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PHYSICAL PROPERTIES OF EMULSION SYSTEMS
WITH S10, NANOPARTICLES

EXTENDED ABSTRACT:

One of the most relevant directions for research and development (R&D) in
the area of oil and gas fields development is to study physicochemical impact onto
petroleum reservoir to enhance development rate and increase oil recovery factor.

Wide range of fields where nanoscale particles can be applied within this
direction shifted the level of physicochemical processes studies from microscale
to nanoscale, that caused significant advancement of the oil and gas industry as
a whole.

As for physicochemical methods for petroleum reservoir stimulation, the
rapid development of nanotechnologies considerably improves understanding of
the processes that run at the boundaries of phases liquid-liquid, liquid-gas, liq-
uid-rock phases, etc. The most studied processes are the processes of influence of
nanoscale particles on the interface between liquid-gas and liquid-liquid phases
[1—-18].

At the moment it is known that nanoparticles of various minerals and met-
als can increase lifetime of gas bubbles in hydrocarbon media and the stability
of globules in hydrocarbon or aqueous phase in various types of emulsions [1-7,
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12]. But in the industry there is no single understanding and explanation of phys-
icochemical processes occurring at the boundaries of phases in the presence of
nanoparticles under reservoir conditions or even in bench tests on rock cores.

In this connection, the direction of nanoscale particles application in the oil
and gas fields development is promising for carrying out complex R&D in order
to reveal new scientific information and introduce high-performance inventions
into the industry.

The article presents the results of the next stage in complex research
of silicon dioxide nanoparticles (Si0,) impact onto rheological and stability
properties of emulsion systems. The complex research is performed within the
framework of international project «Development and implementation of wa-
ter-blocking agents based on application of SiO, nanoparticles». The results
of comparative research of new emulsion systems showed the dependences be-
tween shear stress and shear rate gradient (flow curve), dynamic viscosity and
the shear rate (viscosity curve), and dynamic viscosity and volume of aqueous
calcium chloride addition.

Key words: nanoparticles; silicon dioxide; emulsion system; viscosity; ther-
mal stability; reservoir stimulation; oil production, selective treatment.
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n outpace water cutting of petroleum reservoirs is one of the most

widespread problem that reduces efficiency of oil and gas fields
development. The causes of the outpace water cutting may be several fac-
tors, including geological micro- and macroinhomogeneities of reservoirs,
natural fracturing of reservoirs in combination with intensive systems of
field development, high level of wells interference, wide application of hy-
draulic fracturing, etc.

The main difficulty in solving the problem with outpace water cutting
is that all of the above listed factors can be combined within a single reser-
voir, object of development and whole field [19—21]. In these circumstanc-
es, an integrated approach to solve the problem is needed. For example, the
approach can combine methods of limiting the movement of reservoir and
injected water along the most permeable intervals of the reservoirs [19—
20], and changing the technological modes of wells operation [21].

The results of research presented in this article confirm the high tech-
nological efficiency of a new type of emulsion systems with SiO, nanopar-
ticles (ESN). Three the most important characteristics of water-blocking
agents are combined in developed emulsion systems: technological efficien-
cy, selectivity of impact and high thermal stability.

The revealed physical properties of ESN show high potential for their
effective application in technologies for reservoir stimulation, enhanced
oil recovery, well killing in abnormal conditions and well drilling processes.

Comparative research for stabhility of classical emulsions
and emulsion systems with Si0, nanoparticles

The results of laboratory experiments aimed at studying SiO, nanopar-
ticlesinfluence onto stability of classical emulsions shown that the presence
of nanoparticles in quantity of 0.5-1.0% vol. makes it possible to enhance
thermal stability for more than 100% [2]. Figures 1-4 show the results
of measurement the stability of samples by two different methods: direct
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method (assessment of thermal stability at the Huber thermostat of MPC-
118C brand) and indirect method (determination of aggregative stability
on the OFITesting device). Figures 2 and 4 show the results of evaluation of
thermal stability of the samples for 48 hours at temperature of 90°C.

In the experiments samples of classical emulsions and emulsion sys-
tems modified by SiO, nanoparticles with different wettability character-
istics (hydrophilic, hydrophobic) have been studied. Information about the
phase ratio in the samples is presented in [2].

The electrical stability of classic sample E-1 was 108.8 V. The addition
of both hydrophilic or hydrophobic nanoparticles in volume of 2% allowed
an increase electrical stability by 37% (ESN-1-FIL-1) and 31% (ESN-1-
FOB), respectively.

It is interesting that the addition of 2% vol. of nanoparticles in the
sample ESN-1-FIL-2 resulted in 17% decrease in the electrical stability in-
dex (Fig. 1), which does not correlate with the results of the thermal stabil-
ity evaluation (Fig. 2).
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Fig. 1. Dependence of the electrical stability of samples E-1 and ESN-1
from SiO, nanoparticles content
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Fig. 4. Thermal stability of samples E-2 and ESN-2

The sample of ESN-1-FOB showed higher electrical stability than the
sample ESN-1-FIL-2, but according to the results of the thermal stability
assessment of the ESN-1-FIL-2 the latter is more stable. This fact allows
us to conclude that indirect method (electrical stability evaluation) for as-
sessment of stability of classical emulsions can’t be applied to new type of
emulsion systems with SiO, nanoparticles.

The electrical stability of the sample E-2 was 102.4 V. Additions of
both hydrophilic or hydrophobic nanoparticles in range of 1.0 and 0.5%
vol. allowed to increase the electrical stability by 24% (ESN-2-FIL-3) and
11% (ESN-2-FOB-1), respectively.

The results of measuring of the electrical stability of samples E-2 and
ESN-2-FIL-3 do not correlate with results of the thermal stability evalua-
tion. The highest thermal stability was achieved by the sample ESN-2-FIL-3
at a nanoparticle concentration of 1.0% by volume. The electrical stability
of the sample at a concentration of 0.5% vol. higher than at a concentra-
tion of 1.0% vol., that again confirms an inapplicability of the indirect
method of stability evaluation in terms of the index of electrical stability
to emulsion systems with SiO, nanoparticles.
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Research for rheology of classical emulsions and emulsion
systems with Si0, nanoparticles

Measurement of rheological parameters of classical emulsions and
ESN was performed on rotational viscosimeter Rheotest RN 4.1 (Medingen
GmbH, Germany) with the use of cylindrical measuring system («cylinder-
cylinder») in the shear rate range from 0.1 to 300 s™! at temperatures of 20
and 90°C. The measurement error is =+ 3%.

Measurement of rheology properties showed the functional depen-
dence between shear stress and shear rate gradient (flow curve), dynamic
viscosity and shear rate (viscosity curve), dynamic viscosity and volume of
aqueous calcium chloride addition.

To conduct comparative research, the samples E-1, E-2 were selected
for rheological tests and then the following ESN samples were selected by
the results of aggregative stability test and thermal stability test:
ESN-1-FIL-1 (0.5% vol. nanoparticles);

ESN-1-FOB (0.5% vol. nanoparticles);
ESN-2-FIL-3 (1% vol. nanoparticles);
ESN-2-FOB-1 (1% vol. nanoparticles).

The determination of rheological models was carried out by mathe-
matical processing of the obtained flow curves (dependencies of the shear
stress on the shear rate) with the use of the rheometer software. During
the calculations, for each emulsion system the most appropriate model was
chosen from the following three known ones:

® Ostwald model (plastic fluid): t = K", (1)

® Bingham model (pseudoplastic fluid): T =1, + ny, (2)

® Herschel-Bulckley model (viscoplastic fluid): T = 1, + Ky", (3)
where:

K — consistency (Pa-s), a measure of the consistency of a liquid (the
higher the viscosity, the greater the value of this parameter);

n — structural viscosity (Pa-s);

n — non-Newtonian — characterizes the degree of non-Newtonian be-
havior of the solution (the greater n differs from 1, the higher the manifes-
tation of non-Newtonian properties);

7, — the limiting shear stress (Pa) — characterizes the value of the ex-
ternal energy necessary for the beginning of the flow of the liquid.
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The results of measurements of rheological parameters of classical
emulsions E-1 and E-2, as well as emulsion systems with nanoparticles are
shown in Fig. 5—-11.

From the analysis of the rheological parameters measurement it fol-
lows that the classical emulsions E-1, E-2 and ESN are described in frame-
work of the Herschel-Bulkley model (Equation 3), i.e. they are «viscoplas-
tic» liquids having yield strength.

For the systems under study the shear-reducing effect of viscosity is
reversible and, consequently, the initial high viscosity is restored when
the shear rate decreases, i.e. deformed drops again take a spherical shape
(viscoplastic properties), the molecules return to their initial non-oriented
state, the aggregates are restored due to Brownian motion.

The high stability of the new emulsion systems with SiO, nanoparticles
will allow increase of the period of positive effect from reservoir stimu-
lation technologies by more than 100%, and the surface activity of the
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Fig. 5. Flow curves of the samples E-1 and E-2 at temperature 20°C and 90°C
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Fig. 10. Dynamic viscosity of ES-1 and ESN-1 under 20°C and 90°C in dependence
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nanoparticles will allow regulating the selective wettability angle of the
rock surface according to the specified task in hydrophilic or hydrophobic
direction.

The rheological properties of emulsion systems make it possible to
regulate the shear stress and dynamic viscosity by changing the volume of
water phase in the system. The emulsion systems are characterized by self-
control of the rheology properties during filtration in-situ. The ability to
regulate these parameters is an important technological feature that must
be taken into account in conjunction with the geological and physical char-
acteristics of petroleum reservoir when designing impacts by the methods
of intensification oil production or enhanced oil recovery.
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Poccusa, 450062, jvzeigman@gmail.com;

Astop: MYXAMETIIINH Bauyecaas lllapudynmroBuy, 1-p TeXH. HAYK, IPOd., TUPEeKTOp hurraga
DI'BOY BO «YdumcKuii rocyfapCcTBeHHBIN HEPTAHON TEXHUUECKUHT YHUBEPCUTET» B I'. OKTAOGPHCKIIL;
yi. [leBoHCKad, b4 A, r. OkTabpsckuii, Pecnyb6anka BamkopTocras, Poccus, 452600, vsh@of.ugntu.ru

®U3UYECKUE CBONCTBA 3MYJIbCUOHHBIX CUCTEM
G COAEPXXAHUEM HAHOYACTHUL SIO,

AHHOTAHI/IH K CTATBHE (ABTOPCKOE PE3IOME, PE®EPAT):

OnHuM 3 HauOoJIee AKTYyaJbHBIX HAIIPABJEHUI HAYYHO-HCCJIEIOBATEIBCKUX
M ONBITHO-KOHCTPYKTOPCcKuXx pador (HUOKP) B o61acTtu paspadoTku HedTeraso-
BBIX MECTOPOSKIEHUN ABIAAETCA PU3HKO-XNMUYECKOe BO3IeiiCTBME HA IJIACT C Ife-
JIbI0 MIOBBINIEHHUS TE€MIIa Pa3padoTKH U yBeJIWYeHUus KoddpuinmeHTa n3BjaedeHn A
HedTH.

IIIupokasa 06sacTh NPAKTUUYECKON MPUMEHNMOCTH HAHOPA3MEPHBIX YaCTHIL
B PaMKaX JaHHOTO HANPABJEHUS CIIOCOOCTBOBAJIA MEPEXOAy YPOBHSA HCCJIEI0BA-
HUH (PU3NKO-XUMHUYECKHX IIPOIECCOB OT MacIITad0a MHKPO K HAHO, YTO OKa3aJio
3HAYUTEJHLHOE BJIMSHNE Ha Pa3BUTHE OTPACJIH B I[€JIOM.

IIpyMeHUTEIbHO K TeXHOJOTHAM (PU3HMKO-XNMHUYECKOT0 BO3AEMCTBUA HA He-
(¢prerazoHoCHBIE ILIACTHI CTPEMHUTEJIHHOE PA3BUTHE HAHOTEXHOJIOTHII OKA3bIBAET
3HAUYNTEJbHOE BIUAHNE HA MMOHHUMAHHNE IIPOI[ECCOB, MPOMCXOAANINX HA IPAHUIIAX
pasmesioB a3 KUIKOCTh-KHIKOCTD, JKUIKOCTh-Ta3, JKHIKOCTh-Topoaa u 1.4. OTHo-
CHTEJbHO H3YUEHHBIMU ABJISIOTCS IIPOI[ECCHI BINAHUA HAHOPA3MePHBIX YaCTHUIL HA
rpaHUIBI pas3aenaa (pas3 KUIKOCTh-Ta3 U JKUIKOCTh-sKUIKOCTh [1—18].
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Ha cerogaamauii 1eHb U3BECTHO, YTO HAHOYACTHUIHI PA3JINYHBIX MUHEPAJIOB
M METAJIJIOB CIIOCOOHBI YBEJIUUYNBATH CPOK KU3HM MMy3bIPHKOB ra3a B YIrJIeBOI0POI-
HOM cpejie M CTaOMIIbHOCTH IJI00YJI YIII€eBOJOPOTHOM UM BOTHOM (pa3 B IMYJIbCHUAX
paszauunoro tuna [1-7, 12]. Ho B oTpacau HeT OJHO3HAYHOTO MOHUMAHUA U 000-
CHOBaHMA (PU3HKO-XMMUYECKHUX IIPOI[ECCOB, MIPOUCXOAAINUX HA TPAaHUIAX pa3ie-
JOB (1)33 B IIPUCYTCTBUU HAHOYACTHUIL B IIJIACTOBBIX YCJIOBUAX UM JAadAKe B YCIIOBUAX
CTeHIOBBIX HCNBITAHNI HA K€PHAX TOPHBIX IMOPOI.

B cBsA3Hu ¢ 3THM, TaHHOE HANIPABJIEHHE B OTPACIN pa3padoTku He)Tera3oBhIX
MECTOPOSKIEeHHI 00/aaeT 3HAYUTEJIbHBIM IOTEHIINAJIOM [IJs IIPOBEJIEeHUT KOM-
miaexkcHbIXx HUOKP c¢ 1ebio BHIIBICHNA HOBOM HAYYHOW HWH(popMaIluu M BHeIpe-
HUS B OTPACJB BHICOK0I(D(PEeKTUBHBIX TEXHUUYECKNX PelleHI.

B crathe mpeacTraBieHBI Pe3yJIbTATHI OUEPEIHOT0 ITAaNa KOMILJIEKCHBIX HA-
ya4HO-uccHenoBaTeabckux pador (HUP) mo nccaeqoBaHUI0O BIMSIHUS HAHOYACTHIL
naByoxkucu Kpemaud (Si0,) Ha cTa0OUMIBHOCTD M PEOJIOTHYECKHE CBOMCTBA IMYJIbCUI
Ha yrieBomopomauoii ocHoBe. Kommuexkcuerii HUP npoBoauTcss B paMKax Me:KIy-
HapoaHoro npoekra «Pa3paboTka u BHeApeHNE BOJOOTPAHUUYNBAIOIINX COCTABOB
Ha OCHOBE MPUMEHEeHUsI HAHOYACTHII IByOKucH KpeMHua». Ilo pesyapraTam cpas-
HUTEJbHBbBIX I/ICCJIeJIOBaHI/Iﬁ HOBBIX OMYJBbCUHOHHBIX CUCTEM ITOJYYE€HBbI 3aBUCUMOCTH
HANPSKEeHUS COABUTA OT TPAJMEeHTAa CKOPOCTH caABHMra (KpuBas TeYeHUs), TMHAMHU-
YeCKOM BSABKOCTH OT CKOPOCTH cABUTA (KPpUBaA BA3KOCTH) M THHAMUYECKOU BA3KO-
CTH OT 00'beMa J00aBOK BOJJTHOTO PACTBOPA XJOPHCTOTO0 KAJbIIUA.

KaroueBsie ciaoBa: HAHOUACTHUIILI, KOJUJIOUAHAS ABYOKHWCH KPEMHUA, dMYJIb-
CHOHHAS CHUCTEMAa, NHTeHCU(PUKAIUA JoObIur He)TH, JOObIUa HedTH, CeJIeKTUBHAA
ob0paboTka.

DOI: dx.doi.org/10.15828/2075-8545-2017-9-6-37-64

MAMMTHOYATAEMA ST HHHGOPMAIHA 0 CC-TUIEH3NA B METAJAHHBIX CTAThH (HTML-KOx):
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mmepeskariee o0BogHeHNE He(TerasoHOCHBIX O0BEKTOB ABJIAETCH

O HOI M3 HamboJIee IINPOKO PACIIPOCTPAHEHHBIX IIPO0JIeM, CHIMKA-
X 3pdGeKTHBHOCTL paspaboTku HedTerasoBbIX MecTopokaeHuii. IIpu-
YMHAMHU OIIePesKalolnero OOBOAHEHUSA MOTYT ObITh HECKOJBLKO (PaKTOpPOB,
B TOM YHCJIe T'e0JIOTUYeCKasi MUKPO- 1 MAKPOHEOJHOPOSHOCTH ILJIACTOB, €CTe-
CTBEHHAas TPEIMHHOBATOCTD IIJIACTOB B COUETAHNY C MHTEHCUBHBIMU CHCTE-
MaMu pa3paboTKN 00bEKTOB, BEICOKUH YPOBEeHb NHTeP(EPEeHIINN CKBAYKIH,
IIPOKOEe BHEIPEHNe TUAPAaBINUYeCKOr0 pa3phiBa ILJIaCTa 1 T.]I.

OCHOBHOII CJIOKHOCTBIO B 00pLOE C oIepesKarIiuM OOBOIHEHUEM SB-
JIIeTCS TO, UTO BCE BLIIIEeYKa3aHHLIE (DAKTOPHI MOTYT COUETAThCsA B paMKax
OnHOTO 00beKTa pa3padboTKku u MecTopo:kaeHud [19—21]. B atux ycioBusax
HeoO0XO0IM KOMILJIEKCHBIN IIOX0 K PEIIeHNI0 IP00IeMbl, KOTOPBINA, K IIPH-
Mepy, OyzmeT coueTaTh B ceOe CIIOCOOBI OIrPpaHUUYEHNS IBUKEHUA IIJIaCTOBBIX
M 3aKauMBaeMbIX BOJ II0 HamboJjiee IIPOHUIIAEMBIM HMHTEpBajJaM ILJIACTOB
[19-20] 1 usmeHeHME TeXHOJOTUUECKUX PEIKMMOB paboThl cKBaskuH [21].

PesynbraTrel HUP, npencraBienHble B JaHHOI CTaThe, IOATBEPIKIAIOT
BBICOKYIO TE€XHOJIOTHYECKYIO 3(P(PeKTUBHOCT, HOBOT'O BUJA dMYJIbCHOHHBIX
cucteM ¢ comgep:kanuem Hanouactuil (OCH). B pazpadoranabsix JCH coBme-
IIIeHAa BLICOKAS TEXHOJOTUUYHOCTD U CEJIeKTUBHOCTD IeHCTBUA KJIACCUUECKUX
OMYJIBbCUH C BEICOKOM TePMOCTAOMIBLHOCTBIO 00JIee JKeCTKIX COCTABOB (CTEK-
JIO HaTPpHeBoe *KUAKOe UJIN MOJNMEePHBIE COCTABEI).

BreiaBiaennble pusunueckue csorictBa JCH moxkasbpIBalOT 3HAUYNUTEIbHBIN
MOoTeHIuAaJ AJaA UX 3(PpPEeKTUBHOIO IPUMEHEHNI B TeXHOJJOTUAX MHTEHCH-
uxkamuu goObium HedpTH, YBeJIUUYeHUsS He(dTeoTJauun ILJIaCTOB, INIyIIeHWS
CKBaKMH B OCJOKHEHHBIX YCJIOBUIX U IPOIlECCaX CTPOUTEILCTBA CKBAKIH.

CTabunbHOCTL KNACCUM4ECKUX IMYNbCUIA U IMYNIbCUOHHBIX CUCTEM
C copepXxanuem HaHouacTuy Si0,

PGSYJIBTaTBI JIa60paTOprIX 9KCIIEPMMEHTOB IIO HCCJIeJOBaAHMIO BJIM-
AHNA HaHOYaCTHIL SlO2 Ha CTa0MJILHOCTH KJIACCUUYECKUX BMYJIBCI/Iﬁ IIOKa-
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3aJ1, uyTo JoOaBKa HanouacTull B oobeMme 0,5—1,0% 00. 1mo3BoJisieT yBeJan-
YUTH TEPMOCTAa0MJIbHOCTD KJIACCUUYECKUX dMYJIbcuii 6osiee uem Ha 100% [2].
Ha puc. 1-4 npeacraBiieHbl pe3yJbTaThbl UCCIeA0BAHUA CTaOMIBHOCTHA 00-
PasIloB IPAMBIM (OIleHKa TepMOocTabuabHOCTH HAa TepMmocTaTe Huber mapku
MPC-118C) u KocBeHHBIM (OoIIpeelieHlie arperaTUBHON YCTOMUYMBOCTU Ha
anmnapate OFITesting) meTomamu. Ha puc. 2 u 4 mpeacraBieHbl Pe3yabTAThI
OIIeHKU TePMOCTa0MILHOCTH 00PAa3I[OB B TeueH1e 48 yacoB IIPU TeMIIepaTyp-
HOM pesxume 90°C.

B skcmepumeHTax MCCIeAOBAJNCH 00PA3Ibl KJIACCUUECKUX dMYJIbCUIA
1 5MYyJbCUOHHBIX CUCTeM, MOAU(DUIIMPOBAaHHBIX HaHOUYacTunamu Si0, ¢ pas-
JIMYHBIM XapaKTepoM cMauuBaeMocTH (TruapoduiabHbie, THAPo(obHbIE). NH-
(popmarusa mo cooTHOIIEHUIO (ha3 HIMYJILCUI IIpeacTaBaeHa B padore [2].

AIeKTpocTabuabHOCTh oOpasiia I-1 cocrasuia 108.8 B. JlobaBKU Kak
TUAPOPUIBHBIX, TaK U TUAPOPOOHBIX HAHOUACTHUIL B 00beMe 2% I103BOJIUIN
YBEJINYUTD 9JIeKTpocTaduIbHOCTh HA 37% (DCH-1-®dUJI-1) 1 31% (9CH-1-
®OB) cooTBETCTBEHHO.

=0=3CH-1-®HJI-1 =0=3CH-1-®0b 3CH-1-®UJI-2
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CopepxaHMe HaHOYaCTHI] ABYOKHCH KpeMHHH, % 06.

Puc. 1. 3asucumocmsd anekmpocmabunvrocmu 06pa3y06 3-1 u ICH-1
om codepicanus nanowacmuy SiO,
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3CH-2-PUJI-3 (1 % vol.) 3CH-2-®0B-1 (0,5 % vol.)

Puc. 4. Tepmocmabunvrnocmsv 06pa3y06 I-2 u ICH-2

NuTepecHBIM ABJAETCS TO, UYTO foOaBKa 2% 00. HAHOYACTHUIL B 00pasei:
ICH-1-®UJI-2 npuBejla K CHUMKEHHUIO ITOKa3aTeJasd 3JeKTPOCTabMIbHOCTHU
Ha 17% (puc. 1), 4To He KOPPEJUPYETCS C Pe3yaAbTaTaAMU OI[eHKU TePMOCTAa-
ouapHOCTHU (puc. 2).

O6paser; ICH-1-POB nmokasaJ 00Jiee BBICOKYIO 9JIEKTPOCTAOUIBHOCTb,
yeM obpaser; ICH-1-PNJI-2, HO 1o pe3yabTaTaM OIeHK! TePMOCTA0NIBHO-
ctu OCH-1-ONJI-2 apasgerca 6oyiee cTtabuabHBIM. JlaHHBIA (paKT IIO3BOJIA-
eT clIeJIaTh BBIBOJ O HEIIPUMEHUMOCTHY JAHHOTO KOCBEHHOTO MEeTOa OIleHKU’
CTa0UIBLHOCTH KJIACCUYECKUX BMYJIbCUIN K 9MYJbCUOHHBIM CHCTEMAaM C CO-
nep:xanneM HaHodacTur, Si0O,.

AJIeKTpocTabuIbHOCTL oOpasia I-2 cocrasuia 102.4 B. JlobaBKU Kak
TUAPOPUIBHBIX, TaK U TUAPOoGOOHBIX HaHouacTuil B oobeme 1,0 u 0,5%
00. IIO3BOJIMJIN YBEJIUUYUTH 9JIEKTPOCTAOMIbHOCTE Ha 24% (DCH-2-PNJI-3)
u 11% (3CH-2-®0DB-1) cooTBeTCTBEHHO.

PesynbTaThl mu3MepeHUs 9JIEKTPOCTAOMIbHOCTH 00pasioB I-2 u ICH-2-
DNJI-3 He KOPPEIUPYIOTCA C Pe3ybTaTaMU OIEeHKU TePMOCTaOUJIbHOCTH.
Hawuppicimasa TepMocTaOdMIbHOCTD JoCcTUTHYTa o0Opasmom JCH-2-ONJI-3 npu
KoHIeHTpanuu HaHouactur 1,0% 06. ITpu sTom s1eKTpocTabuIbLHOCTE 00-
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pasia npu KoHneHtrpanuu 0,5% o00. Beilie, ueMm npu KoHIeHTpanuu 1,0%
00., UTO B OUepegHOM pa3 IMOATBEePKIaeT HeIIPUMEHNMOCTb KOCBEHHOT'O Me-
TOZA OIpeJeJIeHHs YCTOMUMBOCTH IO IIOKA3aTeJI0 5JeKTPOCTA0OMIbLHOCTHU
K 9MYJbCHOHHBIM CHCTEMaM C coJepKanneM HaHodacTu, Si0,.

Peonorus knaccu4eckux 3mysnbcHii  IMyNbCUOHHBIX CUCTEM
C coaepxaxuem HaHovacTuy Si0,

N3mepeHre peoJIOTUYECKUX IIapaMeTPOB KJACCUYECKUX 9HMYJIb-
cuii m 9CH mpoBoauam Ha poranuoHHOM Buckosumerpe Rheotest RN 4.1
(Medingen GmbH, I'epmanusa) ¢ mpuMeHeHUEM ITUJIMHAPUUYECKON M3MEPU-
TeJbHOU CUCTEMBI («ITUJINHAP — MUJIXHIP») B AUalla30HEe CKOPOCTEM cABUTa
ot 0,1 10 300 ¢! mpu Temneparypax 20°C u 90°C. ITorpemnisocTs U3MePEHUST
cocrasiasier =3% .

B pesyinbTaTe namepenuii ObLIN IMOJYUYEeHBI 3aBUCUMOCTHY HATIPAMKEHU
CIBUTA OT I'PaJlieHTa CKOPOCTH cABUTAa (KpUBasd TeUeHUA), TUHAMUUECKOI
BSIBKOCTHU OT CKOPOCTHU cABUTa (KpUBas BA3SKOCTHU) U IUHAMUYECKOUN BA3KO-
CTH OT 00beMa J0OaBOK BOAHOT'O PACTBOPA XJIOPUCTOr0 Kaabitusd (puc. 5—11).

C mesbio IPoOBEeeHUST CPAaBHUTEJIbHBIX MCCJIEIOBAHUN IJIA Peojioruye-
CKHUX TEeCTOB OBbLIM BBIOpPaHBI 00pas3el -1, -2 1 oTOOpaHHbIE IO Pe3yabTa-
TaM UCHbITaHNI Ha arperaTuBHYI0 YCTONUYUBOCTD U TePMOCTAOUIBLHOCTD CJIe-
nyroriue oopasmnbsl ICH:
9CH-1-®1JI-1 (0,5% 06. HaHOUACTUIL);
9CH-1-®0B (0,5% 06. HaHoOUaCTHUII);
9CH-2-®dNJI-3 (1% 006. HaHOYACTHUIT);
9CH-2-®0Bb-1 (1% 006. HAaHOYACTHIL).

OnpeneseHre pPeoJIOTUYECKUX MoJeJieli IIPOBOAMJIOCH MaTeMaTuye-
CKOM 00paboOTKOM MOJYUYEeHHBIX KPUBBIX TeUeHUs (3aBUCHMMOCTEN HamNps-
JKeHU CABUTA OT CKOPOCTH CABUTA) IPU ITOMOIITY IPOrPpaMMHOTO obeciieye-
HUus peoMeTpa. B xone BeIUnCIeHUN AJId KaKI0U 9SMYJIbCUOHHOM CUCTEMBI
monbupasach HamboJee COOTBETCTBYIOMIAA MOJEJb U3 CJIEAVIONIUX Tpex
U3BECTHBIX:

® wmogenab OcTBasbja (IyacTUdecKas JKUAKOCTD): T = Ky, (1)
® wmojenb Bunrama (mceBmormIacTuUHas KUIAKOCTD): T =T, + Ny, (2)
e wmopmenb ['eprrens-Bankauy (BA3KOILIACTUYHAA JKUTKOCTD):

T=r1,+ RY", (3)
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rue:

K - xomcucrentHocThb (Ila-c), Mepa KOHCUCTEHIIUU KHUIKOCTU (UeM
BBIIIIE BA3KOCTD, TeM 0OJIbIIIe 3HAUEHNE JaHHOI0 IapaMeTpa);

N — cTpyKTypHasa BaA3KocTb (I1a-c);

n — IoKasaTeJib HeHBIOTOHOBOCTH — XapaKTepusyeT CTelleHb HeHbIOTO-
HOBCKOT'O IOBeIeHUs pacTBopa (uem OoJIbIIle 7 OTJIMUYaeTcsa oT 1, TeM BBIIIIe
IpoABJIeHIe HEHbIOTOHOBCKIX CBOMCTB);

T, — IpefieibHOe Hanpsxxenue casura (Ila) — xapakTepuayer BeJuuuHy
BHEIITHE! SHepruu, HeoOXOoAMMOM IJIs HauaJja TeUeHU A JKUTKOCTH!.

PesynbTaThl M3MepeHHII PEOJOTMUYECKHX IIapaMeTPOB KJIACCHUYECKUX
amyJabcuit -1 u I-2, a TaKKe SMYJIbCUOHHBIX CHCTEM C COJEepPKaHueM HaHO-
YacTHUIL IIpeJicTaBJeHbI HA puc. 5—11.

W3 anaamsa pe3yJbTAaTOB MCCJIEIOBAHUII PEOJIOTHMUYECKUX IIapaMeTpPOB
cJesyeT, UTO uccjaeyeMble KaaccuuecKkue aMmyabeuu I-1, 9-2 u ACH onuckwI-
BaloTCcs B pamMkax mozenu I'epiensa-Bankiau (ypaBHeHue 3), T.e. ABISIOTCS
«BSABKOILIACTUYHBIMU » *KUIKOCTSIMU, 00J1aIaI0OMIMU IIPEIeJIOM TeKYUYECTH.

—3-1,20°C —3-1,90°C =3-2,20°C =—3-2,090°C
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I

60 /

50
40 -
30 -
20

10 —— —

HanpspkeHnue caBura, [la
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Puc. 5. Kpuevie mewenusn oo6pa3syoé I-1 u 3-2 npu memnepamypax 20°C u 90°C
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Puc. 6. 3asucumocmsv dunamuieckoi 6a3Kocmu om ckopocmu cdéuza o6pa3y06 I-1
u ICH-1 npu memnepamypax 20°C
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Puc. 7. 3a6ucumocmsv dunamuieckoi 6a3xocmu om ckopocmu cdéuza o6pa3y06 I3-1
u ICH-1 npu memnepamype 90°C
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Puc. 8. 3asucumocmsv duHamuweckol 6a3xocmu om ckopocmu cdeéuza o6pa3yo06 I-2
u ICH-2 npu memnepamype 20°C
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Puc. 9. 3asucumocmsv duHamuweckol 6a3xocmu om ckopocmu cdeéuza o6pa3yo6 I-2
u ICH-2 npu memnepamype 90°C
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Puc. 10. 3asucumocmdv dunamuieckou 6azxocmu o6pa3y06 I-1 u ICH-1 ¢ npedenvro
pa3pywennol cmpyxmypou npu memnepamypax 20°C u 90°C 6 3a6ucumocmu
om 06vema 006a6KU PACMEOPA X1OPUCMO20 KALbYUA
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Puc. 11. 3asucumocmsv dunamuieckou 6adxocmu o6pa3yo06 I-2 u ICH-2 ¢ npedenvro
pa3pywennoi cmpyxmypou npu memnepamypax 20°C u 90°C 6 3agucumocmu
om o6vema 006a6KU pacmeopa x10pUCmMoOz0 Kaibyusi
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Insa uccaenyeMbix cucTeM 3PdeKT CHUIKEeHUA BA3KOCTU O[] BAUAHU-
eM cABUTra ABJIAETCSA o0paTUMbBIM, U, CJIeJOBaTeJIbHO, HauaJbHAasA BBICOKAA
BABKOCTH BOCCTAHABJIMBAETCA IPU CHUIKEHUU CKOPOCTU CABUTA, T.€. nedop-
MUPOBaHHBIE KAl BHOBL IIPUHUMAIOT IIIapo0o0pasHyio (hopMy, MOJIEKYJIbI
BO3BpaIllaloTcad K CBOeMY HAYaJIbHOMY HEOPMEHTHUPOBAHHOMY COCTOSHUIO,
arperaTbl BOCCTaHABJIUBAIOTCA BBUY OPOYHOBCKOTO JBUYKEHUA.

Bricokasa cTaOUJIBbHOCTH HOBBIX OMYJBCUOHHBIX CHUCTEM C COJEPKAHU-
€M HaHOYaCTUII IO3BOJUT YBEJINUUTD IePUO/T OJOKUTEILHOTO 9 deKrTa oT
TeXHOJIOTUI BO3AelicTBUS Ha He()Tera3oHOCHBIH mracT 6oJiee uem Ha 100% ,
a MMOBEPXHOCTHAA aKTUBHOCTb HAHOYACTUIL MO3BOJIUT PEryJUpPOBaATh YTOJI
n30MpaTeJIbHON CMauMBAa€MOCTH ITOBEPXHOCTU T'OPHBIX MOPOJ B 3aBUCUMO-
CTH OT IIOCTaBJIEHHOM 3a/1auM B CTOPOHY (puabHOCTH MM (hOOHOCTH.

Peosioruueckue cBoiicTBa 9MYJIbCUOHHBIX CUCTEM ITO3BOJISIOT PETYJINPO-
BaTh HAIIPAKEHUS CIBUTA U TMHAMUUYECKYIO BA3SKOCTh N3MEeHEHNEM 00'beMa
BOJHOM cOCTaBJIAIOIIEN cucTeMbl. BO3MOKHOCTh peryjJupoBaHUA AaHHBIX
ImapaMeTpoB, ABJAETCA Ba’KHBIM TeXHOJIOTMUYECKUM CBOMCTBOM, KOTOpPOE
Heo0XO0IMMO YUYUTBHIBATH BO B3aUMOCBSBU C T'€0JOTO-(PU3NUYECKUMU XapaK-
TEPUCTUKAMH IIJIacTa IIPU IPOEKTUPOBAHUYN BO3AEHCTBUA 10 TE€XHOJOTUAM
UHTeHCU(pUKAIIUYA J00bIYM He(DTH NI YBeJINUYeHUA He()TeOTAAUH I1JIaCTOB.
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