 26 16 11
Ky - 0,14 0,12 0,12 0,17 0,14 0,12

Y pesymbTaTi BHKOHAaHHMX JOCHi/UKEHb  OYyIo Temnepatypa Mano BIUIMBAaE Ha pe3yabTaTH 0OpoOKH
BCTAHOBJIGHO, W0  KOMIO3MIis  1mix  ymoBHMM B imTepsani 20 =90 °C.Takox Oymn  mpoBemeHi
nozHaueHHssM  «bypon-2»  BusBmiacs ~— HaWOUIBII — TOPIBHSUIBHI BHIPOOYBaHHS pPO3pOOJIEHOI KOMMO3MINT

e(EKTUBHOIO 3 TOYKH 30py ii BIUIMBY Ha ITOJIIILIEHHS
3MallyBaJbHUX BJIACTHBOCTEH NPOMHUBAIBHOI piANHH.
Hwmwxkue B Tabmumsx 2 Ta 3 HaBemeHI pe3yibTaTH
7Ta00paTOPHUX BUIPOOYBaHb 3MAIlyBaJTbHOI KOMITO3MIIT
«Bypor-2».

I3 pe3ynbTariB, HaBEeACHUX B TAONMUILIX 2 Ta 3 Ciimye,
oo 3MainfyBalbHa JoOaBka «bypom-2» B Mexax
JMOCTIKCHUX KOHIICHTpamii e()eKTHBHO BIUIMBAE Ha
TPUOOJIOTIUHI XapaKTEPUCTUKH IMPOMHUBAIBHOI PIAMHU.
Bxe npu nmomaBanHi 0,5% 00. 3HAYHO 3HIKYIOTHCS
koedimient Tepts KTK 1 Ky, @ aaresiiini BIacTUBOCTI
JOCATal0Th periaMeHToBaHuX 3HadeHb (K, < 30).

OnTuMaIbHOO J100aBKOIO JI0 MOJIETIbHAX
MIPOMHBAIFHUX PIIUH I[LOTO THITy MOXKHA BBakatd — 1,0
% 006. Ilpm 1mpoMy NOKa3HUKH, L0 XapaKTEepU3YyIOTh
3MamlyBajJdbHI  BIIACTHBOCTI IPOMHBAJIBbHOI  PiIWHM,
BI/IMOBIIAIOTh HOPMAJXBHUM  Oe€3aBapiifHIM  yMoBaMm
TIPOMUBKHU CBEPJIOBHH.

Tabnwus 4
PesynbTaTn gociigxeHb 3MallyBaJbHAX 100aBOK 10
NPOMHBAJIBLHUX PifuH (t Bunpo6ysans — 90 "C)

Ne Tun 3mayBanbHOT HaiimenyBaHHs napameTpy

3/m JI00aBKH KTK Kup Kyt

1. Mopenb NpOMHB. piTUHA >0,5 72 >0,3
Ne 1

2. Mogens npoOMHUB. PiTHHA 0,46 61 >0,3
Ne2

3 Ne; + 7,0 % 006. HadTa 0,29 32 0,16

4. Ne, +7,0 % 00. Hadhra 0,28 26 0,14

5. Ney +5,0 % 06. xodoc 0,34 35 0,23

6 Ne, +5,0 % 06. kodoc 0,37 41 0,22

7 Ney +2,0 % 06. 0,27 24 0,20
Ja0OPUKOIT

8. Ne, +2,0 % 06. 0,23 26 0,24
1a0pUKoI

9. Ney + 2,0 % 00. caBeHON 0,26 22 0,17

10. | Ne, +2,0 % 00. caBeHon 0,23 25 0,16

11. | Ne; + 1,0 % 06. «byposn- 0,20 17 0,12
2»

12. | Ney +1,0 % 06. «bypon- 0,22 16 0,14
2»

«Bypoi-2» 3 IHINIMMH 3MAallyBaJIbHUMH JOOaBKaMH.
Pe3ynbpraTi TOpPIBHSUIBHHX BHIPOOYBaHb HaBEICHI B
Tabmui 4.

PesynbraTi OCHIKeHb, BUKJIAJAEHHX B Tabm. 4,
CBigUaTh, IO 3MAallyBaJbHI BIACTUBOCTI MOJEIBHUX
MPOMHUBHHUX pPIAMH MAarOTh Kpalli MOKa3HWKH Tph iX
06po6ui 1,0 % 06. po3pobieHoro komno3suiiieto «bypoi-
2» TOPIBHSHO 3 IHIIMMH 3MAIlyBaJIbHUMH T00aBKaMH,
0 BUKOPUCTOBYIOTHCA  BITYM3HSHUMH  OYypOBUMH
MiANPHEMCTBAMH.

Po3pobiieHa KOMIO3UIIISL CKIAAAETHCS 3 €KOJIOTTYHO
0e3MeYHNX KOMIIOHCHTIB Ha OCHOBI aJIKITAMIHHUX COJICH
CyMillli BUIUIEHUX >KUPHHUX KHCJIOT POCIMHHUX OJIH 1
TanoBoi Oxii 3 qo0aBKaMHM XIMIYHHX pPEarcHTIiB, IO
HOJIIIIYIOTh eMyJIbrattito, MIPOTUIIHHY niro,
MPOTHICTIPECAHTHI HU3BKOTEMITEpaTypHi
XapaKTEePUCTHKU.

3a arperaTHUM CTaHOM 3MallyBaJbHa Jno0aBKa
XapaKTepU3y€eThCsl SIK PiZIMHA CBITIO-0€KEBOTO KOJILOPY
i3 crabKuM  apoMaTHYHMM  3alaxoM, TyCTHHA —
1030 kr/m, pH — 9-10, pPO3YMHHICTD — JIETKO YTBOPIOE
CYCHEH3il0 3 BOJIOIO, HE JIeTKa - MapiB B IOBITpI He
yTBOptoe. IloBiTps poOodYoi 30HU TPU BUKOPUCTAHHI
3MallyBaJlbHOI 100aBKH He 3a0pymHoeThess. OOpoOka
MPOMHUBAIILHOI PIAUHA TPOBOJUTHCS IMPOTATOM IUKITY,
Oe3mocepesiHiM  BBEJICHHSIM B TPOMHBAIBHY PIiIHHY.
3rigHoO 3 pO3paxyHKOM iHIEKCY HeOe3MmeKH po3podiieHa
3MallyBajbHa Jg00aBKa BIigHOCHUTBECA g0 IV kimacy
HebOe3nekn (peIoBUHE MaI00e3IeyHi).

BucnoBku

1. BusHayeno, 1m0 HaWKkpaili BJIACTHBOCTI  IIO
3MallyBajIbHIN 3IaTHOCTI, TEPMOCTIHKOCTI Ta
COJIECTIMKOCTI ~ MalThb  KOMIIO3MIII  Ha  OCHOBI

ANKIJIAaMIHHHAX COJIEW CyMIllli BUALIEHUX KUPHUX KUCIIOT
POCIMHHUX ONiH i TajgoBOI OMil 3 JoOaBKaMHU XiMIYHHX
peareHTiB, IO MOJIMIIYIOTh E€MYJIbIalilo, MPOTUIIHHY

Iito, MPOTHUIETIPECAaHTHI HU3BKOTEMITEpaTypHi
XapaKTEPUCTUKH.
2.Y  pesynbrari  71a0OpaTOPHHX  JOCIIKCHB

BCTaHOBJCHO, MmO Kommo3ulis «bypon-2» HaWOuIeII
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e(eKTUBHO BIUIMBAE€ Ha TPHUOOJOTIYHI XapaKTEPUCTHKU
npoMuBaibHOT pinmuHu. Boxke mpu pmonmaanHui 0,5% 00.
3HAYHO 3HIKYIOThCA koedimientn tepts KTK i Ky, a
anresiifHi BJIACTHBOCTI [OCSTAalOTh PETJIaAMEHTOBAHUX
sHauenb (K, < 30). OnrumansHOIO [J00aBKOI JI0
MOJENBHHUX NPOMHUBAJIBHUX PiIMH IBOTO THIy MOXHA
BBaxkatu — 1,0 % 00.

3. INopiBHsIBHI BUTIPOOYBaHHSA po3pobienoi
komno3umii «bypon-2» 3 IHIIMMH 3MallyBaJTbHUMHI
no0aBKaMHM CBiguaTh, IO 3MallyBaJibHi BJIACTHBOCTI
MOZENBHHUX NMPOMHUBHUX PIIMH MAalOTh Kpalli MOKa3HUKH
npu ix o6pobui 1,0 % 06. po3po0ieHOI0 KOMIO3HUIIIEI0
«Bypon-2» TOpiBHAHO 3 IHIIMMH 3MallyBaJbHUMH
Jn00aBKaMH, 1[I0 BHKOPHUCTOBYIOTBCS — BITYM3HSHUMHU
OYpOBUMH ITiIIPHEMCTBAMI.
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YIK 666.1

0. B. CABBOBA, 0. B. BABI4, C. C. ®IPCOB, M. M. TOKA, T. /. TAHAHOTOBA

BUCOKOMIIHI CKJIOBOJIOKHA CIIEINNAJIBHOT' O ITPU3HAYEHHA

B crarTi npoaHadi30oBaHO Cy4acHHMil CTaH pO3POOOK CKJIOBOJIOKHA CHELIAIbHOTO NPH3HAYEHHS Ta OOJacTi 3acTOCYBaHHSA. AKTYalIbHICTh
BUKOPHCTAHHS CKJIOBOJIOKHA I OYAIBHUIITBA, aBTOMOOLICOYyBaHHS, acpOKOCMIUHOI Ta aBTOMOOINBEHOI IPOMUCIIOBOCTI, BITPOBOI €HEPreTHKH,
MEHULMHU 110B’53aHa 3 KOMIUICKCOM YHIKaJIbHHX CKCIUIyaTallifHUX BIACTUBOCTEH, JICTKOCTI Ta eKoJoridHocTi. BusHadeHo, 1o Ha ChOrOJHILIHIN
JIeHb /ISl KOMIIO3UTIB CHELiaJbHOrO MPU3HAYCHHS Ha OCHOBI CKJIIOBOJIOKHA iCHY€ Mpo0ieMa 3aleXHOCTi BiJl MOCTa4aHHs BapTiCHOTO CKJIOBOJIOKHA
3apyOiKHHX BUpOOHHKIB. Ha oCHOBI aHami3y cy4acHHX TEHJEHIII HA CBITOBOMY PHHKY BCTaHOBJICHA aKTyaJbHICTb Ta HCOOXINHICTH OJEpIKaHHS Ta
BHKOPUCTAHHSA BITYM3HSAHHX BUCOKOMIIHMX, JICTKHX, 31 3HIDKCHOK BapTICTIO CKJIOBOJOKOH Ta KOMIIO3MTIB HAa IX OCHOBI I aepOKOCMI4HOT,
pakeTHOi, aBTOMOOIIBHOI MPOMHUCIOBOCTI, BITPOBOI €HEPreTHKHW Ta MeaulMHH. [IpoaHasni3oBaHO pi3HI BHIM NMEPCIEKTHMBHUX  BUCOKOMILHHX
CKJIOBOJIOKOH Ta HOPIBHSAHO X TEXHIYHI XapaKTepHUCTHKH. BU3HaueHi OCHOBHI KpUTEpii Il CTBOPEHHS HOBUX BHCOKOMIITHUX HaHOCTPYKTYPOBAHHX
BITYM3HAHHUX CKJIOBOJIOKOH JUIS CKJIOIUIACTHKIB IIPU OOJIMIIIOBAHHI KOPITYCiB PAaKETHHX JIBUTYHIB Ta 00IPYHTOBaHO BUOIp CKiIay CKJIa JUIS OJIepPKAHHS
BHCOKOMIIIHOTO CKJIOBOJIOKHA. BOCCTaHOBIIEHO, L0 MPOEKTYBaHHS CKIaAiB 3 ypaxyBaHHSAM CTPYKTYpHHX IIOKa3HUKIB (CTPYKTypHa Mil[HICTh
cknomarepianiB (fsj), xoopauHaniiiamii cran amowminito (Wa) Ta Gopy (¥,), koediumient mposopocti (Kgp), xoedinienT kpucramigaocTi (Kyp),
cunikaTHui Moxynb (M), Momyib kucnoTHocTi (M), Moayib B’s3kocTi (My)) 103BOJIMTE TEOPETHYHO OOIPYHTYBAaTH BHOIpP CKJIaJiB CKJIOBOJIOKOH
CXHJIBHHUX 10 HAHOCTPYKTYPyBaHHsS B 00J1aCTi TeMIEpaTypH PO3M SIKIICHHS, 0 CIPUSITHME ITOCHICHHIO iX MEXaHIYHHUX Ta TCPMiYHHX BIACTHBOCTCH
nusixoM (OpMyBaHHS CaMOOPTaHi30BaHOI CTPYKTYypH 3 HAsBHICTIO HAHOKJIACTEPiB, IO € TOMOI€HHUMH 3apOJKaMH KpHCTAIYHMX (a3, sKi
3MILHIOIOTE CTPYKTYPY CKJIOBOJIOKHA. BIpOBa/UKCHHS BITUM3HSHUX CKJIOBOJIOKOH 3 BUCOKMMHM EKCIUTyaTalliiHUMH XapaKTePUCTUKAMHU JIO3BOIHThH
3HU3UTH IMIOPTO3JICKHICTh B JaHIM rajay3i Ta COPUSTH ITiIBUILCHHIO KOHKYPEHTO3JaTHOCTI Ha CBITOBOMY PHHKY.
Ki11040Bi c/10Ba: CKIIOBOIIOKHO; aHOCTPYKTYPYBaHHS; CTPYKTYPHI IOKa3HHUKH; IPOSKTYBAHHS; aBialliliHa Ta pakeTHA IIPOMHCIIOBOCTI

0. V. SAVVOVA,O. V. BABICH, S. S. FIRSOV, M. M. HOZHA, T. D. PANAYOTOVA

HIGH-STRENGTH SPECIAL-PURPOSE FIBERGLASS

The article analyzes the current state of development of special-purpose fiberglass and its application areas. The relevance of using fiberglass for
construction, automotive, aerospace and automotive industries, wind energy, and medicine is associated with a complex of unique operational
properties, lightness, and environmental friendliness. It is determined that today, for special-purpose composites based on fiberglass, there is a
problem of dependence on the supply of high-value fiberglass from foreign manufacturers. Based on the analysis of current trends in the world
market, the relevance and necessity of obtaining and using domestic high-strength, lightweight, low-cost fiberglass and composites based on them for
the aerospace, rocket, and automotive industries, wind energy, and medicine are established. Various types of promising high-strength fiberglass are
analyzed and their technical characteristics are compared. The main criteria for creating new high-strength nanostructured domestic glass fibers for
fiberglass when facing rocket engine housings are determined and the choice of glass composition for obtaining high-strength glass fiber is justified.
It is established that the design of compositions taking into account structural indicators (structural strength of glass materials (fs;), coordination state
of aluminum (¥,) and boron (W), transparency coefficient (Ky), crystallinity coefficient (K.,), silicate Module (Ms), acidity modulus (Ma), viscosity
modulus (Mv)) will allow theoretically justifying the choice of compositions of glass fibers prone to nanostructuring in the softening temperature
region, which will contribute to the enhancement of their mechanical and thermal properties by forming a self-organized structure with the presence
of nanoclusters, which are homogeneous nuclei of crystalline phases that strengthen the structure of glass fiber. The introduction of domestic
fiberglass with high performance characteristics will reduce import dependence in this industry and help increase competitiveness in the global
market.
Keywords: fiberglass; anostructuring; structural parameters; design; aviation and rocket industry

Beryn. 3pocratounii MOMUT HA CKJIOBOJIOKHO JUISt

Oy/iBHMLITBA, ABTOMOOLICOY/TyBaHHs, AaCpPOKOCMIYHOI Ta
ABTOMOOUTGHOI ~ IIPOMHCIIOBOCTI, ~ BITPOBOI ~ €HEPIETHKH,
MEIMIMHA  TIOB’SI3aHHl 3  KOMIUIGKCOM  YHIKaIbHHX

eKCIUTyaTalliifHIX BIACTUBOCTEH, JIETKOCTI Ta eKOJIOTIYHOCTI.
Jenami Ounplne yBarm NPHAULIETECS OyIIBHHUITBY Ta
PO3BUTKY 1H(PACTPYKTypd B YCHOMY CBITi: IHTCHCHBHE
OyImIBHHMIITBO  aBTOMAricTpajied, MJopir 1  PO3BHUTOK
MPOMHUCIIOBOTO Ta KHUTJIOBOTO OY/IIBHHIITBA, IO OE3MEePEUHO
TIJIBULIYE MOMUT HA BUKOPHCTAHHS CKJIOBOJIOKHA. A TaKOX
HEOOXI/IHICTh Y BIJIHOBITIOBaHUX JKEpENax eHepril, TAKKX SIK
CHEPrisl BITPY, PO3UIUPIOE MOXJIMBOCTI  BCTAHOBJICHHS
BITPOBHX TypOiH BHKOPHCTOBYIOUH MOJi(pYHKIIIOHATBHICTD
CKJIOBOJIOKHA [1]. EdexruBnicTh 3aCTOCYBaHHs
CKJIOBOJIOKHA B aBialliiiHii TeXHill, aBTOMOOLILHIM
MPOMUCIIOBOCT] TOB’SI3aHA 3 MOJKJIMBICTIO ITiJBHIICHHS

MOOLTBHOCTI TPaHCIOPTHOTO 3aco0y TpH  #Horo
3acTocyBaHHi. B aepokocmiuHili  TPOMHCIOBOCTI,
KOMIIO3UTH HAa OCHOBI CKJIOBOJIOKHA  3HaXOIATh

3aCTOCYBaHHS B DPAaKETax-HOCISAX, COHSYHUX Oarapesx,
pakerax-HOCISIX, NAaCaXUPCBKUX JiTakax, OOHOBUX
JiTakax ToIlO. APMOBaHI CKJIOBOJOKHOM KOMIIO3UTH

MaroTh 0araro mepeBar, a caMme JIETKiCTb, BUCOKY XIMIUHY
Ta BOJIOTOCTIMKICTh, TOTJMHAHHSA BIOpaIlii, MPOCTOTY
BUTOTOBIICHHS, Ta HU3bKY BapTiCTh BUPOOHUITBA [2].

Bucoka 6ionoriyaa CyMiCHICTh Ta HETOKCHYHICTH
JIO3BOJISIE  BHUKOPHCTOBYBATH  CKJIOBOJIOKHO  IIpH
BUPOOHHUIITBI PI3HUX CTOMATOJOTIYHUX BHPOOIB, TaKUX
K 3yOHI MPOTe3u, EHIO0JOHTHYHI IITH(TOBI CHCTEMHU Ta
OpPTOJOHTHYHI (hikcaTopu 31 3acrocyBaHHA
CKJIOBOJIOKOH ~ JJISl  CTBOPEHHS ~ MIKPOBOJIOKHHCTHX
NOB’SI30K JIUIsl JIIKYBaHHS XPOHIYHUX paH B YyMOBax
00iOBMX [iif J03BOJMTH 30€pErTH >KUTTS, CKOPOTHTH
mepiox  peabimiTamii Ta TPUIIBHIIIATH  OJyXKAHHS
BifICBKOBOTO Ta I[UBIJIHLHOT'O HACEIEeHHS [4].

3HayHa YyacTKa BUPOOHMIITBA KOMIIO3UTIB Ha OCHOBI
BHCOKOMIITHUX BOJIOKOH CIIpIMOBaHa HA CTBOPCHHS
MaTepiamiB A JIOKaTbHOTO Ta IHAWBITYaIbHOTO
OpOHIOBaHHS  TEXHIKM OONagHAHHA Ta  3aXHUCTY
ocoboBoro ckmany [5, 6].

3Bakaro4M Ha 3HAYHY 3aTpeOyBaHICTh MaTepialiB 3i
CKJIOBOJIOKHA 3POCTAIOTh iHBECTHUIIi] B HAYKOBO-IOCIiTHY
JISUTBHICTh  Ta BUPOOHHMLTBO B JIAHOMY HampsMKY, IO
NPUCKOPIOE  3POCTaHHS pUHKY CKJIOBONOKHA. Tak,
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pO3MIp CBITOBOrO pHHKY CKJIOBOJIOKHAa ckiaB 30,90
Mimesipaie  momapie CHIA B 2025 pomi Ta, 3a
MPOTHO3aMH, CsrHe Omm3pko 54,27 MINbsApIiB IoNapiB
CIA y 2034 poui, mo cranoButb CAGR 6,46 % 3 2025
o 2034 poxwu [7].

3a BumoMm ckioBojiokHa y 2024 porii cermeHT E-
ckia (eNeKTPOTEXHIYHE CKIIOBOJIOKHO), CKJIAB MOHA[
66 % uacTKM 0XoAy. 3pOCTaHHSA CErMEHTY pPUHKY E-
CKJIa TIOSICHIOETHCSL HOrO €KOHOMIYHOIO €(pEeKTUBHICTIO Ta

IIAPOKUM BUKOPHCTaHHSIM JUIs 3araJbHOTO
3aCTOCYBaHHS  3aBJSKH BHCOKOMY  €JIEKTPOOIIOpY,
€KOHOMIYHOCTi,  BHCOKIi  MIIHOCTI Ha  pO3pHB,

KOPCTKOCTI, XiMiuHI# cTiiikocTi. OYiKyeThCs, MO Taki
cermenTH, ik ECR- ckio, H-ckito Ta S-cki10, MpUCKOPSITH
PICT PHHKY TIPOTATOM IIPOTHO30BaHOTO Tepioxy [7].
30iIbIICHHST CETMEHTY PHHKY TaKHX CKJIOBOJIOKOH
MOSICHIOEThCS TIOEAHAHHSIM BJIACTHBOCTEH, TakWX K,
CTIHKICTh 10 KOPO3ii, TEPMO- Ta BOJIOTOCTIHKICTh, BUCOKI
I30NISIIIMHI  XapaKTepUCTHKH, a TaKoX IIUPOKUM
BIOPOBAUKECHHAM Yy PI3HUX Trany3sX [POMHUCIOBOCTI,
TakKuX K  aepoKOCMiYHa,  aBTOMOOITbHA  Ta
npuinano0yaiBHa ramysi (puc.1) [8].

CyuacHi TeHJEHIIN Ha PHHKY aepOKOCMIYHOTO
CKJIOBOJIOKHA BKJTIOYAIOTh:

I.  po3poOKy BHCOKOTEXHOJOTIYHHUX  CKJIaJIiB
CKJIOBOJIOKOH 3 BHCOKMMH MIITHOCHUMH BJIACTHBOCTSIMU
31 3HIDKEHOIO BapTICTIO Ta yIOCKOHAICHHS KOMITO3MTIB 31
CKJIOBOJIOKHA 3 OJHOYACHO BHMCOKOIO MIIHICTIO Ta
HU3bKOIO IIIJIBHICTIO T BUCOKHM PIBHEM €KOJIOTTYHOCTI;

2. BIPOBAKCHHS aBTOMATHU3AIli] U1l BUTOTOBJICHHS
CKJIaJIHUX KOMIIOHEHTIB 31 CKJIOBOJIOKHA Ul JITaKiB 3
BHCOKHM CTYIIEHEM TOYHOCTI;

3. 3abesmeueHHs OaraToQyHKIIOHaJBHOCTI Ta
IHTErpOBAHOCTI CTPYKTYPH CKJIOBOJIOKHA.

n

RJI0BOJIORH

B TIpoMIICIOBICTE

H Bitporeneparopn
B Crio:KiBdi ToBapi
B TpancnopryBaHHA

¥ ByiBHIITBO

e

Pucynok 1 — IlepcnexTrBHI 00:1aCTi 3aCTOCYBaHHS
CKJIOBOJIOKHA

¥ Tanri

XapaKkTepuCcTHKAaMH CKJIOBOJIOKHUCTUX TKAaHHH €
BHCOKI MEXaHIYHI BJIACTUBOCTI MPH 3TMHAHHI, MIIHICTb,
MUTOMA IIUIBHICTh TOJIMEPHUX 1 CTAJICBUX IMOJIOTEH,
YIapOCTIMKICTh, BHCOKAa KOpO3ifiHa  CTIHKICTH 10
XIMIYHHMX Ta 010JIOTiYHUX 00’ €KTiB [9].

Tlonan 90 % CKJIOBOJIOKHa BUTOTOBIISIETHCS Ha
ocHOBi E-cxma. BomokHa cremiaqsHOTO NpU3HAYEHHS,
SIKI CHOTOIHI MAIOTh KOMEpIliiiHe 3HAUYeHHS Ha PHHKY,
BKJIFOYAIOTh CKJIOBOJIOKHA 3 BHCOKOK KOPO3iHHOIO
crifikictio (ECR-cki10), BUCOKOO MirHicTIO (S-, R- T2 T-
E-cki10), 3 HH3BKOIO MiCIEKTPHYHOI MPOHUKHICTIO (D-
CKJIO), BUCOKOMIITHI BOJIOKHA Ta YHMCTI KpeMHE3eMHi a0o
KBapIOBI BOJIOKHA, SKi MOXXHA BHUKOPUCTOBYBATH IPH
JTy’Ke BUCOKUX Temmepartypax [10-12].

[IpiopureTHi HaNPSMKH PO3BUTKY IONIMEPHHX Ta
CKJIOBOJIOKOH Ha CBHOTOIHI BKIIIOYAIOTH PO3POOKY Ta
CTBOPEHHS Ha IX OCHOBI IIAapyBaTHX KOMIIO3HUTIB LIS
6ponesaxucry (puc.2) [5, 13].

KommosHT (3axHCT BT

yAapis Ta CTHpaEHT) Koxmoszst

¥

Mertanega
: - iTKa/I1acTHHA
Kepayauma — | | 4 (3MermeHAR
IUTHTKA . IMUIEHHA)
BonoxkHHCTHI KOMIIOZHT
Enacromep 3 7
- = CKJT0, MoMmiMep) (3axXHCT
(bamcTHIHANA 3aXHCT, . 3
e EL BOTHIO, THMY Ta
CTPYKTYPHA LLTICHICTE)

TOKCHYHOCT)

Pucynok 2 — Cucrema 6poHE3axHCTy Ha OCHOBI
[1apyBaTUX KOMITO3HTIB

CooromHi BimoMi OOpOCHIIKaTHI CKJIOBOJIOKHA
BupoOHmnTBa kKommanii SCHOTT (Himewumna) ta
MOJIMEPHI BOJIOKHA Ha OCHOBI MOJIIETUIICHY HaJBHCOKOT
winbHocTi (UHMWPE) (Toprosi Hazeu Dyneema Ta
Spectra), M0J1i0EeH3001COKCAITIO (PBO),
nonioensobictiazony  (PBT),  momiGeH3eHiMina3omy
(PBI), sxi crnemianbHO TpU3HAYEHI Uit OajiCTUYHOTO
3axucty. Kommanist DuPont poznovana komepuiamizarito
napaapamigaoro BosokHa Kevlar®, sk mepmioro
BHCOKOMIITHOTO apOMAaTHYHOTO IIOJiiMiTHOTO BOJIOKHA
Bke y 1971 pomi. I[HmINIM BOJOKHOM 3i CXOXOIO
XIMI9HOIO CTPYKTypoio € Twaron®, sike BHPOOIIETHCS
kommaniero Akzo Nobel 3 kiang 1970-x pokis.

3HavHi BIAMIHHOCTI MDK NHUTOMOIO MIIHICTIO Ta
JKOPCTKICTIO PI3HHMX THUIIIB BOJIOKOH MOB’si3aHi 3 iX
3HAYHOIO PI3HHMICI0 y 3HAYCHHSX miiTbHOCTI (r/cm’): E-
ckio — 2,54-2,60; S-ckno — 2,40-2,50; Kesnap 1,44-
1,47; Dyneema i Spectra —0.97; Byrmeus 1,80-2,10
(puc. 3), mo BU3HAYAE€ OYEBUIHICTH BUKOPHCTAHHS

UHMWPE Dyneema Tta Spectra i CTBOPEHHS
BHCOKOMIITHHX Ta JIETKHUX OpoHeeIeMeHTiB.
EdexTuBHiCT, 3acCTOCYBaHHS CKISIHMX 1 apamigHUX

BOJIOKOH TIOB’s3aHa 31 3HAYHUM IIOTJIMHAHHSIM €Heprii,
CTIMKICTIO O KOpO3ii, BOMOCTIHKICTIO, TEPMOCTIHKICTIO
Ta BOTHECTIHKicTIO. Takok Ba)IMBUM  UYWHHHUKOM €
MPOIYKTUBHICTD, SIKa BU3HAYAETHCSI BUTPATAMHU BOJIOKHA,
ki knacuQikyeTbCcss HACTYMHMM  4WHOM:  E-ckio
(Hm3bKi); S-CKJIO Ta apaMmimHe BOJIOKHO (cepemHi);
UHMWPE (TepMoruiacTHYHMiA TONIMEp) Ta BYTJICICBE
BOJIOKHO (BHCOKHif). Takox Ba)JiMBe 3HAUEHHS Mae
CKJIaJ] Ta TEXHOJIOTiSl KOMIIO3UTIB Ha OCHOBI BOJIOKOH, IO
TaKOXK Ma€ BaXJIMBE 3HAYCHHS IPH OIlIHIII BapTOCTi
MmarepiamiB [14, 15]. IHmmii pO3BHTOK CKIIOBOJIOKHA
OB ’s3aHMUH 3 CYYacHHMH 3aco0aMH TeJleKOMYHIKaIlii,
mounHaroun 3 1970 p., xomu kommanis Corning inc.
CTBOpHJIA OTITUYHI BOJIOKHA 3 KOE(IIiEHTOM 3aracaHHs <
20 nb/xkM, Ha poBxuHI XxBWiIi 633 HM. Po3BHTOK
TEXHOJIOTIi BOJIOKOHHOT EJIEKTPOHIKH 3MIHIOETBCS Ta
BJIOCKOHAJIOETHCA, BKJIIOYAIOYH MOJYJIATOPH, Ja3epH,
(hiznuHi epeTBOprOBayi, npuiiMadi. BookoHHO-ONTHYHI
Mepexi  3B’A3Ky  3a0e3MeuyloTh  HaM  HalidHUA
BUCOKOIIPOJYKTUBHHUN 3B’SI30K i3 300pakeHHSAMH Ta
OHJIaHH-(1TbMaMH, TENEBI3IHUMHE Ta KOMII IOTEpPHHUMHU
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MepeXaMH TOIIO. BOJOKOHHO-ONTHYHI Mepexi €
€KOJIOTIYHUMH, OCKUIBKM CHTHAJ, IO IOUIHPIOETHCS
BCEPEIHHI BOJIOKOH HE BIUIMBAE Ha 3MiHy Kiimary [16].

ExonorivHo 4MCTI BHUCOKONPOAYKTHUBHI  CKJISIHI
ontiyHi BosokHa SCHOTT  BCTaHOBIIOIOTH  HOBI
CTaHAAPTH ULt OCBITJIIOBATLHUX BOJIOKOHHHX

ONTOBOJIOKOH 3 BUCOKOSKICHUMH CKJISHHUMH ONTHYHUMH
BojiokHamu PURAVIS® [17].

4.0T
Dyneema and Spectra
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Pucynok 3 — BracTUBOCTI pi3HUX BUIIIB
CKJIOBOJIOKOH

BripoBapkeHHs HaHOHAyKH Ta HaHOTEXHOJIOTIT
TaKOXX € IHCTpyMEHTaMH, SKi MOXYTh BIUIMHYTH Ha
XapaKTEPUCTUKN KOMIIO3UTIB Ha OCHOBI CKJIOBOJIOKOH.
JlonaBaHHS HAHOINIMHHU, BYTJICLEBUX HaHOTPYOOK abo
rpadeHy HaHOPO3Mipy 30ibIIye MeXaHIUHy MIIHICTh
€MOKCHTHOTO KOMIIO3UTY, apMOBAHOTO CKJIOBOJIOKHOM.
KpiMm Toro, momaBaHHA HAHOTJIIMHU TAKOX ITiJBUIIYE
KOpPO3ilfHY CTIMKICTh €MOKCHAHOTO KOMIIO3HTY.

ExoHOMIist Barw B TPaHCHOPTHIN Ta aBTOMOOLIBHIN
MPOMHCIIOBOCTI € € OJHUM DILlIEHHSIM JJIsl 3MEHIICHHS
CHOXKMBAHHS €Heprii, 1 TOMy KOMIIO3MTH, apMOBaHI
CKJIOBOJIOKHOM, € HAWOUIBII MEPCIIEKTUBHUM PIIICHHSM.
Komrmosury, apMoBaHi CKJIOBOJIOKHOM,
BUKOPHCTOBYIOTBCSI 200 Il BUTOTOBJICHHS JIONIATOK
BITPOBHX TypOiH, a00 TpyO 11 BOJONPOBITHAX KaHAIIB,
a TaKOX B aBTOMOOLITBHINA IPOMHUCIOBOCTI Ta TPAHCIIOPTI.

OcTtaHHIM YacoM I1iHa Ha KOMIIO3UTH 3 BYTJIEIIEBOTO
BookHa (CF) 3Hm3mmacsa, mio poOuTh iX OuIbII
MpUBaOIMBAMH TSI BUKOPUCTAHHS B OaraTeox cdepax.
CF € inmeampHuUM BHOOpPOM IJIs aepOKOCMIYHOI Ta

00OpOHHOT ranmy3eid, OCKUIbKM BOHM 3a0e3NevuyloTh
BUCOKY  MIIHICTb, JIOBIOBIYHICTb Ta  CTIHKICTb.
TpamuniiiHi  MeTaJeBi  KOHCTPYKLII  3aMiHIOIOTHCS

KOMIIO3UTaMH 3 BYTJICIICBOTO BOJIOKHA B JIITAKaX 3aBISKH
ixHid Jlerkid Ta MinHIM KoHcTpykuii. B oOopoHHiN
npomucioBocTi CF  Takok  BHUKOPUCTOBYETHCS B
NPOTUpaKeTHIE  00OpOHi, Ha3eMHili 00OpoHi Ta
BiliCEKOBil MOpCEKiit 00opoHi [18].

Ha crorogmimmHiil 1eHp Ul KOMIIO3HTIB CIELIAILHOIO
TIPM3HAYEHHS ICHye TpodiieMa 3aJIeKHOCTI Bif TOCTa4YaHHS
BapTICHOTO CKJIOBOJIOKHA 3apyOLKHHX BHpOOHHKIB. Came
po3pobdKka Ta 3aCTOCYBaHHSI KOHKYPEHTO3IaTHHIX
BITYM3HSHUX BUCOKOMIIIHHX, JIETKUX, 31 3HIDKEHOKO BapTICTIO
CKJIOBOJIOKOH Ta KOMIIO3UTIB Ha IX OCHOBI [O3BOJITH
SHU3UTH IMIIOPTO3AICKHICTE B TaKMX MaTepianax  Juist

ACPOKOCMIYHOI Ta aBTOMOOLIEHOI IPOMHCIIOBOCTI, BiTPOBOT
CHEPIreTHKY Ta MEIHUIIMHH 1 BUITH Ha CBITOBHI PHHOK.

Mera po6orn. Meroro poboTH €  aHaii3
MEPCIICKTUBHUX BUCOKOMIITHUX CKIIOBOJIOKOH Ta BHOIp
OCHOBHHMX  KpHUTEpiiB s  CTBOPCHHAI  HOBHUX
BHUCOKOMIITHMX  HAHOCTPYKTYPOBAaHHMX  BITYM3HSIHUX
CKJIOBOJIOKOH CIIEHIATbHOTO MPU3HAYCHHS

Jis mocsTHEHHS 03HaYeHOI METH OyIIM IMOCTaBICHI
HACTYIIHI 3aBIaHHS:

— BHOIp OCHOBHHX KpHTEpiiB TpH CTBOPCHHI
HOBUX BHCOKOMIIIHUX CKJIOBOJIOKOH JUIsl CKJIOILIACTHKIB
TIpH OONUITIOBAHHI KOPITYCiB PAaKETHUX JBUTYHIB;

— oOrpyHTyBaHHs BHOOpY CKIamy CKia Juis
oJiepKaHHs BUCOKOMIIIHOTO CKJIOBOJIOKHA

PesyabTaTn poGoTH Ta iX 00roBopeHHs.. 3a
eKCIUTyaTalliHHIMH BJIACTUBOCTSAMH  BHCOKOMIITHI
CKJIOBOJIOKHA TIOBHHHI MaTH HHU3bKY TYCTUHY JUIs
3MEHIIIEHHST BarW, BUCOKI MIIIHOCTHI BIACTHBOCTI, SKI

BKJIIOYAIOTh  3JATHICTb  IIPOTHCTOSITH  3HAYHUM
JUMHAMIYHUM HaBaHTaKEHHSIM 32 BHCOKOTO THCKY, MaTh
BUCOKY  TpIOIMHOCTIHKiCTh,, ~ Moaynb  NpyXKHOCTI

MaTepiary Mae OyTH HH3BKHUM JJIs 3a0e3leUeHHS
THYYKOCTI MaTepialry, BHCOKY TEpMIUHy CTiHKIiCTh IpH
3a0e3Me4yeHHi HU3BKOrO TeMIepaTypHoro KoedilieHTy
JIHIHHOTO pO3IIMPEHHS, CTIMKICTh 10 XIMIYHOTO Ta
010JI0TIYHOTO PYHHYBaHHs, 3HAYHUI ENEKTPUYHHUN OIIip
Ta 3JATHICTH 10 paXiONOTJIMHAHHA MJISl MAacKyBaHHs
BIICPKOBOI TEXHIKH. BHCOKOMIIIHE BHCOKOTEMIICpPATypHE
ckioposiokHo (HSHT) Big MarkForged — me wmarepian,
CIIeMiaIbHO  PO3POOJICHUIA  JUTI  BATOTOBJICHHS  MIITHHX
JeTajeld Uil BUKOPUCTAHHS 3a BHCOKHX TeMIIepaTyp
(105 °C) (Tabmn. 1) [8].
Tabnwms | — TexHIYHI XapaKTepUCTHKH
BHUCOKOMIITHUX CKJIOBOJIOKOH

Bractusocti Cranmapt HSHT
. Bonokno: ASTM
MirnicTs Ha po3pus (MlI1a) D3039 600 | 590
MimHocTi Ha po3TsaryBanHs |Bomokao: ASTM| 71 71
(I'Tla) D30309
Hedopmartist porsrysannsi|BonokHo: ASTM 39 | 38
3a po3puBy (%) D3039 ’ ’
Minnicts Ha BuruH (MI1a)| ASTM D790* | 420 | 200
Monyss IpyHOCTI 32|\ qnpp790% | 21 | 22
BuruHi (['Tla)
Jledopuania BAMAHY 33|\ oy 70 | 22 | 1.1
pospuBy (%)
MILHICTE Ha CTUCKAHHS
(MTTa) ASTM D6641 | 192 | 140
Monyne cruckanns (I'Tla) | ASTM D6641 | 21 21
JleQopmauis CTHCKaHNA 32|\ oonrpgeal | H/3 | HA3
pospusy (%)
Temneparypa nporuny mign| ASTM D648
. 150 | 105
HaBaHTaxXeHHsM (°C) Meton B
T'ycuna (r/em’) H/3 LS | 1,5

3a JiTepaTypHUMH ITaHUMH CKIIOBOJIOKHA Pi3HOTO
MPU3HAYCHHS CHHTE3YIOTh HAa OCHOBI TCEBIOMOTPIHHOL
CHCTEMH HaBEJICHII Ha PUCYHKY 4.
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Pucynok 4 — IlceBnonotpiiiHa cucTemMa CKIIaiiB
CKJIOBOJIOKOH Pi3HOTO NMPU3HAYEHHSI:
A-X Si02+A1203+B203;
B- X CaO+MgO+BaO+Li,0+Na,0+K,0;
C- Ti02+Zr02+F8203+F2

CkJaJ BHCOKOMIITHOTO CKJIOBOJIOKHA 3aCHOBaHWH
Ha cucteMi MgO — A1,0; — SiO,, sxa MomudikoBana
HATPII0 Ta KANiF0 OKCHAAMH I 3HWKCHHS B S3KOCTI
ckima 1 Oopom, ¢ochopom 1 BaHamiEM 3 METOIO
HAaHOCTPYKTYpYBaHHS Ta 3HIDKCHHA IIOBEPXHEBOTO
HATATy CKJIa. YTBOPEHHS HAHOCTPYKTYPH B 00JacTi
TEMIEpaTypu  po3M’siKIIeHHS  Opud  (opMyBaHHI
CKJIOBOJIOKHA JIO3BOJIUTH IJIBUIIUTH HOTO MII[HOCHI
BJIACTHBOCTI 32 PaxyHOK (OpMYBaHHS HaHOKPHCTAIIB

BUCOKOMIITHMX (a3 0e3 CyTTeBOro BIUIMBY Ha
TEXHOJIOTIYHI BJIACTHUBOCTI (B’SI3KICTb, TOBEPXHEBUH
HATsT). 3abe3neqeHHs CTyIEHs 3B’s13aHOCTI

KPEMHEKHCHEBOI'O KapKacy Ta CTPYKTYPHE ITOJIOKEHHS
AIFOMiHII0 Ta 60py B YOTHPUKOOPAWHOBAHOMY CTaHi 3a
KHCHEM Y CTPYKTYpi CKJIa TO3BOJHTDH 3a0e3MEUUTH HOTO
BHCOKY MIIIHICTb.

3abe3meveHHsT BigIOBITHUX 3HAYCHb KOS(II[IEHTIB
KPUCTAIIYHOCTI Ta npo30pocTi (K, > 2,1 Ta K, > 3,5)
JIO3BOJUTH c(HhOpMYBaTH HAHOCTPYKTYpPYy CKJIa B 00iacTi
HI3bKMX Temreparyp [19]. OpHak [aHi MOKa3HUKH
NMOBUHHI ~ OyTH  YTOYHEHMMH 3  ypaxyBaHHSIM
0COOJIMBOCTEH TEXHOJIOTI] CKIIOBOJIOKHA. BaMBUMU
XapaKTEepPUCTHKAaMH CTPYKTYPH MiHEpaJIbHUX BOJIOKOH €
cutikatHUR Moxynb (Mc) Ta Moxyib kuciotHocTi (MK).
CunikaTHAH MOJyJb BH3HAYa€ 3aTHICTh IHMIMXTH 10
CKJIOyTBOPEHHS  NPU LBOMY ONTHMAlbHE 3HAYCHHS
3HaXOAMTHCS B Mexkax 3,5—4,5. [Ipu 301MbIIeHAI MOTYIIS
KHCTIOTHOCTI Bix 12 mo 16 i BHIIE mMiIBUIIYETHCSA XiMidHA
CTIMKICTh, MEXaHIYHA MIIHICTh CKJIOBOJIOKHA, a OTXE 1
fioro moBroBiuHicTh. OnmHak, 3poctaHHA 3HaueHHI MK
yepe3 30UTBIICHHS B IUXTI BMICTY OKCHIIB KPEMHIIO Ta
AIIOMIHIIO YCKJIaHIOE 1T IJTaBJICHHS, MIABUILYE B S3KICTh
posruiaBy i y pe3ynbTari HPU3BOAMTH 10 3HIKCHHS
MPOJYKTUBHOCTI TUIaBUIIBHOTO arperary abo
T30UTBIICHHST ~ €Hepro3arpar, TOMY KpiM  MOZYJs
KHCIIOTHOCTI NIPY BHOOP1 KOMITOHEHTIB JJIsl BAPOOHUIITBA
BOJIOKHa BPaxOBYIOTh MOIYJIb B’SI3KOCTI 100 3HU3UTH
CHEPrOBHUTPATH Ha IUIABJICHHS.

[poexTyBaHHs CKJIaJliB 3 ypaxyBaHHIM
CTPYKTYpPHHX  TIOKa3HUKiB  (Tabim. 2)  [1O3BOJHTH
TEOPETHYHO OOTPYHTYBaTH BUOIp CKIIAIIB CKIIOBOJIOKOH
CXWJIBHMX [0 HAHOCTPYKTypyBaHHA B  obacri
TeMIIepaTypu PO3M’SIKILICHHS, 110 CIIpHUSTUME
MOCHJICHHIO 1X MEXaHIYHHX Ta TePMIUYHHUX BIACTHBOCTEH
HUIIXoM (OPMYBaHHS CaMOOPIaHi30BaHOI CTPYKTYpH 3

HAsABHICTIO HAHOKJIACTEPiB, IO € TOMOTCHHUMH
3apoJKaMH  KpHCTATYHHX (a3, AKi  3MIIHIOKTH
CTPYKTYPY  CKJIOBOJIOKHA. Po3poOka  BITUM3HSHUX
CKJIaiB  BHCOKOMIIIHUX  CKJIOBOJIOKOH  JIO3BOJIUTh

3a0e3NeUnTH aBialiiHy Ta pakKeTHy MPOMECIOBOCTI
HaJIfHUMH BHCOKOTEXHOJOTIYHUMH MartepialaMu Ta
MiABUIUTA  KOHKYPEHTO3IATHICTh  KOMITO3HMIIHHUX
MaTepialliB Ha CBITOBOMY PHHKY.

Tabmuns 2 — Po3paxyHKoBi GOpMyIH AJ1s1 XapaKTEPUCTHKH CTPYKTYPH CKJIa

CTpyKTypHUI NOKa3HUK

Po3paxyHkoBa gopmyia

CrpykrypHa

v-Si0,

MinHicTs cktomarepiaiis (fs;)

f. =
* (y-Me,0+y-MeO+3y-Me,0, +2y-MeO, +5y-Me,0, +2v-SiO,)

KoopauHatiiifHuii cTaH aroMiHI0

(y-Me,0+y-MeO)

(v-Me,0-7-ALO;)

(W) Ta 6opy (¥B) Var=

v-ALO;

> Vg

y-B,0;

>0

Koedirient mpozopocti (Kip) K

np. z C

= , IE Z O — cyma OKCUTEHY; Z C — cyMa OKCHJIiB-CKJIOyTBOPIOBAYiB

Koedinient kpucranignocTi (Kip.)

Iie I' — 3HaueHHs HAIPyTH OIS KaTIOHIB y KUCHEBOMY 3B s3Ky (3a [liTmenem);
a — 4KCII0 MOJIel KOMIIOHEHTY, SIKUH CIIPUsiE KpUCTAai3aii;
b — 4ynci10 MoJIel KOMIOHEHTY, SIKHH CITPUsE CKIIOYTBOPEHHIO

()
RGO

CuutikaTHnit Moynb (M)

_ ’Y'Si02
‘ y-AlLO;

Momyns kucnoTHOCTI (M)

_ (1510, +7-AL,O,)
* (y-CaO+y-MgO)
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(y-Si0, +2y-AlL0,)

Monynsb B’sa3K0cTi (M) M; =

(27-F6203+y-FeO+y~CaO+y~MgO+27~NaZO+2}/~K20)

Y — BMICT OKCHIiB Y CKJIaJli cKia, MoJI. %.

BucHoBkm. 3 ypaxyBaHHSAM TCHICHIINH Ha PUHKY
AepPOKOCMIYHOI Ta pakeTHOI Taixy3ell BCTaHOBJICHO
MEPCICKTUBHICTD  BHKOPHCTAHHS BHCOKOMIITHHX
MOJIETIICHUX CKJIOBOJOKOH 32 PaxyHOK ITO€JIHAHHAM
BJIACTUBOCTEH, TAKUX SK, CTIHKICTH 10 KOPO3ii, TepMO- Ta
BOJIOTOCTIMKICTh, BHMCOKI 130JISIIHHI XapaKTepPHCTHKH.
BcranoBieHo, 110 IPOSKTYBaHHsI CKIIAiB CKIIOBOJIOKOH 3
ypaxyBaHHIM CTPYKTYPHHX MTOKa3HUKIB JUTS
MPOTHO3YBAHHS CXHWIBHOCTI IO HAHOCTPYKTYPYBaHHS
COPUATHUME 3MIIHEHIO CTPYKTYpH CKIIOBOJIOKHA, IO
MOpSiA 3 HU3BKOIO MIBHICTIO AN 3MEHIICHHS Bard
JTO3BOJIMTH OJCPKATH BITYM3HSIHI TOJETIIEHI 3MIITHEeHi
CKJIOBOJIOKHA JJIsl CKJIOIUIACTHKIB TIPH OOJHUIFOBaHHI
KOpIYCIB pakeTHUX ABHUIYHIB. PoOOTa BHKOHYETHCS Y
pamkax Jlep>kapHoro 3amoneHHs Ne 0125U001021
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CYYACHI TPEHJIU BUKOPUCTAHHA «PO3YMHUX» BIOJIOTTYHO-AKTUBHUX I'TAPOI'EJIIB

VY crarti 37iifiCHEHO KOMIUIEKCHUH aHAJI3 Cy4acHUX TEHACHIH y JOCIHIUKEHHI Ta 3aCTOCYBAaHHI «PO3yMHHX» OlOJOIiYHO-aKTHBHHX TifpOreliB —
IHHOBALIIHUX MOJIMEPHUX MaTepialliB, 37aTHUX 3MIHIOBAaTH CBOI ()i3MKO-XIMi4YHI BIACTHBOCTI y BiANOBiAb Ha 30BHIIIHI cTumynu. Taki rigporeni €
KJIIOYOBUMH KOMIIOHEHTAMH B PO3BHUTKY OIOMEIMYHHMX TEXHOJIOTiH, 30KpeMa B aJpecHiil JocTaBui JIKapChbKUX 3aco0iB, TKaHWHHIN iHXKeHepil,
ximioTeparii, 6iocencopuii Ta 3D-6ioxpymi. ¥ po6oTi po3risiHyTO Kiacu}ikamio «po3yMHHX» TiIpOrelliB 3a THIIOM 3IIMBaHHA (XiMiuHe Ta (pi3udHe),
MOXO/KEHHAM (TIPUPOJHE YW CHHTETHYHE), a TAKOX 3a THIIOM 30BHILIHIX MOJpPa3sHUKIB — (i3MUHMUX (TemIeparypa, CBITJO, €JIEKTpUYHE abo
MarsiTHe nose) Ta Ximiuaux (pH, ionHa cuia, KoHIeHTpanis pedoBuH). OcoONUBY yBary NpuALICHO TepMOUYTIUBHM FiIPOrelaM, SIKi JeMOHCTPYIOTh
(ha30Bi epexoqu 3aIEKHO BiJl TEMIEPATypH, IO TO3BOJISIE BUKOPHCTOBYBATH IX SIK HOCIT JUI KOHTPOJIbOBAHOIO BHBIIEHEHHS JIIKAPCHKHX PEYOBHH.
OnycaHo MEXaHi3MH IEpPeXoay MiX PO3YMHHHMM i HEPO3YMHHUM CTaHAMH, 30KpEMa IPU JOCATHEHHI HIDKHBOI KPUTHYHOI TEMIIEPATypU PO3UHHY
(HKTP) abo BepxHbOi KpuTH4HOI TeMneparypu po3uuny (BKTP). V crarrti HaBeeHO npuKiIa CTBOPEHHS AiarHOCTUYHO-TEPANIeBTHYHOI CUCTEMHU Ha
OCHOBI TEpMOUYTJIMBOTO TEpIIOJiMepy, SKHil BKIoYae akpmiamin, N-isompominakpmmamin Ta N-akpHIOUIOKCH(TamiMix, 3 iMMOOLIIZ0BaHUM
¢depmenToM TpurcuHoM. Taka cucTeMa J03BOJISE JOKATi3yBaTH JiKapChKy PEYOBHHY Y XBOPOMY OpraHi 3a paxyHOK TEMIIEPaTypHO-iHIyKOBaHOTO
(azoBoro mepexoay, Lo 3a0e3nedyye He JIMIIE TeparneBTUYHHN eeKT, a i giarHocTuuHy (yHKUiro. OKpeMuil po3/ia HPHCBAYEHO 3aCTOCYBaHHIO
«po3yMHHX» TinporeniB y 3D-0ioxpyni. Po3risiHyTo OCHOBHI THIM MaTepiayiB, IO BUKOPHCTOBYIOTHCS sIK OiodopHmia: GelMa (xenatux
METaKpuJIaT), albriHaT HaTpio, miypoHik F-127, mogudikosani ¢popmu xenatuny Ta nosaiaituaai matpuii (dECM). Busnaueno ixui 6iocymicHi,
MEXaHiYHI Ta CTPYKTYpHI BJIACTUBOCTi, IO JO3BOJISIIOTH CTBOPIOBATU CKJIAQJHI TKAHUHHI KOHCTPYKIIl 3 BHCOKMM CTYNEHEM TOYHOCTI Ta
(YHKLIOHAJIBHOCTI. Y3arajlbHEHO NEePCHEeKTHBH BHKOPHCTAHHS «PO3YMHHX» TifporeiiB y (apMareBTHYHIH Traimysi, 30KkpeMa Uil IPOJIOHTOBaHOL
JIOCTAaBKM JIiKiB, 3MEHIIEHHS TOKCHYHOCTi, MiJABHMINCHHA €()EKTHBHOCTI Tepamii Ta CTBOPEHHS CHUCTEM 3 3BOPOTHHM 3B’s3koM. IlinkpecneHo
BXXJIMBICTh IOJAJIBIINX JOCHIIKEHb Y HANpsIMKY po3poOKu OaraTo)yHKI[IOHAJBHUX TiAPOTEICBHX CHCTEM 3 BHCOKOK 0i0CTaOLIBHICTIO,
aJIANITUBHICTIO Ta MOMJIMBICTIO MAacIITaOHOTO BUPOOHHMIITBA.
Kurouesi ciioBa: 6i010ri4HO-aKTHBHI, T1APOrei, «pO3yMHI», BIACTHBOCTI, 3aCTOCYBaHHs, MeAULUHA, hapmaris, 3D-6ioapyk.

O. M. BLIZNYUK, A. A. VORONKIN, M. D. MIROSHNYCHENKO, M. D. FOSHCHII

CURRENT TRENDS IN THE USE OF «SMART» BIOLOGICALLY ACTIVE HYDROGELS

The article presents a comprehensive analysis of current trends in the research and application of "smart" biologically active hydrogels - innovative
polymer materials capable of changing their physicochemical properties in response to external stimuli. Such hydrogels are key components in the
development of biomedical technologies, in particular in targeted drug delivery, tissue engineering, chemotherapy, biosensing and 3D bioprinting.
The paper considers the classification of "smart" hydrogels by type of crosslinking (chemical and physical), origin (natural or synthetic), as well as by
type of external stimuli - physical (temperature, light, electric or magnetic field) and chemical (pH, ionic strength, concentration of substances).
Special attention is paid to thermosensitive hydrogels, which demonstrate phase transitions depending on temperature, which allows them to be used
as carriers for controlled release of medicinal substances. The mechanisms of transition between soluble and insoluble states are described, in
particular when the lower critical solution temperature (LCST) or upper critical solution temperature (UCT) is reached. The article provides an
example of creating a diagnostic and therapeutic system based on a thermosensitive terpolymer, which includes acrylamide, N-isopropylacrylamide
and N-acryloyloxyphthalimide, with immobilized enzyme trypsin. Such a system allows localizing the medicinal substance in the diseased organ due
to the temperature-induced phase transition, which provides not only a therapeutic effect, but also a diagnostic function. A separate section is devoted
to the use of "smart" hydrogels in 3D bioprinting. The main types of materials used as bioinks are considered: GelMa (gelatin methacrylate), sodium
alginate, Pluronic F-127, modified forms of gelatin and extracellular matrices (lECM). Their biocompatible, mechanical and structural properties are
determined, allowing the creation of complex tissue constructs with a high degree of accuracy and functionality. The prospects for the use of "smart"
hydrogels in the pharmaceutical industry are summarized, in particular for prolonged drug delivery, reducing toxicity, increasing the effectiveness of
therapy and creating feedback systems. The importance of further research in the direction of developing multifunctional hydrogel systems with high
biostability, adaptability and the possibility of large-scale production is emphasized.
Key words: biologically active, hydrogels, "smart", properties, applications, medicine, pharmacy, 3D bioprinting.

Beryn. OcraHHi IECATHIIITTSA aKTUBHO
MOCTIKYIOTECS Ta BHKOPHCTOBYIOTHCS TakK 3BaHI

Cporomsi oararo JIOCHIDKEHD MIPUCBIYCHO
IHHOBAI[IfHUM  «PO3YMHHM»  Ol0JIOTIYHO-aKTUBHUM

«po3yMHI» Matepianu (smart or intelligent materials) -
CIIOJIYKH, 37aTHI CHJIBHO pearyBaTH Ha HEBEJIHUKI 3MIHH
JIOBKULIS 3a37alierih 3amporpaMoOBaHMM YWHOM [1].
Cepex HMX OIHUM i3 HaWBaXIMBIIIMX MarepialiB €

«pO3yMHI»  OIOJIOTIYHO-aKTUBHI  Tigporemi,  sKi
BUKOPHCTOBYIOTH Yy  MeaumnuHi, ¢apmamii Ta
010TEXHOJIOTI, HaIpUKIa, IS oJlep KaHHS

KPOBOCIIMHHHX, 3HEOONIIOBAILHUX Ta pPEreHepaTUBHUX
PEYOBHH, MTYYHHX M'A3iB, XpsImiiB Ta cyrmobiB [2,3].
Jo «po3ymMHHX» O10JOTiYHO-aKTHBHHAX MOJIMEPHIX
CHUCTeM BITHOCATH, 30KpeMa, BOIHI PO3YMHHA Ta
rigporesi, BOJOKHA Ta IUIIBKH, 5IKi 3BOPOTHO PEaryrTh
Ha He3HayHl 3MiHU Temmeparypd, pH abo i0HHOT cHIH
Cepe/lOBHINA, OCBITICHOCTI, ApaMETPIB EIEKTPHYHOTO
Ta MarHiTHOTO IOJIiB, KOHIICHTpAIlii ICBHUX PEYOBHUH.

rigporensam [4—6]. I1Iupoko 3aCTOCOBYEThCS KOHIICTIIIIS
JOCTaBKM JIIKIB 3  3aCTOCYBAaHHIM  «PO3YMHHX)
010JIOT1YHO-aKTUBHHX T1IPOTelliB, OCKUIBKA BOHA MOXE
BUSIBJISITH TI€PEBaXKaIOui CTUMYJIM Ta pearyBaTH depes
CTPYKTYpHi, MOpdoioridai ab0 (QyHKIIOHATBHI 3MiHH,
o0 TPHU3BOAATH 1O BHBIIBHEHHS IIIHOBUX JIKIB
KOHTPOJIBOBaHUM unHOM [5, 6]. TloBimomusiocs mpo
Pi3HI THIIH CHUCTEM «PO3YMHHX» OiOJOTI9HO-aKTUBHIIX
TiAporeniB, 0 pearyiTh Ha MOAPa3HUKH, X04a 3HAYHA
YacTWHA [HX IIyOJNiKamiii 30cepekeHa JAIIE Ha
MeXaHI3Max iX peakiii Ha pi3HI THIOM 30BHINIHIX
¢daxropis [7, 8]. B Toli e 4ac, CHCTEMHHUX TOCIIIKCHb
3 THMOJOTii Ta cdepax 3acTOCYBaHHS «PO3YMHHX)
010JI0T1YHO-aKTUBHHUX T1POTeIIiB HAa CHOTO/IHI HEMAE.
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MeTta cTarTi — JOCHIMKEHHS CYYacHHUX TPEH/IB
BUKOPHUCTAHHS «PO3YMHUX) 010JTOTIYHO-aKTHBHUX
rigporeris.

Marepiaan Ta MeTOoaH JOCJIIIKeHHS.

MartepiaiaMu JOCIIIKSHHST BUCTYIIAIH CydyacHa HayKoBa
Ta  HAyKOBO-IPOMHCIIOBA  JliTeparypa 3  IIMTaHb
3aCTOCYBaHHS «PO3yMHUX» 010JI0T1YHO-aKTHBHHX
rigporeniB.  MerogaMu  JOCHIDKEHHS  BUCTYTAIN
y3araJlbHeHHsI, CHCTEMaTH3allis Ta aHai3.

Pe3ynbTaTn Ta iX o6roBopenns. [ kmacudikarmii
«pO3YMHHUX» OI10JOTiYHO-aKTHBHHUX TiPOTENB MIDKE
OyTH BHKOpPHCTaHO Ha0ip KpUTepiiB, BKIIOYAIOYH
MMOXOKEHHS (TPUPOJHE UM CHHTETUYHE), 3AATHICTH 10
pPO3KJIaZlaHHS Ta MEXaHi3MH 3IIMBaHHA M. XIMI9HO
3MMTI  «PO3yMHI»  O10JIOTIYHO-aKTHUBHI  rijporeni
YTBOPIOIOTBCS MO KOBAJCHTHMM  3B'I3KaM  MiX
NOJIMEPHUMH JIAHIFOTaMH, 1110 MPU3BOIUTH JI0 MOCTIHHUX
3B’s13kiB [3]. 3 iHmoro Ooky, Qi3MYHO 3MINTI CTPYKTYpH
«PO3YMHUX» 610JI0T1YHO-aKTUBHHUX TrizporesniB
CTBOPIOIOTHCS 332 JIONIOMOTOI0 HAJMOJIEKYJIIPHUX CHII
(HEeKOBaJICHTHHX), YTBOPIOIOYHM INBHIKI Ta OOOpPOTHI
Mepexi, IO € OCOONMBO IIKaBHM caMe 3 MPHUBOIY
3BOPOTHOCTI BiactuBocteit [2]. «Po3ymHi» OiomorigHo-
aKTUBHI Tifporeni TakoXk MOXHa Kiacu(ikyBaTH 3a
TUIIAMH 30BHIITHIX MOAPA3HHUKIB 3MiHM IX CTPYKTYpH Ta
BJIACTUBOCTEH, AKI MOXYTh OyTH BHUKIHMKaHI (Pi3HIHIMH
abo ximiuHuMu gismu. [lepmumit THO  «pPO3YyMHHX»
010JIOTIYHO-aKTUBHHX TIAPOTENIB BKIOYAE Taki (Di3W4HI
(axTopH, SIK THUCK, CBITJIO, TeMIepaTypa, MarHiTHi abo
eseKkTpuuHi nosst. XiMiyHi abo OGioximiuHi Qakropu il
BKJIIOYAIOTh 10HHY cuity, pH Ta ionu [7, 8]. Kpim Toro, mi
CHCTEMH MOXYTb OyTH pO3poOJieHi Il pearyBaHHS Ha
KiJIbKa TIOJpa3HUKIB, TIepeNideHnx Buie [9].

Bapto Haromocutw, mo «poO3yMHI» Oi0IOTIYHO-
aKTHUBHI Tiporesi 34aTHI CHIBHO Ha0yxaTu abo, HaBMaKH,
CTHCKATUCS Yy BIATIOBiAp HA 3MiHH XIMIYHOi, TEIJIOBOI,
CBITJIOBOi 200 eNeKTpHYHOi EHeprii, 3aCTOCOBYIOThH IS
MOJICTIOBaHHsI OIOJIOTIYHMX CHCTEM Ta IX (YHKIIH.
«Po3ymHI» 010JI0TIYHO-aKTHBHI rigporedi,
KOHTPOJIbOBaHI TEIUIOBOIO EHEPri€lo, TaKOX BIJOMI 5K
TEPMOYYTIIHBI TOJIIMEPH, — Il MaTepialid, sIKi 3a3HAl0Th
3BOPOTHHX 3MIiH y CBOIX (I3WYHHX a00 XIMIYHHUX
BJIACTHBOCTSIX Y BIJMOBiAb HAa KOJHMBAaHHS TEMIIEpaTypH.
i 3miam 3a3Bu4ail € (a30BUMHU MepexoaaMu, IIo
BKIJIIOYAIOTh 3MiHH PO3YMHHOCTI, (opmMu abo o0'emy,
3YMOBJICHI 0OallaHCOM €HEeprii B CHCTEMi Ta BIACTUBHUMHU
moJimMepy rizpodinsHIMHI Ta rizpohoOHUMH
XapakTepucTukaMu. KiirouoBoro XapakTepUCTHKOIO € IXHS
3JIaTHICTh TIEPEXOANUTH MK PO3YMHHHM Ta HEPO3UHHHUM
CTaHAaM{ 3a TEBHHUX TEMIIEpaTyp, BIIOMHUX SIK HUKHS
kputuuHa Temneparypa po3unmHy (HKTP) aGo BepxHs
KpUTHYHA TeMmepaTypa po3uuny (BKTP) [1, 2]. V¥V
BOJHHMX  pO3YMHAX  OIOJOTIYHO-aKTHUBHI  «PO3YMHI»
rinporeni HKTP 3a3Buuail po3umHHI 32 HIKYUX
TEMIIEpaTyp 3aBASKH CHIBHHUM BOJHEBUM 3B'SI3KaM 3
MOJIEKYJIaMH BOAX. 31 301IBLICHHSIM TEMIIEpaTypH BHILE
HKTP 1i BoHEBI 3B'SI3KH PO3PUBAIOTHCS, IO PU3BOIUTH
JI0 3TMIIaHHS MOJIMEPHUX JIAHIIOTIB, 1X MEepeTBOPEHHS Ha
HEpO3YHMHHI Ta BUMAJAaHHA B ocaj 3 po3unHy. Leit mporec
€ oboporHuMm; mpu oxomomkenHi Hmwkde HKTP

6i0JI0T19HO-aKTHBHI «PO3yMHI» rigporeni
perigparyloThesi Ta 3HOBY PO3UMHSAIOThCA. lIpoTniexHa
MOBEIiHKA CIIOCTEpiraeTbcsi 3 Oi0MOTIYHO-aKTHBHUMHU
«pozymHuMm» rigporensmu BKTP, ski poszumHHI 3a
BUIMX TEMIlepatyp 1 CTalOTh HEPO3UMHHUMH IIpU
oxonokeHHi Hivkue BKTP.

Haii6inpmr  BaknuBUi Kiac 06i0JI0T1YHO-aKTUBHUX
«PO3YMHHUX» TiIPOTENIB € TEPMOUYYTJIUBI MONIMEPH — 1€
THUIT «PO3YMHHX» MOJIIMEPIB, SIKI MOXYTh 3MIHIOBAaTH CBOT
BJIACTUBOCTI y BIINOBiIh HAa 3MIiHH Temmeparypu [4].
Temmeparypa, Oyny4M JIeTKO KOHTPOJILOBAaHUM  Ta
BHUMIpIOBaHUM (aKTOPOM, CIIOHYKA€E IO PO3IMHUPEHHS abo
CTUCHEHHS  NOJIMEPHUX  JIAaHLIOTIB  «PO3YMHHX»
010JI0T19HO-aKTHBHHUX TiAPOTEINiB, IO TNPHU3IBOIUTH [0
refp-30Jb mepexony [S5, 6]. llei mepexim 3anexuTh Bin
OamaHcy TigpodiTbHUX Ta  TiApoGOOHMX  YaCTHH
MOJIMEPHOTO  JIAHIIOTa  «PO3YMHHUX»  OlOJOTIYHO-
aKTHBHUX TifporeniB Ta eHeprii cuctemu. «Po3ymHI»
010JIOTIYHO-aKTUBHI Tifporeni, sKi PO3YHMHSIOTHCS IPU
HIDKYIH TeMmmeparypi, ane CTaloThb HEPO3UMHHHUMH IpU
Byt Temneparypi, Mae HKTP. «Po3ymni» Oiomorigao-
aKTHUBHI  rifporemi, sKi  poOJSATH  TPOTHIICKHE,
PO3YMHSAIOYMCH TPH BHIIIH TeMIlepaTypi, aue CTal4u
HEPO3YMHHUM IpH HIDKYiH Temmeparypi, mae BKTP [7].

BuxopucranHs «po3yMHUX» O10JIOTIYHO-aKTHBHUX
rigporeniB B MeAWIUHI Ta (apmarlii JO3BOJISIE BUPIIIATH
npobieMy anpecHOi Ta TPOJOHTOBAaHOI  JJOCTaBKU
JIKapChbKUX pPEYOBMH B OpraHi3aM JIIOJWHHA. barato
BUCOKOAKTUBHUX JIIKAPCHKUX PEYOBHH - JIEsIKI (PepMEHTH,
IUTOCTaTUKH, SIK areHTH, 10 3YMUHAIOTh 3POCTaHHS 1
MOJIUT KJIITHH - TOKCHYHI MO BiJHOIICHHIO JIO 3JJOPOBUX
opraniB. Omxke, HEOOXigHO JOKali3yBaTH O010JIOTIYHO
aKTUBHY pEYOBHHY Y XBopoMy oprani. Ilaromorivsni
MPOIIECH B OpTraHi3Mi MOXYTh OYTH TOB's3aHi 31 3MiHOIO
TemmepaTypu. 3MiHa TeMIepaTypu 3[JaTHa iHIMIIOBaTH
BUIUIEHHS  JIKAPCBKOI  PEYOBHHH 3  «PO3YMHHX)
010JI0Ti9HO-aKTHBHHX TiIpOTENiB y XBOpHil oprad. Came
TEPMOYYTIHMBI «PO3YMHI» Oi0JIOT1YHO-aKTUBHI TiIporeni
MPOMOHYIOTh YHCJIEHHI TMepeBaru, Taki SIK BiJCYyTHICTBh
TOKCUYHUX OPraHiYHUX PO3UYMHHUKIB, JOCTaBKa DPi3HUX
TUMIB JIKiB, MEHINE MOOIYHUX €(PEKTIB, IIICCIPIMOBaHA
JIOCTaBKa JIKIB Ta BJIACTHBOCTI TPUBAJOrO BHBIIbHEHHS
[10].

3araipHi MeAnYHI chepu 3aCTOCYBaHHS
«pO3YMHUX» 010JI0T1YHO-aKTUBHHX T1APOTEIiB HACTYIIHI:

- JocTaBKa JiKiB: TepMOYYTIHBI  «PO3YMHI»
010JI0T19HO-aKTHBHI TiAPOTeNi, SIKi MOXYTh YTBOPIOBaTH
remi abo Mikpocepn, fAKi IHKAanCymOOTH JKA Ta
BUBUIBHAIOTE iX KOHTPOJILOBAaHUM YHMHOM 3a MEBHHUX
Temrepatyp Tina [11];

- TKaHWHHA IHKeHepis: BOHM BHKOPHUCTOBYHOTHCS
JUIsl CTBOPEHHSI KapKaciB, sIKi MOXKYTh CIPSIMOBYBaTH picT
KJITHH Ta pereHepariro TkauuH [12];

- TIPOLIECH PO3MAITICHHS: Ixus 3marhicTs 3MiHIOBaTH
PO3UMHHICTE POOWUTH iX KOPUCHUMH IJISI PO3ILUICHHS
Giomonexyn [13];

- «BeleHa» Tepamid Ta XiMmioTeparis: aKTUBHO
BHUKOPHCTOBYIOTBCS ISt LJILOBOTO nporecy
BUKOPHCTAHHS aHTHOIOTHKIB Ta iHCYJIHOBHX IIpETapariB
[14, 15].
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SIK mpHKIIa yCHIITHOTO BUKOPUCTAHHS «PO3YMHUX)
010JIOTIYHO-aKTHUBHHUX  TiJPOTENIB  JJIS  JIOKai3amii
JIKapChbKOi PEYOBMHM  MOXKHA TIPUBECTH, 30KpeMa,
«PO3yMHUI» TeproiiMep aKpuIaMiny, N-
i3omponiyakpunaMiny Ta  N-akpHIOUTOKCHPTATIMITY.
Tepmonmimep — moTpiliHMH omnomiMep, OTPUMaHMH 13
KOMOHOMEpIB TPHOX BHIIB, B SIKOMY OiOJIOTIYHO aKTHBHA
pedoBuMHA - (EepMEHT TpPUIICHH - TIOB'S3YIOTh 3
TEPIIONIIMEPOM 3a JOMOMOTOI0 PEaKIlii MiX JaHKamMu N-
AKpWIOWJIOKCH(TATUMUA 1 aMiHOTPYIIaMH TPUIICHHY
[16]. TakuM YUHOM OTPHUMYIOTH IIEIICHUH TEPIOIiMEp 3
OiyHMMU JlaHIoramu Tpuncuny. llemnenuii Tepnonimep
Mae oOMexeHy po3unHHicTh y Boai i HKTP 6ins 37 C.
TepnoniMmep pPO3YMHHUI y BOAHOMY CEpPEIOBHIII IpU
3HAYEHHAX TemIiieparypu Hwk4ue 37 C, BiAmoBimHO, mpu
3Ha4YeHHAX Temneparypu Hwxde 37 C, ToOTO y 310pOBUX
OpraHax i TKaHMHaX, CHCTEMa «PO3yMHOT0» Oi0JOTi4HO-
AKTUBHOTO TipOTeNsl TOMOTEHHA i € PO3YMHOM. Y 30HAX
3aMajeHHs] Y HOBOYTBOPEHb HEPINKO CHOCTEPIraeThCs
MiCIleBe INIBUIICHHS Temieparypu. [lpm 3HaYeHHSIX
temnepatypu Bume HKTP, manpuxnazn, npu 38 C, To6T0
B 30HI 3amaleHHs a00 HOBOYTBOPEHHS, PO3YHMH
«PO3YMHHX» OI0JIOTIYHO-aKTUBHUX TIAPOTEIiB 3a3HA€E
(azoBoro noxainy. B pe3yibTati memieHUA TepromiMep 3
OIYHMMM JIAHIIOTaMH TPUIICHHY BUIUIAETHCA B ocal. Y
bOMY  BiIOYBa€ThCSI MacOIEPEHECEHHs  JIKapChKOl
PEYOBMHH 3 PO3YMHY B o0call, TOOTO BiIOyBaeThCs
MIEPEeTBOPEHHSI TEIUIOBOi eHeprii Ha MexaHiuHy. Y
pe3yibTaTi  JIiKapchka PEYOBMHA  JIOKATIZYETHCS Y
xBopoMy opraHi. Jlokamizamist JTiKapchKoi PEYOBUHU Yy
XBOPOMY OpTraHi He Juimie 3a0e3nedye TepareBTUIHUI
epekr, a ¥ J[O3BOJISE JIarHOCTYBaTH MATOJIOTIYHHN
npouec. OTxe, Taka CHCTEMa «PO3yMHHUX» OIOJOTiYHO-

aktuBHuXx rigporenis 3 HKTP € miarHoctudno-
TEpameBTHYHOIO  Kommosumiero.  OTke,  MOXKJIHMBE
CTBOPEHHS CHCTEM i3 3BOPOTHUM 3B'SI3KOM, KOJH

NaTOJIOTIYHUH TIpOLeC IHIIII0E BUAUICHHS JIKapChKOl
pedoBnHH. MOKHa TIPOBECTH JIOKAJIbHE HarpiBaHHS
OpraHy-MillleHi Ta NPHUMYCOBO JIOKalli3yBaTH JIKapChKy
PEUYOBHHY Y IIbOMY OpTraHi.

3HayHa YacTHHA «PO3YMHHUX» O10JIOTIYHO-aKTHBHUX
TiporeniB  3HaXOOWUTh IMUPOKE 3acTocyBaHH y 3D-
Oiogpymi. 3D-0iompyk BHUKOPHUCTOBYETHCS  IIHMPOKHIMA
CIIEKTP «PO3YMHHX» Oi0JOTiYHO-aKTHBHHX TiJPOTeIeBHX
MarepiaiiB, SKi MOXYThb OyTH pO3AiJIeHI Ha JeKiIbKa
OCHOBHHX KaTeropiii: 01040pHUIIa, CHHTETHYHI TOIIMEpH,
HATypajJbHI TOJIMEPH Ta alCTIOJIAPHI MO3aKIITHHHI
marpuui [17]:

- OiOYOpHMIIA: aKTMBHO BHKOPHUCTOBYIOTH PO3YyMHI»
GiosoriuHo-akTUBHI Tifgporeni xenatuny GelMa, ski
MAaroTh BiAMIHHI OlOJOTIYHI Ta MeXaHIYHI BJIaCTHUBOCTI.
BoHr MicTHTB KIIITHHHI 3B'SI3yBajbHI YaCTUHHA MOJIEKYI 1
Moxke Oyth  QoTomomimMepizoBaHi T CTBOPEHHS
ctabunpHuX 3D -cTpykTyp. GelMa migxomuTs s OpyKy
($i0bpo0bacTiB, Me3eHXIMaJbHUX CTOBOYPOBUX KIIITHH,
Mio0J1acTiB 1 XOHApoIHUTIB [18];

- ajbriHat HaTpiro — MoJjicaxapui, SKUH YTBOPIOE
rizporess MpH KOHTAKTI 3 i0HAMHU KaJbllifo. BiH mmpoko
BUKOPHCTOBYETBCS IS IHKANcynsimii kmituH st 3D-

0lonpyKy 3aBISKH CBOIM HHU3BKIH TOKCHYHOCTI Ta
BaprocTi [18];

- CHHTETHYHI TMOJIMEpU: SK Taki pPO3yMHI»
610JI0T1YHO-aKTUBHI rizporeni BHUKOPUCTOBYIOTh

wiypoHuk F-127 - cuHTeTHYHUWHA KomoisiMep, YacTo
BUKOPHCTOBYETHCS SIK MinTpuUMyloumii Marepian. Bin
MOXXE  CTBOPIOBATH  THUMYAcCOBI  CTPYKTYpH,  SIKi
BUIAJLIFOTBCS ITICIIS 3aBePIICHHS APYKY, IO € KOPHCHUM
JUIS CTBOPEHHS CKJIATHUX (GOpM 1 KaHAIIB ycepemuHi
KOHCTpyKii [19];

- HaTypasibHi MOAM(DiIKOBaHI MOJIMEpH: HalJacTie
BUKOPHCTOBYIOThCSI MOAnGiKaTH xenatnHy. OTprUMaHui
3 KOJIareHy JKeJIaTWH € BOAOPO3YMHHUM 1 0iocyMiCHHM
MarepianoM, SKHH MiATPUMY€E KIITHHHY ajresito i mae
GiomerpagabensHi BractuBocTi. MoaudikoBani ¢dopmu
JKEJIaTUHY, Taki $K TIONIpOBaHMH JKENaTWH, TaKOX
IIMPOKO BUKOPHCTOBYIOTBCSI B PO3YMHI» Oiojorigno-
aKTUBHI Tiporeni;

- mo3akiituaHa Matpuisl (dECM): mosakimiTHHHA
MaTpHIld, 1M030aBlieHa KIITHH, 30epirac KOMITO3HUINIO Ta
CTPYKTYpPY piOHOI TKaHMHHM Ta BHKOPHCTOBYETHCSA IS
CTBOpeHHA OioyopHwi. lle mo3Bonsie CTBOpIOBaTH
610CyMiCHI KOHCTPYKIIiT, IO IMITYIOTh IPUPOIHI TKAHUHU
Ta opranu [20].

CucreMr Ha OCHOBI «pPO3YMHHX» TiIpOTelniB
MOXYTh OyTHM BUKOPHCTaHI He JIMIIE JUIsl Teparii, ane i
JUIL JIarHOCTHKH, CTBOPIOIOYM YMOBU JJIsI PO3BUTKY
IHTErpOBAaHUX MEIMYHHIX TEXHOJIOTIH.

Bucnoskn. «PozymHI» 610JI0T1YHO-aKTUBHI
rigporeni € TEPCIEKTUBHIUMH  MaTepiajamMu s
MequnuHY, hapmarii Ta 610TeXHOOTI 3aBASIKH 31aTHOCTI
JO aJanTHBHOI peakiil Ha 30BHINIHI  CTHMYIIH.
Tepmouytnusi rigporeni 3 HKTP ta BKTP no3somnsirots
3OIMCHIOBATH KOHTPOJBOBAHY JOCTaBKY JIIKapChKUX
pPEUOBMH Yy BIANOBIOAh Ha 3MIiHM TEMIIEpaTypH, IO
0COOJINBO aKTyaJIbHO IS JIIKyBaHHS 3allalIbHUX TPOLIECIB
Ta HOBOYTBOpEHb. BukopucranHs Takux rigporemniB y 3D-
Oloapymi BigKpWBae HOBI MOXIUBOCTI JJIS CTBOPEHHS
0loCyMiCHMX TKaHMHHHX KOHCTPYKIIH, IO IMITYIOTh
MPUPOJTHI OPTaHH.

[omampmi mochmimKeHHS MalOTh OyTH CHpPSIMOBaHi
Ha PO3poOKy OaraTo(QyHKIiOHATBHUX TigpOTEIEBUX
CHUCTEM 3 BHCOKOI OIOCYMICHICTIO, CTaOULIBHICTIO Ta
MOJKJTMBICTIO MacIITaOHOTO BUPOOHHIITBA.
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M. V. PIDDUBNYI, S. P. KRIVILEVA

STRATEGY FOR DIGITAL TRANSFORMATION OF CHEMICAL ENGINEERING IN UKRAINE DURING
WAR

This article delves into the concept of Industry 4.0 as a transformative force in modern manufacturing, with particular focus on its impact on Ukraine’s chem-
ical engineering and mechanical industries. It explores the core technologies driving Industry 4.0 — including cyber-physical systems, the Internet of Things
(IoT), artificial intelligence (Al), big data, and cloud computing — and emphasizes how their implementation can drive productivity, efficiency, and innova-
tion in manufacturing processes. Special attention is given to enterprises within Ukraine's chemical engineering sector, highlighting the specific challenges
they face amid the ongoing 20142025 war with Russia, which has severely damaged industrial capacities in the northern, eastern, and southern regions of
the country.
The study identifies how the adoption of Industry 4.0 technologies is not just an opportunity but a necessity for Ukraine’s industrial recovery and internation-
al competitiveness. Through a comprehensive SWOT analysis, the article evaluates internal strengths (such as skilled human capital and integration with the
global IT sector), weaknesses (including limited financial resources and outdated infrastructure), opportunities (such as access to EU programs and export
potential in dual-use technologies), and threats (from war-induced destruction, investor insecurity, and brain drain). Special focus is placed on how enterpris-
es in chemical engineering machinery can benefit from technological foresight, digital transformation, and circular economy principles to rebuild and mod-
ernize in a sustainable way.
In this context, the article calls for systemic government support, strategic investments, and deeper cooperation between industrial enterprises, research insti-
tutions, and international partners. It also stresses that the country’s long-term success in adopting Industry 4.0 technologies depends not only on overcoming
internal barriers but also on winning the war and ensuring political stability. By leveraging its engineering potential and adopting future-oriented industrial
policies, Ukraine can align its key sectors with global technological standards and position itself as a competitive player in the post-war industrial economy.
Keywords: chemical engineering, industry 4.0, digitization, technologies, modernization, SWOT analysis

M. B. IITJYFHHH, C. I1. KPUBITbOBA

CTPATEI'IS HU®POBOI TPAHC®OPMAIIIL XIMIYHOI IH)KEHEPIi YKPATHU ITIJ] YAC BITHA

V¥ crarTi posrisgaethes kouuenuis Iugycrpii 4.0 sk notyxuuii gpakrop Tpancdopmanii cyyacHOro BUPOOHHITBA, 3 OCOOIMBUM AKLEHTOM Ha ii
BIUIMB Ha IIIPUEMCTBA XiMIYHOTO MAIIMHOOYyBaHHS Ta MeXaHIUHOI ramy3i B YKpaiHi. AHai3yI0ThCs KIHO4OBI TexHouorii [Hayctpii 4.0 — xibepdiznuni
cucremu, Inrepuer peueit (IoT), wryunnii intenext (Al), Benuki AaHi Ta XMapHi OGUMCICHHS — Ta MiJAKPECTIOEThCS, SK IX BIIPOBADKCHHS CIpHsE
MiJIBULICHHIO e(EeKTUBHOCTI, THYYKOCTI Ta iHHOBALiMHOCTI BUpOOHMYMX TpoueciB. OcoOiMBY yBary MPUAUICHO MiIIPUEMCTBAM XiMi4HOTO
MaIIMHOOYIyBaHHS B YMOBaX TpHBaro4oi BiliHu 3 Pociero (2014-2025), sika mpu3Bena 10 pyWHYBaHHS IIJTMX TPOMUCIOBHX KIACTEPIiB Y MiBHIYHUX, CXITHHX
Ta MiBJICHHUX perioHax Ykpainu.
VY nmocnijpkeHHI 3a3HAYCHO, IO iHTerpauis TexHouorid InmycTpii 4.0 — e He mPOCTO MIAHC, @ KPUTHYHO Ba)KIMBA YMOBA JUISL BiJHOBJICHHS YKPaiHCHKOT
MPOMHUCIIOBOCTI Ta MiABUILEHHS 1i KOHKYPEHTOCIPOMOXKHOCTI Ha MixkHapogHOMY piBHi. IIpoBenerno SWOT-anaiti3, 10 OXOMIIIOE BHYTPILIHI CHIIbHI CTOPOHH
(HasBHICTH KBaTipikoBaHUX KaJpiB, iHTerpawis 3 riaobansHuM IT-cekTopom), cnabki ctoponu (Hectada (hiHaHCIB, 3acTapina iHQPACTPYKTypa), MOKIUBOCTI
(mocTynm 10 €BPONEHCHKUX IPOTpaM, EKCIOPTHHH IMOTeHIian y cdepi NBOQYHKI[IOHAIBHUX TEXHOJIOTiH) Ta 3arpo3u (pyiHyBaHHS iH(PACTPyKTYypH,
iHBeCTULI}HA HENIPUBAOINBICTh, EMIrpaLlist IHXKEHEPIB).
ABTOpH HAaroJoIIyIOTh Ha HEOOXiAHOCTI NEep)KaBHOI MiATPHMKH, LiTLOBHX IHBECTHLIN Ta aKTUBi3alii CHiBHpali MK NMPOMHCIOBUMH MiANPHEMCTBAMH,
HAayKOBHMHM YCTaHOBAMH Ta MDKHAPOJIHHMH MAapTHEpaMU. BaXIMBHM € TakoX BIPOBAIKEHHs NPHHIUIIB IUPKYJISAPHOI €KOHOMIKH Ta TEXHOJIOTiYHOTO
dopcaiity. Yenix Ykpainu na uusxy mo Ingycrpii 4.0 3anexuTs He Jmuie Bi BHyTpimHix pedopm, ane if Bix nepemoru y BiiiHi, 1o 3abe3neunts
cTabuIbHICT i JOBipy. Y pa3i eeKTHBHOrO BHUKOPHCTAHHS HAsSBHOTO MOTEHLIaly, YKpaiHa Mae BCi IIAHCH NMPUEIHATHCSA IO KpaiH, WO JiJUPYIOTh y
r106anpHOMY TEXHOJIOTIIHOMY PO3BUTKY.
Kitrouosi cioBa: Ximiuna imkeHepis, ingycrpis 4.0, uuposisauis, NpoeKTyBaHHs i yrpasiiHHs npouecamu, MoaepHizauis, SWOT ananiz

Introduction. Industry 4.0, or the Fourth Industrial
Revolution, is fundamentally reshaping manufacturing
processes and business models worldwide. Based on the
widespread application of cyber-physical systems, the
Internet of Things (IoT), and big data, this concept opens
new approaches to automation, optimization, and integration
of manufacturing. In the sector of chemical industry
enterprises in Ukraine, such changes represent significant
opportunities for enhancing competitiveness, but at the same
time also bring serious challenges. Under modern market
conditions, the implementation of Industry 4.0 technologies
is critically important for the survival and development of all
industrial sectors, and especially for enterprises of the
chemical industry.

This article examines the impact of Industry 4.0 on
enterprises of chemical engineering in Ukraine, as well as the
advantages and difficulties associated with the adoption of
new technologies. The use of tools such as IoT sensors, cloud
platforms, and big data analytics enables enterprises to obtain
accurate and timely information about equipment status and
Production processes, predict possible failures, and optimize
production cycles. This can significantly improve production
efficiency, reduce costs, and enhance product quality. The
aim of the study is to identify existing and potential

problems, threats, and opportunities associated with the
formation and

development of Industry 4.0 in Ukraine for enterprises of
chemical engineering under force majeure circumstances —
the war with Russia (2014-2025) and the destruction of
entire industrial sectors in the northern, eastern, and southern
regions of the country.

The purpose is to investigate existing and potential issues,
threats, and opportunities related to the formation and
development of Industry 4.0 in Ukraine amidst force majeure

The importance and implementation of industry 4.0 in
the global Ukrainian contexts. State programs aimed at
implementing digital transformation in national economies
have already been adopted by developed countries such as
Germany ("Industrie 4.0," 2012), Italy ("La Fabbrica del
Futuro," 2013), the United Kingdom ("High Value
Manufacturing  Catapult,” 2014), the United States
("Industrial Internet Consortium," 2015), Japan ("Industrial
Value Chain Initiative," 2015), India ("Make in India,"
2015), France ("Usine du Futur," 2017), China ("Made in
China," 2017), Singapore ("Singapore Manufacturing
Consortium," 2017), Spain ("Industria Conectada 4.0,"
2018), and many others.
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Industry 4.0 enables rapid data collection, accumulation,
and analysis, ensuring production processes with minimal
costs. Industry 4.0 stimulates the development of new
manufacturing technologies (so-called "nanotechnologies")
by influencing the formation of global production systems
(See Fig 1.). One of the key ideas is the creation of “smart”
enterprises through the integration of robotic systems into
fully automated digital production.

In Ukraine, numerous problems persist: war, inflation,
corruption, political and social instability, high taxation,
limited access to financing, and more. The economy must
improve investment attractiveness, strengthen the
macroeconomic environment, and ensure stable financial
conditions. At the same time, Ukraine has strong potential:
enterprises of chemical engineering can potentially replicate
the success of its IT sector.

The main challenge for domestic enterprises in the
transition to Industry 4.0 is the almost complete absence of
priorities at the level of technical policy. Clear
transformation plans, specific budgets, and investments are
required. This demands state funding of the IT sector and a
motivation system for specialists (especially IT experts) to
work at domestic enterprises. Deeper integration with the
European Union is also crucial. Reforms in legislation,
taxation, education, science, and infrastructure play a key
role.

Evolution of Industrial Revolutions: Components of
Industry 4.0. Industry 4.0, or the Fourth Industrial
Revolution, marks the era of digital transformation in
production, uniting cyber-physical systems, the Internet of
Things, big data, artificial intelligence, and other advanced
technologies. This revolution fundamentally changes
approaches to manufacturing, management, and business
models, providing new levels of efficiency, productivity, and
flexibility.

For businesses in Ukraine, particularly in the chemical
engineering sector, the implementation of Industry 4.0
presents vast opportunities for development and enhancing
competitiveness.

For  Ukrainian enterprises, especially in the
electrotechnical sector, the introduction of Industry 4.0 opens
enormous prospects. Chemical industry enterprises play a
key role in the Ukrainian economy, providing jobs,
innovation, and stability. According to the Ukrainian
Chamber of Commerce and Industry, such enterprises
account for about 60% of employment.

However, they often lack financial resources,

(Dri\'m by the need to mechanize the textile industry i Britam, ﬂm\‘
First "Industrial” (at the end advent of steam engmes provided a more flexible and powerful energy
|of the 18th century) source, enabling machinery to operate mdependently of natural energy
- sources such as rivers. This revolution was founded on mnovations i won

@-mduction, steam engines, and the development of the textile industry.
Second "Technological”
(from the second half of the
19th century to the beginning
of the 20th century)

It involved the widespread use of CNC machines,

|Third "Information” (from the computer processing of qualitative and logistical information, and the

1970s) of various manual tasks such as aucu\mung inventory
mzmgmm‘t and planning. The focus was on using electronics and IT to
achieve further automation of production processes. J

qualified

Spanning from the second half of the 19th century to the early 20th)
century, this revolution was characterized by the implementation of the
Bessemer process for steel production and the of bly
line manufacturing, Exemplified by Henry Ford's conveyor belt This
period, encompassing Western Europe, the USA, and Japan, was driven
by scientific achievements rather than mere inventions. It saw the mass
production of high-quality steel, the expansion of railreads, the spread of
@mxmw, and the use of chemicals.

Starting in ﬂm 1970s, this era was marked by the use of computers in

/Also known as Industry 4.0, this revolution is driven by integrated\

mtall:gem pmcessas and products ﬂ:al generate big data, fundamentally

and creating new markets. It

involves not only the use of data in pmduclmn but also the integration of all

data from a wide range of manufacturing systems across the supply chain.

Thns revolution 1s based on the extensive use of cyber-physical systems to
the riented Internet of Things (IoT).

&lﬂ:ough not explicitly mentioned in the provided text, the concept of
Industry 5.0 can be inferred. It emphasizes human robot collaboration,

combining advanced technologies like AT and robotics with human

specialists, and modern technologies [1].

And it offers solutions to many of these issues by
providing tools for automation, optimization, and increased
productivity of manufacturing processes. Implementing IoT,
cyber-physical systems, big data analytics, and artificial
intelligence can help small and medium-sized enterprises
enhance efficiency, reduce costs, and improve product
quality. Moreover,

Fig. 1.General characteristics of industrial revolutions

Industry 4.0 technologies foster greater flexibility and
adaptability to market changes, which is especially crucial in
today's dynamic economic environment.

Using examples of successful implementations, analyzing
the current market state,
and proposing recommendations for Industry 4.0 is built
upon a range of advanced technologies that interact to create
smart factories, where machines, humans, and systems
exchange information in real time. Below, we discuss the key
components of Industry 4.0 and their impact on enterprises in
the chemical engineering sector.

Internet of Things (IoT) is a network of physical devices
connected to the Internet that can collect and exchange data.
In the context of manufacturing, [oT enables the creation of
smart factories where machines and equipment can be
automatically monitored and optimized. Implementing IoT
can significantly enhance production efficiency, reduce
equipment maintenance costs, and improve product quality
through continuous real-time data monitoring and analysis
[2].

Big Data refers to the processing and analysis of vast
amounts of data generated from various sources such as
sensors, machines, and manufacturing systems. Analyzing
big data enables businesses to derive valuable insights for
making more informed decisions, optimizing production, and
predicting potential failures.This allows small and medium-
sized enterprises to automate and optimize manufacturing
processes, increasing productivity and reducing human errors
[3].

Cloud technologies enable storing and processing data on
remote servers, providing access to information and
computational resources over the Internet. Using cloud
technologies allows small businesses to access powerful
computing resources without significant investments in their
own infrastructure, enhancing business flexibility and
scalability[4].

Ukrainian SMEs in the electrical engineering sector
exhibit significant potential for development owing to their
high product quality and experienced personnel. However,
successful adoption of Industry 4.0 hinges on overcoming
challenges such as limited financial resources and a shortage
of skilled professionals. Leveraging advanced technologies
can yield substantial benefits by enhancing efficiency, cutting
costs, improving product quality, and bolstering international
competitiveness. Simultaneously, it is crucial to address
potential threats linked to economic instability and
cybersecurity through strategic mitigation strategies. This
approach is essential for ensuring sustainable growth and
resilience in the global market landscape.

. SWOT ANALYSIS

The methodology for conducting the SWOT analysis was
based on official statistical reports from industry enterprises
as well as research conducted by scholars in chemical
engineering. Additionally, it incorporated assessments by
leading authors regarding the positive and negative aspects
present in the industry during wartime. This comprehensive

Fifth "Industry 5.0"
creativity and innovation. This revolution aims to create personalized,
sustainable solutions and further integrates human input with automated
processes, fostering a more adaptive and resilient manufacturing.
environment.
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approach provided a solid foundation for understanding the
current state and challenges of the industry, ensuring an in-
depth analysis of its strengths, weaknesses, opportunities,
and threats in the context of the ongoing conflict.

Regarding the Strengths of Ukraine's industrial
landscape is marked by a rapidly growing IT sector, well-
integrated into the global IT industry. The government's
awareness of Industry 4.0 challenges, alongside ongoing
decentralization  reforms, highlights the country's
commitment to digital transformation. Ukraine boasts
significant potential in key industries like chemical and
mechanical engineering for building. Universities, IT
professionals, and institutions under the National Academy
of Sciences provide a robust scientific foundation [5].
Additionally, over 100 organizations are actively offering
Engineering 4.0 solutions, underscoring the country's
innovative capacity.

An example of Ukraine's strengths in this context is the
burgeoning drone manufacturing sector, which demonstrates
the nation's ability to leverage advanced technologies for
military and civilian purposes. Ukrainian-made drones,
developed in response to wartime needs, have gained
recognition for their efficiency and innovation, contributing
to the defense sector and showcasing Ukraine's engineering
prowess on the global stage. This not only strengthens
national security but also positions Ukraine as a competitive
player in the global drone market. The SWOT analysis - in
Table 1. Concerning the Weaknesses. Despite these
strengths, Ukraine faces challenges in its pursuit of Industry
4.0. Government efficiency remains insufficient, with limited
regulatory influence over industrial sectors. The
government's capacity to engage with experts, the Academy
of Sciences, universities, and IT professionals is also
constrained, hampering collaborative efforts in Industry 4.0.
The absence of active national, regional, and sectoral
strategies further exacerbates these issues. The destruction of
Industry 4.0 ecosystems due to ongoing conflict has
weakened support for developers and hindered the creation
of an effective export strategy.

A major weakness is the lack of a robust legal and
regulatory framework to support the digital transformation of
industries. This is compounded by insufficient incentives for
businesses to adopt Industry 4.0 technologies, which leads to
a slow uptake and hinders progress [6]. The war has also
disrupted supply chains, making it difficult for industries to
source the necessary materials and components for
modernization efforts.

Desired results that can be obtained. Despite the bloody
war and the catastrophic destruction of the economy, Ukraine
has great opportunities due to the fact that, thanks to Western
partners, it gained access to European Industrialization 4.0
programs in the field of electrical engineering during the war.
It is still unknown how Ukrainian specialists will take
advantage of these unexpected opportunities, but if they
follow the "road maps", including those embedded in them,
this can ensure that the state of the domestic chemical
engineering industry is aligned with the world level of
development of the industry.

Ukraine has significant Opportunities for growth, in the

global and EU markets. The potential to leverage
international  programs for funding scientific and
technological advancements is substantial. Ukrainian

innovations, especially in military and dual technologies,
industrial automation and robotics, have strong export
potential, with the possibility of full integration into global
markets. The reduced workforce has increased demand for
automation and robotics in Ukrainian enterprises, driving
modernization efforts. The country's labor market, rich in

highly educated engineers and youth, is well-positioned to
meet the demands of Industry 4.0. Additionally, the
popularity of advanced technologies among the population
and the growing trust in national manufacturers provide a
favorable environment for the development of Industry 4.0.
Ukraine's enhanced international prestige and the potential
for large-scale reconstruction after the war present further
opportunities for growth and innovation. It should be noted
that there are large potential customers for both the latest
military technologies developed by Ukrainians in the field of
chemical engineering and dual technologies, both among
European countries and among the states of the Eastern
region and the Arab world. Entering these markets will
contribute to increasing the reputation, trust and authority of
national manufacturers and the entire chemical engineering
industry not only among the population of Ukraine, but also
throughout the world. And this can become the foundation
of the global transformation and restoration of Ukraine, its
economy and the entire chemical engineering industry after
the victory in the long-lasting and very bloody war of
national liberation with Russia in 2014-2025.

The production of drones in Ukraine is a prime example
of capitalizing on these opportunities. The high demand for
drones, both domestically and internationally, opens avenues
for Ukraine to establish itself as a leader in this niche market.
Collaborating with global partners, securing international
funding, and exporting drone technology can significantly
boost Ukraine's standing in the global Industry 4.0 landscape.

Furthermore, the reconstruction efforts post-war offer a
unique opportunity to rebuild with Industry 4.0 principles at
the forefront. This includes modernizing infrastructure,
adopting smart technologies, and ensuring that new
developments are sustainable and future-proof. By
positioning itself as a hub for innovation and technology, 1

Ukraine can attract foreign investment and expertise,
further accelerating its industrial transformation.

However, Ukraine's path to Industry 4.0 is fraught with

Threats. The ongoing war with Russia poses a significant
risk, leading to social instability and creating unattractive
conditions for investors. The country's dependency on debt
and the destruction of entire industrial sectors by the enemy
further exacerbate the situation.
The rapid brain drain of education engineers, compounded
processing industry, risks turning Ukraine's economy into a
raw material-based one. The degradation of industrial
innovation ecosystems, coupled with insufficient penalties
for environmental violations, threatens the sustainability of
Ukraine's industrial development. The widespread violations
of legislation due to the war and inadequate enforcement
measures further undermine the country's progress toward
Industry 4.0.

In conclusion, while Ukraine's strengths and
opportunities in Industry 4.0 are considerable, the
weaknesses and threats it faces are significant. The

production of drones exemplifies how Ukraine can leverage
its strengths and opportunities, but the challenges ahead
require strategic and concerted efforts to overcome [7]. The
war has undeniably complicated Ukraine's journey toward
Industry 4,0, but with resilience and innovation, the country
can navigate these challenges and emerge as a strong
contender in the global industrial landscape.

Integration of technological foresight and circular
economy. In the face of ongoing war, the development of
Industry 4.0 in Ukraine faces both unique challenges and
opportunities. Technological foresight plays a critical role in
this context, as demonstrated by leading multinational
corporations like Siemens and General Electric [8]. These
entities employ foresight not only to adapt to rapid
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technological changes but also to guide the broader
professional community. For Ukraine, the strategic
application of such foresight is essential to navigating the
complexities of Industry 4.0, especially in sectors like
chemical engineering, where resilience and innovation are
paramount [9].

Moreover, the concept of the circular economy offers
additional prospects for sustainable development within
Industry 4.0. The integration of recycling innovations, as
seen in European circular networks, can significantly
contribute to Ukraine's industrial resilience.

Multinational electrical manufacturing companies
(MNEMCs) have shown that active participation in circular
ecosystems leads to enhanced resource efficiency, knowledge
sharing, and collaborative innovation. For Ukraine,
embracing circular economy principles within Industry 4.0
could mitigate some of the war's detrimental effects, offering
a pathway to sustainable industrial growth Qq [10-12].

Thus, by combining technological foresight with circular
economy practices, Ukraine can leverage Industry 4.0 to
foster industrial innovation, economic resilience, and long-
term sustainability, even amid the ongoing conflict.

Table.1 — SWOT Analysis of Implementing and Developing Industry 4.0 in Ukraine during the war

Strengths

Weaknesses

Rapid growth and globalization (European integration) of
the IT industry.

Low operational efficiency of the Ukrainian government
(second to last in the rankings, according to WEF
evaluations).

Unification of Ukrainian innovators within the framework
of "Industry 4.0".

Lack of effective industrial, innovation, export, and digital
transformation strategies, among other development
strategies for the IT industry in Ukraine.

Initiation of reforms, particularly decentralization.

Absence of effective government support for developers and
innovators in Industry 4.0.

High potential of higher education institutions and
academies, which involve their representatives in
"Industry 4.0".

Low involvement of key stakeholders (IT sector, higher
education institutions, industrial engineering, etc.) in
Industry 4.0.

Significant potential for creating innovative technologies.

Short-term focus on key customers, lacking strategic
orientation.

Positive image of Ukrainian workers employed on
outsourcing terms.

Underdevelopment of the national manufacturing sector.

Establishment of cooperation with leading innovative
foreign companies.

Inadequate legal framework for the development of Industry
4.0 (e.g., low level of intellectual property protection).

Weak or non-existent regional and sectoral ecosystems for
Industry 4.0.

Opportunities

Threats

Collaboration with leading countries in the production
sector.

The gradual transformation of our country into a source of
labor through cooperation.

EU programs as sources of funding for science,
development, and more.

Increasing distrust of domestic businesses towards the state.

Manufacturing cooperation (integration into supply
chains) with global markets, including

outsourcing, freelancing, and export in the IT sector and
the field

of innovative developments.

Degradation of innovative ecosystems in the domestic
industry.

Large capacity of the domestic market.

Economic imbalance, turning the country into a raw material
exporter (reducing the share of the processing industry).

Increased penetration and further development of
innovative technologies across all sectors of domestic
industry.

Lagging behind industrially developed countries in most
strategic aspects of Industry 4.0.

Enhanced reputation of national producers in the
eyes of Ukrainians.

Increasing distrust of the state by existing businesses.

Securing expanded funding for scientific and
innovative developments within existing programs.

Unstable economic situation and high unemployment rates.

Victory in the war with russia and subsequent
national recovery.

High state budget expenditures and the country's debt
dependency.
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Conclusion In the field of Industry 4.0, Ukraine significantly
lags behind developed countries. The situation surrounding
Industry 4.0 has been analyzed in the conditions of the
national liberation war of 2014-2024. As a result of the
conducted SWOT analysis, strengths, weaknesses,
opportunities, and threats have been identified for Ukraine in
the adoption and utilization of Industry 4.0 tools during the
critical situation of the 2014-2025 armed conflict with
Russia. The analysis revealed insufficient effectiveness of
strengths and opportunities, which do not adequately
counterbalance the external threats. And this could become a
destructive factor for the state, its economy and for the entire
electrical engineering industry. But at the same time, despite
the long bloody war and the catastrophic destruction of the
economy, great opportunities opened up for Ukraine due to
the fact that, thanks to Western partners during the war, it
gained access to European programs on Industrialization 4.0
in the field of electrical engineering. And if the Ukrainian
Government and Ukrainian specialists take advantage of
these unexpectedly opened opportunities, it will ensure the
alignment of the state of the domestic electrical engineering
industry with the global level of industry development. But
this is possible only if the Ukrainian nation can withstand
and defeat Russia in this protracted and bloody war.

Thus, the activation of digital transformation, the
acceleration and improvement of the efficiency of the
implementation of the main tools of Industry 4.0 in the
electrical engineering industry of Ukraine, which were
actually stimulated, among others, by the war unleashed by
Russia, will have phenomenal results under the conditions of
such a long-awaited victory. As for future research
prospects, they include the development of a systemic
approach, promoting integration and cooperation between
enterprises, academic circles and educational institutions of
Ukraine under the supervision of the Government, aimed at
the promotion and implementation of innovative
technologies of Industry 4.0 in the electrotechnical industry,
including military-oriented and dual.
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MHNPOBEJEHHA JOCIIKEHD BHYTPI[HHBOHHACTOBpi KATAJITAYHOI JECTPYKIII
TETEPOI'EHHUMMH KATAJI3ATOPAMMU JJISI IHTEHCUPIKAIII BUJOBYTKY HA®THU

doi: 10.20998/2079-0821.2025.02.10

Po3pobka mokianiB BaKKOBHIOOYBHHMX 3amaciB 0OyMOBJIEHA HAasBHICTIO y CBiTI POMOBHIN, IO MICTATh 3amach BaXKKOI BHCOKOB’S3KOi Ha(TH,
BHJOOYTOK SIKUX € Maloe()eKTUBHUM a00 30BCIM HEMOXJIMBHM IpPU 3aCTOCYBaHHI TPAAMLIHHMX METOMAIB. B SKOCTI mepcreKTHBHUX METOMIB, SKi
JI03BOJIAIOTH BUI00YBATH BaXKKi, BUCOKOB sI3Ki HATH € METOM BHYTPilIHbOIIACTOBOI'O KATaJIiTHYHOrO BIUIMBY. MeToaM MiJBUILEHHs eeKTHBHOCTI
Ha(TOBUIOOYTKY, IO IPYHTYIOTHCS Ha KAaTaNITHYHUX Mpolecax, mnependavarnTs (popMyBaHHS aKTHBHOTO PEAKLIHHOIO CEPeIOBHINA ILIIXOM
BBEJICHHS TOMOTEHHHX 4M T'eTEPOreHHHX KaTalizaTopis. JIyisi BBEIEHHsS TBEPIOro KaTajli3aTopa y HMOPOBHIl NMPOCTIp €)EKTHBHOK TEXHONOTIEH €
3aCTOCYBAaHHS Ti[paBJIiuHOr0 PO3PHBY IJIACTA, NIPH SKiil MOXJIMBE BBEICHHS KaTasli3aTopa y TBepaiil ¢opmi. 3acTocyBanHs KaTajizaTopa J03BOJIsE
3MEHIIYBaTH B A3KiCTh (UIIOIIB, 10 JO3BOIMTE 30UILIINTH Ae0iTH CBEP/UIOBHH 3a PaXYHOK IiJBUINEHHS MBUAKOCTI BinbTpartii y npuBuoOiiiHiit 30Hi.
TIpoBeneni mOCTIIKEHHS BIUIMBY TBEPAMX KaTali3aTOpiB Ha MPOAYKIIO HAaHOLThII XapakTepHUX Aiass YKpaiHH HAa(TOBHUX DPOJOBHII, IO
XapaKTEePU3YyeThCS BHCOKOIO T'YCTHHOIO Ta B’SI3KICTIO, BHCOKHM BMICTOM ac(anbTocMononapadiHuCTHX pedoBUH. JlOCHiIKeHHS e(eKTUBHOCTI
MPOBOJAMIIMCh HA YOTHPHOX THIaX HaTH. Y SKOCTI KaTanizaTopiB 3aCTOCOBYBAINCH MPUPOJIHI Ta CHHTETHYHI PEYOBHHH: LEOJITH, OKCHAN METaiB,
TIIMHUCTI MiHepaiH, KapOOHATH Ta OKCHIU XpOMY Ta iH. JloCaipKeHHs NPOBOAMIMCH IPH CTATHYHHX i IMHAMIYHUX yMOBAX IPU IUIACTOBHX THCKaX Ta
TemrepaTypax. Ilicist BINIMBY KaTali3aTopiB BH3HAa4Ya M 3MiHY XapaKTEPHCTUK Ta BIACTHBOCTEH Ha(TH: T'yCTUHH, B’SI3KOCTIi, (ppakIifHOro CKiIamy,
THCKY I'a30yTBOPEHHs, BMICTy acdanbTocMononapadiHuCTUX pedoBHH. BHACHIIOK JOCTIKeHb HaHOUIbII eeKTUBHUMH BHSBHIMCH KOMOiHOBaHi
KaTani3aTopu Ha OCHOBI IIEOJITYy Ta KapOoHaTy Xpomy. JIysi 3acTOCYyBaHHS y BHUJOOYBHHX CBEpIJIOBMHAX IPONOHYETHCS YHOCKOHAICHA CXEMa
riIpOpO3pHBY, IO JO3BOIHTE 3aCTOCOBYBATH IIPONAHT CYMiCHO i3 TBEpAUMH KaTajli3aTopaMy IIPU 3aKa4yBaHHI Y CBEPIJIOBUHY.

KuouoBi c1oBa: BaxkoBMIOOYBHI 3amacu, BYIJICBOJHI, BHYTPIIIHBOIUIACTOBA KATaJITHYHA JECTPYKLs, KaTani3aTop, LEOJT, KapOoHaT
XpOMY, MPOTAHT, TiPABIIYHAI PO3PHB IUIACTA, iHTeHCHIKAIlis BUIOOYTKY.

M. M. PODOLIAK, |. H. ZEZEKALO
CONDUCTING RESEARCH ON IN-RESERVOIR CATALYTIC DESTRUCTION OF OIL

The development of hard-to-recover reserves is driven by the presence of global fields containing heavy, highly viscous oil, the extraction of which is
inefficient or even impossible using conventional methods. Promising approaches for producing heavy, viscous oils include methods of in-reservoir
catalytic stimulation. Techniques aimed at improving oil recovery that are based on catalytic processes involve creating an active reaction medium by
introducing homogeneous or heterogeneous catalysts. To deliver a solid catalyst into the pore space, hydraulic fracturing is an effective technology, as
it enables the placement of the catalyst in solid form. Studies were carried out to evaluate the influence of solid catalysts on crude oils typical of
Ukrainian oilfields, which are characterized by high density and viscosity and a high content of asphaltene—resin—paraffin compounds. The efficiency
tests were conducted on four types of crude oil. Natural and synthetic substances were used as catalysts, including zeolites, metal oxides, clay
minerals, carbonates, chromium oxides, and others. Experiments were performed under static and dynamic conditions at reservoir pressures and
temperatures. After catalyst treatment, changes in oil properties were determined: density, viscosity, fractional composition, gas-formation pressure,
and the content of asphaltene—resin—paraffin compounds. The most effective catalysts were found to be combined formulations based on zeolite and
chromium carbonate. For use in production wells, an improved hydraulic-fracturing scheme is proposed, allowing proppant to be pumped together
with solid catalysts into the wellbore.

Keywords: hard-to-recover reserves, hydrocarbons, in-reservoir catalytic destruction, catalyst, zeolite, chromium carbonate, proppant,
hydraulic fracturing, production enhancement.

BYIJICBO/IHIB, TYCTHHH Ta B’SI3KOCTI

KOMHOH@HTiB, 34 PaXyHOK 4Y0ro JOCAra€TbCsd 3MCHIICHHSI

Beryn
3arydeHHs o po3pobKku MOKJIaTiB

SMCHIICHHAM

BaXKOBUZOOYBHHX 3amaciB OOYMOBJICHA HAsSBHICTIO Y
CBITI pOJOBUIN, SIKi MICTSITh 3HAYHI 3amach BaXKKOl
BUCOKOB’SI3KOI Ha()TW Ta PETPOrpajHOro KOHJCHCATY,
BUIOOYTOK sKuX € ManoedexTuBHUM abo 30BciM
HEMOXKJIUBUM MPH 3aCTOCYBaHHI TPaJUIIHHUX METOAIB.
Cepenniii KOe]iIiEHT BWIYYEHHS BaXKKOBUIOOYBHHX
3amnaciB Ha pomoBumax cBity ckianae 0,46 [1, 2]. Tomy,
aKTyalbHAM ITHTaHHSM TIIOCTAa€ BBENCHHA B PO3POOKY
Ba)XKOBHIOOYBHHX 3aIlaciB BYIJIEBOJHEBOI CHPOBHHH, a
TaKOX PO3POOKY palliOHAIBHOTO Ta €(hEeKTUBHOIO METOIY
ii BwiydeHHs. B sxocTi omHOro i3 NEPCHEKTUBHUX
METOIIB TiABUIICHHS KoedilieHTy Ha)TOra30BUIIyYCHHS,
KA JO3BONMMB OW BUAOOYBAaTH BaXKKi BHCOKOB’SI3Ki
Ha(TH 94 peTPOrpaJHuii KOHACHCAT, & TAKOXK MOKPALIUTH
YMOBH X BUIOOYBaHHS, € METO/l BHYTPILIHbOILUIACTOBOI'O
KaTaJITU4HOro BILUTUBY [1].

IMporiec  BHYTPILIHBOIUIACTOBOTO  KaTamizy L€
TIepeTBOPEHHS BHCOKOMOJIEKYJISIPHHX CKJIAJIOBHX
BYITICBOJHIB Ha CHONYKH 3 MEHINOI MOJEKYISIPHOIO
MAacol0, M0 3[IHCHIOEThCS OE3MOCepelHhO B IUIACTI B
MPUCYTHOCTI pedoBunu  [3].
IIpouecu BYIJIEBOAHIB B

KaTaJiTHYHO-aKTUBHOI
HEPETBOPCHHS  BAXKKUX
IJIACTOBUX YMOBaX Ta B MPHUCYTHOCTI KaTaji3aTtopa

CYNPOBO/UKYIOThCS ~ 3MIHOKW  (ppakmiiHOrO  CKiIany

(hinbTpaliifHOro O1opy, 10 B CBOIO Yepry MPU3BOIAUTH 110
30UTBIICHHS KiJTbKOCTI BUIOOYTOI ipoaykii [4, 5].

Amnaui3 jgirepatypu

Metoau
Ha(TOBUAOOYTKY, IO IPYHTYIOTHCS Ha KaTaJiTHIHHX
mporecax, Inependadarot (GopMyBaHHS B IUIACTOBUX
YMOBax aKTHBHOTO pEAaKUiHHOTrO CepeloBHINA IUIIXOM
BBEICHHS TI'OMOI€HHHUX YHM TI'eTEPOreHHHUX KaTaliTUIHO
AKTUBHUX B3aEMOIIOTh 13 TIPCHKOIO
nopofor Ta miactoBumu (Quroimamu [1, 6, 7]. dus

M1 IBUILIEHHS e(eKTUBHOCTI

CIONYK, SIKi

3aCTOCYBaHHA Y IUIACTOBHUX YMOBAaxX IPH BHIIy4CHHI
BaXXKOBHI00YBHUX e()EKTUBHICTIO
BUPI3HSIOTBECS TBEPAlI TE€TEPOreHHI KaTalli3aTopH, sKi
ITiCIIst BBECHHS 1X Y IUIACT MOXYTh OYTH HEPYXOMHUMH Ta
He Oy1yTh BUMHUBATHCS 13 MOKJIAIB i3 pyxoM (roinis.
Jnst BBEeAEHHS TBEPAOrO KaTalizaTopa y IOPOBHii

3amaciB  BHCOKOIO

OpPOCTIp  JOLITBHUM
po3puBy T1acta. Ilpu mpoBeneHHI
NpoIlecy 3aKayyBaHHSA IPOMAHTY Yy TIOPOBHH Ta
TPIIIUHHWI TIPOCTIp TPUBUOIMHOI 30HH CBEPIUIOBHHH
MOXUIMBE BBEJICHHS KaTtanizatopa y TBepaii ¢opmi. Lle
JIO3BOJIMTH TPUBAJIHMH yac 30epiraTi peaxuiiHy 34aTHICTh

€ 3aCTOCYBAaHHS TiJPaBIiYHOTO

TEXHOJIOTTYHOT O

KaTajizaropa y mNpuBHUOIHIA 30HI CBEpAJIOBHHU Ta
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3abe3reuyBaTd KaTaliTHYHY JCCTPYKLIIO BYIJICBOIHEBOI
MPOAYKLIT [0 HAAXOAUTh Y CBEP/UIOBHHY.

IpoBeneHHsT NOCHIDKEHb 3 MiAOOpY Ta aHamizy
TBEPAUX KaTali3aTopiB nepenbayae
OLIIHIOBAaHHS  IXHBOIO (bi3uKo-ximiuHi
BJIACTHBOCTI HA(TH i OFHOYACHE BPaXyBaHHS MOMKIIMBHX

BcebiuHe
BIUIMBY  Ha

3MiH y TEMIIEpaTYpHOMY pPEXHMi, CKJIaJi Ta MOBEIiHII
B)XKUX KOMIIOHEHTiB. Y IIpOIECi TaKuX JAOCIIKEHb
BUpillIaJibHE 3HAYECHHS MA€ IMOPIBHSHHS CTaHY BHXiTHOI
(cupoi) HadTH 13 BYIIeBOAHEM, IO 3a3HAB KaTaJliTHYHOTO
BIUIHBY. Lle NO3BOMNSE BU3HAYMTH, UM CIPHSIOTH 00paHi
KaTaiizaTopu
3MEHIICHHIO ac(anbrocMosonapadiHoBUX BiIAKIAICH i,

3HIDKEHHIO B SI3KOCTI  Ta  TYCTHHH,

3peUITolo, M1 IBUILIEHHIO e(eKTUBHOCTI SIK
TPaHCIOPTYBaHHs, TaK 1 HOAAJBIIOI IepepoOKy HadTH.
3MiHa  KOMIIOHEHTHOTO  CKJIaJy  BYIVICBOJHIB

CYNPOBO/DKYETHCS TOKPAIICHHSIM iX  (I3UKO-XIMIUHHX
XapaKTEePUCTHK, 30KpeMa 3HIKEHHSM B’SI3KOCTi, TYCTHHHU
Ta cepeqHbOi MOJIEKYIspHOi Macu. lle, y cBow uepry,
niaBuinye ¢$a3oBy NMPOHUKHICTH IUIACTOBUX (IroiniB Ta
MOKpaIlye IXHIO PYXJIMBICTh, IO Bele 10 30LIbLICHHS
ne0ITy CBEpAJIOBHH.

OTKE, Memoio 0ano2o 00CaiOdCeHHs € T IBUIICHHI
e(exTHBHOCTI BUITYyYCHHS Ba)KKOBHIOOYBHHX
BYIJICBOJHIB 33 pPaxyHOK MJECTPYKLIl BerJIeBOJHEBOI
MPOAYKIIT Yy IJIACTi TETEPOreHHUMH KaTali3aTopaMHu.

06’ ckmom Oocniodcentss € TPOLEC KaTATITUIHOTO
CKIaLy
IUIACTOBUX YMOBaX.

MEPETBOPEHHS BYITIEBOAHEBOI  CyMimi B
Ipeomem docnidxcennsi — 3MiHa OCHOBHHX (Di3HKO-
BYIJIEBOAHEBOI  CyMili,
BHACIIJIOK 3MiHM ii (pakuiiiHoro ckiamy Ta XiMIYHHX
MePETBOPEHb BHCOKOMOJIEKYJISIPHUX CIIONYK 33 PaxyHOK

TBEPIHX KaTani3aTopiB.

XIMIYHMX  BJIACTUBOCTEH

Ocnoeni 3a0aui, SIKi CTaBISATHCS TPU BUKOHAHHI
JTOCITI IPKCHHSL:

1. CdhopmysaTi JTOCITI K YBaHOT
BYIJICBOJHEBOI CHPOBUHH, SIKA € HAMOUIBII XapaKTePHOIO
JUIl poloBUL YKpaiHu, Juisi 3a0e3Me4eHHs MOXJIMBOCTL
OLIIHKH e()eKTUBHOCTI KaTai3aTopis.

2. Po3poOuti eQeKTHBHHUI CKIaa KaTaliTHYHO-
aKTHBHOI CyMIllli HA OCHOBI I'€TEPOr€HHUX PEUOBUH IS

BHOIpKY

3nificHeHHs iHTeHCU]iKalil BWIYy4E€HHS BYIJIEBOAHEBOI
CHpOBUHU (301IbIIEHHS KoedilieHTY Ha(TOBHIYUCHHS)
LUUISIXOM ~ BBEICHHS JIO CBEpUIOBHMHM Yy  MpoLeci
BHKOHAHHS T1IPaBIiYHOTO PO3PHBY IUIACTA.

3. Jocmiguti 3MiHy (QpaKImiiHOrO CKIaay Ta
GbizuKo-XiMIuHHX BYTJIEBOJTHEBOL
CHPOBMHHU BHACITIJIOK OOpOOKM KaTajiTHYHO-aKTHBHOIO
CyMilmmo 3
KOMITOHEHTIB B YMOBaX BUCOKHX TEMIIEpATyp Ta THUCKIB.

MeTtonuka npoBedeHHs [JOCTiAKeHb MNigdopy

BIIACTUBOCTEH

pI3HUM  CHiBBiAHOLIEHHSM  aKTUBHUX

KaTajgi3aTopiB Ta  ONHC  eKCIEePUMEHTAJLHOIo
00/1aIHAHHA

Tlim wdwac miAroToBKW 3pa3kiB HadTH onHEe i3
KJIIOYOBUX 3aBlaHb — cdopmyBaTH BHUOIpKY, IO

XapaKTepU3YEThCS BHCOKOK B S3KICTIO Ta TYCTHHOIO,
BHCOKHUM BMiCTOM
peuoBuH (ACIIP), abu 3a6e3meunT MOXKJIIMBICTD OLIHUTH
e(EeKTUBHICTh KAaTai3aTOPiB 3a PI3HHUX THINB BHXIIHOI
cupoBuHH. Ilepe IOYAaTKOM EKCIEPHMEHTIB  Oyi0
3MiHICHEHO HH3KY IIONEepeIHIX BHMIpIOBaHb, 30KpeMa

BU3HAYEHO TYCTUHY, B’SA3KICTh Ta iHII ()i3UKO-XiMiuHI

actanbrocMoronapadiHuCTUX

BJIaCTUBOCTI Ha()TH, SKi BIUIMBAIOTh Ha €(EKTUBHICTH
BUIOOYTKY 31 CBEp/UIOBMH. Takui MiAXiJ &aB 3MOry
BUSBHUTH 3pa3KH i3 CyTTEBO Pi3HUMH XapaKTEPHCTHKAMH,

o0  JO3BONMJIO  OuTbII  O0’€KTHBHO  IOPIBHIOBATH
pe3yabTaTH [ii pi3HUX KaTalli3aTopiB.

Jlisi  KOpeKTHOrO  OLIHIOBaHHS  e(EeKTHBHOCTI
KaTamizaTopiB Oyao BifgiOpaHo 4otupu THnM HadTH i3
PpOIOBHIL JIHIpoBO Jonenpxoi 3anaJuHU:
XKypaBnuHiBCbKYy (KypaBnuHiBCbke pozoBHIIe),
Kapaxo3iBcbky (Kapaiiko3iBcbke ponoswuie),

SApmaxkiBcbky (SpMmakiBchke pomoBuie) Ta boOpuibky
(bobOpuubKe pooBHILIE), K BIAPI3HAIOTHCS 33 I'YCTHHOIO,
B’s3kicTio, BMicroM ACIIP 1 QpakuiiHuMm ckiamom.
Kputepii  Bubopy oTpedoro
MIUPOKUI (i3uKO-XiMITHHX

3pasKiB  BHU3HAYAIHCS
OXOIIUTH
XapaKTepUCTHK Ta OTPUMATH OO’€KTHBHI HaHi IOIO
3HIDKCHHSA MOKpAIleHH  PO3TOHKH  Ta
301MIbIIeHHS e(EeKTUBHOCTI BU100yBaHHS
Ba)KKOBHJOOYBHUX MOKJIAJiB BYIJIEBOAHEBOI CHPOBUHU.
iHpopmManis  mpo
HaBeZieHa y Tabmmi 1.

CIIEKTp

B’SI3KOCTI,

VY3aranpHeHa BUXIIHY CHPOBHHY

Tabmuus 1. OcHOBHI (i3UKO-XIMIUHI XapaKTEePUCTUKHU JIOCI[PKYBAaHHUX 3pa3KiB HaQTH

Bunu HadTr I'yctuna Bwmicr Bwmicr Temmneparypa Temmnepartypa
, T/em® napadiHis, acarbTOCMOIHACTUX TOYaTKy KiHIIS KATTiHHS,
% pedoBuH, % kuriaas, °C °C
7KypaBiuHiBCbKa 0.797 6.2 8.1 90 350
Kapako3siBcbka 0.832 5.8 9.5 85 320
SIpmaxkiBcbKa 0.915 6,8 16,4 85 325
BoOpuupka 0.801 8,4 14,2 90 360

XKypapnuHiBcbka HadTa € CepeIHbOCTATHCTUYHOIO
BYIJICBOJHEBOI CHPOBHHOIO, aJi€ 3 MiIBUILICHUM BMiCTOM
ACIIP, XapaKTEPU3YEThCS
rTHOMHO BHI00YBaHHS Ta BUCOKOO 4vacTkor ACIIP,
IO BiIKJIAIalOTHCS B MPOIECi eKCIUTyaTalii Ha BHOOI Ta

KapaxosiBceka BEJIMKOIO

CTIHKAaX CBepANOBUHM, a boOpuibka Mae HalOLIbIITY
KiNBKICT CMOJ, Ta MapadiHiB Ta BHUCOKY TEMIEpaTypy
KiHO KumiHes, SpMakiBcbka HadTa Mae HaiBuIy
IYCTHUHY, B’S3KICTh Ta BHMCOKMHA BMicT Boau. Takuit
PI3HOBH[ 3pa3KiB I0O3BOJISIE BCEOIYHO TIEPEBIPUTH IO
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KaTaizaTopis
POIOBHIIL.
Buxonsuu i3 aHamizy NONEpeHIX JOCHIIKEHb Ta
JiTepaTypHUX pKepen Oyino oOpaHO psii KaTaizaTopis,
SKI BUKOPHCTOBYBAJIUChH B JOCTi JPKSHHSIX
BHYTPIIIHBOIIACTOBOI JECTPYKLIl JOCHIPKyBaHUX Ha(T
[6-12].
IMonepeanim
nocinimkens [1] y poOOTi 3yNMHUIHCH HA BUKOPHUCTAHHI
KaTaii3aTopiB IBOX TOJOBHUX THUIIB: MPHUPOAHI (LEOTITH,
OKCHIY METAalliB, TJIMHHUCTI MiHEpaju) Ta CHHTETHYHI
(xapOoHaTH XpOMY, METAJIOKOMIUIEKCHI KaTali3aTopu).
ITin6ip xaTanizaTopiB 3MiMCHIOBABCS 3 YpaxXyBaHHAM

32 YMOB, XapakTepHHMX JUI1 Pi3HUX

MPOBE/IEHHAM 71a00paTOPHHX

TaKHUX KpUTEPiiB:

1. TemnepatypHa cTablIBbHICTh: KaTaJi3aTop
Mae 30epiraté akTHBHICTh Y Mexkax 80—200 °C, o
BIJIMIOBiJ]a€ TEMIIEPaTypHOMY Jliana3oHy 0araTbox
Ha(TOBUX TIOKJIAJIB.

2. 3p1aTHICTH KaTanizaTopa eheKTHUBHO
poskiazata ACIIP abo 3MiHIOBATH IXHIO CTPYKTYPY JUIS
3a1o0iraHHs BiJKJIaICHHSIM.

3. TokparieHHs GpakIiifHOro CKIaIy:
BU3HAYAETHCS Yepe3 3MiHy TeMIIepaTypu MoJaTky i KiHIs
KUIIHHS ITi/1 4ac PO3TOHKH, a TAKOX 301JIbIIEHHS BUXOLY
nerkux Qpaxuii.

4. 3HIDKECHHS B SI3KOCTI: MiATBEPIKYEThCS
BUMIPIOBAaHHAMH Ha Bi3KO3UMETPax 10 1 MiCILs
KaTamiTH4HOi 00poOKu. [Tpu 1IbOMY YaCTO OUiKYBaHUM €
3MeHIIeHHs B s13kocTi Ha 1040 %.

5. T'a30BUIINICHHS: aHAI3YETHCS 32 TOMIOMOT 00
ra30BOro JIiYMJIbHUKA Ta XpoMarorpada, 1o J103BOJIsE
IPOCTEKUTH IHTCHCUBHICTb KPEKIHTY i BUIIIUTH CKIIaT,
JIETKHX TPOIYKTIB.

6. CyMICHICTb i3 TJIAaCTOBUMH (ITFOTIAMH:
KaTaJizaTop He TIOBUHEH BUMUBATHCS a00 3a0pyIHIOBaTH
MOPH, a TAKOXK BTPAYaTH aKTUBHICTH 3a THCKIB 110 100
MI]a.

B 3aranpHOoMy BuOip KartamizaTopiB 0a3yBaBcsi Ha
TPbOX OCHOBHHX KpuTepisix. Hacammepen BpaxoByBaacs
(paxuii
BYIVICBOJIHIB Ta 3HWKYBaTH B’S3KICTh MJISI IiIBUILCHHS
e(eKTUBHOCTI BWIYYCHHS Ba)KKOBHIOOYBHUX 3amaciB.
JlonatkoBo Opanu 10 yBaru Ha CTiHKICTh KaTalli3aTopiB y
BHUCOKOTEMIIEPATYPHOMY Ta BHUCOKOTHCKOBOMY
CepeloBUILI, 10 iMITye IIIacTOBi yMOBH. Takox Opanacs
IO yBaru
JOLUTEHAMH METOaMH JOCTaBKH B IUIACT, a caMe IpH
3aCTOCYBaHHI TiIpaBIigYHOTO PO3pHUBY
(3akauyBaHHA Yy IDIaCT pa3oM i3 mpomanToMm). Jlis
OTPHMAaHHSI TIOBHIIIOI KAPTUHHU JOCTIKYBABCS SIK BIUIUB
OKPEMHX KaTai3aTopiB (LI€OJIT, CHOIYKH XPOMY, HiKelto,

iXHS  3JaTHICTH  PO3IICIUTIOBATH  BaXKKi

CYMICHICTb KaTaslizaTopiB i3 HaHOimbm

miacra

ANIOMIHIIO TOIIO), TaK 1 TXHIX KOMOIHALif (HampHKIaL,
neormit + CrCOs) 3 MeETOH BHSBIICHHS MOTCHI[IHHOTO
Kpamioro edekry.
Take cHUCTEMHE 3iCTaBICHHS THIY HaTH Ta
KaTaJizaTopa JJO3BOJIMIIO IIECIIPSIMOBAHO BU3HAYUTH, SIKi

caMe KOMHOSI/IHﬁ € TICPCNCKTUBHUMU I NOAAJIbIINX

BUNPOOYBaHb. 3aCTOCYBaHHS Pi3HOMAHITHHX 3a CKJIaJ0M
Ta BIACTUBOCTSAMH BYITIEBOAHIB, a TAKOXK KaTaJi3aTopiB i3
PI3HOIO XIMIYHOIO IMPUPOJIOI0, 3a0E3MEeUnIIo ONTHMAIIbHI
YMOBH JUIsl KOPEKTHOI OLIHKM ITOJAJBLINX IIPOLECIB
TEPMIYHOTO PO3KJIaJaHHs, 3MiH T'YCTHHU Ta (ppakiiitHoro
CKiIay Ha)TH, a TAKOX 3HIDKEHHS B’ SI3KOCTI MPOMYKILII.
Ilicns miArOTOBKM Ta JETANBHOI XapaKTEPUCTUKH
3pa3KiB HaTU 1 KaTani3aTopiB JOCIIHKEHHS IePEXOIHIN
y a3y TepmiuHEX BHTpoOyBaHE. IX MeTor0 OyT0
3’sCyBaTH, MIpOI0  KaTali3aTopu  3[aTHi
3MCHIIYBaTH B’S3KICTh HA()TH, MPUCKOPIOBATH PO3KIAJ
BaXKHUX (pakiiii Ta 3HIDKYBATH TEMIIEpaTypy KHITiHHS
OKpeMUX (paxiiiii 32 yMOB, HAOIMKEHHUX JI0 TUIACTOBUX.

SIKOKO

Jns BiITBOPEHHS BiJTIOBITHOTO TEMIIEPATYPHOTO
PeXKMMY BHUKOPHCTOBYBAJIM peakiiiHi OomMOu  abo
(biTpTpamiiiHi YCTAHOBKH BHUCOKOT'O THCKY. 3pasKé CHPOI
HaTH 3MINIYBaH i3 TIOMEPENHBO BiIMIPSHOIO KLUTBKICTIO
Kartajizaropa B PI3HOMY CITiBBIIHOIICHHI, 3aJIEXHO BiJ
METHU JOCHiy, i MOMIllyBalny y BUNPOOYBaJIbHY Kamepy.
Temnepatypy B cHCTeMi IIOCTYIOBO IIiABHINYBAJH, IO
110-120 °C, ogHOUacHO (iKCyr0uH, 3a SKOI TeMIIepaTypu
MOYMHAB 3 SIBIATHCS THUCK 1 SK 3MIHIOBaJHCS Horo
TIOKa3HHUKH BIIPOJIOBK YCHOTO MPOLIECY HArpiBaHHSI.

PisHuns B nuHaMinmi THUCKY BKa3yBaja Ha pi3HY
peakuiiiHy  3pmaTHiCTh  KartamizaropiB.  Skmo  3a
IPHUCYTHOCTI IEBHOI KaTaai3aTOpHOI KOMIIO3MILUII THCK Y
peakiiitHiii 60MOi TTOYMHAB 3pOCTATH LIBUJLIC Ta JOCATAB
BUIIMX 3HaueHb, L€ CBITYWIO IIPO
pO3KJIaaHHS ~ BHUCOKOMOJISKYJSIDHUX — BYIJICBOIHIB 1
BUIUICHHS Ta3omofiOHMX TpPOAYKTIB. Y  OaraThox
BUIIAJIKAX IHTCHCHBHA  peaklliifHa  3/aTHICTh
KOpEJIoBaja 31 3HIKEHHSAM TYCTHHHM Ta IOKpAILCHHIM
(pakuiitHoro ckiany HaQTH.

ITicnst 3aBepuIeHHS TEPMIYHOTO LHUKIY 3pa3Ku
BUWIIydald 3 peakmidHoOi KamMepu | OXONOMKYBAIH JI0
KiMHATHOI OLIHIOBAIA  3MiHY
TYCTHHH, TOPIBHIOIOYM 3 BHXIAHMMH 3HAa4YCHHSAMH, a
TaKOXK MiJIaBaid  (QpakIiifHii PO3roHII. 3aBIsIKH
(dpakuiiiHii  po3roHIi MoXHa Oyl0 BH3HAYUTH, 4YH
3MICTHBCSI TEMIIEPATypHUH iHTEpBal KUMiHHSA HaWOLIbII
BaxkuxX (pakiii. ¥ pasi ycminrHoi KaTamiTuaHoi 00poOKu
BiIMIYaJHCsS HIKYI TEMIlEpaTypH KHITIHHS Ta BHIIHHA
BHUXI JIerKMX (pakKiliif, II0 3arajJoM IiJ{BUIyBaIO

pyxiuBicTh HadTH npu BHAOOYBaHHI M moneruryBaio ii
TPaHCIIOPTYBaHHS TPYOONPOBOJIAMH.

aKTHBHIIIIE

TakKa

temriepatypu. llotim

TakuM 9UHOM, TepMiUHI BUIIPOOYBaHHS JO3BOJISIOTH
3poouTH mpo  epeKTUBHICTh
KaTaJiTHYHOI Iii, a i Ipo NOUiTEHICTh 3aCTOCYBaHHS TOr'O
YW {HIIOTO KaTalizaTopa 3 ypaxyBaHHSIM KOHKPETHHX
MPOMHUCTIOBHX JertanpHe [IOKYMEHTYBaHHS
MOKA3HUKIB THUCKY, KiHIEBOI TI'ycTHHH U (pakmiifHoro
ckiany crpusie (OpPMYBaHHIO LTICHOI KapTHHH 100
MEXaHi3MiB PO3KJIaZaHHS BaXXKUX (PpaKIiil i BILTHBOM
KaTaJi3aTopiB 1 BH3HAYEHHIO HAWOUIBII TEPCHEKTHBHUX
HATIPSIMIB TIOAATBIIHX JOCHIIKECHb.

Tlicns  3aBepmieHHsS  TEPMIYHHX  BHIIPOOYBaHb
BXUIUBO OYJIO BCTAHOBUTH, SIKI CaM€ 3MiHHU BiIOyIuUCs y

BHCHOBKHM HC JIHIIC

3aBJaHb.
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ckinani HadTu. JIs 1pOro AOCHiIKYBalIU 3MiHY I'YCTHHH
(3a JOMOMOroI0 apeoMeTpa) Ta MPOBOAMIN (BpaKIiiHy
PO3TOHKY. TYCTHHH  BKa3yBaJlo  Ha
nenapadiHizaliio Ta 4YacTKOBe pyHHYBaHHS ac(aibTeHO-
CMOJIMCTHX CTPYKTYp. Pe3ympratn (pakmiiHOi pO3rOHKH
JIABaJIM 3MOT'Y BU3HAUUTH TEMIIEPATYPY MOYATKY Ta KiHIT
KUIIHHA OKpeMHUX ¢pakuiid. SIKmo micis KaTamiTHYHOI

SHUKCHHS

00poOKH crocTepiranocst 3HWKEHHS TEMIIEPaTyp KUITIHHS
¢bpakuiit  Ta
KOMITOHEHTIB, 1I€ CBIAYHMIO TIPO €(PEKTHBHICTH TPOLECY
TEpPMIYHOI JecTpyKmii 3a ydJacTio Karamizatopa. Taki
3MiHM TIOKPAI[yBaJId BIACTHBOCTI HAQTH U ITiIBUIIYBATH
ii pyx/uBicTb.

Ba)KKHX 30UIBIICHHS BUXOAY JIETKHX

Ha 3axmounomy erami Bei nai, 3i0pani min uac
HONIEPEeHIX EKCIIEPUMEHTIB (TepMIUYHMX BHIPOOYBaHB,
BUMIPIOBaHHS KHUITiHHS
(dpakuiit, omiHkd napadiHOYTBOPEHb, IHUHAMIKH THCKY
MiJ] 9ac HATPiBaHHS), CHCTEMATH3YIOTBCS 3 ypaxyBaHHAM
HOYaTKOBUX BiacTUBOCTeH HadTh. U1 KOXKHOTO 3paska

(hOpMYIOThCS PE3YIIbTATH, Y KUX BiOOPaaroThCs 3MIHU

TYCTHHM Ta TEMIIEpaTypH

OCHOBHHMX TMapaMmerpiB [Micis B3aeMopii
KaTaji3aTopaMu. 30KpeMa, MOpIBHIOEThCS BiJICOTKOBE
3HIDKEHHS TYCTHHH, 3CYB TEMIIEPaTypy KHIHHS BaXKKUX
(bpaxiiif, 3MeHIIIeHHs B SI3KOCTI 1 XapaKTep KPUBOi THUCKY
B IIPOIIECi HArPiBaHHS.

3 pi3HUMH

VY Mexax JOCHIDKEHHS KaTaTITHYHHUX TPOIECIB,

CIPSAMOBAHMX  HAa  MOKpamleHHI  (i3UKO-XIMIUYHHX
BJIACTHBOCTEH Ha()TH Ta MiJBHUIICHHS ii PyXJIHUBOCTI, OyI0
BUKOPUCTAHO KOMIUICKC CIeIialli3oBaHOro 0O0JIaJHAHHS,
mo 3a0e3nedye MOJCNIOBAHHSA IUTIaCTOBHX YMOB 1
JIeTajJbHy OIIHKY e(pEeKTHBHOCTI KaTaJIiTUYHHX METOIIB
BIUIMBY Ha HadToBi Qumtoigu. OcobaMBicTIO 00IaIHAHHS €
3/IaTHICTh 3a0e3Me4YnTH BCEOIYHMI aHami3 IMITOBaHHX
IUTACTOBHX YMOB 1 KOHTPOJNIOBaTH KIIIOYOBI NapaMeTpu
neperBopens [9]. BaxknmBrum acriektom Oynio moegTHaHHS
PI3HUX MPHUJIAMIB, 30KpeMa QiIbTPAIifHOT Ta aBTOKJIABHOT
(6oMO0BOT) pO3TiHHOT amapartypH,
KOHTPOJIbHO-BUMIPIOBAIILHUX MPUCTPOIB 1 BY3IIB OOJNIKY
rasy, L0 JIO3BOJISUIO OTPUMAaTd pO3LIMPEHI JaHi mpo

YCTaHOBOK,

BIUIMB KaTaJli3aTOPiB Ha MPOLECH TepMiuHOI Ta XiMi4HOI
TpaHchopmarii HahTONPOAYKTIB.

QinpTpaniiina ycraHoBka [9] BHCOKOrO THCKY W
temneparypu (HPHT), npusnHavena it IUHAMIYHOTO
JNOCTI/DKeHHS ~ NPONYCKHOI ~ 3JaTHOCTI  TOPHCTUX
CepeIOBUIL i MOBEAIHKY piauH npH THckax no 100 MIla
Ta Temnepatypax g0 200 °C. i KirouoBMM KOMIIOHEHTOM
€ KepHOTpuMau Xaciepa, SIKMil Jae 3Mory (ikcyBaTH Ta
PIBHOMIPHO CTHCKAaTH 3pa30K IOpPOAM abo MpPOMaHTY,
HacH4YeHHH KaTamizaTopoM. OJHOYacHO BYIJIEBOAHI
MPOKavyBajacs Kpi3b KaTamizaTop 3a JOIOMOrOK HAcOCiB
BHUCOKOTO THUCKY abo mpenusiitHoro nacoca HPLC nms
KOHTPOJIbOBAHOI MoJadyi 3 MiHIMaJIbHUMU noxubkamu. [lo
KOMIUICKCY TPHWIANiB HaJeXall JaTYuKH THCKY Ta
TeMIIepaTypH, Mi’€JHaHI 10 CHCTEMH aBTOMATHU3allii, SKa
peecTpyBaja # peryioBaja YMOBH EKCIEPHUMEHTY.
HarpiBannst BigOyBanocsi 3a JIONOMOTOIO0 HarpiBaJbHUX
€JIEMEHTIB, PO3TAallIOBAaHUX YCEPEAUHI TEIUIOI30MIAIHHOrO

KOXyXa; Ie 3aleslmedyBano Craly TeMmImeparypy i
3axMINae BiJ TEIUIOBTpaT. Y Takili koHpirypamii MoxHa
¢inbTpaniiina

3MCHIICHHA

BIJICTe)KYBaTH, HACKUIBKA 3MiHHIACS
3[aTHICTh OLIHUTH  CTYIiHb
B’s3KOCTI HaTH Ta IHIN TIOKA3HWKH, HEOOXIMHI JUIs
BHUBYCHHS e(DEKTHBHOCTI KaTaji3aTopiB.
JUii  CTaTM4HUX JOCIHiPKEHB,

HIOpPOIH,

KOJIM HEOOXiIHO
BUBYATH KaTaJiTU4HI peakiii y 3aMKHYTOMYy 00’emi 0e3
BpaxyBaHHA (inbTpaniiiHoro ¢axropa, 3acTOCOBYBAJIU
aBTOKJIABHY YCTaHOBKY («GomOy»). [i koHcTpykmis
HoNsira€ 'y BUKOPHCTaHHI TePMETUYHOIO PEaKTopa,
BHUTOTOBJIGHOTO 3 KOpPO3IHHOCTIMKAX MarepiaiiB Ta
pPO3paxoBaHOr0 Ha MiABUINCHI THCKH H TeMIEpaTypH.
VYcepeauni
Harpianmu (mo 110 °C um, 3a morpedu, mo 200 °C)

6oMOu cymim HapTH Ta KaTamizaTopa

3aBJISIKH
BOYIOBaHMM Yy KopIyc a00 BCTaHOBJICHHM JOBKOJA
HBOTO. 330BHI O0MOa JONATKOBO TEIIOI30IOETHCS LIS
3MEHILICHHS TEIUIOBUX BTPAT i TOYHINIONO KOHTPOJIIO
TEMIIEPaTYpHOr0 PEXUMY. YJTOCKOHAJIEHHS aBTOKJIABHOL
CHCTEMH BKJIIOYAJO IHTErpalio By3Jla OOJIKy rasy, o
Jlae 3MOTy ITi’e[HATH Ta30BiIBIAHY JTiHIIO IO Ta30BOTO

CIICKTPUYHUM HaniBaJ'[BHI/IM CIICMCHTaM,

J'[i'-H/UIBHI/IKa, a TaKOX IIoAAJIbIIC CHPAMYBAHHS Tra3y B

cremiaabHy KoOIOy, Jie¢  BiZOYBaJIOCh  BiJIUICHHS
3aJTMIIKOBHX Kparens HadTu BiJ ra3oBoi ¢as3u.
Hns  posninenHs Hadgtw Ha  ¢dpakmii  3a

TEMIEPaTypol0 KHIIHHSI BHKOPUCTOBYETHCS PO3TiHHA
ycTaHOBKa aTMoc(epHOro TuIy, 10 CKiaaajiacs 3 Koo,
BCTAHOBJICHOI Ha €JICKTPOILUIUTI a00 HArpiBalbHIl MaHTII,
KOHJIEHCAaTopa ("xomonunpHUKa'") i npuiiMaviB
IUCTWIATY. HarpiBaHHA — 3/IHCHIOETBCS — IIOCTYIIOBO,
(dikcyroun TeMmepatypy IOYaTKy Ta KiHIA KHIIHHS
¢bpaxuii.
3MIIIyeThCs IHTepBaN KUMIHHSA HAQTH i KaTaTiTHIHOT
00pOOKH, Ta BCTAHOBIIIOBAJIM YACTKY JIETKHUX (ppakiii, ski
MOXXYTb YTBOPIOBATHCS IiJ Yac IPOIECY PO3KIagaHHI
BHCOKOMOJIEKYJISIPHAX KOMITOHEHTIB.

Hast TYCTHHU BYIJICBOJIHIB
3aCTOCOBYBAIM apeoMEeTPH, a BHUMIPIOBAHHS B’S3KOCTi

KOXKHOT YV rtakmii cmoci®0 BH3HAYAIM, UM

BHU3HA4YCHHA

3iCHIOBAIM 32 JONOMOrOI0 KaIiIIpHUX Ta POTAIiHHMX

BI3KO3UMETPIB.
3aBnsiku  moeaHanHio  (Qinbrpaniinoi (HPHT) i
6omO0BOI (aBTOKIIaBHOI)  yCTaHOBOK, po3TiHHOT

YCTAaHOBKH, Ta30BOr0 JHUYWIbHHKA Ta Xpomarorpada, a
TakoX 0a30BUX TNPWIAJIB Ul BU3HAYEHHS TI'yCTHHH,
Ta IUIMHHOCTI,

B’SI3KOCTI MOXHa OylI0 IPOBOIUTH

GaratoakTopHHI  aHANI3

MaKCHMAaJIbHO HaONIKEHUX 10 pC€albHUX TUIACTOBUX

poboTH  KaTamizaTopiB y

ymoBax. IIpu cTaTHYHMX BHIPOOYBaHHAX Yy OOMOI
aHaNi3yBallUCI  TPOIECH  TEePMIYHOI  JECTPYKIIi,
ra3oBUIUIGHHS W 3MiHa (pakuidHoro ckiagy. Y

JTMHAMIYHMX JIOCITIDKEHHSAX Ha (iNbTpauiiiHii ycTaHOBII
BpaxoBYBaJIN cepepoBuIia i
KOHTPOJIIOBAJIH, SIK 3MIHIOETHCS PYXJIMBICTh Ha(TH MiJ
THCKOM Ta TemIeparyporo. IlapanenbHa peecTparis
o0csary # cxiamy Tas3iB 3a JOMOMOTOI0 JIIYMIBbHHKA Ta
xpomarorpada HO3BOISIA XapaKTepH3YBaTH CTYIiHb

BIIJINB TIOPpUCTOr' O
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KpEKiHTY, a pO3TiHHA YCTAaHOBKA JiaBajla 3MOTY OLIHHTH,
HACKIUJIBKH 3CYHYBCSl iHTepBasl KHUMiHHA (Qpakiii y Oik
JIETKUX KOMIIOHEHTIB.

OtpumaHi JaHi po ryCTHHY, B’SI3KiCTh, ITMHHICTD i
napaQiHOBi BIIK/IAJCHHS JAIOTh MIOBHY KapTHHY TOTO, SIK
3MiHMnacs HaTa BHACHIZOK KATaNiTUYHMX peakiiil.
3aBISIKM  KOMIUIGKCHOMY  BUKOPHCTaHHIO — 3TaJlaHOro
00JaIHaHHS HalieBimi
KarajizaTopu Ui AemapadiHizamii ¥ KpekiHry Ta
ONTUMi3yBaTH napameTpu
3aCTOCYBaHHS Y BHYTPIIIHBOIUIACTOBHX YMOBAX.

PesynbTaTi nocaixkenn

OcHoBHI CIpsMOBaHI Ha
KaTali3aTopyd Ta IX CyMilli: KapOOHAT XpOMY, OKCHJI
XpOMY, XJIOPHJ XpOMY, KapOOHAT HIiKEN0, OKCHJI HiKeITo,
XJIOpHUJT neomit mpupoxHit. Leomit
3aCTOCOBYBaJIM  BiNOBiMHOI (pakuii 3 MHpONaHTOM,
KaTajizaropH iHmi nopoukonoaiouni — 100-500 Mxm.

CratuuHi «oom0Oi»  PVT
MIPOBOJATHECS HACTYMHMM 4dHHOM. Jlo KepHOTpUMada
3acunany 100 MJI IPONIAHTY CYMICHO i3 KaTalli3aTopoM y
HEOOXIiHI KOHIEeHTpamii (Hampukianm, nomaBamu 8 %
KaTajli3aTopa HaCTyImHOro ckiany: 75 % ueomity ta 25 %

MOXXHa BCTaHOBUTH

TEXHOJIOTIYHI IXHBOI'O

TaKi

JIOCITI JDKEHHS

HIKEIIO Ta

JIOCIIIJDKEHHST B

kapOoOHaTy  XpoMy), TiCIsg  4YOro  KepHOTpHMay
3a0BHIOBAJIM JIOCIIDKYBAaHUM (IIFOIZIOM, 3aKPHBAIM Ta
HarpiBanu o Ttemmeparypu 110 °C. VYV kamepi

KepHOTpuMaya (IiKCyBald THCK, Ta 3a HEOOXIJAHOCTI
BinOWpamu r1a3 s jgochimkeHb. I[lpu  3amaHiit

rfcm3

0,82
0.815
0,81

0,805

Temreparypi
OXOJIOKYBAITH Ta 37IMBAIH HPOAYKLIO TSI JOCII[PKEHB.

BuTpuMyBanu 30 XBWIMH, ICIS 4YOro

JluHaMivyHI JOCTIKEHHS TPOBOIWINA aHAJOTiYHIM
YUHOM, TiJIbKH MiCIS TOTO SIK KEPHOTpUMaY OyB 3i0paHuid
1 HarpiTuii 10 HEOOXiZAHOI TeMmrepaTypH, 3a JOIOMOIOI0
Hacocy JIOCITIKYBaHOT
pimuHY, SKy aHAII3YBaIM MICIs MPOKAYYBAHHS KOXKHOI
nopuii y 100 mut piausm.

3araioM mpu TigOOpi epEeKTUBHOrO KatajizaTopa

MPOBOJWIM  TIPOKAYyBaHHS

Oyno mposeneHo Oinmpiie 100 gocmimiB Juis TPHOX BUIIB
HaQT.

[Ticns mpoBeneHHS OCHIPKEHb Ta aHallizy (i3uko-
XIMIYHMX  [1apaMeTpiB  DPiIWH  IPOBOAUBCS
e(eKTUBHOCTI KaTajizaTopa 3a YOTHPMa OCHOBHHUMH
KpHUTEPisMH, 10 BKa3ye Ha eeKTHBHICTh HOro poboTH:

aHai3

— 3MiHa TycTHMHH HadTH, 10 XapaKTepU3ye
3MEHILIEeHHS MOJIEKYJIIPHOI MaCH MOJIEKYII CyMilLi.
y Tmporeci
HarpiBaHHA (30UThIIEHHS ePEKTHBHOCTI Ta30yTBOPESHHS).

— [IligBumieHHsT THCKY B «OOMGi»
— 3MeHIIeHHs TeMieparypu (QpakiiifHOi pO3roHKU
(psiMe CBiJUEHHS KaTaJlITUYHOTO KPEKIHTY).

— 3MeHUIEHHA B’S3KOCTI HadTH, SK OCHOBHHUI

KpUTEpi miJBHINEHHS e(QEKTUBHOCTI  BHIOOYBaHHS
BYIJIEBOJHIB 13 CBEPAJIOBHUHH.

PosrnsiHemo,  uis  TNpHKIamy, OIOHY  TpYIy
JIOCITiJPKCHb, o MPOBOJIHIIACH Ha HaTi

KypaBiIHHIBCBKOTO POIOBHIIA:

MapameTpu rycHUTH Big KaTanisatopa

0.8
0,795
0,7
0,785
0,7
0,775

0,77

Gea NiCO3 + CrC03 CrCo3 NICO3 (Hikens Lieonit Leonit + CrCO3 Ueonir
karaniatopa kapboxar)
{HarpiTai)

Puc 1. ITapamerpu 3MiHM I'YCTHHU BiJl BUKOPUCTaHHS KaTtaiizaTopy JKypaBiuHiBCbKOI HadTH
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aTM

L — -— — —

200
150
100
50
0

Ges karanisatopa  NICO3 +CrCO3 crcoa NICO3 (Hikens Ueonir Ueonir + CrC0O3
(warpiTwia) xapGoHar)

Puc. 2. [TapameTpu THCKY B KEPHOTpHMadi BiJl BAKOPUCTAHHS KaTalli3aTopy

=t a3 KATanizaTopa (CHPHA) —=BGaa xatanizatopa (HArpiTMA) —&—NICO3 + CrC03 =s=CrC03 = NiCO3 (Hikens kapboHaT) =b==lleonit
0,
C

315
305

285
275
265
255
245
235
225
215
205
185
185
175
165
155
145

115

1 ' 2 ' 3 ! 4 ' 5 ' [ ' T
Puc. 3. TTapameTpu pO3roOHKY Biji BUKOPUCTAHHS KaTalli3aTopy OAMHHII BUMipy!

Haiikpamumu 1o mapameTpy TyCTHHH SK BUAHO 3  cymimi katamizatopiB CrCO3 + Leomit (puc.2). Ilo
rpadpika (puc.l), € gocmig 3 BHKOPHCTaHHSAM  po3roHui cymim katamizatopiB CrCO3 + Ileomit
KaTaji3aropa I€OJITy, HACTYIHHM KaTalli3aToOpoM, IO  HaiOinblle BIUIMBAE HAa 3HIKCHHSA  TEMIIEpaTypu
3HMKYE B’S3KICTh €  IEONIT + KapOOHAT XpoMy.  IeperoHku (puc.3).

Haii0inpmmM  MOKa3HUKOM THCKY, TOOTO YyTBOpPEHHS VYcepenHeHi 3HaueHHsI Pe3YNbTATIB JIOCHIHKEHBb TI0
ra3oBoi (azu — npu BukopucTanHi karamizaropy CrCl, ta  4oTupbox HadTax 3BeeMo 10 Tabuui 2.

Tabmust 2 Y3aranbHeHi pe3ynbTaTH AOCIiKEHb KaTali3aTopiB 3 HAUKPAIIUMU PE3yIbTaTaMU B 3aJI€XKHOCTI Bil
OCHOBHUX KPUTEPIiB.

I'yctuna Tuck Posronka |
0 | micis Hamcpaumn o | mics HaHKPamHH o miciIst HaHKpamm/I
KaTtaJizaTop KaTaJizaTop KaTaJi3zaTop
KapaxkoiiziBcbka . ITouatok |IlogaTox .
Heomit + . ) ) Ieomit +
HadTa 0,815(0,799 CrCO3 112{290 |Leonit 8.5 6.0 CrCO3
Kinens - | Kinenp -
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230 195
XKypapnuHiBCbKa ITouatox |IlouaTok
HagTa . -90 -68 CrCO3 +
¢ 0,813 (0,796 | LleomniT 62 (245 |CrCl i | | Mzt
290 235
bobpuipka HadTa Iowatok |I[TouaTok
0,800|0,791 | ITeomiT + CrO3 |69 |292 |Ileomit + CrO3 i?iLem) _ i(?l?ellb _ |Cr03
262 205
SpmakiBcbka 0,99510,910|Leomit + CrO3 |68 |228 |Leonit + CrO3 |Ilogarox |[lowatox |Lleomit + CrO3
HadTa -85 -70
Kinenp - | Kinenp -
325 285

OO0roBopeHHs pe3y/bTaTiB J0CTiTKeHb

B 3anmexHocTi Bim 0OpOOKHM  KaTaizaTopamu
NPAaKTUYHO y BCIX BHIIAJKaX BiJ3HAYAETHCS 3HWKEHHS
B’S3KOCTI JociimkyBanux Hadr (tabn. 3). Haiibinem

e(EeKTHBHAM KaTali3aTopoM Ui 3HIKEHHS B’SI3KOCTI €
CyMill  [EoNiTy Ta KapOOHaTy Xpomy y
JTOCHIKYBAHHX 3pa3Kax.

BCIX

Tabmust 3 B’sa3kicTh HadTH B 3JI€KHOCTI Bix Aii Katanizatopa

B’s3kicte, MIa*c, (mpu 20 °C)
Jlo 06poOkm [Micns 00poOkm Haiixpammpii katamizaTop
KapakoiiziBcbka HadTa 5,3 2,9 eonit + CrCO3
JKypaBnuHiBcbka HadTa 6,1 3,5 [eomnit + CrCO3
Bobpunpka Hadra 6,7 4,2 eonit + CrCO3
SpmakiBchbka HagTa 62" 14" Lleomnit + CrCO3

* — 0ocnioocenna npu memnepamypi 50 °C

1 Amnaniz egpexkmuenocmi xamanizamopie o0ns
Kaparxoiziecokoi naghmu

Karanizaropu «Ileomit + CrCOs» Tta «CrCOs»
110
CBIIYMTH MpPO iX 3JATHICTh NPHCKOPIOBATH PEAKIIIO.

CIIpUAOTH 3HMKEHHIO TEMIIEpAaTypu IOSABU THUCKY,

MinimanbHa rycruna (0,798) Oyna 3adikcoBana y gocimifi
3a BHKOpUCTaBHHS Katamizatopa «Lleomit». Haiikpami
pe3yabTaTH 3a IapaMeTpoM TYCTHHH Ta B’A3KOCTI
OTpUMaHO y TOMY K JOCIHifi, JI¢ CIIOCTepiraaocs
3MmeHmIeHHss ryctuad Ha 0,025 y MOpiBHSHHI 3 CHPOIO
Ha(TOIO TMpU 3aCTOCYBaHHI CyMmiml —KaTaji3aTtopiB
«eomnit + CrCOs». HaiBummit tuck (290 atm.) Oyno
JOCSITHYTO 'y JOCHiJi 13 3aCTOCYBaHHSM Karaii3aTopa
«ITeomiy.
Hocmig 3
HaO1IbII

«LeomiT»
IMOYaTKOBOIL

KaTaizaTopoM IOKa3aB
e(eKTUBHE
TemriepaTypu kumiHHs Ha 15°C Ta KiHIIEBOi TeMIepaTypu
Ha 35°C y nopiBHSIHHI 3 CHPOIO HA(TOIO.

Takox 5abopaToOpHi JOCHIIKEHHSA MOKa3ald IIo

3HWKCHHS

BUKOpPHCTAaHHS KoMOiHamii katamizatopiB «lleomit -+
CrCOs» npu3BOAWTH O 3MEHLIEHHS BMICTYy CMOJ Ta
napadiniB y HadTi Ha 35%.

Takum yunOM, Kartanizatop «LleomiT» Ta KOMOiHAIis
«eomnit + CrCOs» neMOHCTPYIOTh HalKpaIlli pe3yibTaTu
3a mapaMeTpaMu TYCTHHH, B’A3KOCTi, THCKY Ta
TeMIEPaTypH KHUIHHSL.

2 Awnaniz egpexmusnocmi kamanizamopie o0na
Kypaenuniecokoi nagpmu

3rifHO0 3 OTpUMaHWMHU pe3yiabTaTaMH, HalKparii

TMOKa3HUKH T'YCTUHHU cnocmpiranncs{ npu BI/IKOpI/ICTaHHi

KaTajizaropa ueoiity. Jemo ripu, ane Bce ) BHCOKI
pe3yibTaTH IpoAeMOHCTpyBaB Katamizarop CrCOs, a
Takox Horo cymim i3 neomitom (CrCOs + Lleomir), mo
MiATBEPIDKYE IXHIO e()eKTHBHICTh Y TAaHUX yMOBaXx.

MakcumanbHi 3Ha4eHHS THCKY Oynm 3adikcoBaHi
npu 3actocyBanHi karanizaropa CrCl, a Takox y mocmiai
i3 BuxopucranuwsiM cymimi CrCOs + Ileonmit. Ilomo
IpOIleCY PO3TOHKH, cymim KartamizatopiB CrCOs; +
LleomiT mpomeMOHCTpYBana HaWKpaml pe3yabTaTd, IIO
CBIIUUTH NpPO HOro 3HAYHMI BIUIMB Ha IOKPAIICHHSI
MPOLIECY PO3TOHKH KOHICHCATY.

AHanizyloun BCi OTpUMaHi JaHi, MOXKHAa 3pOOUTH
BHCHOBOK, IO HaieQeKTHBHIINM  KaTaJli3aTOPHUM
ckmagoM mid  JKypaBIMHIBCBKOTO — KOHIEHCATy €
koMOiHamis neomity Ta CrCOs. lle miaTBEpIKYIOTH
NOKAa3HUKN TYCTHHU Ta PO3TOHKH Y TIOpIBHSHHI SIK 3
mociaimoM  Oe3
KaTajli3aTopam,

KaramizaTopiB, TaK 1 3 IHIOUMH
10

C(i)CKTI/IBHiCTL Yy AJaHUX €KCIICPUMECHTAJIbHUX YMOBaXx.

BKazye Ha HOro BHCOKY

3 Ananiz egexmusnocmi kKamanizamopie 0ns
Boopuuyvkoi nagpmu

AHami3yrouu napaMeTpy T'YCTHHH Ta THCKY, MOXKHA
3po0uTH o Haliep eKTHBHIIIMU
KaTajizaropamu a1t boOpuibkoi HaTH € CyMill LEoNiTy
ta CrCOs. Ile miaTBEpIXKYIOTH TAaKOX pPE3yIbTATH
PO3TOHKH, o JEMOHCTPYIOTh MOKpAIICHI
XapaKTEpUCTUKU MpPOLEeCy 3a iX BHUKOPUCTAaHHA. Xoua
HaWKpalmyM  KaTajli3aTopoM IO
pesynbratamu po3ronkd € CrOs. [Tapamerpu boGpunpkoi
Ha(TH [0 3MIHIOIOTHCS Yac BiJ 4acy (B 3aJ€KHOCTI Bij

BHCHOBOK,

MmokazaB cebe 3a

68

Bicnux Hayionanvnoeo mexuiunozo ynieepcumemy «XI1I».
Cepisn: Ximis, ximiuna mexnonozis ma exonozisi Ne 2(14)°2025




ISSN 2708-5252 (Online)

npoOu), TOMYy pe3ylbTaTd € HEOJHO3HAYHUMH. TaKox
MOXKHA& BII3HAYMTH 10 OUTBILIICTh KaTadi3aTopiB He
BIUTMBa€e, a00 Majo BIUIMBAE HA B’S3KiCTh HA(TH MiCIs
00pOOKH.

16
—eo— Cupa HadTa (Ne12)
== [licha obpobkn (N:10)
14}
12
10

BmicT, % mac,
[04]

basyrounch Ha JOCTYMHHX EKCIEPUMEHTAIbHHUX
JAHUX, MOXKHA CTBEPIDKYBATH, IO CYMIll KaTali3aTopiB

neonit Ta CrCOs neMoHCTpye Halkpauly e(eKkTHBHICTH
s BoOpuibkoi HaTH.

CnupTobeH3onbHi cMonn beHsonbHi cMonu

Puc. 4. Kpugi 3minu cxiianay Had T SIpMakiBCbKOTO POIOBHINA

4 Ananiz eghexmusnocmi Kamanizamopie o0na
Apmacxisecokoi nagpmu

HaiteexTuBHimM KatamizatopoM i Hadta €
cymim «Lleomit + CrCOs», sika CyTTEBO 3MEHIIMIA BMICT
cnupToOeH30MpHUX cMol (Y TOHAM 3 pas3u) Ta MMOMITHO
3HU3WIIA KOHLEHTpalito OeHzonbHuX cmon (Ha 22,4 %) 1
acdanpreniB (Ha 12,1 %). Le cBimuuth npo epeKTUBHY
JECTPYKIIIO CMOJTHCTHX
koMIoHeHTiB (puc. 4). KinbkicTh mapaiHOBHX CIOIYK
micns 00poOKH HE3HAYHO 3OUIBIININCA, 10 MOXE OyTH

BHCOKOMOJIEKYJIIPHUAX

TIOB’SI3aHO 3
CMOJIACTO-ac(aTbTEHOBHX
napadiHoBUX cTpykTyp. HaiiOinbin BUpakeHUM € BILUIMB
KaTalizaTopy Ha B’SI3KiCTh, sKa 3HM3WIach Ha 44% B

YaCTKOBUM HCpCpO3HOI[iIIOM BaXXKHX

KOMIIOHEHTIB y 0iK

HOPIiBHAHHI 3 CHPOIO HAQTOIO, IO CBiAUUTH MPO 3HAUHHI
BILUTUB Ha e()eKTUBHICTh BUIOOYBaHHS Ha()TH.

3aranoMm, CyMill KaTaji3aTopiB MpOSIBHIA BHCOKY
epeKTHBHICTh  AECTPYKIi, WI0O  MiATBepmMKye  1i
e(CKTUBHICTh Yy TIOKpPAlICHH]I SKICHUX XapaKTepPHCTHK
SIpmakiBcbKOi HATH.

3riZIHO CTaHIAPTHUX JOCITIDKEHb Ha()Ta € HepyXxoMa
mpu 20 °C, micns npoBeneHHs 00poOkM HadTa crae
PYXJIMBOIO 3a CTaHOAPTHUX YMOB, IO BaXXJIMBO JUIA ii
BHIOOYTKY.

L L
ActhanbTeHu MapadiH
BucnoBku
1. BuxopucraHHf  TeXHONOril  BHYTPIIIHBO-
IJIACTOBOI KATAaNiTUYHOI JECTPYKLil  BYIJIEBOIHIB SIK
Merony iHTeHcH(ikamii BaXKOBHIOOYBHHX  3amaciB
HaQTH € TEePCHEeKTHBHOI TEXHOJIOTIEI0,  OCKIJIBKH
JIO3BOJIUTH 3HAYHO 3OLMBIIUTH IiCHyIOWi naebiTh Ta

MiJKTIOYUTA B EKCIUTyaTallif0 TUIACTH, [0 Hapasi He
pO3po0IIsIOThCs.  3aCTOCYBAaHHSI TBEPAMX KaTajli3aTopiB
JI03BOJIsIE BBOAUTH iX y IUIACT y HPOLECi 3aCTOCYBaHHS
TEXHOJIOTIYHMX MpOIeciB 3 iHTeHcHpikalii, HampuKIaz,

NP TPOCKTYBaHHI Ta 3aCTOCYBaHHI TiJpaBIIiYHOTO
PO3pUBY IUIACTA.

2. Buznauenns HaNOLIbII e(eKTHBHOTO
KarasizaTopa abo KomMOiHalii KaTani3aTopiB BigOyBaeThCs
HUSIXOM ~ TOPIBHAHHA ~ KOXKHOTO  JIOCIIIXKYBaHOT'O
napaMerpa. Hanpukiaa, SKOO JUis  KOHKPETHOTO

TIPOMHUCIIOBOIO  POJIOBHINA HAHOLIBII KPUTHYHUM €
Bucoknid Bmict ACIIP, mnpioputeTHUM cTae miaoip
HatlepekTuBHIIIOT  KOMOiHamii  KaTamizaTopa  JUIA
sMmenmedHs kinpkocti ACIIP. SIkmio » OCHOBHOIO
3aJadel0 € MiABUIIEHHS BHUXONY Jerkux ¢pakuiid i
B’SI3KOCTI, Oyru
KOMIUICKCHUI TIOKa3HHWK, IO BpPaXxOBYE 3CyB KpHBOI
PO3TOHKHM ¥ 3HIDKEHHS TYCTHHH. AHAJIOTIYHO TaKOX

3MCHIICHHA BI/IpiHIaJ'II)HI/IM MOXKEC

MOXKHa BUILTUTH KPUTEPil eKOHOMIYHOI AOIIIEHOCTI, 10

BpaxoBye BapTICTh KaTai3aTopiB 1 cmoci® IXHBOTrO
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JocTaBieHHS B IacT. OTpuMaHi pe3ynbTaTH JIAraloTh B

OCHOBY peKoMeHmarii o0 MIPOMHCIIOBOTO
BIIPOBAKEHHST OOpaHHX KaTaji3aTopiB.
3. JlocmimkeHHs [OKa3ajiu HaOLIBITY

e(eKTUBHICTh BHKOPHCTaHHS TBEPAMX KaTaji3aTopiB
LIEONiTy Ta KapOOHATy XpoMy SIK B KOMOIHAIifIX Tak i
OKpeMO, B 3aJIeXHOCTI BiJ BmacTuBocTed HadrH. Kpim
TOrO, BIIEpIIC BUSBICHO E(EKTHBHICTh 3aCTOCYBaHHS
KapOoHaTy XpoMy y KaTamizaTopa
BHYTPIITHBHOIIACTOBOI JecTpyKiii Hadtu. KomOiHamis
«UEeoJiT + Ta KapOOHAT XPOMY» [O3BOJSIE 3MEHLINTH
ryctuHy HadrH, B’s3kicTs, BMicT ACIIP Ta Temmepatypy

SIKOCTI

PO3TOHKH, 10 3arajoM J03BOIUTE 301IBIINTH PYXJIUBICTH
Ha(TH B IUIACTI Y KiJIbKa pa3iB.

4. Jlnsg BBeAEHHS y IUIACT TBEPIAHMX KaTalli3aTopiB
HEOOXIHO pO3pOOUTH TEXHOJNOTi0, IO JI03BOJUTH
JOCTaBJSATH AaKTHUBHI PEYOBHHM BIIHMO IUIacTa, Ta
BUKOPUCTOBYBAaTH TEXHOJIOTI] BiTHOBJICHHS (BiIMHBaHH:)
KaTaji3aropa 3a JOMOMOIOK NMPOMUBKH PO3YHMHHHKAMHU.
Vrepie MpONOHYETHCS Y SKOCTI BapiaHTy NPOBEACHHS
00pOOKH IITacTa BHUKOPHCTAHHS YIOCKOHAJICHOI CXEMH
TiIpOpO3pHBY, IO JO3BOJUTH 3aCTOCOBYBATH IIPONAHT
CYMICHO 3 reTeporeHHUMU KaraiizatopamMmu
(BHKOpHCTaHHS IpONaHTy o0pobiieHoro KkapOOHAaTOM
XpOMY Ta 3 BHKOPHCTaHHSM LEOJITY SIK JIOMIIIKHU), SIKi
OynyTh 3akauyBaTuch y npoueci I'PIT y cepmioBuny. Lle
JIO3BOJIUTH YTpUMYBaTH
peaKIiifHOAKTHBHUI KaTani3atop y NpUBUOIHINA 30HI
cBeputoBHHU. JIJIsi  pO3pOOKHM TEXHOJOTIi HEeOoOXiTHO
MPOBOAUTH JIONATKOBI JOCIIKEHHS.
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V. V. TARANENKOVA, P. Yu. KOREKIAN
NEW DOLOMITE HEAT-INSULATING FOAM CONCRETES

Foam concrete is a modern building material. It is characterized by the following useful properties: availability of raw materials; simple
manufacturing technology; low energy consumption; the ability to regulate construction and technical properties; environmental safety of production
and application. Currently, the Ukrainian market is mainly represented by foam concretes based on cement-sand mixtures. However, in Europe and
Asia, much attention is paid to the development of technology for a new type of thermal insulation materials - magnesia foam concrete. The
composition of such foam concrete includes a caustic product of magnesite or dolomite firing, magnesium chloride solutions for mixing the concrete
mix, finely ground aggregates, as well as foaming agents, foam stabilizers and additives for regulating the properties of concrete. It should be noted
that low firing costs are an indisputable advantage of using magnesia and dolomite binders. However, magnesite deposits in Ukraine are very limited,
but an alternative to magnesite can be dolomite - an inexpensive and widespread mineral. Magnesium chloride solution is used to prepare magnesia
binders, replacing crystalline magnesium chloride with a solution of the natural mineral bischofite will significantly reduce the cost of concrete. As a
result of the research, new compositions of dolomite foam concrete were obtained based on the developed high-strength water-resistant dolomite
binder. The possibility of using finely ground limestone as an aggregate for dolomite foam concrete was investigated for the first time. It was proved
that natural bischofite solutions from various deposits in Ukraine can be used to obtain stable foam.
Keywords: raw materials, mineralogical composition, binder, aggregate, additives, foam concrete, properties

B. B. TAPAHEHKOBA, I1. 1I0. KOPEKAIH
HOBI 10JIOMITOBI TEILTOI3OJIANIAHI IIHOBETOHU

ITiHoGeTOH € cydacHUM OyAiBeIbHHM MarepiaioM. BiH XapakTepH3yeThbesl TAKUMH KOPUCHHMH BJIACTHBOCTSIMHU: JOCTYIHICTH CHPOBHHH; IPOCTa
TEXHOJIOTisl BUTOTOBJICHHS; HH3bKa CHEPrOEMHICTH, MOXKIIHBICTh PETryJIOBAaHHS OyIiBENTbHO-TEXHIYHHX BJIACTUBOCTEH; eKoloridHa Oe3rmeka
BUPOOHHMITBA Ta 3aCTOCYBaHHA. B naHuWii yac Ha yKpalHCBKOMY PHHKY HEPEBa)XHO IMPEICTaBICHI MiHOOETOHM HAa OCHOBI IEMEHTHO-IIIIAHUX
cyminreit. Onnak y €Bpomi Ta A3ii Benuka yBara IpHALTIETHCS PO3poOLi TEXHOJIOTIi HOBOTO BHY TEIUIOI30JILIHIX MaTepianiB — Marae3iaJbHOMY
mino6eTony. J{o ckiagy Takoro MmiHOOETOHY BXOIATh KAayCTHYHMI MPOAYKT BHIAAY MarHe3ury abo OOJIOMITY, PO3YMHH XJIOPHAY MarHiio s
3aMilllyBaHHsi OCTOHHOI CyMillli, TOHKOMOJIOTi 3allOBHIOBaYi, a TAaKOXX MiHOYTBOPIOBadi, CTadLmi3aTopu MiHKM Ta A00aBKH AJS PEryTIOBaHHS
BiacTHBOCTeH GeroHy. Cimix 3a3HAYNTH, IO HU3bKI BUTPATH Ha BUIAN € OE3MEpPEeYHOI0 IePeBarol0 BUKOPHUCTaHHS MarHe3iaJdbHHX i JOJOMITOBHX
B'soKyunx. OHaK MOKJIaAd MarHe3uTy B YKpaiHi Ayxe OOMEXKEHi, aje albTepHATUBOI0 MAarHE3UTy MOXeE OyTH JTOJOMIT — HEJOPOTHi Ta LIMPOKO
MOUIMPEHUH MiHepall. PO34nH XJIOpHIy MarHilo BUKOPUCTOBYETHCS U1l TIPUTOTYBAHHS MarHe3iaJbHUX B'SHKYYHMX, 3aMiHa KPHCTATIYHOTO XJIOPUAY
MarHir0 pO3YMHOM MHPHUPOJHOrO MiHepany OimodiTy J03BOJIHWTH 3HAYHO 3HHU3UTH COOIBapTICTh OeTOHY. B pe3ynbraTi MpOBEICHUX IOCIIIKEHb
OJepXKAHO HOBI CKJIaJH JOJOMITOBHX MiHOOCTOHIB Ha OCHOBI PO3POOJCHOr0 BHCOKOMIIIHOTO BOJOCTIHKOrO IOJOMITOBOTrO B'skydoro. Bmepiie
JIOCHIZPKEHO MOXKJIMBICTE BMKOPHCTaHHS TOHKOMOJIOTOTO BAaIlHSKY sIK 3alOBHIOBada Ul JIOJOMITOBOro MiHOOeTOHY. JloBEeNeHO, IO TMPHPOAHI
PO3UHMHH OIIOQITy PI3HUX PONOBHIL YKpalHU MOXKYTh OYTH BUKOPHCTAHI IS OCpKaHHS CTIHKOI MiHN.
KutiouoBi ciioBa: cupoBrHa, MiHEPATOTiYHUIA CKIIa, B’ sDKyUe, 3alI0BHIOBAY, 100aBKH, MiHOGETOH, BIACTHBOCTI

Introduction. Foam concrete is an artificial
stone material based on mineral binder and siliceous

technical properties; environmental safety of production
and using.

component with pores evenly distributed throughout the
volume. The pore formation in the solution is carried out
mechanically: binder paste is mixed with stable foam
prepared separately. There are several technologies for the
production of foam concrete. A foaming agent or
prepared foam is added in the cement-sand mixture. After
mixing the components the mixture is ready for forming
the various building products: wall blocks, partitions,
floor plates and so on.

Unlike porous aerated concrete, less energy-
intensive non-autoclave technology is used for foam
concrete obtaining. In addition to the simplicity of
manufacturing, foam concrete has other positive
properties. For example, the necessary density of the
material is easily achieved by changing the amount of
foaming agent. As a result, products with a density from
200 kg/m’ to 1200-1500 kg/m® (close to values of
lightweight concrete) can be obtained [1].

Thus, foam concrete is a modern building
material  for  energy-efficient monolithic frame
construction. One is characterized with following useful
qualities: available raw materials; simple manufacturing
technology; low energy intensity (given technology takes
advantage over aerated concrete production because of
one does not require considerable energy costs for
autoclave treatment); possibility to adjust building and

Nowadays foam concretes based on cement-sand
mixes are mainly present on the Ukrainian market of heat-
insulating materials. But in Europe and Asia a great
attention is paid to development of technology for a new
kind of heat-insulating materials — magnesia foam
concrete. Such foam concrete consists of a caustic product
of magnesite or dolomite burning, magnesium chloride
solutions for addition to concrete mix, finely ground
aggregates, as well as foaming agents, foam stabilizers
and additives for regulation of concrete properties [2].

It should be noted that relatively low
expenditures for firing (unlike lime and Portland cement
production) are obvious merit of using magnesite and
dolomite Dbinders. However, significant magnesite
deposits are unavailable in Ukraine. But dolomite —
inexpensive and wide-spread mineral — can be used as an
alternative magnesite. Total reserves of dolomite deposits
in Ukraine are approximately 500 millions tons [3]. It
should be emphasized that Ukrainian Reserves Balance
allows for dolomite deposits for metallurgy only, which
are less 60 % of total Ukrainian dolomite reserves.

Magnesium chloride solution is used for mixing
magnesia binders [4]. In our opinion substitution of
crystalline magnesium chloride by brine of natural
mineral bischofite MgCl,-6H,O will allow to reduce the
concrete cost considerably. In Ukraine there are

72

Bicnux Hayionanvnoeo mexuiunozo ynieepcumemy «XI1I».
Cepisn: Ximis, ximiuna mexnonozis ma exonozisi Ne 2(14)°2025



ISSN 2708-5252 (Online)

perspective resources of bischofite raw ore in Chernigov

(deposit  “Novopodilske”) and Poltava (deposit
“Zaturinske”) regions [3].
Unfortunately, despite availability of great

reserves of dolomite and bischofite as well as favorable
production prospects the magnesia binders are not applied
widely in Ukraine yet, and, as a consequence, mentioned
above materials are not present on our market of building
materials. This fact results from unavailability of
domestic research developments in considered field [5].

Taking into consideration all mentioned above
our study deals with the new compositions of foam
concretes on the base of developed high-strength water-
resistant dolomite binder. Besides, for the first time the
possibility of using the finely ground limestone as an
aggregate for dolomite foam concrete has been
investigated.

Samples and Experimental Procedure. For
obtaining caustic dolomite the natural dolomite of PLC
“Dokuchaevski ~ flux-dolomite  integrated  plant”
(Dokuchaevsk, Ukraine) was used in our research. The
plant mines largest in FEurope dolomite deposit
“Olenivske”. Chemical composition of dolomite being
used (in wt. %): CaO — 34,40; MgO - 17,60; SiO, — 0,77;
Al,0; — 0,50; Fe,O; — 0,29; ignition loss — 44,9-45,7.

For addition to caustic dolomite the natural
brines of mineral bischofite of deposits “Novopodilske”
(product of PLC “Mineral”) and “Zaturinske” (by-product
of gas production in Poltava region) were applied.
Content of basic components in bischofites is (in wt. %):
Novopodilsky - MgCl, — no less than 24,0; CaCl, — no
more than 0,5; NaCl — no more than 5,0; Zaturinsky -

MgCl, — 29,81; Na,SO, — 1,51; NaHCO; — 0,02; NaCl —
0,83. Total mineralization is (in gram/liter): Novopodilsky
—no less than 320; Zaturinsky —415.

As admixture improving the water-resistance of
dolomite binder the dehydrated and condensed
superphosphate (PLC “Sumychimprom”, Sumy, Ukraine)
was used. It is known that under conditions of rehydration
and hydrolysis process of condensed phosphates the
products of their hydrolysis interacts with caustic
dolomite forming water-insoluble compounds [6].

The following materials listed below were
applied as aggregates for dolomite foam concretes:

1) Raw dolomite sand of size fraction < 0,5 mm (deposit
“Olenivske”). Chemical composition of the dolomite is
given above.

2) Foamed perlite sand (brand 200 according to bulk
density) of size fraction 0,16-2,5 mm (PLC “Kalynivsky
plant BUDPERLITE”, Kiev region, Ukraine). Chemical
composition of the perlite is presented in Table 1.

3) Yevpatorian limestone of size fraction < 0,315 mm.
Chemical composition of the limestone is presented in
Table 2.

As a foaming agent the aqueous solution of
SOFIR was used. SOFIR is a concentrated low-toxic
liquid, biodegradable foaming agent being applied for
obtaining the foam concretes of various brands. The
consumption of one is equal to 0,9—1,2 liter per 1 m® of
foam concrete obtaining. The characteristic of the
foaming agent is given in Table 3. Carboxymethyl
cellulose (CMC) was applied as a foam stabilizer.

Table 1 - Chemical composition of perlite

Chemical composition, wt. %

SiO, Al O; Fe,0; CaO+MgO H,0 Na,0+K,0
70-75 2,5-9 0,2-4 0,3-6 0,3-10 39
Table 2 - Chemical composition of Yevpatorian limestone
Chemical composition, wt. %
SiO, AlLO; Fe,0; CaO MgO SO; Rest Ignition loss
2,46 0,71 0,85 52,6 0,83 0,21 0,28 42,06

Table 3 - Characteristic of the foaming agent

Index Normative values
Density at 20 °C, kg/m’ 1000 —1200
Indicator of concentration of hydrogen ions (pH) 7,5-10,0
Foam ratio: low, no more 20
Freezing temperature, °C -3
Stability of foam, sec, no less 240
Pores are homogeneous, fine, with closed structure
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To obtain caustic binder the grinded natural
dolomite was fired in an electric furnace at 700 °C for 2 h.
On the base of caustic dolomite, brines of natural
bischofite and thermal treated superphosphate the water-
resistant dolomite binder has been obtained. Using water-
resistant dolomite binder and various aggregates the
samples-cubes (the dimensions of samples were 5x5x5
cm overall) were formed. Samples of foam concretes after
1 day of hardening in metal forms were taken out and
after 28 days of air curing were examined in accordance
with standard techniques [7-9].

Dolomite foam concretes with various
aggregates. To study influence of the density of brines of
natural bischofite on dolomite binder strength the samples
based on the different brines were prepared [10]. The
results of investigations are presented in Fig.l. From
results of studies it is revealed that optimum brine density,
which allows to obtain high-strength material, is 1,20
g/em’.

Bischofite brines of different density were mixed
with foaming agent SOFIR (5 wt. %). The results of
investigations of brine density influence on foam stability
are given in Table 4.

120 -
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E‘l()(.'l'
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> 801 O ——
g . —— 2
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g 3
E] —— g
g 40 -

3

o 20'

o
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Figure 1 - Influence of density of different brines of
natural mineral bischofite on the compressive strength of
dolomite binder: Novopodilsky bischofite brine (density,

g/cm3):1 - 1,20; 2 - 1,24; Zaturinsky bischofite brine

(density, g/em’): 3 -1,20;4-1,24

Table 4 - Influence of brine density on foam stability

. ) N . Foam stability for 60 min
Brine Density, g/cm Foam ratio — ; ;
Liquid outflow, % Foam sedimentation, %
Novopodilsky 1,20 5,9 23 10
bischofite 1,24 59 20 10
Zaturinsky 1 ’20 474 11 :4 9: 1
bischofite 1,24 4,0 11,3 9,1

It is determined that an increase of magnesium
chloride concentration in the solution leads to obtaining a
foam of more dense structure with less liquid outflow. To
form a stable fine-porous foam the magnesium chloride
solution with a concentration of 1,20 g/cm’ is efficient.

Further increase of concentration almost does not
influence the properties of foam. The results of studies of
influence of foaming agent and foam stabilizer content on
foam properties are presented in Tables 5 and 6.

Table 5 - Influence of working solution composition on foam properties (Novopodilsky bischofite)

MgCl,, SOFIR, CMC, Foam ratio Foam stability for 60 min
wt.pts. WLpts. WL.pts. Liquid outflow, % Foam sedimentation, %
9 1 1 2,1 15 15
9 1 0,5 4,2 20 10
9 0,5 0,5 1,5 40 30
Table 6 - Influence of working solution composition on foam properties (Zaturinsky bischofite)
MgCl,, SOFIR, CMC, Foam ratio Foam stability for 60 min
wt.pts. wt.pts. WwL.pts. Liquid outflow, % Foam sedimentation, %
9 1 0 4.4 11,4 9,1
9 1 0,5 4,2 8,3 3,6
9 0,5 0,5 3.9 10,1 10,1
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It is ascertained that foam of composition
(wt. pts.) - MgCl, 9, SOFIR 1, CMC 0,5 — is rational for
dolomite foam concrete obtaining. Their appearance is
shown on Figure 2 and 3.

Figure 2 — Appearance of foam on Novopodilsky
bischofite, wt. parts (MgCl, 9, SOFIR 1, CMC-N 0.5):
a) initial moment, b) 60 minutes later

Figure 3 — Appearance of foam on Zaturinsky
bischofite, wt. parts (MgCl, 9, SOFIR 1, CMC-N 0.5):
a) initial moment, b) 60 minutes later

Using caustic dolomite, bischofite brines, various
aggregates and rational foam solution a number of new
compositions of dolomite foam concretes have been
developed.

As a binder for obtaining dolomite cement,
dolomite with the addition of 1 wt. % Na,CO; was used,
calcined at a temperature of 600 °C with a holding time at
the maximum calcination temperature of 2 hours. Cement
and aggregate are taken in a mass ratio of 3:1. Dolomite
and perlite sands, Yevpatorian limestone fraction < 0.315
mm were used as aggregates in foam concrete. The
aggregates were pre-irrigated with a solution of MgCl, in
order to increase its concentration in the concrete mixture,
then dried in a drying cabinet at temperature of 100 °C,
until completely dry.

The concrete mixture was mixed in a laboratory
metal container with a volume of 2 liters, using an
industrial mixer. The bischofite solution with the addition
of SOFIR and the CMC-N previously soaked for 6 hours
are mixed for 2 minutes, caustic dolomite and filler are
added: dolomite cement on Novopodilsky bischofite -
perlite or dolomite sand; for cement on Zaturinsky
bischofite - Yevpatorian limestone, and mixed for another
2 minutes. The resulting mixture was placed in metal
mold - cubes measuring 50 x 50 x 50 mm. A photo of the
concrete mixture in the mold is shown in Fig. 4.

Figure 4 - Concrete mix in a mold

The samples were stored in air conditions for 1
day in the molds, and then the samples were stored in air
for 28 days. The appearance of the sample on Zaturinsky
bischofite and limestone aggregate is shown in Fig. 5.

Figure 5 - Appearance of the sample on Zaturinsky
bischofite and limestone aggregate

The results of physical and mechanical tests of
dolomite foam concretes are given in Table 7.
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Table 7 - Physical and mechanical tests of dolomite foam concretes

Foam concrete compositions

Compressive strength

Ne (caustic dolomite-aggregate ratio is equal 3:1) after hardening, MPa
Composition Caustic Dolomite sand Perlite sand Yevpatorian 7 14 28
dolomite limestone days days days
T + - - L5 32 54
+ — + - 1,0 2,7 4,2
3 N _ - + 1,7 3,3 5,5

According to standard techniques the water
absorption, accessible porosity and average density of
dolomite foam concretes samples were determined. The
results of investigations are presented in Table 8. It is
ascertained that foam concrete samples are characterized
with (in depending on the kind of bischofite brine and
aggregate): porosity 67,6 — 73,0 %; water absorption 67,8
— 75,3 %; average density 0,95 — 1,0 g/em’. Thus,

developed foam concretes are low-density, high-porous
materials.

It is revealed that foam concrete samples are
characterized with a regular structure and have separated
pores of the same size, which are distributed uniformly.
Developed concretes can be classified as coarse-porous.
Microstructure of dolomite foam concrete sample based
on Zaturinsky bischofite brine and Yevpatorian limestone
aggregate is shown on Figure 6.

Table 8 - Investigation of water absorption, accessible porosity and average density of dolomite foam concretes samples

= = o
o0 g gE # iy ~© §
4 g R = 2 5y = 9
s @ 3 o g =t @ al| 8 B [ =,
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1 74 124 50 67,8 1 67,6
2 73 128 51 75,3 0,948 71,4
3 72 126 52 75,0 0,973 73,0

Figure 6 - Microstructure of dolomite foam concrete
sample based on Zaturinsky bischofite brine and
Yevpatorian limestone aggregate: x64 magnification

Conclusions. As a result of our studies the new
compositions of dolomite foam concretes on the base
developed high-strength water-resistant dolomite binder
have been obtained. For the first time the possibility of
using the finely ground limestone as aggregate for
dolomite foam concrete has been investigated. It is proved
that the bischofite brines of various Ukrainian deposits
can be applied for stable foam obtaining. Moreover,
substitution of crystalline magnesium chloride by brine of
natural mineral bischofite allows to reduce the concrete
cost. Obtained foam concretes are characterized with (in
depending on the kind of bischofite brine and aggregate):
porosity 67,6 — 73,0 %; water absorption 67,8 — 75,3 %;
average density 0,95 — 1,0 g/em’. Developed materials
take advantage over aerated concrete production because
of ones do not require considerable energy costs for
autoclave treatment

Thus, the obtained new building materials in
their properties correspond to non-autoclaved foam
concretes and can be used as heat-insulating structural
materials in modern civil engineering.
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T. B. ®AJIBKO, O. B. CABBOBA, O. B. BABIY

JOCHIIKEHHA E®EKTUBHOCTI 3ACTOCYBAHHSA 3HEBAPBJIIOIOYUX ATEHTIB VY
MPOMUCJIOBOMY BUPOBHUIITBI BE3BAPBHOI'O TAPHOI'O CKJIA

[Ipoanani3oBaHO  IHTGHCHBHHH TOMHT HA CKISHY Tapy, sKa BiAPI3HAIOTBCS BHCOKMMH CKCIUTyaTaliffHUMH Ta E€CTETHKO-ACKOPaTHBHHMH
XapaKTePHCTHKAMH, IEMOHCTPY€E TCHACHLII PHHKY 10 3HAYHOTO 3POCTaHHS 3a PErioHaMM, BHAAMH MPOAYKIii Ta 0OOJACTSAMH 3aCTOCYBAaHHS..
BusHaueHO OCHOBHI CIIOCOOHM Ta MEXaHi3MU OCBITJICHHS Ta 3HeOapBIEHHs CKIIHOI Tapu, BUAM 3HEOApBIIOIOUMX arceHTIB Ta iX BIUIMB Ha KOJIpHI
xapakTepucTuku ckia. CpopMyab0BaHO METy Ta 3aBIaHHS POOOTH, SIKI BH3HAYAIOTh HEOOXITHICTH MOCTIIKEHHS e(PEKTUBHOCTI 3aCTOCYBaHHS
3HEOAPBIIOIOYMX areHTIB Y IPOMHCIOBOMY BUPOOHHULTBI Oe30apBHOr0 TapHOTrO cKJiia. HaBeaeHO MEeTOm0Ior 0 BU3HAYEHHS KOJIPHUX XapaKTEPUCTHK
3paskiB CIELAB Ta CIE XYZ Ta mporpamHoro 3a0e3medeHHS Juisi oNTHYHOI crekrpockomii Chroma™. O6paHO ckiax ckila, KUIBKICTB
OCBITJIIOIOUHX (CYIb(ATH, BYTiUIs, OKCHI LIEpil0), 3HeOapBIIIOIOYNX areHTIB (CelieH, OKCUI KoOaIbTy) Ta y BUPOOHHUMX YMOBaX OTPUMAHO IapTiio
TOTOBOI CKJIOTapHu. JIOCTIDKEHHS KOJNIPHUX XapaKTEPUCTUK CKISTHOI Tapu 3 Pi3HUM BMICTOM 3HEOApBIIIOIOYMX arcHTIB JO3BOJIMIIA BCTAHOBUTH, 110
HACHYEHICTh KOJNBOPY Ta KONIPHHI TOH PEryIIOeThCs BMICTOM 3HEOApBIIOIOUNX areHTIB B 3aJIe)KHOCTI BiJ BMICTy OKcHIy 3ami3a. PospoOneHa ta
BIIPOBaPKEHAa Ha BHUPOOHUITBI B yMoBax TOB «ManuHiBCbKHH CKII03aBOI» Oe30apBHA CKIIOTapa 3 BHCOKHUMH EKCIUTyaTalifHUMU BIACTHBOCTSIMHU
BignosinHo g0 JCTY 10117 no3Bone CyTTEBO MiJBHIIMTH KOHKYPEHTO3JATHICTh BITYM3HSHOTO TAapHOTO CKJIa Ta CHOPHSTH cTalimizamii puHKY B
YMOBaX CTAJIOrO PO3BUTKY JCPIKABH.
KutrouoBi ci10Ba: TapHe CKII0, 3HEOAPBIIIOI0YI ar€HTH, BIACTUBOCTI, IPOMHCIIOBE BHPOOHUIITBO, IIPO30PICTh

T. V.FALKO, O. V. SAVVOVA, O. V. BABICH

RESEARCH ON THE EFFECTIVENESS OF THE APPLICATION OF DISCOLORING AGENTS IN
THE INDUSTRIAL PRODUCTION OF COLORLESS CONTAINER GLASS

The intensive demand for glass containers, which are distinguished by high operational and aesthetic and decorative characteristics, is
analyzed, demonstrating a market trend towards significant growth by regions, types of products and areas of application. The main methods and
mechanisms of lightening and discoloration of glass containers, types of discoloring agents and their influence on the color characteristics of glass are
determined. The goal and objectives of the work are formulated, which determine the need to study the effectiveness of the use of discoloring agents
in the industrial production of colorless container glass. The methodology for determining the color characteristics of CIELAB and CIE XYZ samples
and the software for optical spectroscopy Chroma™ are presented. The composition of the glass and the amount of brightening (sulfates, carbon,
cerium oxide) and decolorizing agents (selenium, cobalt oxide) were selected and a batch of finished glass containers was obtained under production
conditions. Studies of the color characteristics of glass containers with different contents of decolorizing agents allowed us to establish that the color
saturation and color tone are regulated by the content of decolorizing agents depending on the content of iron oxide. Colorless glass containers with
high performance properties in accordance with SSTU 10117 developed and implemented in production under the conditions of Malynivsky Glass
Plant LLC will significantly increase the competitiveness of domestic container glass and contribute to the stabilization of the market in the conditions
of sustainable development of the state.

Keywords: container glass, decolorizing agents, properties, industrial production, transparency

Beryn. Ha choropHiniHii IeHh IHTCHCUBHHI MOIAT Ha
CKIISIHY Tapy, sIKa BIJIPI3HSIOTHCS BUCOKHMH
eKCILTyaTaliiiHIMU Ta  eCTETHKO-JEKOPaTHBHUMHU
XapaKTePUCTUKAMH, JIEMOHCTPYE TEHJCHIIIO JI0 3HAYHOTO
3pOCTaHHS 32 perioHamMy, BUAAMH IPOAYKIIl Ta 00IacTsIMu
3acTocyBaHHA.  HesBakaroum Ha  BHCOKY  BapTicTb
BUPOOHHMLITBA 3 TOYKH 30py 4Yacy Ta PecypciB Ta BUIIMH
PIBEHb TEIUIOBMIUICHHSA Ta 3a0pyIHECHHS HABKOJHIITHBOTO
CepeIOBHIIA TOPIBHSHO 3 MPOIIECaMH MepepOoOKH BUPOOHHUKHI
CKJIOTApH, IIPHEMCTBA  S(EKTHBHO BIIPOBAKYIOTh
€KOHOMIYHI Ta eKOJIOTiYHi CTpaTerii yIpaBIiHH 3BOPOTHIMHI
JIaHIFOraMU TI0OCTaBOK Yy MOEAHAHHI 3 TpaauiidHuMH [1].

BupoOuuitBo Ta momaiblia MepepoOKa  CKILSTHOIO
TIaHyBaHHs, SIKE JIETIINM Ta Mae MEHIINH 00’€M, IPUHOCSTD
CYTTEBI €KOJIOTIYHI IepeBark MUITXOM 3MEHIICHHS BHKUIIIB
CO2, Ta € CKOHOMIYHO BUTITHUMH, 320N DKYIOUH
CHPOBHHY, BiJHOBIIFOIOUH €HEPTif0 Ta pOOJISTYN Il MPAKTHKH
BIIPOBA/DKCHHS y CKIISIHE BHPOOHMIITBO 3acaj «3eJICHOI
XiMiD» eheKTHBHIMY Ta cTaMH [2].

[Mopsin 3 MM PO3IIMPIOETBCS PUHOK (hapMaLeBTHYHOT
Ta EKCKJIFO3MBHOI Xap4OBOi Ta alKOTOJBHOI MPOIYKIIii, SKa
BUMarae 3a0e3MEeUeHHs] BUCOKHX ECTETHUKO-IEKOPAaTHBHHX
MOKa3HUKIB 0e3 3HAYHOTO MiIBWILCHHS BAPTOCTI MPOMYKIL.
Oco0mBoro 3HaueHHs HaOyBa€ BHPOOHMIITBO IPO30POr0O

€KOJIOTIYHOTO TaKyBaHHs, SIKE€ BIIPI3HAETbCS 3HAYHUM
TIOITUTOM Yy Xap4oBiii Ta (hapMalleBTHYHHX TaTy3siX.

Amnamitukamu  Pro-Consulting  Oys0  mpoBeneHO
JIOCITI/KEHHS pUHKY 0€30apBHOI CKJIOTapH Ta BCTAHOBJICHO,
0  PUHOK BKa3zaHOI mpoxykuii Ha YkpaiHi Hapasi
JIEMOHCTpYE IOTEHIIial 10 POCTY, MOB’SI3aHHUM 31 CBITOBUMH
TPEHIAMHU Ha €KOJIOTTYHE BUPOOHMIITBO Ta 3JOPOBHIA CIIOCIO
*uttTs [3]. [mobansHMA pUHOK Ipo30poi ymakoBku y 2024
pori omiHroBascs B 84,2 mnpa monapis CHIA i, 3a oriHkamy,
3pocratume Ha 6,1% y cepenrpomy 3 2025 mo 2034 pik, a
o0csr BupoOHMITTBa, HocsTHe 182,9 mmH ToH 1o 2034 poky
(puc. 1) [3].

I[TporHo3Hi TeHIEHIT PUHKY MOJISTA0Th Y BITHOBJICHHS
00’eMiB BUPDOOHHIITBA CKIISTHOI TApH 32 PaXyHOK 30UIbIICHHS
CNIOKMBaHHA Ta BHUIOTOBJICHHS CHApPY; BHKOPHCTaHHS
CKJI00010; PO3MIMPEHHS aCOPTHUMEHTY NpPOIYKLii uepe3
MOCTYIIOBY ~ MiHIMI3allil0 BHUKOPUCTAaHHS IUIACTHKY Ta
IHTCHCU(IKAIIIF0 eKCIIOPTHHX ITOCTABOK.

Jlitepatypumii orssa. 3a0e3rmedeHHS BHCOKOL
MIPO30POCTi CKIISTHOI Taph € HEOAMIHHUM aTpHOyTOM ii
BHCOKOi KOHKYPEHTHOi 3JaTHOCTI Ha pHHKY. Brums
BMICTY 3aJli3a B CKJSIHAX IUDAIIKaxX 3 KBAapIIOBOTO IIICKY
0COOIMBO BaXKITMBHHA. BMICT 3aii3a B KBapIioBOMY IMICKY
JUTSL TIPO30pHUX CKIOBHPOOiB pernamentyetsest  JICTY b
B.2.7-131:2007: we Oimpme: 0,015+0,02 % mis
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BHPOOHHUIITBA OCOOIMBO YHCTUX BHIIB CKJIA, ITHJIOKBAPILY
Ta BHPOOHMIITBA CKJIOBHPOOiB BHCOKOT
cBiTonpo3opocTi. Takox s 3a0e3MeueHHS BHCOKOL
CBITJIONIPOHUKHOCTI CKJ1a 00OB’SI3KOBO PETNIaMEHTYEThCS
BMICT 3aJ1i3a y MOJbOBOMY IIITATi Ta BAITHSKY.

[

20212022 2023202420252026202720282029203020312032 20332034
® [Tnacmk = Cxno = Tibpug

Pucynok 1 — Pict puHKY npo3oporo nakyBaHHS
(2021-2034 pp.)

Jlnst OCBITICHHS CKJIa TPAIUIIAHO 3aCTOCOBYIOThH
KHCHEBi, Cip4aHi, TaJOTCHiAHIi Ta  KOMIIO3UTHI
KOMIIOHEHTH, SIKi BiIPI3HAIOTHCS 32 MEXaHI3MOM Jii.

Ximiune 3Hebapeénenns. B CKiIoOBapiHHI TparHyTh
3a0e3MednT! YMOBH IIepeBeieHHS Y CTpYKTypi ckia FeO,
KWW Hajlae CKiy CUHii kouip, B Fe,O; — xoBTHi KOIIp,
ockinbku 3amiza okcua (III) MeHm  iHTEHCMBHO
3a0apBIIIOE CKIIO 33 PEAKIII€IO:

2P0+ 1/ 0, - Fe,0,

3naunmii s Fe’' ta Fe®* crBopioe 3enenysarmii
BIZITIHOK y CKIi, IHTEHCHUBHICTh SIKOTO 3aJIeXKHUTh BiJ|
KOHLIEHTpalil 3aji3a. 3 MLi€l0 METOI BUKOPHCTOBYIOTh
XIMi4HI 3HEOapBIIOBayi, MEPEBAXHO HATPIEBY CENITPY
NaNOj; i oxcua munr’aky As;Os: 3aCTOCOBYIOTH OKCH/L
apceny 0,3-0,5 mac. % y moenHaHHI 3 CENTPOIO, KOO
HeoOXxigHo BBogUTH 4—8 Mac. % Na,O. IlpuHnmn ix mii
3aCHOBaHMIl Ha BUAUICHHI KHCHIO, SIKUH YTBOPIOETHCS
MpHu pO3KIaJaHHI 3HeOapBIIOBadiB 1 Horo B3aemomii 3
okcuaom 3aiiza (I1):

2NaNO, - Na,0+N, + 34 0,

Hitpar kamito ni€ SK OKHMCHIOBAY IS IITPUMKH
OKHCHO-BITHOBHOI PIBHOBaru Ta OKHCITIOBATLHOI MPUPOJIH
MOJTyM’sI, TII0 CTBOPIOE KHICIIE CEPEIIOBHIIIC.

4KNO, — 2K,0+2N, + 50,

VY mpucytHocTi SbyOs, KU BUKOPHUCTOBYETHCS SIK
padiHyroUnii areHT y CKJIi 3 CHJIBHUM OKHCIIOBAdYeM,
HANPUKIAJ, HITpaTOM Kamito aGo Hatpio, Sb*
OKHCIIIOETHCS 110 Sb5+, o0 COpuse yMOBI JUIA
nepesegenns Fe?' B Fe'', ane mmuakicts oxomomkens
Mk 500 — 600 °C BmiMBae Ha 3arajibHy OKHCHO-
BIZIHOBHY peaKllilo, sika pyXaeThbcs BIiBO mpu audysii O,
B cepeloBUIi (OKMCHEHHS) Ta Bipaso npu audysii O, 3
cepenosuma (BinHoBnenns) [7]. Hassricts y ckmi Sb™,
0 Mae MeHmMH KoedilmieHT nudy3ii MOpiBHAHO 3
OJTHOBAJICHTHHMH 10HaMH, BUCTYIIA€ YTBOPIOBAYEM CITKH
CKIIa.

Sb,0,+0, — Sb,0,
Sb,0, +FeO — Sb,0, + Fe,0,

Haii6iner edexTrBHEM € 3acTocyBaHHA As,O;. Lle
MOB’s3aHO 3 THM, 1o Ha BimMmiHy Big NaNO; okcup
MUII'SIKy BHUIISE CBilf KHCEHb MPW OUTBII BHCOKHX
TEMIlepaTypax 3a HACTYITHOK CXEMOK: CIIOYaTKy IIpH
temmeparypax 300 — 400 °C As,0; okucimoerses 10 As,Os
(3a paxyHOK KHCHIO, yTBOpPEHOT0 TipH po3kiaganai NaNO;),
MOTIM TpH BHUCOKHMX TemIieparypax okcuj muirsky (V)
JICOIIIIOE 3 YTBOPEHHSIM OKCHJY 1 BHIUICHHSM KHCHIO 3a
peaxiriero:

As,0, < As,0,+0,

OcTaHHIM 4acoM B SIKOCTI XIMIYHOTO 3HEeOapBIIFOBaya
BCe OlIblile BUKOPUCTOBYIOTH JIOKCH/I 1IEPIt0, OKHCITIOI0Ya
Jisl SIKOTO 3aCHOBAHA HA BIJHOBJICHHI JI0 OKCHIY HEPIr0 i
BUJIUICHHI BUTbHOTO KHCHIO 32 PEAKIIEO:

4Ce0, — 2Ce,0, + 0,

Oxeun  1uepito  CeO, € 3HAYHO CHJIBHIIIAM
OKHCHIOBaueM IMOPIBHSHO 3 IHIIMMH eteMeHTaMu Sb < As <
Sn < Cu < Ce mns mepesenenns Fe'' B Fe'™ Ommak,
BBOJIMTH OKCHJ 1iepito Outbiie 1 mac. % y ckio HebakaHO
Yyepe3 MOXKIIMBY TIOSIBY JKOBTYBAaTHX BiJITIHKIB

BurbicTs ramysell MpOMECIOBOCTI BUKOPUCTOBYIOTh
pazoM cynbaru Ta Bymienb Ui Kpamoro padiHyBaHHS
CKJla, ajJe HAasBHICTb BKA3aHMX KOMIIOHCHTIB CTBODIOE
BITHOBHE CepelOBHILE, 0 NPHU3BOAUTH IO IMOSBU CHUHBO-
3€JI€HOTO BIATIHKY Ckima. lle TMOSCHIOETBCS THM, IO
KoopauHawiiiamii cran Fe'' swmintoerscst a Fe?', sxuit Mae
MaKCHUMaJIbHE MTOIVIMHAHHS B OJIMKHBEOMY iH(pa4epBOHOMY
mianasoHi (6mm3pko 1,1 MKM), HACTUIBKM IIMPOKE, IO
MOIIMPIOETBCS Y BUIUMY 00J7acTh — B 00JIACTI JIOBIHX
JIOBKUH XBHJIb, III0 BIJIIOBIa€ YEPBOHOMY KOJIBOPY, 1 IIie
MPHU3BOMTH JI0 MEHIIIOTO NPOITyCKaHHs Y BUIIMMIH 00nacTi,
a TPUBAICHTHWH CTaH 3aii3a € ciabmmM OapBHUKOM
TOPiBHSHO 31 cTaHoM 3aiiza (11I) [7].

Y IpOMHUCIIOBOCTI BUKOPHCTOBYIOTHCS Pi3HI METOIH
BUNAJICHHS BIATIHKY 31 CKJIA, aje HaWMOMMPEHIIINM
METOJIOM € BHUKOPHCTaHHA (I3MYHUX 3HEOAPBIIOBAYIB,
TaKUX K KOOQJIbT-CEJIEH, OKCHJI HIKEII0 Ta OKCHI
Mapraifo, SIKMH BHUKOPHCTOBYETbCS SIK  (DI3MUHHIA
3He0apBITIOBAY 3 pUMCBHKOTO TIepiomy [7].

Dizuune 3HebapenenHsi CKlla 3aCHOBaHE Ha BBEJICHHI
JO CKJIaIy CKJIa HEBEJIMKUX JIOMIIIOK OapBHHKIB, SKi
KOMIICHCYIOTh 3a0apBieHHs ckia. Hemosikom ¢izudHOro
3HEOapBIICHHSI € Te, 10 3arajibHa CBITJIONPO30PICTh CKJIa
JeKiTbKa 3MeHmyerbes. g ¢isudaHOro 3HEOapBIICHHS
3aCTOCOBYIOTh CITOJYKH PiJIKICHO3EMEIBHUX eJIeMEeHTIB [5]
(P3E) Nd,O Ta Er,0s3, siki 320apBiIIOI0Th CTEKIIa B POKEBI Ta
MypIypHi KOJBOPH B JONOBHEHEHs N0 3elieHHX. OKcHn
HeomuMy € eQeKTHBHIM (i3ndHAM 3HEOapBITIOBAYEM,
OCKLUIBKH BiH TPUPOIHO IHEPTHHI 32 BUCOKUX TEMIIEPaTyp,
Mae JIMIIE CTYIIHb OKMCHEHHs +3, IparHe 3ajIMIIaThcs B
crani Nd** B yMOBax OKHCHEHHS Ta He BIUTHBAE HA OKHCHO-
BIZIHOBHI TIpOLIECH PO3ILIAaBJICHOro0 cKkia. BiH Takox He
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TIOTIpIIIYy€e MPOITyCKaHHA CKJIa Y BUANMII 00J1acTi, Xo4a IpH
By koHmeHTpanii Nd,O; crocTepiraetbes neska ciadka
CMyTa HOTJIMHAHHS Ha TIEBHUX OBKHHAX XBUIIb Y BUIUMIM
obmacti. ®ioneropuit komp NdyOs; crabimbHHI TIpH
BHCOKIi Temrieparypi miasieHns ckia 1400 °C, mio mie sk
NPOTWIISKHUH KOJIP KOBTOMY KOJBOPY, IO HANAETHCS
ionamu 3amiza (Fe*") [7].

Ilpu omnouacHoMy 3actocyBanHi Nd,O Ta Er,Os
3aJISKHO BiJI CIIBBIJHOIICHHS Yy 3HEOApBIIOIOYiil cymimi
KOJIbOPOBUH BINTIHOK CKia Oyzme 3MiHroBaThcs. Y pasi
NepeBaXaHHS B CyMIlli OKcuay epoito, KOJIbOPOBUMA
BINTIHOK CKJa Oy/ie 3HAXOAUTHCH B MEXax JOBXHH XBHJIb
520 — 540 HM, a KONH TEpeBaKaTUME HEOAUMY OKCHMI —
KOITbOPOBUH BIATIHOK 3CYHEThCSI y OIK OBXHWH XBHJIb
560-570 HM, i BIOTIHOK CKJa 3MIiHHTBCA 3 (DioIETOBO-
YEpPBOHOIO Ha YEePBOHO-(IONETOBUIL. Y CKI, B SKOMY
nepeBakae FeO, a kojip Mae OJAaKMTHO-3CJICHHI BIATIHOK
3HeOAPBITIOIOYA CYMIIIl IOBUHHA MICTUTH OLIBIIY KUTBKICTH
epOif0 OKCHIy, a KOJIM CKJIO MAa€ >KOBTYBAaTO-3EJICHHH
BIAITIHOK, TOOTO KOJIKM B HhOMY mepeBaxae Fe,O , Tomi B
cyMili Tpeba 301IBIIMTH BMICT HEOMMY OKCHTY.

KomOinartist Co—Se BUKOPHCTOBYEThCS SIK
3He0apBIIOBaY, OJHAK 32 YMOB BHCOKOTO OKHCICHHS Se
CIIOCTEpITaeThCs TEHICHIS O 3HEOApBICHHSI B OKHCHHUX
YMOBax, TOMy HOro He 3acTOCOBYIOTH pazoM 3 KNO;. MHis
OKCHIYy KOOAJIBTY K 3HEOAPBIFOI0UOTO areHTy 00OMEKYEThCS
HOro 3acTocyBaHHS Il CTEKOJI 3 BUIIMM BMICTOM 3aitiza >
0,1 wmac%. Jlerka mnpupoma Se 30UIbLIyE BapTICTH
BUPOOHHMIITBA, a fAomaBaHHs NiO 3HIKYe MIIHICTh CKJIa Ha
PO3TST, 32 paXyHOK YTBOPESHHS Y CKJIi CyJb(dimy Hikeo [7].

Asropamu [6] Oyno JOCHIKEHO MO>JTHBICTB
3actocyBanHs Se Ta Co sk 3HEOApBIFOIOYMX ArcHTIB YIS
oTpuMaHHsI 6e30apBHOTO CKJIa 3 KOJIBOPOBOTO CKIJIOOOIO, 110
MICTUTh BHCOKHMH BMICT OKkcHay 3amiza. Otpumani
pe3yJIbTaT! MoKasaiy, o ionu Fe, npucyTHi y ckiomomioHii
MATpHII, MePeBAKHO 3HAXONAThCA y (opmi ioniB Fe’'. s
JIOCTIDKEHHSI  OTPMMAHMUX ~ CTEKON  BHUKOPHUCTOBYBAIUCS
pertreniBcbka — uryopecuermisi  (XRF),  emexTponHwMi
cmidopuii pesonanc (ESR), Y®-sumummii cnexktp Ta
iH(ppauepBoHMil  cHieKTpocKomiyHuii  aHamiz 3 Dyp’e-
Tpancdopmaropom (FTIR). Pesynprati mokasyroTh, 10 BCi
3pa3Kl MalOTh CWJIbHE MOMIMHAHHS YIbTpadioleToBOro
TIEpeHOCY 3apsiTy, 10 CKIIAAAEThCs 3 IBOX a00 TPBOX CMYT B
Jiara3oHi JOBXKHH XBWIb 228 — 232, 274 — 278 1a 304 — 309
HM.

Otmxe, 3HEOAPBICHHSA CKISHOI Tapu € CKIIATHUM
(hi3UKO-XiMITHUM TIPOIIECOM, SKHN BHAMAarae
0OTpYHTOBAHOTO MiAXOJY, 3BaYKAI0OUM HAa BHCOKI BUMOTH
LIOJI0 BJIACTUBOCTEM CKIJIAHOI Tapu Ta il E€CTETHKO —
MEKOPATUBHUX XapakTepUCTUK. OCOOIMBOrO MiaX0my
BHMarae 3a0e3neueHHs 3HeOapBIEHHS TapHUX CTEKON Y
BUPOOHHYHMX yMOBaXx, € BiATBOPIOBAHICTh PE3yJILTATiB
MOBHHHA [OCATAaTH HAJBHUCOKOTO PiBHSA, a TEXHOIOTIs
NMOBUHHA OYTH THYYKOIO JIO 3MIHHHX (DakTOpiB, SK TO
3MiHM CHPOBHMHH Ta BUMOT JIO KOJIbOPOBHX BITIHKIB.

Mera po6orn. MeTor0 poOOTH €  IOCHiIKEHHS
e(CKTHUBHOCTI 3aCTOCYBaHHS 3HEOApBIIOIOYMX AarcHTIB
IIPY TIPOMHCIOBOMY BHPOOHMITBI 6€30apBHOTO TapHOTO
CKJIa.

Jnst mocsTHEHHS 03HA4YEeHOi METH OYIIM ITOCTaBIICHI
HACTYITHI 3aBIaHH:

— BCTAaHOBIICHHS pI3HHX THUIIB 3HEOAPBIIOIOYNX
areHTiB Ta (HI3MKO-XIMIYHOTO MEXaHi3My 3HeOapBJICHHS;

—BUOIp THUOIB 3HCOAPBIIIOIOYMX AareHTIB IS

3HeOapBIICHHS TAPHOTO CKJIA;

— IOCIIJPKEHHST KOJIOPUMETPUYHHUX XapaKTePUCTUK
CKIJISIHOI Tapy;

— OlliHKa e(heKTUBHOCTI 3aCTOCYBaHHs
e(eKTUBHOCTI 3aCTOCYBAaHHS 3HEOAPBIIOIOYMX AarcHTIB
Ipy BUPOOHMITBI 6e30apBHOTO TAPHOTO CKJIa B yMOBAax
JIFOYOTO ITiIIPUEMCTBA.

Bci TUTSIIKA BUTOTOBJICHI B yMOBax
TEXHOJIOTIYHOTO TIPOIleCy BHPOOHMITBA CKIOTApH Ha
nignpueMctBi TOB «ManuHiBCchKui ckino3zaBomy. Jms
NPUTOTYBaHHS IIMXTH BUKOPUCTOBYBAJIM HACTYITHY
cupoBuHy: micok kBapuosuit (ITK-030-3), BanHsik, comy
KaJbLMHOBAaHYy, CyJb(aT HATPil0, MONBOBHH IIIAT,
nmonoMmit, okcup tepito (IV), ceneH, okcum KoOanmbTy.
Bapka cTekonm TmpoBoAMIIMCS B pereHEpaTHBHO-
cknoBapuii medi HORN  System «DEEP END
MELTER», 3 momepenHiM HarpiBoM TOBITpS Ta
I IKOBOIIOX1OHUM HaIpsIMKOM MOJIyM s1.
[MponykruBHicTh nedi cknanae 240 /100y, TemnepaTypa
Bapku ckia 1484 — 1556 °C.

Hast BU3HAYCHHS KOJIOPUMETPHUYHHUX
XapaKTEPUCTHK 3pasKiB BUKOPHCTOBYBAJIH
cnektpodoromerp NS 800. IIpu mkepeni ceitia (C, A,
D65) xoopauHaTH KOJIBOPY B KOJOPUMETPUYHINA CHCTEMI
CIELAB nopieaiooTh: L*; a*; b*.

Kombopora mkama CIELAB — me TpuBHMipHA
KOJIbOpOBa  MOJIeNb,  po3pobieHa  MikHapoJHOIO
komiciero 3 oceitnenHs (CIE) y 1976 pomi. Bona
0a3yeThcs HA TPUCTUMYIHHUX 3HAYCHHSIX KOIHOPY, SKi €
KUTBKICTIO YEpPBOHOTO, 3€JIEHOTO Ta CHHBOTO CBITIA,
HEOOXiTHOIO JJIs1 OTPUMAHHSA IIHOTO KOIBOPY.

IMokazamk L* mpencraBmsie sickpaBicTh, abo
HACKUTBKH SCKpaBUM YU TEMHHM € KOXip. 3HaueHHS
konuBaeTbes Big 0 (wopuuit) g0 100 (Oinwmit). [TokasHuk
a* TpelncTaBis€ YEPBOHO-3eJIEHY BiCh, € BiJ €MHI
3HA4YEHHsI NPEJICTABISIIOTh 3€JICHWH, a TMO3UTHUBHI —
yepBoHuii. [lokasHuk b* mpencTaBlise CHUHBO-)KOBTY
BiCh, JI¢ BIJ’€MHI 3HAYCHHS MPEICTABIAIOTH CHHIM, a
TIO3UTHBHI — )KOBTUH (puc. 2). 3HaYeHHs MMOKAa3HUKIB a*
Ta b* xonuBaroThcs Bin -128 mo +128 [8, 9].

Blnwia

]
E
=2
]
]
a
=
g

IENEHHA

N

[ HOPHHA
Bk

Pucynok 2 — Konsoposa mkana CIELAB ta HSB
[10]

3a miarpaMor0 XpOMaTHYHOCTI KOJIIPHOTO TPOCTOPY
CIE XYZ (tpukyTHHK MakcBeuia) BH3HAYAETHCA
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30BHIMIHA KPUBOMiHIiHA Mexka Big 380 mo 780 am mo 520
HM € CHOEKTPIbHMM MiCLeM MOHOXPOMAaTHYHHUX
kompopiB [11]. Ilpsma mimis Bim 380 mo 780 HM €
(dioseToBoro JiHier0. Touka XPOMATHYHOCTI IKepesa
ceitna — D65 (puc. 3). Ilokasuuk DWL Bianosinae
IOMIHAHTHIN JIOBYKHUHI XBHIII, sKa BU3HAYae
MaKCHUMaJIbHE MMOTJIMHAHHS CBITJIA 3pa3Ky.

OO0poOka pe3ynbTaTiB JOCIIIKEHb 3I1HCHIOBAIACh
Chroma™ — e yHiBepcallbHE, HE3aJICKHE Bif] IIPUCTPOIO
nporpamMHe 3a0e3NeUeHHs Ui ONTHYHOT CIEKTPOCKOITIT
(TIporryckaHHA, MOTIMHAHHSA, BIIOWUTTS) 3 iIHTETPOBAHOIO
OLIIHKOI0 KOJILOPY Ta YMPABIIHHSAM [JaHUMH, a TaKOX
cnemianbHIMU (YHKIIIMU.

0.9

520

0.8

0.7

0.6

500

0.5

0.4

Pucynok 3 — [liarpama XpoMaTHYHOCTi KOJTipHOTO
npoctopy CIE XYZ (TpuxkyTHuK MakcBemia

Pe3yabTatn poGoTH Ta ix o6roBopenHs. J[is
JIOCHI/KEHHST €(DEeKTHBHOCTI 3HEOAPBIIOIOYNX AarcHTIB
Oys10 0bpaHo ckio ckiany (Mac. %): Si0O, — 72,4; Al,O3—
2,2; ¥CaO + MgO — 11,9; >Na,O+K,0 — 13,5, Ta €
OJM3BKMM JI0 MEX KOMIIOHEHTIB I BHPOOHHYOTO
CKJIaJly TPO30pUX TapHHUX cTekon (Mac. %): Si0,—72,0 +
1,5; ALO; — 2,0 £ 0,5; YCaO + MgO — 12,5 £ 1,5;
> Na,O + K,0=13,5 £ 1,5; SO; — me 6inbmie 0,5; Fe,O;
— He 6inbiie 0,015.

Jo ckmagy [OOCHIHOTO CKia OyJao BBEICHO
HACTYIHI OCBITNIIOIOUi Ta 3HeOapBimorodi areHTH Ha 2500
Kr rotoBoro ckima: Byris — 400 r; cemed — 30 r; okcun
Kob6anbTy — 3,5 T; okeup nepiro — 250 r; cynbdar HaTpiro
— 18300 r. V BUpOOHHYMX yMOBaxX KUIbKICTh BKa3aHHX
KOMIIOHCHTIB BBOWIAch 3 po3paxyHky Ha 50000 kr
roToBoro ckia (tabm. 1).

JlocmiKeHHST KOJIPHUX XapaKTEPUCTHK CKISTHOL
Tapu 3 PI3HAM BMICTOM 3HEOApBIIIOIOYMX AarcHTIB

O3BOJIMIM  BCTAHOBUTH, 1[0  IOKa3HUK  L*=95
3HaXOAWTHCS B MEKaxX JONMYCTHMHX 3HA4YCHb JUIS
OIEep)KaHHA CKJIa 3 BHCOKOK  CBITJIONPOHUKHOIO

3MaTHICTIO. 3MIMIEHHS IMOKa3HUKIB a* 10 BiX €MHHUX
3HAYCHb KOMIICHCYEThCA Se; b* Mo3UTHBHUX 3HAYCHD
komneHncyerscsi Co;04. UuM BUIIMK BMICT 3araibHOTO
3aji3a TUM OLiblIa KUIBKICTh 3HEOApBIIOIOYMX arcHTIB
Moxe OyTH BUKOpUCTaHa. B 1inomy ans ineaiabpHo Oiioro
CKJa KoopauHath a* Ta b* MOBMHHI HaOIMXKATHUCA [0
HyJs, @ mokasHuk L* no 100. OnmHak, Ha TMpaKTUIl pi3Hi

BIATIHKM  TPO30pOTO  CKJa, SKi  BHU3HAYAIOTHCH
BUPOOHMKAaMH Ta IOIMUTOM Ha MPOAYKIIiI0 BU3HAYAOTHCS
KOHKPETHUMH 3HadeHHsMH L*; a*; b* Ta € yHiKansHIMH
qs toproBoi  Mmapku. Iloxkasmuk DWL, Busnauae
MaKCHMaJlbHEe TOTJIMHAHHS CBITJa 3pa3Ky Ha JOBXKHHI
553 Ta 565 HM, skull BKa3zye Ha 3MIIIECHHS Bij 00JacTi
3€JCHOr0 CIIEKTPY /MO JKOBTOTO BHANMOIO CHEKTPY
(puc. 4).

Tabmunst 1 — XapakTepuCTUKHU KOJIIPHOCTI, BMICT

3He0apBIIOIYNX KOMIOHEHTiB Ta Fe,O5y ckimani
CKJISIHOI Tapu

Xapakrepu- Hywmepauis ckna
CTHKa
KOJIPHOCTI 1 2 3 4 3
L 95,73 | 94,57 | 95,29 | 95,55 | 95,18
a* 031 | -05 |-029 | -025 | -0,32
b* 032 | 0,62 | 041 | 033 | 0,55
DWL | 553,7 | 560,7 | 561,1 | 558,7 | 565,1
B;i‘:g; T 10,0711 ]0,0741 | 0,0714 | 0,0560 | 0,0571
Bwmict, r 1 2 3 4 5
Se 700 | 900 | 1000 | 1000 | 1000
C050, 90 | 110 | 120 | 120 | 120
Ce02 | 5000 | 5000 | 5000 | 5000 | 5000
C 7000 | 7000 | 7000 | 7000 | 7000
Se/Cos04 | 7,78 | 8,18 | 833 | 833 | 833
700 600 500 400 EM

Pucynok 4 — EnextpomartiTHui ciekTp

Came 3a0e3NEUYCHHS PErylbOBaHHX ITOKa3HUKIB
KONIPHOCTI CKkia fJo3Boisie orpumaté Ha TOB
«ManHIBCbKUI CKJI03aBOJ» BUILIYKaHY, EKCKIIO3UBHY
CKJIOTapy Ha CIICI[iaJIbHOTO IPHU3HAYCHHS.

BucnoBku. IIpoananizoBaHo puHOK O6e30apBHOT
CKJIOTapd Ta BCTAHOBJICHO, IO PUHOK BKa3aHOI
mpoAyKIii B YKpaiHi Hapasi JEMOHCTPYE MOTEHINAN 0
pocTy, TOB’sI3aHMA 31 CBITOBUMH TpPEHIAMH Ha
EKOJIOTiYHEe BUPOOHUIITBO Ta 3JOPOBHH CIIOCIO KUTTS.
Bm3HaueHo MexaHi3M Ta JoMImIKH Uit (Hi3HYHOTO,
XIMIYHOTO OCBITIICHHS Ta 3HeOapBiIeHHs ckia. HaBeneHo
METOZOJIOTII0 BH3HAYCHHA KOJIPHUX XapakTePUCTHK
ckiotapu. B ymoBax mpomucnoBoro Bupobununta TOB
«ManuHIBCbKAH  CKJI03aBOA»  BCTAHOBJICHO  BMICT
3HEOAPBIIOIOYMX KOMIIOHCHTIB Ta X CITIBBIJHOIICHHS B
3anekHOCTI Bif BMicTy Fe,O3 Ta MoKa3HHKIB 3a IIKaJaMu
CIELAB Ta CIE XYZ Ta omepkaHO MapTii0 CKIOTapH 3
BUCOKMMH  CKCIUTyaTallilHUMH  XapaKTCPUCTHKAMHU
BignosigHo 1o JACTY 10117. BupoBakeHHs iHHOBAIIiH
Ha CKISIHUX BITYM3HAHUX BHUPOOHUIITBAX TO3BOJHTH
CYTTEBO 30UIBIIUTH KOHKYPEHTO3JATHICTh CKIOBHPOOIB
Ta PO3MHPUTH PHHOK CKIOTapd i3 3aCTOCYBaHHSIM
Cy4YaCHHX TEXHOJIOTIH.
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€. 0. IEBbOJIKIH, €. M. BAPJIAMOB, O. M. CKAKAJIbCBbKHH, O. A. [TAJIAT'YTA, H. C. JAITKO

MOPIBHAHHSA METO/IB IPOIHO3YBAHHSI KOHIEHTPAILIIL PM:ww B KPUBOMY PO3I B
3UMOBMUM MEPIO/]

VY cTaTTi MOPIBHIOIOTHCS JBa MIIXOIM AJISI MPOTHO3YBAHHS KOHIEHTpaLii IpiOHOAMCIEPCHUX YaCTUHOK PMio - KIacH4YHE CTATHCTMYHE MOJCIIOBAHHS
(MHOXMHHA JiHiliHa perpeci, MJIP) Ta cywyacHuii aaroputm MmammHHoro HaB4aHHs Random Forest (RF). O6’exktom mociipkeHHS 0oOpaHO onHE 3
HaOLIBIIMX TpoMHUCIIOBUX MicT Ykpaiuu - Kpusuii Pir, sike BijoMe CBO€IO CKJIAJIHOKO €KOJIOTIUHOIO cuTyaliero. Po3risHyTo 3uMoBuit nepion 2024-2025
PP, POTATOM SIKOTO BUKOHAHO Oe3nepepBHUI MOHITOPUHT PMio Ta METEOPOIOriYHUX MOKA3HUKIB 33 JOMOMOrOl0 aBTOMAaTH30BaHOi MiHi-cTanii Cairnet
i3 ceprudikoBaHMMH aaTyvkamu. IIpoBeaeHo momepenHio oOpoOKy naHMX (OYMINEHHS BiJ aHOMaild, 3alOBHEHHS IpPONYCKiB, HOpMali3alis) Ta
(hopMyBaHHS 03HAK, 30KpEMa BBEJICHO KaTEropialibHi 3MiHHI 11 YaCTUHU 100U, TUIY JHS (BUXiIHUI/poO0oYMid) Ta IHTEHCUBHOCTI BUKUIB. OOMIBI Moaemni
MOKa3all CXOXi J000Bi Ta TW)KHEBI IMKIM KOHLEHTpalii PMio: mikoBi 3HaYEeHHS CIOCTEpiraloThCs y BEUipHii 1 HIYHMN Yac, HAHHMDKYI - BJAEHB, IO
Y3TOKYETHCS 3 OYIKYBAaHHSAMM Ta JITEPAaTYypHUMHM JaHUMH. BogHOUac TOYHICTH MPOrHO3Y CyTTEBO pisHUTHCS: Random Forest 3a0e3me4ynB 3Ha4HO BHILY
nerepminanito (R?=0,72 npotu R*~0,27 y perpecii) i BABI4i MeHIIy cepeHI0 aOCOMOTHY MoXuOKy. HaBeneHo nmopiBHAHHA BaXJIMBOCTI (GakTOpiB At 000X
mozedeit: Random Forest BuainuB atMocdepHuii THCK, TEMIIEPaTypy Ta BOJIOTICTh K KIIOYOBI YHHHUKH, TOAI K JIiHIHHA perpecis MpUIUCcye HaliOUIbILy
Bary BIIPOBA/KCHUM LITYYHUM 3MiHHUM (IHIMKATOpaM yacy JI0OM Ta iHTEHCHBHOCTI BUKH/IB). [IpoaHanizoBaHO NPUYMHYU LUX PO3OIKHOCTEH 3 OriIsay Ha
HeNiHiIiHI B3aeMoAil Ta MyJIBTHKOJiIHEapHiCTh. 3po0JICHO BHUCHOBOK, IO AJI BHCOKOTOYHOTO OINEPAaTHBHOIO IMPOTHO3YBaHHSA piBHA PMio IOLIIBHO
3acrocoByBati Random Forest, Tozi sik mpocra JiHiiiHa MOJe/Ib MOXE BUKOPUCTOBYBATHCS UL IIBHJKMX MOIMEPEIHIX OLIHOK Ta iHTeprnpeTalii BIIUBY
OKpeMHUX (aKTOpiB.

KurouoBi ci1oBa: nporaosyBanss; apioHonucnepcHi yactku; PMio; miniiiHa perpecis; Random Forest; BaxmBicTh 3MiHHUX; SKiCTh HOBITpS.

O. LEBODKIN, E. M. VARLAMOV, O. M. SKAKALSKY]I, O. A. PALAHUTA, N. S. TSAPKO
COMPARISON OF METHODS FOR FORECASTING PMio CONCENTRATIONS IN KRYVYI RIH IN THE
WINTER PERIOD

The paper compares two approaches to forecasting PMio particulate matter concentrations - a classical statistical model (multiple linear regression) and a
modern machine learning algorithm (Random Forest). The study object is Kryvyi Rih, one of the largest industrial cities in Ukraine known for its
challenging environmental situation. The winter period of 2024-2025 was considered, during which continuous monitoring of PMio and meteorological
parameters was carried out using an automated Cairnet mini-station with certified sensors. Data preprocessing was performed (outlier noise removal, gap
filling, normalization) and feature engineering applied, including categorical variables for time of day, day type (weekend/weekday) and emissions
intensity level. Both models revealed similar daily and weekly cycles in PMio concentration: peak values occurred in the evening and night, lowest - during
daytime, consistent with expectations and literature. However, the forecast accuracy differed significantly: Random Forest achieved much higher
determination (R*~0.72 vs R?=0.27 for regression) and halved mean absolute error. A comparison of factor importance for both models is presented:
Random Forest identified atmospheric pressure, temperature and humidity as key drivers, whereas the linear regression assigns greatest weight to
introduced artificial variables (time-of-day and emissions intensity indicators). The reasons for these discrepancies are analyzed in view of nonlinear
interactions and multicollinearity. It is concluded that for high-precision real-time PM.o forecasting, Random Forest is advisable, while a simple linear
model can be used for quick preliminary assessments and interpretation of individual factor effects.
Keywords: forecasting; particulate matter; PMio; linear regression; Random Forest; feature importance; air quality.

Beryn. ITunoBi wactunku ¢pakuii PMie (aepo3ons
po3mipom mo 10MKM) € omHMM 3 HalHEOE3MEUHIMNIX
3a0pyaHIOBaviB atMoc(epHOro MOBITPs y Mictax. Bucoki
KoHIeHTpalii PMio CTaHOBIATH 3arpo3y Uit 370pOB’S
HaceJIeHHsI, CHPUYMHAIOYM 3aXBOPIOBAHHSA IHXalbHOI Ta
CEpIICBO-CYJAMHHOI CHUCTEM 1 ITiIBUIIYIOYN CMEPTHICTH [1].
3a nmaHMMu  €BpONENCHKOrO areHTCTBa 3  JOBKULIA,
NpiOHOAMCIEPCHUM T 3QIHINAETHCS  HAWOUTHIITNM
€KOJIOTIYHUM PHM3MKOM JUIsl 370poB’st y €pomi [2]. B
VYxpaiHi mpoMuCIIOBi LeHTpH, 30Kkpema micto Kpusnii Pir,
CHCTEeMaTHYHO  (DIKCYIOTh  TIEPEBUILEHHS  TPaHUIHHUX
KOHLISHTpALliil My B Tpu3eMHOMY Imapi atmoctepu. Lle
O00YMOBIIIOE aKTYaJbHICTb 3ajJiauli NPOrHO3YBAaHHsS pPIiBHIB
PMio mms cBoewacHoro iH(OpMYBaHHS HACCICHHS Ta
BIIPOBA/DKCHHST 3aXOMiB 13 3HIDKCHHS BUKHUMIIB. 3HAYHHMA
BHECOK y 3alMJICHICTh atMoc(epH MICT BHOCSATH MicLeBi
TIPOMUCIIOBI Ta TpaHcnopTHi mkepena [3]. Y Kpusomy Posi
- OJHOMY 3 HAWOUTBIINX METATYypPriiHUX LEHTPIB €BporH -
Ha 3a0pyqHEHHS TIIOBITPS NWIOM BIUIMBAIOTh TipPHUYO-
30arauyBajbHi KOMOIHATH, METaIypriliHi MiIIpUEMCTBA Ta

IHTEHCHBHUH aBTOTPAHCIOPT. Y 3MMOBHH Mepiox CHUTYaIis
YCKIIAIHIOEThCS ~ METEOPOJIOTIYHMMHM ~ YMOBAMHM:  4acTi
TeMmriepaTypHi  iHBepcii 1 cmaOki  BITpH  CHPUSIOTH
HaKOMWYEHHIO JIOMINIOK Yy MpWU3eMHOMY mmapi. B 1mx
YMOBaxX TpaAWIiHI TiIXOAW MOHITOPHHTY (CTaIliOHApHI
MOCTH KOHTPOJIIO) TOTPeOyIOTh MiJICHICHHS 3aco0aMu
MaTeMaTHIHOT O MOJIEITIOBAaHHS, o0 pobutH
KOPOTKOCTPOKOBI MPOrHO3M KOHIEHTPAIi 3a0pyIHIOBaYiB.
Hogi perynsTopHi BUMOTH TaKOX CTHMYJIIOIOTH PO3BHUTOK
CHUCTEM MpOrHO3yBaHHA. 30Kkpema, HoBa JlupekruBa €C
2024/2881 BCTaHOBJIIOE CYTTEBO >KOPCTKIII HOPMaTHBH
SKOCTI TOBITpA (rpaHnyHi piuHi KoHIEHTpauii PMa.s Ta
PMio 3amxeno g0 10 ta 20 pr/m® BiAmoBigHO) i 3000B’s13y€
3aCTOCOBYBaTH MOJICTIOBAHHS IS 1H(OPMYBaHHS TIpO
nepeBuiieHHs [4]. B €Bpocoro3i Taki IpOrHOCTHYHI MOJIENi
BXKE IHTETPYIOTHCS Y MPAKTUKY OLIHKHU SIKOCTI moBiTpst. st
YkpaiHu akTyanbHUM € 3alPOBaJPKEHHS Cy9aCHUX METOJIB,
30KpeMa MAalIMHHOTO HABYaHHs, J0 3a7ad eKOJIOTiYHOTo
MOHITOPHHTY IPOMHCIIOBUX PETiOHIB.
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IMomepenui mocmimxenas Kaminska [5] y Bporyrasi
(ITompma) TOKa3amo BUCOKY TOYHICTH Momenmi Random
Forest mpu mporHo3yBaHHI 3a0pyAHEHHS TOBITPS 3
ypaxyBaHHAM JOPOKHBOIO PYXY Ta METCOPOIOTiYHHX
napametpiB. Rubal i Kumar [6] po3poOwmu eBomromiiHO-
aJanToOBaHUM  MiAXiA, SKUH  KOMOIHYe  alropuT™m
mudepenniinoi  eomonii Ta Random  Forest s
MPOTHO3YBaHHS KOHIIGHTpamid 3a0pyqHIOBAaYiB IOBITPS.
Stoimenova Ta cmiBaBT. [7] BHKOpPHCTali METOA
perpeciiHux JepeB Uil NPOTHO3yBaHHS piBHIB PMio y
Micekux ymoBax. Chen Ta cmiBaBT. [8] mpoaHamizyBau
MPOCTOPOBO-YACOBI 3aKOHOMIPHOCTI KoOHIIeHTpalii PMio y
Kurai i3 3actocyBanusmM migxony Random Forest no
CynyTHUKOBHX naHuX. Plocoste 1 Laventure [9]
NPOrHO3yBaIM  KOHIeHTpaumito  PMio y  KpaiHax
KapuOcpkoro 0aceiiHy 3a JOMOMOIOK MOJEICH MAITHHHOTO
HaBuaHHs. Zarate Ta Rodriguez [10] 3actocyBanim Random
Forest y monmeni nporHo3yBanHsi piBHiB PMio y Mexiko.
Abuouelezz Ta cniBagT. [11] npoBeny MopiBHAIBHUIA aHaIi3
MozieNied MaIllMHHOTO HAaBYaHHA I KOPOTKOTEPMiHOBOTO
nporHo3yBaHHs PMz.s i PMio B ymoBax OAE. Adamenko i
Arkhypova [12] mocnipkyBanyu 3aKOHOMIPHOCTI 3MiH PiBHIB
PM:.s i PMio y armochepromy mnoBitpi I[Ipukapmarrs.
Uyraii i Tepseman [13] mpomeMOHCTpyBaiM MOXIUBICTH
NporHo3yBaHHss 3a0pyanenHst moBitps NO: B Ogpeci 3
BUKOPHCTaHHAM MoJieNneil MallMHHOro HaBuaHHs. Gupta Ta
cmiBaBT. [14] 3aiiicHUIM TOPIBHMAJIBHUI aHami3 Mojeneit
MAIIMHHOTO HaBYaHHS VI MPOTHO3YBAaHHS 1HAEKCY SIKOCTI
MOBITPSI.

TakuM YMHOM. aJNrOpUTMHM MAIIMHHOTO HaBYaHHA
(mepeBa pimieHb, aHcamOJi, HEHPOHHI Mepexi) 31aTHi
BpaxyBaTh HeNiHIAHI  OaraTodakTopHi 3ajexHOCTI 1
MiIBUIIUTA TOYHICTh TPOTHO3IB 3a0pyIHEHHS TOBITPs
NOPIBHAHO 3 TPaJULIHHUMH CTATUCTHYHUMH MOZICISMH
[15].

Meta podoru. Mera poboTH monsirac B IiABUIICHHI
TOYHOCTI KOPOTKOCTPOKOBOT'O IPOTHO3YBaHHS
KOHIIeHTpaniif PMio y BEeTMKOMY IPOMHCIOBOMY MICTI Mif
4yac 3WMOBOTO TEpPiOy HAa OCHOBI JaHMX MOHITOPDUHTY Ta
CydacHMX METOMIB aHamzy pganux. Jlns peamizaiii
MOCTABJICHOI METH Y JOCHiPKEHHI MOPIBHIOIOTHCA [1Ba
MiAXOOH A0 MOOYAOBH MPOTHOSHUX MOJENEH: TpaauiliiHAN
CTaTUCTHYHHA METOJ MHOXHMHHOI JiHIHHOI perpecii Ta
cydacHHH Meron MammHHOro HaB4YaHHA Random Forest.
3amaui mocmimpkeHHS TependadaroTe 30ip 1 MiATOTOBKY
BUXIIHUX  JaHWX  TOpo  KoHmenrpamii PMio Ta
METEOpOJIOTiUHI TMapaMeTpu, pPO3poOKy Ta ONTHUMI3alilo
Mozeiaeld 000X THINIB, OIIHIOBaHHSA IXHBOI TOYHOCTI Ta
31aTHOCTI BiATBOPIOBATH BiJIOMi 3aKOHOMIpHOCTI, 8 TaKOX
aHalli3 YMHHWKIB, [0 HAHOLIbIIE BIUIMBAIOTH HA PiBEHb
3a0pymHEHHs  TOBITPS  B3UMKY. 3a  pe3ylbTraTaMu
TIOPIBHSHHAA BU3HAYCHUN HAWOUTBIN MEePCIICKTUBHUM TTiAX1T
0 TPOTHO3YBaHHSA Ta c(HOPMOBaHI PEKOMEHMAIll IIOIO
MIBUIIEHAS SKOCTI KOPOTKOCTPOKOBHX TMPOTHO3IB IS
MOIANIBINIOT0 BIPOBA/DKEHHS Y CHCTEMY MOHITOPHHTY
aTMOc(hepHOro MOBITPS.

Metoauka pocaimkeHHs. OO0 €KTOM HOCIIJUKEHHS
oOpaHo aTMocdepHe TOoBITps TpoMuciIoBoro Micra Kpusnit
Pir y 3UMOBHIA nepion (ymacTomanx 2024 p. -
oepesenb 2025 p.). BumiproBanHst koHmeHTpanii PMio Ta
OB’ AI3aHUX METCOPOJIOTIYHUX MapaMeTpiB 3/iHCHIOBAIHCS
3a JomoMoror aBToHomHOI MiHi-ctaHiii ENVEA Cairnet,
OCHaleHoi JazepHuM ceHcopoM Cairsens i JaT4YMKaMu
razoBux nomimok (HzS, NHs, NOz, Os, CO, SO2). CraHiis
BCTaHOBJICHA NPHOJU3HO HAa BHCOTI 3 M HaJ IPYHTOM Yy
LentpansHo-MicbkoMy — palioHi  micra,  3abesmneuye
Oe3nepepBHUIA 30ip JaHUX i3 KpOoKOM 15 XBHIJIMH 1 iepepavy
iX OmWIalH Ta BIANOBIAE BHUMOraM MIXHAPOIHUX
cranmaptiB sxocti manux EN 15267, MCERTS i EPA.
Bona BUMipioe MacoBy KoHIeHTpalito yactok PMio, PMa.s
ta PMi, ra3oBi IOMIIIKM W METEOPOJIOTiYHI BETUYUHU
(TemriepaTypy, BIZIHOCHY BOJIOTICTb, aTMOC(EPHHH THCK,
HIBHAKICTh Ta HAIPsM BITPY); Jdialia3oH BEUMIpIOBaHHS IS
PMio cranoButh 0-1000 pur/m3, Mmexa BUSIBICHHS <5 ur/m3,
quckpetHicts 0,01 pr/m>.

Habip nanmx oxorutoe nepion 3 1 nucronana 2024 p.
1o 31 6epesnst 2025 p. ta mictute nonag 9000 cepemHix
(15-XBWJIMHHHUX) CIOCTEPEXEHb KOHLEHTpauii  PMio.
[TapanenbHO  peecTpyBalucs TeMmeparypa, BiJHOCHA
BOJIOTiCTh, aTMOC()EPHHUI THCK, IIBUJIKICTh 1 HANIPSIM BITpY,
a TaKOXX YacoBi aTpuOyTH - ToAMHA J00W, JeHb THIKHII,
nara. B mpueci oOpoOkM AaHUX BIIPOBAPKEHO JOJATKOBI
TOSICHIOBAJIbHI O3HAKH: KaTeropiaJibHMH IOKa3HUK «4ac
n06m» 3 yorthpma inTepBaiamu (Hid - 00:00-06:00, paHOK -
06:00-12:00, pgens - 12:00-18:00, Beuip - 18:00-24:00),
OinapHy 3MiHHY «Tun s (0 - podouni, 1 - BUXigHuii) Ta
YHUCIIOBUN 1HAEKC «IHTEHCHBHICTh BHMKHJIB», IO OIHUCYE
YMOBHHH  piBeHb  aHTPOIOI€HHOI'O  HAaBaHTAXKECHHS
(univ = 1,00, panok = 1,75, nens = 1,55, Beuip = 2,15).

Ilepen moOymOBOK MoOJeNeii BUKOHAHO OYUCTKY W
miaroroBky Aanux. CriouaTky BHIAJIEHO rpy0i aHOMaibHI
CIUIECKM Yy pslax KOHIEHTpaUiii Ta MereomapaMmerpis
(menme 0,5 % 3anmciB) 3a JOIMOMOrOK0 MEX KBaPTHIBHOTO
IHTEepBally;, MPOIYIIEHI 3HAYEHHs 3allOBHEHO JIiHIHHOKO
IHTeproJsilier0  abo  MEepeHeCeHHSIM  IMOMepPETHbOro
noKa3HuKa. /[l 3a0e3redeHHs PIBHO3HAYHOTO BIUIMBY
3MIHHHX YCi KUTBKICHI TIOKa3HHUKH OYIIO HOpMai30BaHO IO
HYJIBOBOTO CEPEIHBOrO 1 OMMHIYHOI CTAHAAPTHOI AeBiallii.

Hns KOPOTKOCTPOKOBOT'O IPOTHO3yBaHHS
KoHIeHTpaliit PMio 3acrocoBano mBa mimxomu: OGa3oBHiA
CTaTUCTUYHUHA METOI MHOKHHHOI JTiHIHHOI perpecii (MJIP)
Ta aHcaMOJeBUil MeTon MAaIIMHHOrO HaByaHHid Random
Forest (RF).

Jlinitina perpecis (1), mepembadae, 10 3aJIEKHICTH
MK KoHIeHTpanieto PMio Ta HaOOpOM MOSICHIOBAIBHHUX
3MIHHHX € JIIHIHHOIO:

PMio,i=fo+p1-Ti+f2-Hit+f3-Pitf4 Wit L5 Duiv,itBs Dpasox,i 7
Duem,,i'i_ﬂéf : DBe‘iip,i+ﬂQ : DBMXiﬂHMﬁ,i+ﬂ1 0° Ii+ éoi ( 1 )
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Je PMI10,i - xonuenrpauiss PMiwo, p0 - f10 - Barosi
KOe(ILIEHTH METEOpOJIOTIYHUX 1 YacoBUX 3MIiHHUX, &1 —
BUIIJIKOBA ITOXHOKa.

Take mpuIyIIeHHS JA03BOJSE IHTEPHPETYBATH KOXEH
KOC(II[iEHT: HANPHKIAJ, y HAIlid MOJACT 3pOCTaHHS
Temnepatypu Ha 1 °C cympoBOIKYBanoCs 3MEHIIECHHIM
poruo3oBanoi PMio npubnusHo Ha 6,7 ur/m?

Random Forest (2), ne ancamMOIeBHiA aTOPUTM, SIKUHA
noeqHye OaraTo TPOCTHX MOJENEH Ta YCEepeaHIoE IXHi
pesynbratu. Ha BiaMiHy Bix JiHilHOI perpecii, BiH 31aTeH
BiIOOpakaTW CKJIAMHI ¥ HENIHIAHI 3aJIKHOCTI  MiX
napaMmeTpamu. Y HaloMy BHMajaky Oyno BukopucraHo 200
TaKux Mozeneit

fix) = (1/B) Z_{b=1}"{B} f b(x) 2)

ne: B - kinpkicts gepeB y mozeni, f b(x) - mporaos b-ro
nepena, f(x) - y3araneuenuit mporao3 Random Forest.

OOuzaBi Mozenl HaBYAJIKWCS HA OAHIM HaBYalIbHIN
BuGipui (1 nucromaga 2024 p. - 15 Gepe3ns 2025 p.), mo
OXOIIIIOE npudau3Ho 85 % JTaHHX; TECTYBaHHSA
npoBoAMIIOCs: Ha BHOIpI 3a octaHHi 16 aHIB Oepesns (16-
31.03.2025 p.), w0 AO3BOJISE OLIHUTH 3JATHICTH MoOpeleit
OO y3arajgbHeHHA. [lapamerpu migOupanucs IUIAXOM
NepexpecHoi NepeBipKy Ha HaByallbHOMY Habopi: s MJIP
BUKOPUCTAHO CTaH/IapTHY peaiizaiiro 3
6i0mioreku statsmodels y Python 3; mns RF 3acrocoBano
Random Forest Regressor i3 200 nepeBamMu, MaKCUMaJILHOIO
rnubunoo 20 Ta kpurepieM po3ourts MSE (Mean Squared
Error - cepenus kBajgpatuuHa moxuOka). SIKicTh MPOrHO3iB
OLIIHIOBANIM 3a KoedillieHToM aerepMiHanii R, cepenHboro
abcomotHoro  moxubkoro (MAE) Ta  xopeHeBoro
cepeHbOKBaApaTUuHOIO 1MoxuoKko (RMSE), (Hackiibku B
cepelHbOMY Hallli MPOrHO3M BIJPI3HSIOTHCS BiJ| PeANbHUX
3HAYCHB).

Pe3yiabraTd Ta 00roBOpeHHss Y 1[IbOMY pO3JiIi
HAaBEJICHO pe3y/IbTaTh MOJCIIOBAHHSI Ta aHali3 IXHBOT
JocToBipHOCTI. OOMABa MiAXOAM MiATBEPIHIN HASBHICTH
BUPaXKEHOro J1000BOr0 IMKIY 3MiH KOHUEHTpalii PMio y
Kpusomy Po3i: BedipHi Ta HiYHI TOINHHA XapaKTEPU3YIOTHCS
MiIBUINECHAM piBHEM 3a0pyIHEHHS, a BICHb (IKCYeTbCA
cnan o MmiHimymy. Y cepexnpomy y Hiwamid wac (00:00-
06:00) konmentpamist Ha =5 pur/mM® (=12 %) Buma 3a
moboBuit piBeHb, Tomi sk BaeHb (12:00-18:00) BoHa Ha
=10 ur/m® (=25 %) wumwxuya 3a cepenHe 3HadeHHA. Lli
3aKOHOMIPHOCTI 3YMOBIIOIOTECS SIK HAKONMYEHHAM Ty
M7 Yac MPU3EMHUX IHBEpCIdH Ta BIACYTHOCTI COHSYHOTO
mporpiBy, Tak 1  3pOCTaHHSAM  aHTPOIOTICHHOTO
HaBaHTAXCHHA Yy BeuipHi roamHu. Ha puc.l pamkosi
miarpaMy TIOKa3yIOTh MeEZiaHW, KBApTHWII Ta aHOMAIbHI
3HAYCHHSL.

BB yMOBHOI iHTGHCHBHOCTI BHKHUIIB BHSBHB
TicHUI 3B 530K i3 piBHEM PMio. OOnABI MOzENi MOKa3yIOTh
MiIBUINCHHS MEIiaH KOHIIGHTpamii 31 30UIbIICHHIM
koedimienta inTencuBHocTi Bix 1,00 (miv) go 2,15 (Bedip),

mo BigoOpa)kae BHECOK MPOMHUCIOBUX 1 TpPaHCIOPTHHUX
mkepen. Bomnouac Random Forest nemoncTpye Oinbin
3IIIa/pKeHy TPOTpecito: BiACYTHI Pi3Ki CTPUOKH, ITOMITHO
3MEHIICHUH BIUTUB MOOJAWHOKHX MIKOBHX TOYOK, OCOOJHBO
B KaTeropii «Bedipy.
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Pucynok 2 - I'ictorpamu po3noiny BUMipsIHUX
KoHLeHTpauiit PMio, HaBuanbHa BubipKa (rpyaeHb-cepeiHa
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Pucynok 3 - TicTrorpamu po3noity BUMIipSIHEX KOHIIEHTPALI it
PM.o, TecroBa BuOipKa (KiHelb Oepe3Hs )
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MHoXUHHa JliHIHA perpecis, HaBIaK{, IEPEOLiHIOE
PO3KHA JUIT MakCHMAaJIbHOTO pIBHA 1 MOPOPKYE 3HAYHI
BIIXUIEHHS.

CTaTUCTUYHUI  PO3IOAIN  BUMIPSHAX  KOHLEHTpALiil
HaBeJEeHO Ha ricrorpamax (puc. 2, puc.3). ITomax 90 %
3Ha4eHb 30CEpe/KEHO B Aiana3oHi g0 60 ur/m3, Toxmi gk y

HaBYANbHIM BHOIpHI TakuX aHOMaJid Oijblue, HIX Yy
TecToBi (KiHemb Oepe3Hs), BOHA XapaKTEPU3YETHCS
CIPUATIMBIIIAMA YMOBaMH Ta HWXKYHAM CEpPEIHIM piBHEM
(~31 pr/m® mpotu ~41 pr/m* y mopaomy Habopi). 3aranom
OBy YacCTHHY 4Yacy CHUTYallisl BIIHOCHO cTalijbHA, aie
1HOZII BUHUKAIOTh KOPOTKOYACHI CIUIECKH Uepe3 MOETHAHHS

«XBOCTI» TpAaIULIIOTBCST OKpeMi miku monan 200 ur/m®. Y HecHnpusTIMBUX  METEOPOJIOTiYHMX YMOB 1  €MICiH.
JliniiTHa perpecia
Hasuamsua snbipxa (mict.-15 Gepesnn) R:-0,39 Tecroea enbipxa (16-31 Gepeann) R:-O,B?'
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Pucynoxk 4 - Ouinka TOYHOCTI JIiHIHHOT perpecii

[TopiBHSHHS TOYHOCTI MOJENel 3acBiAYMIO TepeBary
Random Forest (puc. 4, puc5). Ha naBuanbpHiii BHOIpI
koediuieHT aerepminanii R? cranosus ~0,39 ans MJIP ta
Random Forest, ToOTO 3MeHmIMIacs OUIBLI HIXK YyIBIYi.
~0,96 mns RF; Ha Tecrosiii - Bimmosimuo ~0,27 i ~0,72.
Cepennsi abconroTHa TOXMOKa ckiana Oam3bko 18 pr/m3
Juis  perpeciiHol  mogemi 1 Jgume ~8,5 ur/m® s
Random Forest, ToOTO 3MeHIIMANACS OLIBII HIXK YIBIYi.

I'padiku (akTUYHUX TPOTH MPOTHO30BAHMX 3HAUECHB
(puc. 4, puc.5), HEMOHCTPYIOTh CHIbHE pO3CIIOBAaHHSA Y
BUIIAJKy JIHIHHOI perpecii i HIUIbHE TPYIYBaHHS TOYOK
B3/10BXK AiaroHaini y=x ans RF (puc. 4, 5)

AHami3 3anumKiB (IOMUJIOK) TOKa3ye, M0 y perpecii
BOHM 3MIIeHI W Aucmepcis 3pocrae 31 30UThIICHHIM
MPOTHO30BAHOT'O DiBHS (T€TEPOCKENACTUYHICTh): MOIEINb
CHUCTEMAaTHYHO HemoowiHoe miku PMio Ta mepeoriHioe
HU3bKI  KoHmeHTpamii. Y  Random Forest 3anumiiku
PO3TONICHI CHMETPUYHO HABKONO HYJSA, 0€3 IMOMITHOI
3aNIeKHOCTI BiJ 3HA4YEHHS TPOTHO3Y, IO BKa3ye Ha
BIJICYTHICTh CHCTEMATHIHOI IIOXHUOKH.

PucyHok 6 — oka3ye 3ajeXHiCTh TOMHUIKH MPOTHO3Y Bij
piBHS TIPOTHO30BAHOI KOHLEHTpalii: Ais JiHiHOI pererpecii
(3anMIIKK 3MilleHi 1 3pocTatoTh npu 30utblIeHHI PMio); st
Mmozeni - Random Forest (3anuiuku piBHOMIpHI, cHCTeMaTHYHA
CKJIa/IOBA BiJICYTHS).

Tabmumg | y3aranpHIOE OMIHKA BIUTUBY HE3aJICKHUX
(hakTopiB y mobynoBanux moznensix. st MJIP BaxnuBicTh

(akTopa BU3HAYAETHCS MOJYNIEM iforo KoedillieHTa, TO sIK
y Random Forest - BigJHOCHMM BHECKOM Yy 3MEHILIECHHS
TIOMMJIKA

Y Random Forest HalBIIIMBOBIIMMH  BHSABHIHCS
atMocepHuii THCK (~27 %), BigHOCHA Booricts (~25 %) 1
TeMiepaTtypa noBitps (~25 %), Akl cyMapHO 3a0e3MedyioTh
noHax 77 % 3aranpHOro BIUIMBY Ha pesynbraT. Lli
pe3yNbTaTH BiANOBINAIOTE (PI3MYHUM 3aKOHOMIPHOCTSIM:
AQHTHLMKIOHH 3 HH3BKOIO TEMIEPAaTypol0 1 BHCOKOIO
BOJIOTICTIO CIPHUAIOTh HakomuueHHo mmny. [lIBuakicth
BiTpy (~8 %) Mae mnoMIpHMII BIUIMB, peIlTa 3MiHHHX
orpuManu HeBenuky Bary (1-4 %). Harowmicts miHiiiHa
perpeciss Hajae BHCOKI KOE(DILIEHTH IITY4HO BBEICHUM
3MIHHHM: iHTEHCHBHOCTI BUKUIB, KATETOpisAM Yacy J0OH Ta
TUITy IHS; METEPOJIOTIYHUM YMOBaM BiJBEJCHO MEHIIY
POIB, OCKITBKHA KOPEIALis MiXK 3MIHHAUMH PO3IOLISIE Bary
Mixk HuMH. Lle CBimUUTH, IO JIiHIMHA MOJCIH HE 3IaTHA

aJIeKBaTHO BpaxyBaTH HEJiHIIHI B3a€MO3B’S3KH  Ta
MIPUXOBaHI KOPEJALIi.
IlepeBarm Ta HEOOMIKH  PO3TIITHYTHX  METOIIB

y3aragpbHeHO B TaOi. 2. MHOXWHHA IiHIiHA perpecis €
MPOCTOI0 Ta JIEKO IHTEPIPETOBAHOIO: BOHA IIBUIKO
OOYMCITIIOETBCS, MO3BOJSE YITKO OAYUTH BHECOK KOXKHOI
3MIHHOI W TpWAaTHa U1 TONEepeqHbOi OIHKU. [Ipote
TMiHIAHAA TOXiT HE BPaxOBYE HENIHIHHICTE 1 B3a€MOMII0
(akTopiB, IyTIUBHUIA O MYJIHTHKOITIHEAPHOCTI T4 BUKUIB,
o0 TPU3BOAWTH N0 HU3BKOI TowHOCTi. Random Forest,
HaBIaKH, 3a0e3Meuye BUCOKY TOYHICTH, BPaXOBYE CKIIAIHI
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3aJIeKHOCTI 1 CTIHKMI O aHOMAaJiif; HelOMiKaMy € Ourbma  (MOJEINB - «IOPHUH SIIUKY).
PECYpPCOMICTKICTh Ta MEHIIAa IIPO30PIiCTh IHTEpIpeTanii

Mopems RF
Hasuamsna subipka (micr.-15 Gepessn) R?=096  Tecrosa enbipka (16-31 Gepessx) R*=0,72
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Pucynok 5 - Ouinka Tounocti Mozeni Random Forest
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PucyHOK 6 - 3asiexHICTh TIOMHIJIKU IIPOTHO3Y BiJl PiBHS MPOrHO30BaHOT KOHLIEHTpALil

Bicnux Hayionanornozo mexuiunozo ynisepcumemy «XII». 87
Cepia: Ximia, ximiuna mexnonoeis ma exonoeia Ne 2(14)°2025



ISSN 2079-0821 (print)

Tabmunst 1 - TTopiBHSIHHS OLIHOK BIUIMBY (DaKTOPIB Y MOAEISX

Hesanexua 3minHa

Mopensb niHifHOI perpecii (Ur/m® Ha
1om)

Random Forest: BinHOCHa BaskiuBicTh (%)

Temneparypa T (°C)

-6.70 - 3i 30UIBIIEHHSIM TEMIIEpaTypH
Ha 1°C PMio 3MEHILYETHCS
pUOIU3HO Ha 6.7 MKT/M,

~25% - omHa 3 TPHOX HAWBAKIUBIMIAX O3HAK;
OXOJIOJDKEHHSI IIOBITPS CYTTEBO I/IBUIYE DiBEHb
Ty

Bignocua Bomoricte RH
(%)

+0.20 - KOXXHHUI BiZCOTOK BOJIOIOCTI
nigBuiye PMio Ha 0.2 MKr/M?; edekr
CIa0Kui.

~25% - Mae BEIWKHI BIUIMB, BHCOKAa BOJIOTICTBH
CIPUsiE HAKOTIMYCHHIO aePO30ITI0.

~27 % - HaliBaXXNHBIillla O3HAKa, BUCOKHHA THCK

. -0.82 - miABWIIEHHS TUCKY Ha | aCOLIIOETHCS 3 AHTUIMKIOHIYHUMH OBaMHU Ta
At™mocteprmnii  THCK P JIBHILL y H ! m
(MM pT. oT.) 1 MM pT. cT. 3MEHIIIYE PMio | HAKOMUYEHHSAM YAaCTHHOK, TOMY MOJENb AKTHBHO
pT- €T. npuonnzHo Ha 0.82 Mkr/™M>. BpaxoBye HOro 3MiHYy.
Harosiv BiT SW +0.01 - edexr mpakTUUHO HYJAbOBUIL; | =3-4 % - Biairpae IpyropsiiHy ponb, ajne JesKi
(r ap o) py HaNpsIMOK BITPY Y Tpajaycax MaJlo | CEKTOpHM HANpsIMKIB MOXYTh MaTH  JIOKaJbHI
pazy BIMBa€ Ha PMio. JoKepena muiy.
-15.89 - 30UIbIIEHHA INBHMAKOCTI Ha o .
. . ~8 % - 4eTBepTa 3a BIUIMBOM O3HAKa; CHJIbHUM
HIBuaxicte Bitpy DW |1 M/c 3menmye PMio mpubnusHo Ha | . N
5 . BiTEp 3MEHIIYye KOHIEHTpalii, xoua I Moxe
(m/c) 16 Mxr/M?, o BioOpaxkae eeKTUBHE . N
. HEPEHOCUTH I 3 1HIIMX palOHiB.
OYHIICHHS aTMOochepu BiTpOM.
Tun s -6.10 - y BuxigHi PMio Hmkumuii Ha | ~3-4 % — Mae NOMITHHH, aje HEBEIUKHU BIUIMB;
o . ~6.1 MKI/M® TIOpIBHSHO 3 pPOOOYMMH | 3HIIKEHHS TPAHCIOPTHOI AKTUBHOCTI Yy BHXIJHI
(BUX1aHMIA/pOOOUMIA)

THIMH.

3MEHIIy€e 3a0pyIHEHHSI.

[HTEeHCUBHICTH BUKU/IIB

+20.37 - 30LIbIICHHS YMOBHOI IIKAIN
emiciii Ha 1 nmyHkT migBungye PMio Ha

20.4 mxr/m? (BUKOPHCTOBYBAINCH
koedimientu 1.00, 1.55, 1.75, 2.15 ans
HO4Yi, JHA, PpaHKy Ta  Bedopa
BI/IIIOBITHO).

~1-2 % - Mae HeBENHWKY BiIHOCHY Bary, OCKiJIbKH
JaCTKOBO KOPEIIIOE 3 METEOapaMeTPaMH.

D_panok (06:00-12:00)

-4.31 - Bpanni PMio y cepennpomMy Ha
4.3 MKr/M*® HIDKYE, HIXK YHOUI.

~1-2 % - noboBi KaTeropii 3arajoM MarTb HU3bKY
Bary.

D e (12:00-18:00)

-10.67 - Boens PMio y cepeHpOMY Ha
10.7 mxr/M® HEXKYE, HIXK YHOUI.

~1-2 % - HeBEIUKHUI BHECOK.

D_peuip (18:00-24:00)

+5.08 - BBeuepi PMio Ha 5.1 Mxr/m?
BHIIIE BiJl HIYHOTO PiBHS.

~ 1-2 % - BHECOK HEBEIUKUI.
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Tabmurst 2 - [lepeBaru Ta HEOMIKH MPOTHO3HUX MOJIETIEH

3minHa

Yomy pizHa BaxKIUBICTH

AT™mochepHmii
Tuck (P)

Y Random Forest Tuck BXOAWTH 10 TPifKKM HaWBaXJIUBIIIHMX mapamerpiB (>25 % cymapHoi
BaXKJIMBOCTi), 00 HEBENMKI KOIMBAHHS THCKY Yy IMOE€JHAHHI 3 TEMIIEPAaTypOIO Ta BOJIOTICTIO
ICTOTHO 3MIHIOIOTH PEXHM pO3CilOBaHHA dacTok. JIiHIHAa perpecisi Ja€ HEBEIUKHN
koedimient (Bs ~—0,82) i, BIINOBIOHO, HHU3BKY BIJHOCHY BaXKJIHBICTh, OCKUIBKH THCK
KOJIiHEapHUH 3 IHIIMMH MeTeonapaMeTpaMHM 1 Horo JIHIHHMH e]eKkT dYacTKoBO
«TIOTJIMHAETHCS TEMIIEPATYPOIO Ta IIBUAKICTIO BITpY.

Temneparypa (T)

Random Forest ¢ikcye, mo Hu3pka Temmeparypa CHpHse€ HakonudeHHo mry (<25 %
BOXJIMBOCTI), OCKUTbKM 33 HHU3BKHX TEMIEPaTyp YacTo CIIOCTEPIraeThCsi BHCOKA
IHTCHCUBHICTh BUKHIIB 1 ciaOkuii Bitep. Y miHilHIA perpecii TeMIiepaTypa Mae MOMITHUN
HeratuBHHUN KoediuieHT (Bi =—6,70), ane 3a aOCOMIOTHOIO BEIMYMHOIO BOHA IOCTYMAETHCS
BUKHUJIAM 1 HIBUAKOCTI BITPY.

BingHocHa
Bojorictb (RH)

Bonoricte y Random Forest orpumye Bucoky BaknmBicTh (moHan 25 %), 060 Monenb
BpaxoBye HEJIHIMHMK BIUIMB: MiJBHIIEHA BOJIOTICTh CHpHsiE KOHJEHCAIIl Ta 3JIMIAaHHIO
YacTOK, a B IOEJHAHHI 3 HHU3BbKOI TEMIEPAaTypol MOXe 3HayHO MiaBuilyBaTh PMio. Y
perpecii koedimient P2 = 0,20 € manmum; RH cnabko kopentoe 3 PMio i 4aCTKOBO 3aJIe)KUTh
Bifl TEMIIepaTypH, TOMY ii JiHIMHUI BIUIUB HEBEJIUKHUIL.

HIBuaxicte BiTpy | Jnst miHiiHOI perpecii nie onuH i3 HalicuipHIIINX (akTopiB: Bs ~—15,89, mo o3Hauae, 1o

(DW) KOXKeH MeTp/cekyHay 3meHirye PMio maiibke Ha 16 pur/m*. Random Forest oriHroe mBuaKicTh
BITpY Ha piBHI =8 % BaXKJIMBOCTI: e(eKT BITPY MOXKE IEPEKPUBATHCS 3MIHAMU TEMIIEPATypH
Ta TUCKY, 1 MOZIENb PO3IOJLISLE HOr0 BHECOK MK KOPEIbOBAHUMH O3HAKAMH.

Hampsimok ~ Bitpy | Y miniitHii momeni koeditieHT Pa~+0,01 npakTHYHO HYJIBOBHH, OCKUIBKM HANpPSIMOK

(SW) konyBanu opHuM yucioM (0-360°) i He BpaxyBaJli LMKIIYHICTH, MOJEIb HE PO3Pi3HSE
Oomu3pki Hanpsivu (Hanpukiag, 350° 1 10°). Random Forest Tex OIiHIOE HampsIMOK SIK
Mano3Hauymuit (~3—4 %), ane Tpoxu Buile, 00 gepeBa pillIeHb MOXYTh BHUSBIATH OKpeMi
«CEKTOpWY, 1110 aCOLIIOIOTHCS 3 MiABUILEHUM PMio.

Weekend / Tun | BuximHi mHi MaroTe HeraTHMBHHMH BIUIMB y perpecii (Bs ~—6,10) i momipHy Ba)XJIMBICTH Y

ITHS Random Forest (~3—4 %). OOuaBi Mozeni MOKa3yrTh, 0 y BuxigHi PMio HUXYe uepe3
MEHIIUH TPAHCIOPT 1 MPOMHKCIIOBY aKTUBHICTb, ajie Random Forest BBaxkae 1110 3MiHHY MEHIIT
BaXJIMBOIO, 00 J00OBI LMKIM BXKE 4YaCTKOBO BPAaxOBaHI IHTCHCHBHICTIO BUKHUIIB Ta
MeTeonapaMeTpaMu.
VY niniiiHi# perpecii ne HaiiBaromimmii pakrop (B ~-+20,37), ockiibkK 3MiHHA BiJoOpaxkae

[HTeHCHBHICTE Hepexi/:'[ Bix Hi‘IH.I/IX JIO BEUIpHIX MiK, 1 MOJAENb HE MOJKE 3aXOIHTH HeJI'iHiI‘/'IHiCTB 11000BOrO

— UKITY 1 BSE.ICMO,HHO ’3 norogoro. Y Random Forest iHTeHCHBHICTE BI/II'(I/I,Z[IB Mae e 1-2 %
BXJIMBOCTI: TOOOBI IIMKIIM BXKE BPAXOBYIOTHCS TEMIIEPATYpOIO, BITPOM 1 THCKOM, TOMY
OKpeMa O3Haka JgobaBisie Mano iH(opMarri.
VY perpecii 1 aamMMi-3MiHHI MaroThb NOMITHI KkoedimieHtn: s~ -4,31, Po~-10,67,

Kateropii wacy B?o = +5,08... Bouu notpi6Hi, mo6 onncgm z[o6'0131/1171 IAKIT Y niHiiHiA popmi. Random Forest

oG (panok, ]'SIILH.OCI/ITL ix 1o MeHmr BaxnuBux (1-2 /9), ocm;mm go6031 KquBaHHﬂ MOJETIOIOTHCS qepe;

ek, Bevip) IHIT MOKA3HUKH: TEMIIEPATypa, MIBHJKICTH BITPY i THCK 3MIiHIOIOTHCH MPOTATOM no6u i
Jal0Th 3MO31 JlepeBaM pIllleHb BiJOKPEMUTH HiYHI Ta JCHHI yMOBH 0e€3 ClieliabHUX JaMMi-
3MiHHUX.

BucHoBkn. Kopotkoctpokose MPOTHO3YBaHHS  mpoMmucioBoMy meHTpi (M. KpuBmit Pir) Bukonano i3

KOHIIEHTpAIlil CycreH0BaHNX 4YacTok PMio y BelIMKOMy
Tta amroputMy Random Forest.
JIO3BOJISIFOTH C(HOPMYITIOBATH TaKi BUCHOBKH:

OtpuMaHi pe3ylbTaTH

3aCTOCYBaHHSM TPAIWIIHHOI MHOKHHHOI JIIHIHHOI perpecii
1. BusBneHo BHpakeHi TOOOBI Ta TIDKHEBI HUKIHA 3MiHH
piBHIB PMio: HaKOIMYEHHS MUY y BE4ipHBO-HIYHHHN TIEPioz
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i JICHHE 3HIKCHHS, a TaKOX 3MCHIICHHS CepeaHiX
KOHLICHTpALi} y BUXiJHI TOPiBHSIHO 3 OymHsMu. OOuBi
MOJIETIi O/THAKOBO BiJTBOPIOIOTH IIi LUKJIIYHI KOJMBAHHS,
110 B1/100pake€HO Ha BiJINOBIIHIX PUCYHKaX.

2. Buxkopucranas Random Forest 3abe3meuye cyTTeBe
MiABUINCHHS TOYHOCTI TporHo3iB. Ha BifkiageHi TecToBi
BHOIpIIi IIed METOJ TOKa3aB KOeQIIlieHT IeTepMiHaii
omu3pko 0,72 mpotu 0,27 muis NiHIAHOI perpecii, a cepemaHs
aOcoMOTHa TMMOXMOKAa 3MEHINWIacs OUThII HIK  yABiUi.
Random Forest He Mae CHCTEMATHYHOTO 3MIIICHHS,
JIOCTOBIPHO ONHWCY€ HU3bKI Ta BHUCOKI KOHIICHTpAIli Ta
Kpallle BiATBOPIOE CTATHCTHYHHI PO3IMOMIT BUMipIOBAHb.
3. [TpoBenenmii aHaJi3 BU3HAYUBOCHOBHUMU
nerepMiHaHTamMu  piBHA PMio  aTMocdepHHMH  THCK,
TEMIEPATypy 1 BiTHOCHY BOJIOTICTh, CyMapHU# BHECOK SIKHX
y mporHo3 Random  Forest mepeumye 75 %.
AHTHIIUKIOHATBHI YMOBH 3 BUCOKHM THCKOM Ta MOPO3HOO
MOTOJIOK0 CIIPHUSIFOTh HAKOMMYCHHIO THITY, & IHKIOHAIbHI
MPOIIECH 1 BITep 3MEHIIYIOTh KOHIEeHTpalito. IIIBuakicTs i
HarpsiM BITPY, THUII THS Ta PIBEHb BUKHUJIIB MAIOTh MEHIIINH,
ajie MOMITHUI BIUIMB, IIO BiJIOOPa)KEHO Yy TAaOJUI BILIMBY
(hakTopis.

4., Mogens MHOKHHHOI JIiHIAHOI perpecii JOIIBHO
3aCTOCOBYBaTH JUIS IIBWJAKUAX OLIHOK Ta IHTepHperarii
BIUIMBY OKPEMHX 3MIHHHX, aJie¢ 4Yepe3 MPUITYLICHHs
JiHiHOCTI BoHA moctynaerbesi Random Forest 3a TounicTio
Ta cTablIBHICTIO.

5. PexomennoBaHo BIIPOBAI)KYBaTU CUCTEMU
NMPOrHO3YBaHHS, M0 TMOEAHYIOTh J[aHI  MiHI-CTaHIIi|
MOHITOPHHT'Y 3 CYYaCHUMH aJlTOPUTMAMU MAaIIMHHOTO
HaBuaHHs, 30kpemMa Random Forest. Taki cucremu
JIO3BOJISITh B PEXKHMMI PEANLHOTO 4acy IMONEepeKaTd Ipo
eMi30Id  BHCOKOrO  3a0pyAHEHHST Ta  CHPUSITUMYTb
NPUIHATTIO  YHPABIIHCHKUX —pIllIeHb MO0 3HMKCHHS
BukunaiB. [lomanbun JOCHiKEHHS BapToO COpPSMYBATH Ha
BUKOPUCTAHHS ~ CKIAQIHIMIMX  Mojened  (rpaaieHTHHi
OYyCTUHT, HEHpPOHHI MEpEeXi) Ta BPaxyBaHHs J[OAaTKOBUX
YMHHUKIB UIS IMIABUIIEHHS TOYHOCTI 1 NOSICHIOBAJIBbHOL
3JIaTHOCTI MPOTHO3IB.
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M. V. ILCHENKO, A. M. MYRONOV, L. V. SOLOVEI, I. M. RYSHCHENKO, Ye. D. PONOMARENKO

INTEGRATION OF MODERN INFORMATION TECHNOLOGIES INTO MODELLING AND
ANALYSIS: COMPARATIVE STUDY OF HEAT-ENERGY DUTY IN BINARY MIXTURE EVAPORATION
PROCESS

The article examines the potential of modern information technologies in chemical engineering through a comparative analysis of three software tools
— the spreadsheet editor Microsoft Excel, the computer algebra system MathCAD, and the open-source process simulator DWSIM. As a
demonstrative case, the evaporation of a binary ethanol-water mixture at atmospheric pressure with varying mole fraction of ethanol was selected. An
identical set of calculations was implemented in each environment, including determination of boiling temperature, enthalpy of vaporization, mixture
heat capacity, mass flow rate of the evaporated fraction, and the total heat duty composed of sensible and latent components. In Microsoft Excel, a
calculation table with fifty rows (sets) of data was prepared, formulas for automatic updating upon parameter changes were embedded, and charts of
key dependencies were constructed. MathCAD reproduced the same equations in traditional mathematical notation and enabled the plotting of
equivalent relationships between the calculated variables. DWSIM was employed for modeling with the NRTL thermodynamic package and
flowsheet elements representing heating to the boiling point and partial evaporation, followed by exporting iterative calculations into tabular form.
The comparison revealed strong agreement of results: differences between Microsoft Excel and DWSIM did not exceed a few percent and were
explained by the use of simplified correlations in the former and rigorous thermodynamic models in the latter. It was established that Microsoft Excel
is convenient for rapid calculations and data visualization, MathCAD — for transparent representation of formulas, particularly in educational contexts,
and DWSIM - for more detailed engineering simulations with higher accuracy. The study concludes that a combined use of these programs is most
effective: tables and simplified models can serve as a basis for teaching and preliminary assessments, while professional simulators are essential for
verification, refinement, and detailed analysis of results. The presented approach has substantial educational value and may serve as a methodological
bridge between fundamental professional training in higher education and contemporary engineering practice.

Keywords: information technologies; chemical engineering; Microsoft Excel; MathCAD; DWSIM; process simulation; evaporation;
mathematical modelling; simulation modelling; integrated educational technologies.
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IHTEIT'PAIIISI CYYACHHUX IHOOPMAIIIMHUX TEXHOJIOI'TA Y MOJEJIOBAHHS TA AHAJII3:
MNOPIBHSUIBHE JOCJII)KEHHSI TEIVIOBUKOPUCTAHHSI Y TIIPOILIECI BHMIIAPIOBAHHS
BIHAPHOI CYMIILI

VY crarri poO3rISHYTO MOXIMBOCTI CydacHHX IHQOpPMAUifHHX TEXHONOTH y XiMIiuHIH iH)KeHepil HUIAXOM MOpPIBHAHHSA TPHOX HPOrPaMHHX
iHCTpyMeHTIB — Tabmu4HOro penakropa Microsoft Excel, cucremu komm’iorepHoi anrebpum MathCAD Ta cumymnsropa XiMiKO-T€XHOJIOTi4HOTO
ob6nagHaHHA 3 BigkpuTHM Koziom DWSIM. V skocTi aeMOHCTpaniifHoro npukiaay BUKOPUCTAHO 3aady BHIIAPOBYBAHHs OiHApHOI CyMilli eTaHOI-
BOJIA NP aTMOC(EPHOMY THCKY 3 BapilOBaHHSAM MOJBHOI YaCTKH eTaHoiy. I KOXKHOrO iHCTPYMEHTY peai30BaHO OJHAKOBHI HaOip pO3paxyHKiB,
[0 BKJIIOYAB BH3HAYEHHs TEMIEPaTypH KHIIHHS, €HTalbIIil MapoyTBOPEHHS, TEIUIOEMHOCTI CyMillli, MacoBOi BHTpAaTH BHIIApyBAaHOI YAaCTHHH Ta
MOBHOTO TEIIOBOTO HABAHTAXKEHHS, AKE CKIJIANA€ThCA 3 UYyTJIMBOI Ta npuxoBaHoi ckianoBux. Y Microsoft Excel chopmoBano pospaxyHKoBY
TabIHIIO 3 I ATACCAThMA psiakaMu (HabopaMu) JaHUX, 3aKIageHO (GOpMyNH UIsi aBTOMAaTHYHOIO OHOBJICHHS IPH 3MiHI KOHCTAaHT Ta MOOYIOBAHO
rpadiku KIodoBuX 3anexHocteid. MathCAD 1o3BosIuB BiITBOPUTH Ti caMi piBHAHHS y TpaAULiiHII MaTeMaTH4HIHM HOTauii Ta 3a0e31eunB Mo0yL0BY
QHAJIOTTYHHX 3aJIGKHOCTEH MK pO3paxoBaHMMH Xapakrepuctukamu. DWSIM BHKOpPHCTaHO Il MOJENIOBAHHS 33 JOIOMOIOK TEPMOIMHAMIYHOTO
maketa NRTL Ta CXeMHHX €JIEMEHTIB, sIKi BiATBOPIOIOTH MPOLECH HArPiBaHHS 1O TOYKH KHIHHSA Ta YaCTKOBOTO BHIAPOBYBAHHS, 3 MOJAJIbLINM
3BEJICHHSIM ITepallifHuX pO3paxyHKiB 10 Tabau4HOTo BUAY. [IopiBHAHHS MOKa3a0 BHCOKY 301KHICTb pe3yJsbTaTiB: BiqMiHHOCTI Mixk Microsoft Excel
i DWSIM He nepeBHUIyBaIn KiJIbKOX BIJCOTKIB 1 MOSICHIOBAJIMCS. BUKOPUCTAHHAM CIIPOLIECHNX KOPEISILii y NepIIoMy BUIAAKY Ta TOYHUX MOJENEeH y
apyromy. Beranosneno, mo Microsoft Excel 3pyunnii 1y1s MmBHAKHX po3paxyHKiB Ta Bisyamisauii nanux, MathCAD — mis npo3oporo mopaHHs
(hopmy, 0coGIMBO y HaBYaIbHUX LiNsX, a DWSIM — ni1st GinbIn AeTaNbHUX IHXKEHEPHUX CUMYJISLIN 3 MiIBUIEHOI TOYHICTIO. 3p0o0JIEHO BUCHOBOK
PO JOLIIBHICTh KOMOIHOBAHOIO 3aCTOCYBAaHHS LMX IPOrpaM: TaOIMI{ Ta HMPOCTI MOAENI MOXYTh CIIy)KHTH OCHOBOIO Ul HABYAHHS i HaJaHHI
MOTEpEeIHiX OLIHOK, a mpodeciiiHi CUMYJIATOpH — [UIsl MEPEeBIpKH, YTOYHEHHsS Ta Aerajizauii pesymbrariB. [IpencraBnenuit miaxix mae 3HaYHY
OCBITHIO IIiIHHICTh Ta MOK€ BUKOPUCTOBYBATHCS SIK METOMOJOTIYHUIA MiCT MK 6a30BUM mpod)eciiHMM HaBYaHHSIM IPH OTPHUMAHHI BUIIOI OCBITH Ta
CYYaCHOIO IHXXEHEPHOIO MPAKTHKOIO.

Kurodosi ciioBa: inopmariiini Texnounoril; XimMiuna irmxenepis; Microsoft Excel; MathCAD; DWSIM; cuMysiiist IpoLeciB; BUIIAPOBYBAaHHS;
MaTeMaTHYHE MOJICIIOBAHHS; iIMiTalliiiHe MOJICTTFOBaHHS; IHTETPOBaHI HaBYaJIbHI TEXHOJIOTII.

Introduction. optimization and operational efficiency. Excel remains

Recent years computational tools that enable precise
modelling, simulation, and data analysis have increasingly
shaped a chemical engineering profession. Modern
information technologies such as spreadsheets (e.g.
Microsoft Excel), symbolic/numeric calculation software
(e.g. MathCAD), and process simulators (e.g. DWSIM)
allow engineers to handle larger datasets, validate
mathematical models, and simulate realistic process
conditions — which all contribute to improved design,

ubiquitous for rapid prototyping, what-if studies, and
handling data; MathCAD provides clarity and correctness
by keeping equations visible alongside calculations;
DWSIM  adds wvalue by enabling rigorous
thermodynamics, equilibrium, mass and energy balances,
non-ideal mixtures, and more complex unit operations.
Evaporation of binary mixtures is a prototypical
operation in chemical engineering: it requires estimation
of boiling behavior, latent heat, sensible heat, and overall
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heat duty. In many situations, decisions about process
design — such as sizing evaporators, energy requirements,
or optimization of feed composition — depend critically on
understanding how heat duty varies with composition,
temperature, latent heat, and other properties. Yet
students, engineers, or researchers often work with
incomplete tools or adopt simplified correlations, which
may miss non-linearities or interaction effects.

The purpose of this article is to illustrate how Excel,
MathCAD and DWSIM each can be used to model,
analyze and compare results for the same evaporation
problem, and to show what trade-offs exist: in terms of
ease of implementation, transparency of formulae,
handling large data, realism of thermodynamic behavior,
and fidelity of results. Specifically, a demonstrative
example will be constructed (with a binary mixture under
varying mole fraction) and implemented in all three tools;
results will then be compared.

This approach has educational value — helping
students understand the full chain from physical
modelling through numerical implementation and
simulation — and practical value for practicing engineers:
enabling them to choose tools appropriately depending on
context (e.g. early design vs detailed simulation). Prior
works have shown that spreadsheets are widely used in
process design education and integration for optimization
tasks [1] and that MathCAD can enhance understanding
in reactor design via educational case studies [2] besides,
DWSIM has been compared to commercial simulators
and validated for wvarious steady-state flow-sheet
applications in literature, showing good agreement [3].

Literature Review.

The adoption and comparison of Excel, MathCAD,
and process simulators (especially open-source ones such
as DWSIM) has been steadily increasing in chemical
engineering. This review surveys key studies on each
tool’s strengths, limitations, educational and industrial
applications, and how they have been applied to problems
similar to heat and energy duty estimations.

1. Excel has been used widely for problem solving,
“what-if” analyses, optimization, and data fitting in
chemical engineering curricula and in smaller industrial
tasks. Authors of the [1] demonstrate multiple chemical
engineering applications — reactor network design, mass-
exchange networks, pollution prevention — using Excel’s
Solver for both linear and nonlinear problems. In 2019
there were a chapter “Excel for Chemical Engineering”
which shows using Excel to address a variety of unit
operations, material balances, data fitting, and integration
of Excel in undergraduate problem sets [4]. In the [5],
author provides specific cases of heat transfer and heat
exchanger problems solved in Excel — replacing some
chart (tabular) lookup tasks with formula-based and
spreadsheet-based methods, and also examples of
thermal-fluid problems using Goal Seek and other built-in
tools. These works underscore Excel’s accessibility, low
cost, broad availability, and good for initial design or
educational tasks.

Strengths identified include familiarity (students
often already know Excel), immediacy of visualization
(charts, pivot tables), and ability to handle moderate
datasets without steep learning curves. Weaknesses
include limited symbolic manipulation, more manual
work for error checking, potential for formula errors, and
less suitability for large or highly non-linear systems.
Nevertheless, it’s a valuable tool with fairly low threshold
of entry, which is currently platform-independent.

2. MathCAD has been used in undergraduate and
postgraduate engineering education for thermodynamics,
heat transfer, reactor design, and property evaluation.
Authors of the [6] discuss a MathCAD-based educational
experience for non-isothermal plug flow reactors,
showing how having visible formulas and symbolic
manipulation helps students understand the theory and
avoid treating process simulation as a black box. Author
of the [7] constructed a set of MathCAD functions for
thermodynamics (for steam, refrigerants, ideal gases) to
avoid tedious interpolation and to facilitate transparent
property computations in education settings. Similarly,
his [8] shows robust capabilities for property sets and
cycle analyses. Authors of the [9] more recently describe
implementing residual property evaluations in MathCAD
grounded in first principles for  generalized
thermodynamics, which shows: this software still
advancing for research-level tasks.

From these sources, MathCAD’s strengths are
clarity (formulas shown in familiar mathematical
notation), ease of units/handling, good for educational and
research tasks, ability to combine symbolic and numeric
computations. Limitations include lower capability for
large, fully dynamic process simulation (fewer built-in
unit operations compared to simulators), sometimes
slower for very large datasets than pure numeric tools,
and dependence on manual formulation of property
correlations or functions.

3. An increasingly large body of literature has
evaluated DWSIM, especially in open source Vs
proprietary software comparisons, to verify whether its
results are close enough for engineering applications.
Author of the [10] presents an evaluation of DWSIM
using a plant-wide oil & gas separation plant flowsheet,
including many unit operations (flash vessels, mixers,
heat exchangers, pumps, etc.). The results are within
about 1% deviation for many variables under steady-state
conditions so the paper concludes that DWSIM is credible
for professional environments for many settings.
Similarly, in the [11] modelled a vapor absorption
refrigeration system (NH;-H,O) in DWSIM, and
compared results to Aspen HYSYS or Honeywell UniSim
Design. Educational usage demonstrates that DWSIM’s
results are comparable to commercial simulators under
many conditions. Next, in the [12] authors compared
DWSIM with Aspen HYSYS for three case studies: mixer
& separator, shortcut distillation, and shell & tube heat
exchanger. Deviation in key outputs was <5% in most
cases; DWSIM was found easier to use & report. Also,
authors of the [13] similarly shows strong agreement for
heat and mass flows between Aspen Plus and DWSIM.
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These studies commonly find that under steady-
state, moderate complexity, and with well-chosen
thermodynamic models, DWSIM gives results close to
expensive licensed (commercial) tools. Weaknesses show
up when high non-ideality, dynamic behaviour, transient
effects, many recycle loops, or very precise property data
are needed — then discrepancies widen, computational
effort increases, user must carefully choose correlations
and settings.

Integration, Interfaces and Pedagogical Issues.

There is literature exploring how to integrate these
tools in teaching so that students benefit from both
conceptual clarity and realistic simulation. Authors of the
[14] investigate using MathCAD Prime plus a commercial
simulator (Aspen One) in parallel in undergraduate
courses, to reduce the “black box” effect — letting students
derive or verify model behavior via MathCAD while
understanding simulator results. The integrative approach
[15] describes simulation-based exercises that use open-
source process simulators plus MathCAD in chemical
engineering education. Such approaches help students
understand not just “what” results come out, but why
(how assumptions, correlations, and models matter).

While many studies focus more on reactor networks,
heat exchangers, distillation or absorption, fewer focus
directly on evaporation, latent heat, energy duty variation
over composition. Some works use spreadsheets or
MathCAD functions for thermodynamics or property
tables [7], which implicitly involve latent heat. Others,
comparisons of simulators [10] and [12] include unit
operations with latent heat flows (flash vessels,
evaporators, etc.). The work [11] explicitly models a
vapor absorption system where latent heat and heat duty
are central. But there is still a gap: few studies present the
same problem implemented identically in Excel,
MathCAD and DWSIM and compare all three side by
side, especially focusing on how heat duty depends on
mixture composition.

Problem Statement.

From the reviewed literature, the following emerge:

1) tool overlap and trade-offs — Microsoft Excel is
great for teaching, rapid prototyping, data analysis;
MathCAD adds clarity and correctness; DWSIM adds
realism and capacity for process-scale simulation;

2) accuracy and validation — for many steady-state,
moderate non-ideal systems, DWSIM yields results
within ~1-5% compared to commercial tools;

3) educational value — combining tools helps
mitigate the black-box problem, improves student
understanding;

4) lack of direct comparative studies for evaporation
composition and heat duty relationships — although latent
heat and boiling point variation are part of many works,
an explicit study across Excel, MathCAD, and DWSIM
for evaporation over full composition sweep appears rare.

Thus, this article does address a need: to provide a
clean, directly comparable demonstration of how the
dependence of heat duty on composition (evaporation)
plays out in the three tools, with discussion of

implementation effort, sources of discrepancy, and trade-
offs in practice.

Research Design.

The research question addressed in this study is how
different computational environments — Microsoft Excel,
MathCAD, and DWSIM — can be used to implement the
same chemical engineering problem and what strengths
and weaknesses emerge from each implementation. The
selected case study focuses on the evaporation of an
ethanol-water binary mixture at atmospheric pressure.
The system was chosen for several reasons: it’s widely
used in chemical engineering education and industry; it
involves both sensible and latent heat contributions; it
allows for continuous variation of mole fraction and thus
generates a dataset suitable for analysis.

The design of the research involves three steps.
First, a dataset covering fifty composition points of
ethanol in water was prepared, including mole fraction,
mass fraction, boiling temperature, enthalpy of
vaporization, mixture heat capacity, evaporated mass
flow, and calculated heat duties. Second, the same dataset
and formulas were implemented in three software tools —
Excel, MathCAD, and DWSIM - with consistent
assumptions and thermodynamic simplifications. Third,
results were compared in terms of numerical values, ease
of calculation, visualization, transparency of formulas,
and suitability for educational and professional contexts.

I. Implementation in Microsoft Excel.

Excel was selected as the first environment because
of its ubiquity and ease of use. In this implementation, the
dataset was structured into a spreadsheet with columns for
mole fraction of ethanol, mass fraction, boiling
temperature, enthalpy of vaporization, mixture heat
capacity, evaporated mass flow, sensible heat duty, latent
heat duty, and total heat duty. All formulas written using
native Excel functions without macros or external add-ins.

The advantages of Excel in this task include rapid
handling of large tables, clear structure for tabular data,
immediate recalculation when changing assumptions or
constants, and straightforward visualization via built-in
chart tools. By plotting the total heat duty as a function of
ethanol mole fraction, Excel allows the user to quickly
recognize nonlinear trends and composition regions of
higher or lower energy requirements. Moreover, error
tracing is simple since each formula is visible in the
spreadsheet.

Limitations were also observed. Microsoft Excel
lacks symbolic capabilities, so formulas are hidden in cell
expressions rather than being displayed in conventional
mathematical notation. This may obscure the underlying
theoretical model for students. Furthermore, accuracy
depends on careful manual entry of formulas; mistakes
can propagate without clear warnings. Nevertheless,
Excel provides an accessible baseline solution that is
useful both in introductory education and for preliminary
industrial assessments.

The implementation of the evaporation case study in
Microsoft Excel followed a structured sequence of steps
to ensure transparency and reproducibility. A spreadsheet
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was created with columns corresponding to the main
thermodynamic variables and calculated results. Each
column was linked by formulas, so that modifying
constants or assumptions would automatically update the
entire dataset. This approach highlights the advantage of
Excel as a flexible environment for data analysis and
visualization.

The core of the Microsoft Excel model was a set of
eight equations that link composition, thermodynamic
properties, and heat duties of the ethanol-water system.
Below, each equation is presented along with definitions
of the variables involved.

1. Mass fraction of ethanol:

X'Meth

W X-Megy +(1-x)-M

eth —

) (M

w

where Wey, — mass fraction of ethanol,;

X — mole fraction of ethanol;

Met, My — molar mass of ethanol and water,
respectively (g+/mol).

2. Boiling temperature of the mixture:

T, =100—(100-78,37)-x-5-x-(1-x), (2)

where Ty, — approximate boiling point of the ethanol-
water mixture (°C);

constant values 100°C and 78,37°C represent boiling
points of pure water and pure ethanol, respectively;

interaction term 5-X-(1—-X) accounts for non-ideal

behavior.
3. Enthalpy of vaporization of the mixture:

AHvapmix = Wetn 'AHvapeth +(1_Weth ) ’ AHvapw -
-50-x-(1-x),

where AHyapmix, AHvapeth, AHyapw — mixture latent
heat of vaporization latent heats of pure ethanol and pure
water, respectively (kJ/kg-K);

last term represents empirical interaction correction.

4. Heat capacity of the liquid mixture:

A3)

“

Cpmix = Weth  Cpeeth +(1_Weth)'cp.wa

where Cpmix, Cpeth, Cpw — Specific heat capacity of the
mixture, pure ethanol and water, respectively (kJ/kg-K).
5. Mass flow of evaporated liquid:
Mevap = Mieeq -(0,05+0,4-x),

&)

where Meyzp and Mg — evaporated mass flow and
total feed mass flow, respectively (kg/h);

empirical coefficient approximates the fraction of
feed undergoing evaporation.

6. Sensible heat duty:

Qsens = Meeq “Cp.mix '(Tb ~Treeq )a (6)
where Qgens — sensible heat load (kJ/h);
Treeqg — feed temperature (°C).
7. Latent heat duty:
Qlat = Meyap 'AHvap.mixa (7
where Q|4 — latent heat load (kJ/h).
8. Total heat duty:
Qotal = (Qsens +Qlat)/3600a (®)

where Qoo — total heat load (kW);

the denominator converts energy from kJ/h to kW.

Sets of 50 data lines were used, generated by
formulas (1)-(8). The baseline was the change in ethanol
mole fraction from 0,02 to 0,99. Once the dataset was
completed (fig. 1), built-in Excel chart functions were
employed to visualize the relationships, particularly the
variation of the total heat duty with ethanol mole fraction
(fig.2) and enthalpy of vaporization with boiling
temperature of the mixture (fig. 3). These plots provided
an immediate graphical interpretation of the non-linear
dependence of energy demand on mixture composition.

A B 5 D E F G H | J
1 idx|x_mole_eth |w_mass_eth| T_b_C |Hvap_kJ_per_kg|cp_kJ_per_kgK | mass_evap_kg_h | Sensible_kJ_h |Latent_kJ_h|Total_Q_kwW
21 0,020 0,050/ 99,469 2184,834 4,094 58,000 304854,907| 126720,376 119,882
3 2 0,040 0,096/ 98,948 2118,475 4,013 65,920 296771,041| 139649,841 121,228
4 3 0,060 0,139/ 98,431 2055,877 3,937 73,836| 289123,644| 151797,749 122,478
50 49 0,970 0,988| 78,870 856,348 2,461 438,080 132555,289| 375148,908 141,029
51 50 0,990 0,996| 78,537 846,072 2,447 446,000 130996,289| 377348,135 141,207

Fig. 1 — Spreadsheet in Excel with calculated data (shortened):
x_mole_eth — mole fraction of ethanol; w_mass_eth — mass fraction; T _b_C — boiling point; Hvap_kJ per kg — enthalpy of
vaporization; cp_kJ per kgK — heat capacity; mass evap kg h — mass flow rate of evaporated liquid; Sensible kJ h, Latent kJ h,
Total Q kW — energy consumption
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Total_Q_kW vs x_mole_eth
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Fig. 2 — Relationships between the variations of total heat duty
with ethanol mole fraction (in Excel)
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Fig. 3 — Relationships between the enthalpy of vaporization with
boiling temperature of the mixture (in Excel)

I1. Implementation in MathCAD.

MathCAD provides a complex symbolic-numerical
environment where equations are written in conventional
mathematical notation, displayed directly in the
worksheet. This feature makes it particularly well suited
for educational purposes: the theoretical background is
not hidden inside spreadsheet cells but explicitly visible.
For this reason, the evaporation case study was
reproduced in MathCAD using the same dataset and
assumptions as in Excel.

Same equations (1)-(8) were entered into MathCAD
worksheet — fig. 4.

M, =46.07 g/mol AH, =846 kl/kg
M, :=18.015 g/mol AH,,, . =2257 K/kg
Cpeihi=2.44 kJ/kg*K Mgq:=1000 kg/h
Cpu=4.18 KJ/kg*K Tpear=25 °C
2:=0,0.02..1
( } T 'J“IEH'

w, I ) i=—-—-—

o @My +(1-2)-M,
Ty(x):=100—(100-78.37)sx—5+2+ (1 —x)
AH gy i (@) =woan, ()  AH oy e+ (1 = Wen [x}) vAH, .~ 50z (1)

Cp.miz (I) = Weph ['EJ *Cp.eth + (1 = Waih (‘1:]) *Cpap
Meyp () =m0+ (0.054+ 0.4 2)
Quens ()= Yeed * Cpmix (x)- (T:; (2) _T_ﬁ-wf)

Qru(z)= mn,”r_[r.':] LAY - (=)
Qxen.»: {T) + Ql'af (.’J’T}

Implementation in MathCAD PRIME emphasizes
transparency: all equations are written in symbolic form,
and variables are defined in sequence. This makes the
workflow more intuitive for students and researchers, who
can verify each step, adjust constants, or explore
alternative assumptions. Moreover, MathCAD manages
units automatically, reducing the risk of dimensional
inconsistencies — an advantage over Excel. Graphical
outputs, such as plots of Qi versus mole fraction or
enthalpy of vaporization versus boiling temperature of the
mixture, can be generated directly within same worksheet,
providing immediate visual feedback — figs. 5, 6.

Qrotar ()

Fig. 5 — Relationships between the variations of total heat duty
with ethanol mole fraction (in MathCAD)

S pap i

AH ()

.' T, [J] A

Fig. 6 — Relationships between the enthalpy of vaporization with
boiling temperature of the mixture (in MathCAD)

1. Implementation in DWSIM.

DWSIM is an open-source process simulator that
provides rigorous thermodynamic models, phase
equilibrium calculations, and unit operation modules
comparable to those of commercial software. Unlike
Excel and MathCAD, which require explicit user-defined
equations, DWSIM allows the engineer to represent the
process flowsheet graphically, assign thermodynamic
packages, and obtain results through built-in property
methods. For this study, the ethanol-water evaporation
problem was implemented as a steady-state simulation in
DWSIM.

The simulation
components.

1. Thermodynamic package — the Non-Random

setup involved the following

Quota(2) = 3600 Two-Liquid (NRTL) model was selected for handling
non-idealities of ethanol-water mixtures;
Fig. 4 — Spreadsheet in MathCAD PRIME
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2. Material streams — a feed stream was defined with
mass flow Mg = 1000 kg/h, variable mole fraction of
ethanol X and feed temperature Tgeq= 25°C;

3. Heater unit — a heater block was introduced to
raise the stream temperature from the feed value to its
boiling point, corresponding to the sensible heat duty;

4. Flash separator — a flash drum operating at
atmospheric pressure was connected downstream to
represent partial evaporation. The vapor fraction was
adjusted according to the empirical function:

Pap =0,05+0,4-x, ©)
¢vap -

where fraction of feed undergoing
evaporation,

X — ethanol mole fraction.

5. Energy streams — the heater and flash block
automatically reported energy duties, which together

represent the total heat requirement:

Quotal = Qneater T Qtash (10)

where Qpeater and Qgash — heater and flash block heat
loads, respectively (kW).

The advantage of DWSIM is that all thermodynamic
properties (T, AHyapmix, Cp) are calculated internally based
on the chosen property package. This eliminates the need
for explicit user-defined correlations, providing higher
accuracy and consistency. Furthermore, sensitivity
analyses were performed by varying ethanol mole
fraction, allowing DWSIM to generate datasets directly
comparable to those produced in Excel and MathCAD.

While DWSIM offers greater rigor, it is less
transparent to beginners, since equations are not visible as
in MathCAD. Nevertheless, for professional design and

research purposes, it provides reliable predictions of
mixture behavior and energy requirements.

The material flow Feed with different mole fractions
of ethanol passes through the Heater, where it is heated to
the boiling point at a given pressure. After starting the
simulation, the energy flow of this block will show Qpeater
— the heat of heating. Next, the heated Flash enters the
Flash Separator, where it is separated into two phases
(evaporates), due to which the energy flow of this block
will show the flow Qgan — the heat of evaporation. The
sum of these components according to (10) will show the
total heat duty. For the scheme shown at Fig. 7, a series of
simulations were carried out — 50 iterations with a change
in the mass fraction of ethanol. Its results summarized in a
tabular form for clarity and ease of comparison — Fig. 8.

The comparison of simulation results between Excel
and DWSIM revealed an almost identical trend in the
calculated heat duties. Minor deviations were observed,
which can be attributed to the simplified empirical
correlations embedded in the Excel spreadsheet versus the
rigorous thermodynamic models applied in DWSIM.
Nevertheless, the consistency across both tools confirms
the robustness of the approach.

e

1§|r

i1 ) |
8 I'l'l‘lﬂp Vapour

Flash | —

Flash Selparator

—-—
Feed  Helter
Liquid

Qheater Qflash
Fig. 7 — Flowsheet for demonstration example (in DWSIM)

A B C [ E
id« %_mole_ethw_mass_eth T_b_C
1 0,02 0,04%960137 93,4634
2 0,0398| 0,095840758 98,24580462

2184,334062
2118,474523

43 0,9702)0,988131771 78,8700142 856,3479438
a0 0,99 0,9%6065685 78,5368 846,072052

A L
Y8 e

F G H | ]

Hvap_k)_per_kgcp_kl_per_kak mass_evap_kg_hSensible_kl hLatent_kJ)_h Total_C_kw

4,093693617
4,01323708

2,460650718
2,446845704

53 304854,9074 126720,3736 113,8320231
65,92 296771,041 13%9643,54059 121,2280228

438,03 132555,2891 375148,3081 141,0289437
446 130996,2831 377348,1352) 141,2067845

Fig. 8 — Spreadsheet in DWSIM with calculated data (shortened):
x_mole_eth — mole fraction of ethanol; w_mass_eth — mass fraction; T _b_C — boiling point; Hvap _kJ per kg — enthalpy of
vaporization; cp_kJ per kgK — heat capacity; mass_evap kg h — mass flow rate of evaporated liquid; Sensible kJ h, Latent kJ h,
Total Q kW — energy consumption

Discussion of Results.

The obtained results demonstrate that the heat duty
required for the heating and partial vaporization of
ethanol-water mixtures exhibits a non-linear dependence
on composition. Both Excel and DWSIM showed that the
total energy demand decreases as the ethanol mole
fraction increases, reflecting lower boiling temperature
and smaller enthalpy of vaporization of ethanol compared
to water. The quantitative agreement between the two
platforms was remarkably strong. Differences, where
present, did not exceed a few percent and followed a
consistent direction, with DWSIM generally predicting

slightly lower duties due to the use of the NRTL model
for phase equilibria. Overall, the high level of
concordance indicates that simplified correlations can be
trusted for conceptual design, while process simulators
are indispensable for detailed and accurate modeling.

Conclusions.

This study confirms the practical value of integrating
modern information technologies to chemical engineering
workflows. Excel proved to be a transparent and flexible
tool for rapid prototyping of calculations, enabling easy
data manipulation and visualization. MathCAD ensured
symbolic validation and reproducibility of same formulas,
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while DWSIM offered a rigorous thermodynamic
framework to simulate real process conditions. The strong
agreement of results across all three platforms highlights
their complementarity: spreadsheets are suitable for quick
estimates, equation-based tools for documentation and
verification, and process simulators for accurate, industry-
ready calculations. The ethanol-water evaporation case
demonstrated that the relative error between Excel and
DWSIM outputs was negligible, reinforcing confidence in
the reliability of simplified models when used with
caution. Ultimately, combining these tools provides a
balanced methodology that bridges conceptual
understanding with professional process simulation,
thereby enhancing both the educational and practical
aspects of chemical engineering practice.

References

1. Ferreira E.C., Lima R., Salcedo R. Spreadsheets in Chemical
Engineering Education — A Tool in Process Design and Process
Integration. — International Journal of Engineering Education. —
Vol. 20. - No. 6. — 2004 - pp. 928-938.
https://scispace.com/pdf/spreadsheets-in-chemical-engineering-
education-a-tool-in-3rx6f4wkb3.pdf

2. Cuadri A., Martin-Alfonso J.E., Urbano J. Using Mathcad to
facilitate the design of chemical reactors involving multiple
reactions. Computer Applications in Engineering Education. —
Vol. 28. —2019. — p. . https://doi.org/10.1002/cae.22192.

3. DWSIM - Literature: “Modeling of chemical processes using
commercial and open-source software: A comparison between
Aspen Plus and DWSIM”. DWSIM  Wiki/studies.
https://dwsim.org/wiki/index.php?title=Literature.

4. Mariano Martin, Luis Martin de Juan. EXCEL® for Chemical
Engineering. 2™ Edition. — CRC Press, 2019. — 66 p.
https://doi.org/10.1201/9780429451010-3.

5. Karimi Amir. Application of Excel in Solving Heat
Exchanger Problems. — 2008 GSW, 2021. — #38540.
https://doi.org/10.18260/1-2-370-38540.

6. Cuadri A., Gallego R., Martin-Alfonso M. J. et al. A
Mathcad-based educational experience to address the design of
nonisothermal plug flow reactors. — Computer Applications in
Engineering Education. — Vol. 30, is. 4. — 2022. — pp. 1145-
1160. https://doi.org/10.1002/cae.22509.

7. McClain S. A MathCAD Function Set for Solving
Thermodynamics Problems. — ASEE Annual Conference and
Exposition, Conference Proceedings. — 2006. — pp. 11.65.1 —
11.65.19. https://doi.org/10.18260/1-2--25

8. McClain S.T. Advanced Thermodynamics Applications Using
Mathcad. // Proceedings of the ASME 2009 International
Mechanical Engineering Congress and Exposition. Vol. 6:
Emerging Technologies: Alternative Energy Systems; Energy
Systems: Analysis, Thermodynamics and Sustainability. Lake
Buena Vista, Florida, USA. November 13-19, 2009. pp. 275-
287. https://doi.org/10.1115/IMECE2009-11313.

9. Bonanni S., Melloni T., Tomba J.P. Simplifying the
calculation of residual properties using numerical methods. —
Education for Chemical Engineers. — Vol. 50. — 2025. — pp. 25-
31. https://doi.org/10.1016/j.ece.2024.12.001.

10. Andreasen A. Evaluation of an Open-source Chemical
Process Simulator Using a Plant-wide Oil and Gas Separation
Plant Flowsheet Model as Basis. — Periodica Polytechnica
Chemical Engineering. — Vol. 66. — 2022. — pp. 503-511.
https://doi.org/10.3311/PPch.19678.

11. Chantasiriwan S. Simulation and Optimization of Vapor
Absorption Refrigeration System Using Dwsim. — Chemical
Engineering Transactions. — Vol. 100. — 2023. — pp. 613-618.
https://doi.org/10.3303/CET23100103.

12. Ullah K., Ul Haq Z., Arshad M. Comparative analysis of
chemical process simulation using open-source and commercial
software. 6th International conference on Sustainability in
Process Industry (SPI-2022). — GIK, Pakistan. —2022. — p. 1-9.
13. Tangsriwong K., Lapchit P., Kittijungjit T. et al. Modeling
of chemical processes using commercial and open-source
software: A comparison between Aspen Plus and DWSIM. —
IOP Conference Series: Earth and Environmental Science. —
Vol. 463. — #012057. https://doi.org/10.1088/1755-
1315/463/1/012057.

14. Roman C., Delgado M., Garcia-Morales M. Using process
simulators in Chemical Engineering education: Is it possible to
minimize the “black box” effect? — Computer Applications in
Engineering Education. — Vol. 28(5). — 2020. — pp. 1369-1385.
https://doi.org/10.1002/cae.22307

15. Suthar K., Joshipura M.H. The Integrative Approach of
Learning Chemical Engineering Thermodynamics by Using
Simulation-Based Exercises. — Education for Chemical
Engineers. — Vol. 45. - 2023. - pp. 122-129.
https://doi.org/10.1016/j.ece.2023.09.001

Bioomocmi npo asmopis | About the Authors

Invuenko Mapis Bonooumupiena (llchenko Mariia) — kangumar TexHIYHHX HAyK, JOICHT, JOICHT Kadeapu
IHTErpOBaHMUX TEXHOJIOTIH, MpolieciB i anapariB, HaionanbHuil TeXHIYHUIN YHIBepcHTET «XapKiBChKUIl MOITEXHIYHUN
iHCTUTYT», M. XapkiB, Ykpaina; ORCID: https://orcid.org/0000-0002-1353-2108; e-mail: mariia.ilchenko@khpi.edu.ua

Muponoe Anmon Muxonaiiosuw (Myronov Anton) — KaHAMIAT TEXHIYHMX HAyK, JOIEHT, MOLEHT Kadeapu
IHTErpoBaHHUX TEXHOJIOTIH, MpoIieciB i anapariB, HarioHanbHui TEXHIYHUI YHIBEpCHTET «XapKiBCHKUI MO TEXHIYHUAH
iHCTHTYT», M. XapkiB, Ykpaira; ORCID: https://orcid.org/0000-0002-4250-6259; e-mail: anton.myronov(@khpi.edu.ua

Conoseii JIwomuna Banenmuniena (Solovei

Liudmyla) — crapmmii Bukiamad kadeapw iHTEIPOBAHHX

TEXHOJIOTiH, TporeciB i anapariB, HamioHanbHM TeXHIYHUI yHIBEpCUTET «XapKiBCHKUHM MOMITEXHIYHUN 1HCTHTYT»,
M. XapkiB, Ykpaina; ORCID: https://orcid.org/0000-0001-5308-6782; e-mail: liudmyla.solovei@khpi.edu.ua

Puwenko Izop Muxaiinoeuu (Ryshchenko lgor) — mokrop TexHiYHHX Hayk, mpodecop, mupekrop HapuanbHo-
HAYKOBOTO IHCTHTYTY XIMIYHHUX TEXHOJIOTIH Ta imxeHepii, HarioHanbHUI TeXHIYHWI yHiBepcUTET «XapKiBChbKHI

MOJITEXHIYHUA  IHCTHTYTY,
igor.ryshchenko@khpi.edu.ua

M. XapkiB, VYkpaiHa;

ORCID:

https://orcid.org/0000-0001-9859-4510;  e-mail:

Honomapenxo €ezenia JImumpisna (Ponomarenko Yevgeniya) — norent kadeapu iHTErpOBAaHMX TEXHOJIOTIH,
mpoueciB 1 amapatiB, HamioHansHMH TeXHIYHMH YHIBepcHTET «XapKIBCHKUH ITOJIITEXHIYHUH IHCTHTYT», M. XapKiB,
VYkpaina; ORCID: https://orcid.org/0000-0002-9878-6093; e-mail: yevheniia.ponomarenko@khpi.edu.ua

98

Bicnux Hayionanvnoeo mexuiunozo ynieepcumemy «XI1I».

Cepisn: Ximis, ximiuna mexnonozis ma exonozisi Ne 2(14)°2025



ISSN 2708-5252 (Online)

3MICT

Paoinin C. 0., 3axapos A. B., Maiicmam M. C., Jlize3in C. JI. THHOBamilHI TEXHOJOTII CTBOPCHHS

CKJIOKOMITO3UIIITHUX MaTEePIaiB IS CYYACHUX OPOHEIHKHIICTIB. ... vvs et artnreneeneneneerenseneanensenensanns 3

Moiceee B. @., Manoiino €. B., JIyk’ anenxo M. A., Bacunenko A. O. TexHonoriuHne oONagHaHHS s

3HEBOJHEHHS 0Ca/1y 3 BUCOKUM BMICTOM MIHEPATBHHUX PEUOBHH. .. ... enenetetenenenatenenenenanenenenenenns 13

Muponoe A. M., Invuenxo M. B., I'anonoea O. O., Ilonomapenxo €. /., bukanoe C.M. Maremartuune

Ta iMiTalliifHe MOJENIOBaHHS XIMIYHOTO peakTopa iJeajJbHOr0 BUTICHEHHS JUIS ONTHUMi3alii KiTbKOCTI

2 h1 T oo : P PR 20
Apmuwyx 10. M. HadroBi cBepuioBiHM, BHBEAEHI 3 eKCIDTyaramil sSK JDKepeia BTOPUHHOI
33 (57 0) | PSRN 27

Jozeinkoe C. M., bopucenxo O. M., Knouxo H. I1., Illabanoea I'. M., Illlymeiiko B. M. Jlo nuTaHHs
mpo miarpamMy CTaHY Z1rOn — TiO. ... oeii it e e e 33

JImumpenxo B. I., 3ezexano 1. I'., Kponv A. II. J{ocniKeHHS KONOTIYHO-0S3MIEUHIX 3MAIyBaTbHIX

b (o1oF:1:70) Q01 (T 014 00137 0' ) 01 D1 11 AP 39

Cagsosa O. B., babiu O. B., @ipcoé C. C., I'osrxca M. M.,. Ianaiiomosa T. ] Bucoxominai

CKJIOBOJIOKHaA CHeL[iaJ'IBHOFO L0001 5 2 e (S = 1 G B 47

bnusnioxk 0. M., Bopoukin A. A., Mipowmnuuenxo M. J[., @owin M. ]I. CydacHi TpeHau

BHUKOPHUCTAHHS «PO3YMHUX» 010TOTTUHO-AKTHBHUX TIAPOTEITIB. ... .t eeneenteeneeneaneneaneaneneanennaneanenns 53

ITiooyonuin M. B., Kpusinvosa C. Il. Crpareris undpooi Tpancdopmarii XiMiuHOT iHKeHepii YKkpaiHu

Fu8 s EE 1ol : 1170 & 6 A 57

Ilooonax M. M., 3ezexano I. I. [IpoBeneHHst AOCHiIKEHb BHYTPIIIHBHOILIACTOBOI KaTaJiTUYHOL

JIECTPYKIIii reTeporeHHIMH KaTajli3aTopaMu Ui iHTeHCUdIKaIil BUIOOYTKY HAPTH.......oeeueninenn.... 62

Tapanenkosea B. B., Kopexan I1. F0. HoBi 10710MITOBI TEMI0I30ISIMIHHI TIHOOETOHH. ... .\.'venene.... 72

@Danvko T. B., Cassosa O. B., Babiu O. B. JlocmimxeHHs epeKTUBHOCTI 3aCTOCYBaHHS 3HEOAPBIIOIOUUX

areHTiB Y IIPOMHCIOBOMY BUPOOHHIITBI 0€302PBHOTO TAPHOTO CKIIA. .. eueneteneneneeneneneneneenenenenennns 78

Jebvookin €. 0., Bapnamoe €. M., Ckakanvcokuii O. M., Illanazyma O. A., Ilanko H.C. TlopiBHSHHA

METOIiB ITPOTHO3yBaHHS KoHIeHTpawiii PMio B KprBomy P03i B 3MMOBHM HEPIOA. ....cuvvvveninenenenen. 83

Invuenko M. B., Muponoe A. M., Conoeeu JI. B., Puwenxo 1. M., Ilonomapenxo €. /. Iurerparis
Cy4acHHX iH(GOPMAIifHUX TEXHOJOTIM y MOJAETIOBAHHSA Ta aHaji3: TMOPIBHIbHE OCIIIKEHHS

TETUIOBUKOPUCTAHHS Y TIPOIIECi BUMTAPIOBAHHS OIHAPHOT CYMITIIL. .. e v vneeneeeneeneeteeeieeeeeeneeneaeenennn 92

Bicnux Hayionanvnoeo mexuiunozo ynieepcumemy «XI1I».
Cepisn: Ximis, ximiuna mexnonozis ma exonozisi Ne 2(14)°2025

99



ISSN 2079-0821 (print)

CONTENT

Riabinin S. O., Zakharov A. V., Maistat M. S., Lihezin S. L. Innovative technologies for the development

of glass-composite materials for modern body armors. ... 3

Moiseev V. F., Manoilo E. V., Lukianenko M. A., Vasylenko 4. 0. Technological equipment for

dewatering sludge with a high mineral content............. ... 13

Myronov A. M., lichenko M. V., Gaponova O. O., Ponomarenko Ye. D., Bykanov S. M. Mathematical
and simulation modelling of an ideal plug-flow chemical reactor for catalyst loading value
0] 013180 F 41008 20

Artyshuk Yu. M. Oil wells decommissioned as secondary energy SOUICES. .............vvivererererererneenennnn. 27

Logvinkov S. M., Borysenko O. M., Klochko N. P., Shabanova H. M., Shumeiko V. M.  Question of the
Z105 — TiO, Phase dIagramm. ......o.ueeitet ettt et ettt et et e e et e e e e te e e eaeneees 33

Dmytrenko V. I., Zezekalo I. G, Krol A. P. Research on environmentally safe lubricant additives to
ArillNg fTUIAS. .o e e e 39

Savvova O. V., Babich O. V,, Firsov S. S., Hozha M. M., Panayotova T. D. High-strength special-purpose
03 ed 2 T 47

Bliznyuk O. M., Voronkin A. A., Miroshnychenko M. D., Foshchii M. D. Current trends in the use of
«smarty biologically active hydrogels. ... ... ..o 53

Piddubnyi M. V., Krivileva S. P. Strategy for digital transformation of chemical engineering in Ukraine

QUIINE WAL .o e e e e e e e e 57
Podoliak M. M., Zezekalo I. H. Conducting research on in-reservoir catalytic destruction of oil......... 62
Taranenkova V. V., Korekian P. Yu. New dolomite heat-insulating foam concretes......................... 72

Falko T. V., Sawova O. V., Babich O. V. Research on the effectiveness of the application of discoloring

agents in the industrial production of colorless container glass...............cocoiiiiiiiiiiiiiiiin, 78

Lebodkin I. O., Varlamov Ye. M., Skakalskyi O. M., Palahuta O. A., Tsapko N. S. omparison of methods

for forecasting PMio concentrations in Kryvyi Rih in the winter period.................c.ocociiiiiiiiienn.n. 83

lichenko M. V., Myronov A. M., Solovei L. V., Ryshchenko I. M., Ponomarenko Ye. D. Integration of
modern information technologies into modelling and analysis: comparative study of heat-energy duty in

binary MixXture EVaPOTAtiON PIOCESS. . ... . uuntnt et ettt et ettt a et et e et e et et e et e et e e e et eeeaeneneeens 92

Bicnux Hayionanvnoeo mexuiunozo ynieepcumemy «XI1I».
Cepisn: Ximis, ximiuna mexnonozis ma exonozisi Ne 2(14)°2025

100



HAVYKOBE BUJIAHHA
BICHMK HAHIOHAJIBHOT'O HOJITEXHIYHOI'OVHIBEPCUTETY
«XAPKIBCBKHU INTOJITEXHIYHUN IHCTUTY T».

CEPLA: XIMIA, XIMIYHA TEXHOJIOI'TA TA EKOJIOI'TA

30ipHUK HAyKOBHUX Ipallb

Ne 2(14)°2025

BianmoBimaneHuii pegakTop: 1-p TexH. HaykK, nmpod. . M. Pumenko , HTY «XIII», Ykpaina.

Bianosimaneuuii cexperap: Ph.D., xann. texn. Hayk, mom. O. O.Tamonoa, HTY «XIII»,
VYkpaiHa.

Anpeca peapakuii Ta BugaaunTsa: 61002, Xapkis, Byi.. Kupnuyosa, 2, HTY «XIII»
HaBuanbHO-HayKOBUI 1THCTUTYT XiMIuHUX TexHoJori# Ta imkeHepii (HHI XTI)
Ten.. (057)707-60-96, e-mail: redaktor.ccte.0821(@gmail.com.

[Mian. no npyky 05.11.2025. ®opmar 6080 1/8. Tlanip odcerHuid.
Jpyx odcernnit. ['apuiTypa Times. YMoB. apyk. apk. 8,67. O6mik.-Bua. apk. 12,48
Tupax 100 npum. 3am. Ne68 . Ilina norosipHa.

Hanpyxosano: @OIT Ozepos I'. B.
M. XapkiB, ByJl. YHIBEepCUTETChKa, 33, KB. 9.
CB1IONTBO MPO AEPKaBHY PEECTPAIIIO
Ne 818604 Big 02.03.2000.



