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MATHEMATICAL MODELLING OF DISPERSED PHASE
DROP DEFORMATION IN NANO-FILLED POLYNER
MIXTURE MELTS

Purpose. To study using mathematical modeling method of the influence of nano-additive
on dispersed phase component drop deformation during polymer dispersion melt flow in the
entry area of forming hole.

Methods. To study the process of drop deformation in a polymer dispersion the
mathematical model developed on the standpoint of structural-continual approach was
improved. The model takes into account the main provisions of classical fluid mechanics and
changes in the structure of the dispersed phase during its flowing.

Results. It is shown that the modified mathematical model of deformation of the polymer
dispersed phase drop adequately describes the process of structureformation during real nano-
filled polymer compositions flowing. The values of polypropylene (PP) drops deformation,
calculated using the model, correlate the experimental results: inter-phase tension reduce leads
to drops in deformation increase and to the average diameter of PP microfibers reduction.

Scientific novelty. The mathematical model of deformation of dispersed phase polymer
drop was improved in order to carry out for theoretical research of nano-filled polymer
mixtures.

The practical significance. Using the developed mathematical model will accelerate
researches and reduce material and energy costs of them.
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Introduction. One promising way modification of polymers and their blends are
creating nanocomposites, in which a set of desired properties is achieved through the optimal
combination of components. The use of fillers of different sizes, shapes and chemical nature
allows to improve mechanical properties of materials and provide them with new functional
characteristics (incombustibility, bactericidal, conductivity, sorption capacity, etc.). Herewith
essential is the ability of nanoparticles (NP) surface be getting wet by polymer and the nature
and degree of interaction between the NP and macromolecules polymer on the interphase [1,2].
It is shown that the introduction of silica nanoparticles in a mixture melt of polypropylene /
copoliamide (PP / SPA) allows to adjust the processes of structureformation of PP in the SPA
matrix and thus improve the structure of the filter material (FM), obtained in processing of the
said mixture. These filters combine high cleaning efficiency and productivity, and the presence
of nanofiller in the FM structure provides them bactericidal properties[2]. To create new
nanomaterials and regulation of their properties is necessary conducting basic research and the
establishment of appropriate laws.

Problem. Polymers are generally thermodynamically incompatible with each other in
the melt, but the section on individual phases prevents high viscosity of the components. Shear
flow contributes to the formation of different types of structures by the component of dispersed
phase: liquid cylinders (jets), layers, drops, etc To describe the rheological behavior of polymer
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dispersion melts are used the laws of classical mechanics, same as for modeling systems such
as suspensions and emulsions [3]. At the same time a polymer mixture is a special class of
colloidal dispersions of the "polymer in the polymer.” An important difference is formation
between the two its components interphase transition layer whose properties are very different
from those of the characteristics of polymer melt in volume. In nano-filled polymer melts an
interphase layer around the nanoparticles is formed as well at the interphase filler / polymer
and its thickness ranges (0,0004 + 0,16) mm [4]. Thus, depending on the degree of affinity
between the polymer and additive nanoparticles can be localized in the bulk melt or at the
interface and influence the magnitude of surface tension.

Purpose — studying by the mathematical modeling of the influence of nano-additives
on deformation of dispersed phase component drop during polymer composition melt flow.

The main material. Study of flow patterns and structureformation in polymer
dispersions subject of many articles and books. However, because of the complexity of such
systems research experimental approaches outweigh theoretical. Today received a number of
empirical regularities and mathematical models that describe with sufficient accuracy the
behavior of such systems. In [5] from the standpoint of structural and continual approach
developed a mathematical model that allows to determine the value of drop deformation
depending on the volume concentration and the rheological properties of the components
(viscosity of the dispersed phase and dispersion medium, their interrelation and flexibility).
The advantage of this model is that it takes into account the main provisions of continuum
mechanics (integrity protection, continuity of functions, describing its movement and state)
and the particular structure of the dispersed phase. Form drops - is ellipsoid of revolution,
which changes size during the interaction with its dispersion medium but retains volume.
Deformation drops depending on the orientation in the flow accounted for using the tensor
strain rate uniaxial tension. The model is a system of differential equations in dimensionless
variables has the form:

0

= —%u@ sin(20) (1)
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where: @, 0 - angles that define the orientation of the drop in the stream;
u - the intensity of the current uniaxial stretching;
q - the value of deformation (stretching dimensionless);
A1, A2, A3 - values that take into account the rheological characteristics of the components.

In the above equation point means complete original in time.

It is known that solid fillers cause thickening thixotropic effect, which leads to an
increase of viscosity of the polymer melt. In carrying out modifications of polymer mixture melts
an additive is usually pre-injected into one component. In determining the value of drop
deformation using model (1) the influence of nano-additive can be taken into account due to
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changes in melt viscosity of the dispersed phase and dispersion medium, using Einstein's formula
for dilute suspensions:

7 = 110 (1+2,5V) (2)
where: 10 - viscosity of the medium; V - volume concentration of suspended particles.

Experimental studies show that for compositions with a low content of nano-additive (0,05
+ 3,0) masses. %, the viscosity increases slightly within the error and it coincides with the
effective viscosity (nE) defined by the formula (2). Calculations made using the model showed
that the concentration of nano-additive (0,05 + 3,0) masses. % virtually no effect on the amount
of strain drops of the dispersed phase. However, this is inconsistent with research on the impact
of nanofillers on micro and macro-rheological processes in polymer mixture melt flowing. Thus,
in [2] is shown that the introduction of (0,1 + 3,0) masses. % silica in a mixture melt of
polypropylene / co-poliamide improves fiberization PP in SPA matrix: an average microfibers
diameter reduced and their uniformity of distribution by diameters increasing. The authors
attribute this to the influence of nanoparticles on the interphase phenomena, namely with
decreasing values of surface tension at the interphase.

From classic fundamental ratios that describe thermodynamic equilibrium in Low-
molecular dispersion system it follows that the dispersion medium in a flow is acting on a drop
dispersed phase therein with a force proportional to the gradient of shear velocity and medium
viscosity and besides this is a function of the ratio of viscosities components. A drop of polymer
dispersed phase reacts on deformation with force [6]:

T, :27aﬂ/r

where: yof - interphase tension; r - the radius of the drop.

At the same time, the ability to drop deformation is largely determined by its elasticity. In
mathematical model (1) resistance of drop on its deformation is taken into account due to the
value of the elastic modulus G, which is included into the relation to determine the rheological
function Al:

_2ab?2p.6 2 -9

A = %o T 1-ma) ©
p(2+3ab?s, 1)
y7;

where: a, b, a0, b0 - ellipsoid axis in deformed and undeformed state;
G, F - modulus of elasticity and volume concentration of the dispersed phase;
W, mn - viscosity of the dispersion medium and dispersed phase;
4 5

M = * . —
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The values of aq, fo, a,, fo’, o', Bo” " are obtained in [3].
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To assess the effect of the interfacial tension on the ability to deformation of the
dispersed phase drops in the expression for the determination of rheological function A1 were
made changes based on the fact that G = Ty. With the balance of the elastic power inside (G)
and resistance (Ty) equation to determine A1 will look like:

= 0 — (1~ M) @)
p(2+3ab’5; 1)
y7;

where: ap - ellipsoid axis, which volume is equivalent to the volume of sphere drop with radius r.

The system of differential equations (1) was solved numerically by the Runge-Kutta
method using specially written program in Delphi environment with Object Pascal language.
Modified model tested for adequacy, ie the ability to predict the results of research in some area
with the required accuracy by comparing the amount of strain drops obtained when using it with
experimental data. This was used in the investigation results of about 1.0. methyl silica %
additive (MC) on the value of interfacial tension (yop) and average diameter jets (micro)
mixtures PE / spa and polypropylene / polyvinyl alcohol (PE / PVA) of the 30.6 / 68.4 vol. %
(Table).

Table
The dependence of the deformation of the dispersed phase drops on the value of interphase
tension
Mixture Yop, MH/M ™ d MKM q
PP/ SPA 2,60 4,0 125
PP / SPA / MS 0,75 2,6 620
PP /PVA 0,73 35 273
PP /PVA /MS 0,47 1,7 531

The table shows that the values of interfacial tension obtained by using the theory of
fracture liquid cylinder for nano-filled compositions are much lower compared to the initial
mixture. This results in reduction of energy consumption in the formation of new surfaces
dispersed phase, that promotes the dispersion and deformation of the droplets in the matrix
polymer PP, PP microfiber average diameter lower than in the initial mixture of (1,5 + 2,1)
times. Improved model actually describes the process of deformation of a PP drop in matrix: yof3
reduction in nano-filled mixtures is accompanied by increasing values of deformation. The
results produced by the model are in good agreement with the experimental data on the influence
of nano-filler on processes of structure -formation. Introduction filler reduces the average
diameter polypropylene microfibers by reducing the surface tension at the interface.

Conclusion. It is shown that the improvement of previously established mathematical
model of deformation of drop dispersed phase polymer ina of polymer mixture melt flow in
the entry area forming hole can expand its capabilities and to use it to predict droplets
deformation of component dispersed phase in nano-filled mixtures. Found that the modified
model includes the effect of Nano-additive on droplet deformation in the terms of interphase
tension at the interphase of the components.
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MATEMATHUYHE MOJIEJTIOBAHHSI JE®OPMYBAHHS KPAILII JUCIIEPCHOI
®A3HU B PO3IIJIABAX HAHOHAIIOBHEHUX CYMIIIEM IMTOJIMEPIB

B.I'. PEBAHOBA', B.LIIIOTKIHA?

YKuiscoruii HAYiOHANbHUL YHIGEpCUmMenm mexHo02il ma Ou3auHy

Kuiscokuil HayioHaneHuli YyHieepcumem imeni Tapaca Llleguenka

Merta — nocniKeHHSI METOJIOM MaTeMaTUYHOTO MOJIEIIOBaHHS BIUIMBY HaHO/JI00AaBKU Ha
nedopmallito Kpamneiib KOMIIOHEHTY IUCIepcHOi (pa3u mpu Tedil po3IuiaBy MOTIMEpHOI Jucepeii
y BX1AHIH 30H1 (HOPMYIOYOTO OTBODY.
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Metoauka. J[isi BuBYeHHs Tporiecy aedopmariii Kparmil B TOJIMEpHIA aucrepcii
BJOCKOHAJICHO MaTeMaTH4YHy MOJENb, pPO3po0JeHy 3 MO3MIIA CTPYKTYpPHO-KOHTHHYaJIHHOTO
MiIX0Ty, sIKa BPaXOBYE OCHOBHI IOJIOKEHHS KJIACHYHOI MEXaHIKH PIAMHHU Ta 3MIHU CTPYKTYpH
JHCTIepCcHOT a3y MmpH Teuii.

Pe3yabTaTn. Ilokazano, mo MoaudikoBaHa MaTeMaTHdHa MOENb aedopMariii Kparii
nojimMepy JaucnepcHoi ¢a3u ajeKBaTHO ONHCYE MPOIECH CTPYKTYPOYTBOPEHHS IpPH Tedii
peadbHUX HAHOHAIOBHEHHMX TOJIMEPHUX KOMMO3uIllid. Bemwumnu nedopmartii  kparoii
nomninponineny (I1I1), po3paxoBaHi 3a JOIOMOTOO MOJIENi, KOPETIOIOTh 3 eKCIIEPUMEHTAILHUMU
JAHUMH: 3HIDKCHHS MDK()A3HOTO HATATY MPUBOAUTHL 0 30UIBIIEHHS MOKA3HUKIB jaedopmarrii
Kparuii Ta 10 3MEHIIEHHs cepeaHboro aiamerpa [1I1 MikpoBOJIOKOH.

HaykoBa HoBH3Ha. BockoHaneHO MaTeMaTHYHy MOJIENb AedopMariii Kparui moximepy
mucrtepcHoi ¢a3u s TMPOBENEHHS TEOPETHYHUX JOCHIIKeHb HAHOHAMOBHEHUX CyMilIen
MOJTIMEDIB.

IIpakTuyna 3HauymMicTh. BuxopucranHs po3poOneHoi MaTeMaTH4HOI MoJeNi
JIO3BOJIMTH MPUCKOPUTH JOCITIJDKEHHS Ta 3MEHIIMTU MaTepiayibHI 1 €eHepreTHyHi 3aTpaTu Ha ixX
MIPOBEICHHSI.

Kuarouosi cioBa: mamemamuuna mooenv, Hanodobaesxka, oucnepcis, deghopmayis

MATEMATHYECKOE MOAEJIMPOBAHUE JAE®OPMAILIUN KAILJIN
JUCHEPCHOM ®A3bl B PACIIIABAX HAHOHAIIOJTHEHHBIX CMECEMH
MNOJIMMEPOB

PE3AHOBA!B.I., IIETKUHA? B.U.

'Kuescruii nayuonanshoii VHU8epcumem mexHoI02Uull U OU3auHa

?Kuesckuii HayuoHanvbHult YyHueepcumem umenu Tapaca [llesuenxo

Heasr - wucciaenoBanue METOJIOM MaTeMAaTHYECKOTO MOJCITUPOBAHUS BIUSHUS
HaHOA00aBKH Ha JedopMaIiio Kaneiah KOMIIOHEHTA JUCTIEPCHOM (a3bl MPH TECYCHHUH pacIliaBa
MOJIMMEPHOMN AUCTIEPCUH BO BXOJOBOM 30HE (POPMYIOIIETO OTBEPCTHSI.

Metoauka. [[ns u3ydenus mporecca aehopMariiu Kamii B MOJTUMEPHOW TUCIIEPCUHU
YCOBEPIICHCTBOBAHA MaTeMaTU4YeCcKass MOJeNNb, pa3padOTaHHAass C TO3HWIMHA CTPYKTYpPHO-
KOHTHHYaJIbHOIO MOAX0/1a, KOTOpasi YUUTHIBAET OCHOBHBIE MOJIOKEHUSI KITACCUYECKOM MEXaHUKU
KUJKOCTH U U3MEHEHUE CTPYKTYPHI AUCTIEPCHON (ha3bl IPU TEUCHUHU.

Pesyabrarnl. [lokazano, urTo MoauduuUMpoBaHHAas MaTeMaTHYecKas  MOJEIb
nepopManuy  Karjii - [mojuMMepa  TUCIEepCHOM (a3l aJeKBaTHO OMHUCHIBACT — MPOILECCHI
CTPYKTYpOOOpa30BaHMsI IPU TEUEHUU PEAIbHbIX HAHOHATIOJHEHHBIX MOJUMEPHBIX KOMIIO3HUIIUMA.
Benuunasl gedopmarnuu karum nonunporuieHa (II1), paccautanHbie ¢ MOMOIIBIO MOJEIH,
KOPEJUTUPYIOT C OSKCIEPUMEHTAIbHBIMU JAHHBIMU: CHIDKEHHE MEX(a3HOro HaTsLKEeHUs
MPUBOIUT K YBEIIMYCHUIO BEIUYUH JeOpMaIlii KAl U K YMEHBIICHUIO CPEIHEr0 TuaMeTpa
I1IT MUKpPOBOJIOKOH.

Hayunasi HOBU3HA. Y COBEpIIICHCTBOBaHA MaTeMaTHUYECKas MOJIeNb AedopMalliy Kariii
noiuMepa  aucrepcHoM  (a3pl  uIsi  OPOBEACHUS — TEOPETUYECKUX  MCCIIEOBaHUMN
HAHOHAIOJIHEHHBIX CMECEH MOJIMMEPOB.

IIpakTuyeckasi 3Ha4YMMoOCThb. lcmomb3oBaHWe pa3pabOTaHHOW MaTeMaTHYECKOM
MOJIETTM TIO3BOJIUT YCKOPUTH HCCIEIOBAHUS W yYMEHBIIUTh MaTepHAIbHBIC W JHEPreTHUECKUE
3aTpaThl Ha UX MPOBEACHHUE.

KuroueBble cji0Ba: mamemamuueckas mooeib, HAH0000asKa, oucnepcus, oeghopmayis.
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