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Abstract

The viscosity and surface tension of aqueous mestarf interest
to the inkjet printer designer are estimated ufiegcorresponding
states principle and the universal quasi-chemigadtional-group
activity coefficient method. The former method jpenfis best for
estimating viscosity, whilst the latter method werkest for
surface tension, for the mixtures considered.

Introduction

Viscosity and surface tension are key physical ipatars in a
variety of flow phenomena, including bubble andpdebbreak-up
and capillary wetting. In many instances, the kfjwill be a
mixture of one or more components. It is therefamportant for
the design of systems using these liquids to haethods for
estimating the viscosity and surface tension ofnirdures. Here,
we present methods for estimating the viscosity aondace
tension of some typical aqueous mixtures of intei@she inkjet
printer designer [5]: glycerol, ethylene glycoldat-propanol.

Theory
Corresponding States Principle (CSP)

The corresponding states principle [27] is thatmyfluids at the
same reduced pressurB; and temperatureT:, will behave
similarly. For example, they will have approximgtéhe same
compressibility factorz =P V / (R T), whereV is molar volume,
R is the universal gas constant and the subsaripghdicates
normalization by the critical values. This pringps strictly valid
only for molecules obeying the same two-parameggaton of
state [11]. Pitzer et al [19] showed that the esgien for the
compressibility could be expanded as a Taylor sevigh:
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where 29 is the compressibility factor of a spherical refese
fluid, ZW is a factor characterizing the deviation fromspéerical
molecule assumption [20] and is the acentric factor which
characterizes the deviation from sphericity ofrtiedecules and is
a function of the reduced pressure at a reducepesature value
of 0.7. Lee and Kesler [14] modified Pitzer's egsien to include
a heavy, non-spherical reference fluid. Teja [2&heyalized this
expression, eliminating the spherical referenca fand instead
using two non-spherical reference fluids, denotdd éand ¢2),
respectively, giving:
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The compressibility factor can be replaced by anably non-
dimensionalized property. The original applicatarthis method
was for prediction of pure component propertiesetdasn
measured values of the same property for closelgted
molecules.

CSP: Viscosity
Letsou and Stiel [15] extended [19] to viscosijtywith:

In(ué) =) + wn(ud)® ®3)
where
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is the critical fluidity,Na is Avogadro’s numbemM is molecular
weight and the subscript’‘refers to critical parameters. Teja and
Rice [26] applied the Generalized CorrespondingeSt&rinciple
(GCSP) [25] to modify the formula of Letsou andeS$tio the
following:

In(u) = IO + S22 ()T ~ i) V]  (5)

Teja and Rice extended the above expression taresbf liquids
by replacing the values dfc, Ve, M and w with the so-called
mixture 'pseudo-critical' values of a hypotheticaduivalent
substance, denoted by the subscrfitwhere:

TemVem = ZZU Xi ijc,ich,ij (6)
Ve = 220 Xi % Ve ij (7
O =Yix0; My =X M; (8)

In the above expressions, values of the cross-t@emsve,ij, i#
are obtained from the following expressions suggkby Teja and
Rice:
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where repeated indices indicate pure (single comprvalues
andyi is a binary interaction parameter which must kedueated
from experimental data.

CSP: Surface Tension

In a similar manner to mixture viscosity, Rice afhdja [22]
presented a method to estimate mixture static sarfansiong,
using the GSCP [25]. In summary, the expressiod tsestimate
mixture static surface tension for eomponent mixture is:

OmPm = X7 X;01$; (11)
where
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and the subscripti'tefers to thei™ molecule, and the critical
properties are determined as per equations (6-8).

Universal Functional-Group Activity Coefficients (UNIFAC)

Thermodynamic properties of liquid mixtures areenfestimated
by assuming that it is valid to sum the contribagidrom each of
the molecules' functional groups. Functional grangsassemblies
of atoms, molecules and bonds that have similapeit@s
whenever they occur in different compounds, fornepie OH,
CHs, H20. Thus properties of a wide range of chemical coumypls
can be obtained from a smaller number of parametdrish



characterise the groups. The main limitation oftrethod is the
fact that the contribution of a group in one molecmay not be
the same as in anothe@ne widely used group contribution
method is UNIFAC [6].

In the UNIFAC method, the functional group sized areraction
surface areas are obtained from pure-component culale
structure data. The activity coefficient, is composed of two
parts: a combinatorial part due to differencehierghape and size
of the molecules in the mixture, and a residual gae to energy
interactions. They are denoted by the supersctiptand R,
respectively:

Iny; =Inyf + Inyf (13)

For the combinatorial term:

Inyf = ln—+ qlln +l - ‘Z]x] (14)

wherex; is the mole fractiory; is the area fraction:

6; = L (15)

Xjax;
@i is the segment fraction (similar to the volumefien):

TiXi
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z= 10 is the coordination numberis the molecular van der Waals
volume,qi is the molecular surface area, and
L=20i—q)—Gi—1) a7

The values ofi andg; are obtained as the sum of the group values,
R« andQx:

=Yk 9;(:) R, and gq; =¥ g(l) Q. (18)
wheregd?) is the number of groups of tygén moleculei, and the
values ofR« andQk can be obtained from tables, for example [20].

For the residual term:
myf =T gy’ (nTe —n1?) (19)

where Ik is the group residual activity coefficienti® is the
residual activity coefficient of grouk in a reference solution
containing only molecules of typeBoth of these coefficients can
be calculated using:

InT = Qi [1 = In(E O ¥ut) = Zmomi] (20)
where the area fraction for groap &, is given by:
Oy = 2mim (1)
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andXm is the mole fraction of groum in the mixture. The group
interaction paramete®mn, is:

o = ex0(-2) @)

where the group interaction temperature parameden, IS
evaluated from experimental data; a table of commaotecular
groups is given in [20].

UNIFAC: Viscosity
The UNIFAC-VISCO method [7] is based on the origina

UNIFAC model [6] and the Eyring absolute reactiatertheory

[8]. The latter relates the kinematic viscosity 1/ p, wherep =
density, of a pure fluid to the activation energy Viscous flow,

4G
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where h = Planck’s constant. For a mixture of liquids, the
activation energy is split into ideal and non-idealts and the
result is:

In(vM) = ¥; x; In(v;

(24)

whered' Ge is the excess activation energy for viscous flohe
value of 4'Ge was obtained using the UNIFAC model, splitting
into combinatorial and residual parts. For the fermthe
expression is:

- thz ln + ZL Xiqi ln_ (25)

whilst for the latter:
A*GER
RT
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UNIFAC: Surface Tension

Suarez et al [24] developed a method for estimatiegsurface
tension of mixtures based on UNIFAC with modificas
proposed by Larsen et al [12]. The main assumpiged in the
analysis is that the surface layer can be trease distinct phase
situated between the vapour and bulk liquid pha$een, the
surface tension of the mixturey, is given by:

omA; = 0;4; + RT In xx—i‘sy"s 27)
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wheregi is the surface tension of mixture componies’ is the
partial molar area of componeinin the mixture A is the molar
surface area of the pure componeamd the subscriptss' andi,b'

refer to the surface and bulk values for componemispectively.
Suarez et al assumed tidt= A for all components, giving:

RT XisYi
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To use this equation requires values of the pumgoment surface
tensions, molar surface areas and the individuahpoment

activity coefficients in the bulk and surface pladdote that the
mole fraction sums, in the bulk and at the surfacgh equal one.

The main difference between the original and Lars¢nal
UNIFAC model is in the determination of the comhaorél part
of the activity coefficient, which instead is givbg:

nyf=ln+1-% (29)
where
* xirf®
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Larsen et al also re-evaluated the group interagb@rameters,
amn, and included temperature dependence for thesengders in
the following form:

Ann(T) = amn1 + Amnz (T —Ty) + Amn,3 (T ln% +T- TO)

(31)
where theamn, parameters are presented in Table VIl of [12], and
To = 298.15 K is a reference temperature.

Method

Pure Component Values

All of the models require the pure component valiseseach of
the components considered. Here we present curvddfidata
from the literature together with some viscosityador glycerol




and ethylene glycol which were collected in-houssng a
Brookfield spindle viscometer.

Pure component viscosity data were curve fit tdolewing form
as a function of reduced temperatlires T/ Tc:

p (mPas) = exp(Xi-, ;T t) (32)

Pure component surface tension data for all oflitheds apart
from water were curve fit in a form suggested by¥at al[31]:

o (mPa m¥ oy(1 —T,)F (33)
For water, the IAPWS recommended formula [9] waedus

o(mPam) = Bt™(1+ bt) (34)
whereB =235.8 mPamr=1-T;, m= 1.256 and = -0.625. The
values of the curve fit parameters are presentdéloles 1 and 2.

The calculations also require values of criticanperature,
volume and acentric factor, which are summarizetiable 3

water glycerol ethylene| 1-propanol
glycol
C 84.517 -81.406 80.11 25.924
C 562.683 1281.65 1022.59 -84.63¢
Cs 1436.12 | -5455.31] -4136.0 72.134
Cy -1673.40 | 9257.69 6934.37 18.965
Cs 741.815 -5594.7(Q -4207.5 -39.106
Source [3] [1,4], * [1, 2,13, [2]
data 29], *

Table 1. Pure component viscosity-temperature clitygarameters * =
present study.

glycerol | ethylene glycol 1-propanol
o (mPam)| 87.80 71.80 45.12
)4 0.755 0.770 0.811
Source data [32] [10, 17, 32] [10, 32]

Table 2. Pure component surface tension-temperatuve fit parameters.

Component Te (K) Ve (m*/mol) @

water 647 5.60 x 19 0.345
glycerol 850 2.64 x 10 1.320
ethylene glycol 720 1.91 x 10 0.487
1-propanol 537 2.18 x 10 0.629

Table 3. Pure component critical temperature arldrve and acentric
factor. For water, values from IAPWS. For glyceaold ethylene glycol,
the critical temperature comes from [18] whilst gréical volume and
acentric factor come from [30]. For 1-propanol, E26.

Outline of Calculation Procedure

For the GCSP methods, experimental data for easturai are
used to determine the value ¢f. The procedure starts with
calculation of the pseudo-critical values. Next poment property
values are estimated at the mixture reduced temperénot the
true experimental reduced temperature). Finallg thixture
property is evaluated using the combination rukesva.

For the UNIFAC methods, firstly the molecular greupre
identified, then the parameters for each grouptaten from the
references, and finally the calculation loops mléthe groups. A
summary of the method is given in [20, 21].

Results

Viscosity

Figure 1 compares the experimental viscosity daEean [1] (for
aqueous glycerol mixtures) and Dizechi & Marshd] [for

aqueous ethylene glycol and 1-propanol mixture#) thie GCSP

and UNIFAC-VISCO methods. For the glycerol and &thg
glycol mixtures, the GCSP method fits the data wehilst the
UNIFAC-VISCO method does not. For the 1-propanaktomies,
the GCSP fits the data better than the UNIFAC-VIS@€éthod,
but the fit is not entirely satisfactory.
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Figure 1. Comparison of experimental agueous méxtigcosity data with
GCSP and UNIFAC-VISCO methods. (a) glycerol, T 2@5(b) ethylene
glycol, T = 30°C; (c) 1-propanol, T = 3€C.
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Figure 2. Comparison of experimental aqueous mexgurface tension
data with GCSP and UNIFAC methods. (a) glycerol=15 °C; (b)
ethylene glycol, T = 3€C; (c) 1-propanol, T = 2%C.

Surface Tension

Figure 2 compares the experimental surface tendima of
Romero & Paéz [23] (for aqueous glycerol mixtutgakanishi et
al [17] (for aqueous ethylene glycol mixtures) ardzquez et al
[28] (for aqueous 1-propanol mixtures) with the GC&nd



UNIFAC methods. For the ethylene glycol mixturdse GCSP
and UNIFAC methods compare well with each otheraitl the
data. For the glycerol mixtures, the GSCP methtsl tfie data
well, whilst the UNIFAC method does not; on theesthand, for
1-propanol mixtures, the UNIFAC method comparesy weell

with the data whilst the GSCP does not.

Conclusions

The viscosity and surface tension of aqueous nestuwith
glycerol, ethylene glycol and 1-propanol have besmpared with
calculated values using both the GCSP and UNIFAGhatks.
Overall, the GCSP compares best with the viscataty, whilst
the UNIFAC method compares best with the surfaosioa data.
In reality, both of these methods are not predigtrather they rely
on curve-fitting: in the GCSP, the fitting parantetg;, is varied
until the average difference between the data amdeiis
minimized; whereas in the UNIFAC method, mixturé\aty data
from a large database are curve fit in terms oir tbenstituent
groups, and the activity values are used in theesylrent property
estimations. Nonetheless, these models are usetul f
characterizing mixture properties and can aid tiiget printer
designer in estimating performance over a rangeoofpositions
and temperatures.
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