DOI: 10.6060/ivkkt.20206309.6236
VIIK: 532.135

ONPEJEJEHHUE PEOJIOTUYECKHX CBOMCTB PACTBOPOB OJIMITUJIEHOKCH]I - BOJA

P. BoiitoBnu, K. KoueBbsik, A.A. JIunux

Puxapn BoitroBrnu *, Karapxuna KoreBbsk

Kadenpa TemnoBeIx nporeccoB u TeXHOIOTHH, KpakoBCKHi TEXHOIOTHYECKHU YHUBEPCUTET, yiI. BaprraBckas,
24, 31-155, Kpaxkos, [Tonbiia
E-mail: rwojtowi@pk.edu.pl *, katarzyna.kocewiak@pk.edu.pl

Annpeit Anekcanaposud Jlunux

Kadenpa mnpoieccoB M anmapaToB XHUMHYECKOW TEXHOJIOTHH, VIBaHOBCKWI TOCYJapCTBEHHBIH XHMHUKO-
TEXHOJIOTHUECKUH yHUBepcuTeT, LllepemereBckuii mip., 7, IBanoBo, Poccuiickass @enepanms, 153000
E-mail: lipin.a@mail.ru

B cmamube npedcmasnenst pe3ynvmamol UCCE006AHUN PEONOUYECKUX CBOUCHE B00HBIX
pacmeopos noanumunenokcuoa. Ha ocnoeanuu uzmepenuii, npoGeOeHHBIX ¢ UCHONbIOBAHUEM DO-
MAYUOHHO20 BUCKO3UMEMPA, ObLIU ONpedeeHbl 3HAYCHUA KACAMEbHbIX HANPANCEHUI 6 OMHOCU-
mMeNbHO WUPOKOM OUARA30HE CKOPOCHell CO8U2d, 603HUKAIOWUX NPU CMEWUBAHUU HbIOMOHOGCKUX U
HEHBbIOMOHOGCKUX HCUOKOCHEll 8 ANNAPAMAX ¢ MEXAHUYECKUMU NepemMeuiuarouiumu ycmpoicmea-
mu. Peonozuueckue kpugvie annpoxcumuposanvt mooenvio Ocmeanvoa oe Buna (unu mak nasvieae-
MbLM CHeneHHbIM 3aKonom). Koaghghuyuenmot mooenu: korgppuuyuenm xoncucmenyuu sxcuoxocmu k
U UHOEKC meYyeHUs n 0bliu OnpeoeseHyl ¢ UCnoav3osanuem anzopumma Jleeenoepea-Mapxeapoma
ona HenuHeiinou oyenxu. Taxice onpedeneno enuanue memnepamypsl ¢ ouanazoune 15-40 °C na
C60Iicmea u noeedeHue UCC1e0yeMblX HeHbIOMOHOBCKUX McuoKocmell. /A xapakmepucmuku Imoii
3asucumocmu Ovl1 onpeoenen napamemp cosuza Kpueoil a. Haubonvuiue 3navenusn a; Hadaooarom-
¢ npu camoil HU3Koil memnepamype, a Haumenvuiue npu 40 °C. Ixkcnepumenmasl noKazanu 3Havu-
mebHOoe éNUAHUE KOHUEHMPAYUU ROJIUIMUIEHOKCUOA Cpeo HA PeoslocudecKue ceoiicmea uccieoye-
MbIX pacmeopos. [na camvix Huskux Konyenmpayuil (coeo=1,2%) pacmeoper nposaenanu ceéoiicmaa,
xXapaxkmepHhbie 011 HbIOMOHOECKUX JHcUOKocmeil, 3Havenusn n ovinu oausku K 1. C yeenuuenuem Kon-
UEHMPAayuu NOJUIMUIEHOKCUOA 6 600e (cpeo=2,4-4,8%) pacmeopsvl nposenanu ceolicmea ncesoo-
NIACMUYHBIX HEHbIOMOHOBCKUX JHcUuOKOcmell 6e3 npedena mekyuyecmu. B smux cnyvasx 3nauenus n
Obliu HUdICE eOUHUUBL U 01 Haubonvuiell Konyenmpauuu (cpeo=4,8%) Haxoounucev 6 ouanazome
n=0,5694-0,7536 ¢ 3asucumocmu om memnepamypolt. Temnepamypa usmensnace 6 ouanazoune 15-40 °C.
Pezynomamol ucciedoeanuii Mo2ym 0vlmb UCHOIb308AHbL NPU YUCTEHHOM MOOEUPOSAHUU, HPOEK-
Mupoeanuu u ONMUMUIAUUL RPOMBIUICHHO20 000PYO0SaAHUA, PADOMAIOW,E20 C HCUOKOCMAMU ma-
K020 p00a, 6KII0YAA CMECUMETbHbIE EMKOCHIU, KOJIOHHbL UJIU MEN1000MEeHHUKU.
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In the paper results of investigations of rheological properties for selected PEO-water so-
lutions are presented. On the basis of measurements, carried out with use of rotational viscosime-
ter values of shear stresses were determined in the relatively wide range of shear rates. Rheologi-
cal curves were described by the Ostwald de Waele model (or so-called power-law). The model co-
efficients such as the fluid consistency coefficient k and the flow behavior index n were deter-
mined using Levenberg—Marquardt algorithm for nonlinear estimation. The influence of temper-
ature on properties and behavior examined non-Newtonian fluids was also determined. Results
were processed in the curve shift parameter a; Experiments shown a significant effect of
poly(ethylene oxide) concentration cpgo 0N rheological properties of examined solutions. For the
lowest concentration (Cpeo=1.2%) solutions exhibited properties similar to Newtonian fluids with
values of n close to 1. With increasing of PEO concentration in water (Cpeo=2.4-4.8%), solutions
exhibited properties as non - Newtonian fluids, pseudoplastic, without yield limit. In these cases
values of n were below unity and for the highest concentration (cpe0=4.8%) belonged to the range
of n=0.5694-0.7536, depending on the temperature. Results of investigations can be used during
numerical simulations, design and optimization of industrial equipment, working with fluids of

this kind, including mixing vessels, columns or heat exchangers.

Key words: rheological properties, non-Newtonian fluids, fluid viscosity, poly(ethylene oxide), PEO,

Ostwald de Waele model
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INTRODUCTION

The non-Newtonian fluids are widely used in
the food, cosmetics, pharmaceutical and plastic indus-
tries [1, 2]. To correctly select the design and tech-
nical parameters of devices, in which processes with
such fluids are carried out (e.g. mixers, columns, heat
exchangers) it is important to found their rheological
properties in the broad range of process parameters.

Literature [3, 4] describes methods for meas-
uring of rheological properties of non-Newtonian flu-
ids. A number of models describing their rheological
characteristics was also presented.

Issues related to the practical application of
selected rheological models have been the subject of
many papers for a long time [5-18]. This is mainly
due to the large variety of non-Newtonian fluids
(emulsions [5-8], suspensions [8, 9], solutions [10],
polymer mixtures [11] etc.), their various properties
[11-14] which often change with parameters of tech-
nological process, e.g. temperature [10, 11, 14, 15],
flow conditions [7, 11, 16], mixing intensity [17, 18]
etc. Publications contain important information re-
garding non-Newtonian fluids, especially theoretical
foundations their rheology and phenomena occurring
both in liquids and during their flow and processing.

As previously mentioned, non-Newtonian
liquids can have different properties (pseudoplastic,
yield-pseudoplastic, Bingham-plastic, dilatant fluids)

and exhibit different behaviors, e.g. in flow processes.
One of such liquids, often used as an emulsifier in the
production of emulsions and as an agent for increas-
ing the viscosity of liquid cosmetics and medicines, is
an aqueous solution of poly(ethylene oxide) (PEO). It
is a completely biodegradable liquid, which is not
insignificant, especially for environmental protection.

Experimental studies with the use of PEO so-
lutions are described, e.g. in [19-21]. In [19] various
mixtures of polycarbonate and poly(ethylene oxide)
were tested, with a PEO content in a relatively wide
range (5 to 30% by weight). The impact of its addi-
tion on the polycarbonate flow properties was ana-
lyzed. It has been found that viscosity of the mixtures
decreases as the shear rate increases, and the decrease
is the greater for the higher poly(ethylene oxide) con-
tent. The authors of [20] studied rheology of emulsions
with a temperature-sensitive microstructure, which
were produced using star polymers of poly(ethylene
oxide) as emulsifiers. It was confirmed that the addi-
tion of PEO was an effective and efficient emulsifier
that stabilizes emulsions. In paper [21] results of stud-
ies on rheological properties of suspensions of PEO
and carboxymethyl cellulose (CMC) with high mo-
lecular weight were presented. The authors analyzed
the influence of solid particles with various particle
volume fractions on properties of mixtures. Their rhe-
ological properties were described with the Cross
model.
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As analysis of literature showed that non-
Newtonian fluids have a much more complicated
structure than classic, Newtonian liquids. The varia-
bility of their properties and strong dependence on
process conditions significantly complicates the de-
scription of their behavior and greatly limits — and
sometimes even prevents — the use of classic theories
and rules, e.g. in relation to momentum, mass and
energy transport processes.

The use of theoretical rheological models for
some non-Newtonian fluids does not bring the ex-
pected results. In many cases, the only solution is to
carry out laborious, laboratory tests to determine indi-
vidual rheological characteristics. Only on this basis,
we can choose the right rheological model, describing
properties of the tested liquid in a relatively wide
range.

RESEARCH MOTIVATION

The paper presents results of the first stage of
research on mixing non-Newtonian fluids in mechani-
cal mixers [22, 23]. The developed correlations and
rheological characteristics, describing properties of
aqueous solutions of poly(ethylene oxide) in a rela-
tively wide range of temperatures, shear rates and
concentrations, will allow — in the next stages of re-
search — to select of appropriate control and measur-
ing equipment and also the creation of correct theoret-
ical, numerical and empirical models for processes of
non-Newtonian fluids mixing in mechanical mixers.

EXPERIMENTAL PART

The measurement of properties of poly(ethy-
lene oxide) — water solutions were carried out for
PEO concentration: cpgo = 1.2; 2.4; 3.6 and 4.8%, and
in the temperature range of t = 15-40 °C. The density
of solutions p (kg-:m™) was measured using density
meter Anton Paar DMA-38A. Determination of vis-
cosity dependencies in form of relation between shear
stress t (Pa) and shear rate y (s™) was conducted with
the use of rotational viscometer Haake VT 550. The
temperature was stabilized by thermocontroler Ther-
mo Haake DC 10. Shear rates were changed in the
range of ¥ = 50-2000 s™. This range fully covers
shear rates occurring during mixing Newtonian as
well as Non-Newtonian fluids in mechanically agitat-
ed mixing vessels [24-27].

RESULTS AND DISCUSSION

The values of PEO-water solutions density,
p, for PEO concentration in the range of cpgo = 1.2-
4.8% and temperature t = 15-40 °C are listed in Table 1.
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Table 1
Values of density p for PEO-water solutions
Tabnuya 1. 3Ha4eHns MVIIOTHOCTH P PACTBOPOB MOJIHU-
3THJIEHOKCHA-BOAA

PEO con- PEO-water solution density, p (kg-m™)

centration, Temperature, t (°C)

Creo (%) 15 20 25 30 [ 35 40
1.2 999.1 | 998.6 |997.8(996.9/995.6/993.3
2.4 999.2 | 998.7 [998.2(997.2/996.2(995.3
3.6 999.4 | 998.9 |998.2(997.1996.2]995.1
4.8 999.5 | 999.1 |998.5997.5/996.6| 995.2

The measurements showed that changes in the
density of tested solutions with PEO concentration
and temperature are small. They have a similar quali-
tative and quantitative tendencies as for water. The
effect of temperature is more visible (decrease in den-
sity with increase in t), while the effect of concentra-
tion is not significant (slight increase in density with in-
crease in Cpgo).

Viscosity characteristics for solutions are
more complex. Flow curves were created on the basis
of measurements. Data set was described with relation
7 = f(y), for various PEO concentrations in different
solution temperatures. Selected trends of this relation-
ship are presented in Fig. 1.

50 1
40

301

1, Pa

20+

101

0 400 800 1200 1600 2000
200 600 1000

1400 1800

y, s

Fig. 1. Relation t vs. vy for selected PEO-water solutions: 1 — Cpeo=1.2;
2 —Cpeo=2.4; 3 — Cpeo=3.6 and 4 — Cpo=4.8 (%) (Symbols — measure-

ment, lines model, t=20 (°C))

Puc. 1. 3aBHCHMMOCTB KacaTeNbHOIO HAMPSHKEHUS T OT CKOPOCTH CIBUTA
Y ZUTs pacTBOPOB MOJIMITHIICHOKCH/I-BO/IA PA3THMYHBIX KOHIICHTPALIWIA:
1—cpeo=1,2; 2 — Cpeo=2,4; 3 — Cpeo=3,6 1 4 — Cpeo=4,8 % (CUMBOJTBI —

OINBITHBIE JIAHHBIE, JINHAN — pacyer 1o Mojen, t=20 °C)

An analysis of all measurement data showed,
that solutions of poly(ethylene oxide) in water are
non-Newtonian liquids and their properties depend on
the concentration of PEO. For concentrations in the
range of Cpeo = 2.4-4.8%, the flow curves show char-
acteristic courses for pseudoplastic fluids (without
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yield value limit), while the exception is the concen-
tration of cpeo = 1.2%, for which measuring points lie
down along a straight line.

Quantitative data analysis was performed us-
ing the empirical Ostwald de Waele (the power-law)
model. He is one of the basic mathematical, rheologi-
cal models. This simple, two-parameter power rela-
tionship, with high accuracy describes flow curves of
non-Newtonian liquids, in a relatively wide range of
their variability and shear rates.

T=ky" 1)
where: k and n are empirically determined the fluid
consistency coefficient and the flow behavior index,
respectively.

It should be noted, that the relationship Ost-
wald de Waele (Eq. 1) is not a rheological equation of
state, but an empirical interpolation formula (mathe-
matical model). However, its uncomplicated forms,
high accuracy of description of the rheology for dif-
ferent types of liquids in a wide range of shear rates
as well as flexibility of use, makes it often used to
characterize and describe flow of non-Newtonian flu-
ids in various industrial devices, including mixers [24,
27, 28].

In Table 2 are listed values of coefficients in
Eq.1, determined for PEO-water solutions for various
values and PEO concentrations and temperatures.

The values of constants and exponents in cor-
relation were determined with Statistica 9.1 software
and the Levenberg—Marquardt algorithm (nonlinear
estimation). The loss function was estimated using the
least-squares method.

Estimation precision was assessed by calcu-
lating the coefficient of determination (R) and the
mean relative error (A). For all cases R was in the
range of R = 0.98-0.99. The relative error did not
exceed 15 (%) and most of values were in the range
of A = 5-10%, which testifies to the correctness of
chosen mathematical model.

Data presented in Table 2 confirms previous
qualitative analysis. Values of the flow behavior in-
dex n are various and depend on PEO concentrations
and temperature. For the lowest concentration Cpgo =
1.2% the values of the flow behavior index are
close to 1 (n = 1.0317-0.9496), which indicates, that
the liquid has similar properties to Newtonian fluid.
In the range of concentrations cpeo = 2.4-4.8% values
n are below 1 and decrease both with increasing PEO
concentration and temperature. Solutions show typical
properties for pseudoplastic non-Newtonian fluids,
with the largest deviations from Newtonian fluid for
the highest PEO concentration (n = 0.7536-0.5694. A
consistency coefficient k takes values the order of 10°-
10" and increases with increasing PEO concentration.

P. BotitoBuu, K. Kouesbsk, A.A. Jlunua

Table 2
Values of coefficients in Eq. (1)
Taonauya 2. 3navenns ko3¢unueHTOB B ypapHenun (1)

PEO con-|Tempera-| Fluid con- | Flow be- |Mean value
centration,| ture, t |sistency coeffi-| havior | of relative
Creo (%) | (°C) |cient, k (Pa's™) | index, n |error,A (%)

15 0.0079 1.0317 10.7

20 0.0082 0.9811 14.9

12 25 0.0079 0.9792 14.3

30 0.0081 0.9496 8.7

35 0.0057 0.9518 10.1

40 0.0049 0.9610 115

15 0.0292 0.9291 11.8

20 0.0251 0.8973 13.8

24 25 0.0448 0.7805 8.2

30 0.0576 0.7300 5.2

35 0.0531 0.7297 5.6

40 0.0495 0.7291 4.5

15 0.0707 0.8543 13.1

20 0.0545 0.8396 12.8

36 25 0.0996 0.7280 10.1

30 0.1392 0.6633 5.6

35 0.1480 0.6439 5.1

40 0.1369 0.6455 4.6

15 0.2159 0.7361 9.1

20 0.1420 0.7536 13.6

48 25 0.2440 0.6505 10.5

' 30 0.3254 0.5931 6.7

35 0.3570 0.5694 51

40 0.2999 0.5845 8.6

Visible deviations from presented rules for
some cases are small and result from a two-parameter
approximation of experimental data with a mathemat-
ical model, so the strength of their impact in each case
should be considered together, which is also suggest-
ed in the literature [1, 3].

The influence of temperature on viscosity
properties of solutions was characterized by the curve
shift parameter a;, determined as [2]:

_ T
. ar = o~ 2
where: 7(y) are values obtained at a given tempera-
ture, and 7(y)g are values determined at a reference
temperature (for this study tz = 20 °C).

Example changes in flow curves for different
temperatures are shown in Fig. 2, while mean values
of the curve shift parameter are listed in Table 3.

As it is seen, for the smallest temperatures
(t = 15 °C) values of shear stresses are correspond-
ingly higher than those at the reference temperature in
proportion a; = 1.25-1.39, while for higher tempera-
tures correspondingly lower, reaching for t = 40 °C
even values of the order of a;,= 0.63-0.72.
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Fig. 2. Relation t vs. y for selected PEO-water solutions (Cpgo=1.2
(%) - empty symbols, cpe0=3.6 (%) - filled symbols).
Temperature, °C: 1 —20; 2 —30; 3—40
Puc. 2. 3aBucHMOCTB KacaTeIbHOTO HAMPSHKEHHS T OT CKOPOCTHU CIIBUTA
Y JUTs1 BBIOPaHHBIX PACTBOPOB MOJIMATUICHOKCHI-BO/IA TIPH Pa3IMYHbIX
Temreparypax: (Cpeo=1,2 % — mycTbie CUMBOJIBL, Cpeo=3,6 % — 3aH-
Thle cuMBOJIBD). Temneparypa, °C: 1—20; 2—30; 3—-40

Table 3
Mean values of the curve shift parameter, a;
Tabnuya 3. CpegHue 3HAYCHUS TapaMeTpa CABUIa

KPHUBO, a;
PEO Mean values of the curve shift parameter, a;
concen- Temperature, t (°C)

tration,

Coeo (%) 15 20 | 25 | 30 | 35 | 40
1.2 1.32 - |0.95]0.83|0.68| 0.63
2.4 1.39 - |0.88]0.82]|0.77| 0.71
3.6 1.31 - |0.86]0.780.73| 0.67
4.8 1.25 - /0.88]0.81]0.76| 0.72

It should also be noted that in this study re-
sults were processed in the form of a standard func-
tional relation T = f(y). However, on their basis, it is
very easy to determine the dependence on the appar-
ent viscosity n,, in the form of:

Na =ky™! 3
which in some cases may be more useful.

In addition to obvious regularities, e.g., such
as an increase in shear stresses and apparent viscosi-
ties with an increase of PEO concentration, it is diffi-
cult to unequivocally indicate exact theoretical basis
of above described changes in rheological characteris-
tics of tested solutions. This is mainly due to the unu-
sual properties of PEO — water solutions — especially
their structure and clustering behavior [29]. Some
authors stated that depending on the concentration in
solutions polymer clusters (or aggregates) coexist in
equilibrium with free polymer coils [30]. Others
found that PEO can exists as two phases, with differ-
ent polymer concentration. The polymer reach phase
organizes into a liquid crystalline fibrillary network
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that leads to properties such as shear thinning end
elasticity [31].

With such a complex internal structure of
poly(ethylene oxide) — water solutions, seems to be a
reasonable physical interpretation, which assumes that
as the shear rate increases, the asymmetrical particles
or molecules undergo gradual ordering and arrange
along the flow line, which results in a decrease in ap-
parent viscosity. However, creating a correct, theoret-
ical description of the rheology of PEO-water solu-
tions still requires a number of studies and analyzes,
because — so far — results of experimental studies of
such solutions significantly differ from the theoretical
relationships commonly used in the theory of poly-
mers [29].

CONCLUSION

The goal of the study was to determine rheo-
logical properties of poly(ethylene oxide) - water
solutions, for various PEO concentrations and at var-
ious temperatures. Test results were processed in the
form of viscosity curves, using the two-parameter
Ostwald de Wale model. The values of determined
regression coefficients show that solutions are non-
Newtonian fluids (pseudoplastic, shear-thinning),
with the exception of the solution with the lowest
concentration, for which the flow curve, is similar to
that of Newtonian fluids. The results will be used
during investigations of mixing non-Newtonian flu-
ids in mechanical mixers.
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