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In the current study, the Newtonian viscosity-hole fraction correlation has been extended to predict the
dynamic viscosity 7 of pure aliphatic and aromatic hydrocarbon liquids for temperatures between 298.15
and 473.15 K and pressures up to 201.9 MPa. The correlation implicates the thermo-occupancy function
Yn = Yin(h,T) in terms of T" and the function of h = h(P, T) reckoned by the Simha—Somcynsky equation
of state. The uncertainties for the measurements were estimated to be less than 0.16% regarding the
specific volume. Dynamic viscosity prediction was performed in two approaches, one of which includes
the additional hole fraction parameter h’. The fitting results of the equations with and without h’
were in this report determined to be from 0.09 to 0.26% and 0.31 to 0.53%, respectively. It was found
that both the volumetric and viscosity characterisation indices examined were related to the molecular
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conformation and architecture.
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1. Introduction

Academic and industrial interests in hydrocarbon
fluids are still attractive since they are the base
source for many industrial processes. The knowl-
edge of transport properties of hydrocarbons, par-
ticularly viscosity, plays an important role in chem-
ical and petroleum engineering disciplines such as
the operation, design and sizing of pipes, acces-
sories, chemical and transport equipment, as well
as in the simulation and optimisation of control
processes. In particular, the trend of aliphatics and
aromatics for viscous behaviour under high temper-
ature and high pressure (HTHP) conditions results
from the tendency of the utilization of deeper hydro-
carbon reserves in the oil industry. Despite the ap-
parent significance of hydrocarbon viscosity in the
petroleum industry, there is still an experimental
data shortage for heavy hydrocarbons and aromat-
ics under HTHP conditions [1, 2]. Direct viscosity
measurements for the hydrocarbon fluids encoun-
tered specifically under HTHP conditions with de-
sired precision are difficult and sometimes not fea-
sible because of the laboratory measurement cost,
taking up a great deal of time and unavailabil-
ity of liquid hydrocarbon samples, etc. Therefore,
it is highly desirable to use theoretical approaches
to estimate the accurate viscosity of hydrocarbons
within the entire temperature and pressure ranges.
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Throughout the past fifty years, there have been
continual advances toward modelling viscosity in
terms of free volume concept. This method usually
needs an equation of state (EoS) and preferably in-
corporates a free volume parameter. For more than
a half century, the Simha—Somcynsky equation of
state (SS-EoS) has indicated great prospects re-
garding the precise modelling of density data, not
only for pure substances or compounds but also for
complex fluids and their blends at reduced pres-
sures and HTHP conditions [3, 4]. A few more re-
cent studies concerning viscosity equation coupled
with SS-EoS as follows. Utracki provided new refer-
ence correlations for the free volume and viscosity
by using a modified Doolittle formula [5] for many
forms of organic components including normal alka-
nes (n-alkanes) [6], mixtures of n-alkanes [4], poly-
mers [7-9], oligomers and polymers [10]. In an at-
tempt to develop an accurate model for viscosity in
connection with the SS-EoS for some molten poly-
mers (ABS, PP, PS), Kadijk and van den Brule [11]
modified the correlation of Utracki et al. [10, 12].
They incorporated the term temperature into the
viscosity model, which was previously posited in
several contributions [10, 12]. Another approach,
concerning the free volume-viscosity model, was
analysed by Sedlacek et al. [13]. They modified
Utracki’s approach in conjunction with the Simha-
Somcynsky (SS) theory to attain uniform and
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smooth master curves in regard to the linearisa-
tion of viscosities at zero shear and constant stress
for the examined polymer liquids. Rojo et al. [14]
focused on the explanation of viscosity in con-
nection with SS-EoS for isotactic and syndiotactic
polypropylenes using the modified viscosity equa-
tion described by Sedlacek et al. [13]. In a subse-
quent effort Sorrentino and Pantani [15] combined
the Newtonian viscosity described in the Doolit-
tle approach [5] with the SS-EoS for atactic and
syndiotactic polystyrene regarding the viscosity-free
volume relationship. Yahsi [16] applied Utracki’s
viscosity model for linear alkanes and modified it
for three-branched alkanes. Yahsi [17] and Yahsi
and Sahin [18] proposed a generalised model in con-
junction with the SS-EoS for straight chain, rami-
fied high molecular weight hydrocarbons and ring
attached hydrocarbons (cycloalkanes) up to Cis,
Css, and Cayg, respectively, up to elevated pressure
of 350 MPa and temperature of 408 K. Sahin et
al. [19] further employed Newtonian viscosity mod-
elling and correlation for the binary mixtures of
high molecular weight branched alkanes with known
composition through the concept of hole fraction.
In recent publications, Sahin-Dinc [20], Dinc et
al. [21], and Sahin-Dinc et al. [22, 23] posited a vis-
cosity model formulated in relation to the Simha—
Somcynsky hole theory to correlate the viscous ef-
fect to free volume of polymer melts for both shear
and elongational flow.

A recently developed physically-based scheme has
been described for molecular transport of aliphat-
ics (including pure short- and long-chain n-alkanes
and branched alkanes), cycloalkanes (naphthenes)
and their mixtures, as stated earlier. Now it is
further wutilised for the prediction of viscos-
ity in terms of hole fraction of two dissimilar
chemical classes, specifically straight-chain alkanes
(n-alkanes) and aromatics with single and double
rings, for the latter of which the model has not
been tested at a wide range of conditions. The cur-
rent work is revolved particularly around reduc-
ing gaps in the accessible viscosity measurements
for aromatics at HTHP. To the best of our knowl-
edge, considerably few measured rheological values
have been reported on 1,3-dimethylbenzene (meta-
xylene), 1,2,3 4-tetrahydronaphthalene (tetralin),
and 1-methylnaphthalene (1-MNP) at pressures
above atmospheric [1, 24-28] specifically under con-
ditions of HTHP [2, 29] and there are only lim-
ited theoretical studies reported on the correlation
of viscosity-free volume concerning these chemical
species [28-30]. As far as we are aware, the pa-
rameters of the zero shear viscosity model and SS
theory are the first to be reported for the con-
cerned aromatics both at atmospheric and elevated
pressure.

The intent of the current treatise is to present
the results of the Newtonian model that pro-
vides an opportunity to couple with SS-EoS by
means of a thermo-occupancy function comprising
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temperature and hole fraction. More precisely,
to compare the viscosity values returned by this
model with the measured data is one of the aims.
In addition to that, an important focus is on exam-
ining the relation between Newtonian viscosity and
the parametric quantities of the statistical ther-
modynamic equation of state (SS-EoS) specifically
the vacancy fraction for some aromatic hydro-
carbons and, for comparison purposes, for some
n-alkanes (acyclic hydrocarbons) at temperatures
range of T'= 298.15-473.15 K and for pressures up
to 200 MPa. Four n-alkanes (Cg, C19, C12, C15) and
three aromatic hydrocarbons (1,3-dimethylbenzene
(meta-xylene), 1,2,3 4-tetrahydronaphthalene
(tetralin), and 1-methylnaphthalene (1-MNP)) are
the liquid samples under investigation.

2. Theories

2.1. A brief summary of Simha
and Somcynsky lattice-hole model

The widely known Simha—Somcynsky hole the-
ory [31] visualised the disordered structure of flu-
ids as an ensemble of cells of equal size, in which
a fraction y is filled (occupied) with molecular seg-
ments, whereas the remaining parts, h = 1 — y,
are left unfilled with holes on the quasi-lattice.
The fraction of h is given with the relation h =
Ny, /(N + sN), where N;, and sN stand for the
number of holes and occupied cells, respectively.
The measure of molecule number is N, and s iden-
tifies the number of segments per molecule placed
in a quasi-lattice. These segments usually corre-
spond to the measure for the carbon atom numbers
within the chemical backbone chain specifically, and
they may not be similar to the repeating unit of
liquids.

The theory allows us to compute the optimum
hole fraction h from a numerical solution of the
Helmholtz free energy differentiations. The differ-
ential, P —(0OF/0V ), refers to the conven-
tional thermodynamic pressure definition where F'
stands for the free energy and is minimized as
(OF/0y)v,T 0 at thermodynamic equilibrium.
Thus the dimensionless SS-EoS is formulated in the
following coupled expressions

PV _ 1 2 _y [_A _
T Q1T Ty [(W)Q B}
s | In(1—y) s—1| _
e T} =
3Q—1 1 Y _ 3B
31-Q) T 6T (yv)2 [QA (yV)J ‘ 1)

Here, the total external freedom degree of the
molecule 3¢ and the segment number s are linked
with the fraction 3c¢/s appearing explicitly in the
equilibrium condition above. It is used in reference
to chain flexibility. The constants Q=y/(v/2yV)/3,
and A=1.011 and B=1.2045, are dimensionless
quantities corresponding to the closest adjacent
interaction centres in the close packing as the
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cell geometry. The dimensionless reduced pressure,
volume and temperature variables are represented
by P, V, and T, respectively, and indicate the com-
monality of behaviour for all liquids in the given sys-
tem. These quantities are reduced through the P*,
V*, and T* material-dependent reducing parame-
tersas P=P/P*, V =V/V* and T =T/T*. The
reducing quantities are joined in a single equation
P*V*my/T* = cR/s, where R stands for the uni-
versal gas constant, and myg is the molar segmental
mass. In relation to the Lennard—Jones (L-J) scal-
ing molecular quantities €* and v*, the scaling vari-
ables can be further expressed as P* = g,e*/(sv*),
V* = Nav*/mg, and T* q-€*/(ck). Here Na
symbolises the Avogadro’s number, and kg is the
Boltzmann constant. The maximum characteristic
segment-segment interaction energy is denoted by
e*, and v* is identified as the intersegmental char-
acteristic hardcore volume. A measure for the to-
tal surface coordination number among s segments
is expressed as ¢, = s(z — 2) + 2, where z cor-
responds to the ligancy of fcc (face-centred cubic)
fixed at z = 12.

The SS-EoS provides the description of the PVT
surface and, ultimately, the prediction of vacancy
fraction, h = h(V,T) or h = h(V,T), from ex-
perimental PV'T" measurements. Having h values
at hand not only yields the analysis of various
equilibrium processes and transport properties of
fluids, but also permits the association of equi-
librium processes to transport properties or vice
versa [6, 9-11, 15, 17-23, 32-36].

2.2. Interpretation of viscosity characterisation
of liquid hydrocarbons

Eyring significant structure theory (ESS) pro-
vides the link between the transport and thermo-
dynamic properties of liquids [37, 38]. According to
this theory, if the (1 —h) fraction of the shear plane
is occupied with quasi-solid and the remaining frac-
tion h is filled up with quasi-gas molecules, then the
viscosity becomes [37, 38|

n=(1—nh)ns+ hng, (2)
where 7, and 7, refer to the viscosities for the
quasi-solid and quasi-gas molecules, respectively.
The quasi-gas part (unoccupied) viscosity hnyg is in-
significantly low compared to the quasi-solid part
(occupied) viscosity (1—h)ns and, therefore, hn, can
be neglected. Hence the viscosity of quasi-solid
molecules is considered to be the viscosity of lig-
uid written as [17, 18]

Nsp = (1 — k) s,
where 75, refers to the solid part viscosity.

In a Newtonian flow, the dynamic viscosity com-
prising the Eyring strain rate is expressed as a func-
tion of temperature by Yahsi [17] and Yahsi and
Sahin [18] as

_ 3V2sksT
= g.h kv’

(3)

(4)
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In (4), kp is referred to as the Boltzmann constant,
and the segmental molar volume is denoted by v.
The portion of ¢.h/s is a measure of the number
of the available contiguous vacant sites. The Eyring
jumping frequency k' of a segment that slips past
the neighbouring molecules over the energy barrier
per second is given by [39-41]

kgT Z* E, 5

hy, 7 °F ( kT (5)
where x denotes the transmission coefficient, which
is a measured probability of an activated com-
plex moving into a vacant site. In (5), and h, is
the Planck constant. The flow-activation energy of
a segment required for jumping, F,, corresponds to
the energy barrier between one equilibrium position
in the liquid and the next, given by

FE, 1—-h
Ea=3" =5

E =k

> a'q,d, (6)

where E is the sublimation energy, and @ charac-
terizes the Lennard—Jones potential energy result-
ing from the interaction between a pair of segments.
The activation energy proportionality constant is
denoted by a’.

In this study, the Eyring theory [39, 42] is mod-
ified by the assumption that one of the vibrational
modes in an equilibrium condition has been trans-
formed into a translational state in an activated
mode during flow. There is no transition in the
translational and rotational freedom degrees be-
tween the normal and activated states. In (5), the
fraction Z*/Z for a molecule signifies the ratio of
the partition function, being in the flow-activated
condition to that at equilibrium, and is then given
as follows

hpv
£ _ exp (72]“3'1") (7)
Zx 1—ex (—h””)7
P\~ %7

where v refers to the frequency of a molecule vibrat-
ing in the normal mode.

In the formulation of (4), it can be assumed that
the Newtonian viscosity is the same as the solid-like
viscosity of a liquid in (3). The viscosity formula-
tion is obtained by replacing the Newtonian viscos-
ity in (4) with the solid-like viscosity in (3) using
(5), (6) and (7) [17, 18]

h T

h 1 — e_hpy/(kBT)
In (
(8)

1—h o—hpv/(2ksT)
In (8), the right-hand side is referred to as the log-
arithm of zero-shear viscosity, (Innp), i.e.,

1-ha
+77

nspv) =In(n")

1-ha
1 = In(n* _—.
() = In(y) + 2 ©
In a scaled form, (9) becomes
1—hag
In(rg) = ———=. 1
n(7jo) W7 (10)

Here, 79 = no/n* is the scaled quantity in which
7n* is the viscosity extrapolation at the highest

hole fraction value. In (9) and (10), @ and «; are
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measures of activation energy and are presumably
affected by the segmental friction, molecular struc-
ture, branching, composition, additives, etc. These
parameters (the expressions for 7*, «, and ay,
respectively), are given as follows:

. 3V2Nash, 14z ®P
nt=—""7"=22, a=d 7,
qz K 2kp
" qz P
=o' 27 11
@ kpT™ (11)

Here, a’ and a” stand for the activation energy co-
efficients, and the function @ changes slowly with
respect to temperature and pressure [17719].

A ratio of the fraction § to absolute tempera-

ture T in (9), and scaled temperature T in (10) is
called thermo-occupancy function and represented,
respectively, by [20-23]

1-h1
Y, = — — 12
=t (12
and
~ 1-h1
Y, = ———. 13
= (13)

The thermo-occupancy function Y; not only
provides the thermodynamic properties of liquids
obtained from the equilibrium condition of the
SS-EoS but also constructs a bridge between
equilibrium and transport properties through
the viscosity equation defined in (9). In order
to linearize the dependence between two quanti-
ties, namely hole fraction and dynamic viscosity
(see (9)), an empirical additive hole fraction pa-
rameter, h', is defined [17, 18]. With the inclusion
of parameter h’, (9) and (10) becomes

N 1-h «
In(no) = In(n*) + MW T (14)
1-h 1
V= — 1
T+ T (15)
and
~ 1—h a4
In(7j0) = m?a (16)
~ 1-h 1
h—m?- (17)

Since (14) and (15) includes an additive hole
fraction term A’ necessary for the flow, it corre-
sponds to the transport state of the model. How-
ever, (9) represents the equilibrium state of the
model. The estimation of viscosity from volumet-
ric measurements, and vice versa, can be obtained
through (14)—(17).

The “viscoholibility”, a combined word of hole
fraction and viscosity, is expressed as the differentia-
tion of In(np) in (9) and (14) with respect to vacancy
fraction at a constant absolute temperature [20-23]

0l
Olnm)| _ __a (18)
oh |r h?2T
where the sign “—" indicates the inverse relationship

between zero-shear viscosity and hole fraction.
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3. Calculations and discussion

3.1. The PVT data fit through the SS theory
(SS-EoS Fits)

The PV'T data of hydrocarbon fluids examined in
this work were provided by Caudwell et al. [2, 43]
in the temperature range 298.15-473.15 K and for
the range of pressures from 0.1 to 202.4 MPa. The
density is determined with the aid of a steady-
state vibrating-wire instrument, technical details of
which are provided in [2, 43].

The density data of two different chemical fam-
ilies were evaluated in this study. The candidate
liquid hydrocarbons examined were four n-alkanes
(CrHaop42); m-octane, n-decane, m-dodecane, n-
octadecane, (Cg, Cq9, C12, and Cig) and three aro-
matic hydrocarbons; 1,3-dimethylbenzene (meta-
xylene), 1,2,3 4-tetrahydronaphthalene (tetralin)
containing cyclohexene and a benzene ring, and
1-methylnapthalene (1-MNP) with two aromatic
rings (displayed in Fig. 1). Mono-aromatic hy-
drocarbons (C,Ha,—¢,—s —10) are m-xylene and
tetralin, while 1-MNP is a di-aromatic hydrocarbon
(CnH2n—12,—14,—16)-

The Simha-Somcynsky (SS) EoS (1) were used as
the PVT inputs to the zero shear viscosity model.
The Mathematica program was composed to pur-
sue the fits and quantify the SS theory measures:
V*, T*, and P*. These parameters must have values
for the structural flexibility quantity 3c¢/s and the
Lennard—Jones interaction quantities (v* and &*)
together with h = h(P,T) to estimate the viscosity
and its derivation. In the structural flexibility pa-
rameter 3c/s, the evaluation parameter c is taken as
a disposable quantity, and the chain length s corre-
sponds to the sum of carbon numbers and the values
assigned for each ring structure. The corresponding
s values for benzene and cyclohexene ring structures
are set to be 6.6 and 5.3, respectively [18].

For the simultaneous assessment of the entire
data set, N number of equations in terms of V*
and T™ are derived by projecting the measured N
number of measured PVT data on the theory. Here
P* is introduced in reference to reducing param-
eters V* and T* for a given ¢ and determined s
values. Each equation is expanded up to the first
power and worked out for the unidentified V* and
T™ parameters by adopting the “pseudo-inverse ma-
trix technique”. With the computed V* and T*,

o -
[ 1 O cy, H_ O
Co H, //Q N | 7 N
SN c—C CH E—€ CH
Uﬁ LIH / / 7 \ /
HC c=C uc c=cC
HC C—CH; >\ H N/ H
c c—C c=C
H, H, H H

1,3-Dimethylbenzene
(m-Xylene)

Tetrahydronaphthalene
(Tetralin)

1-Methynaphthalene
(1-MNP)

Fig. 1. Structural formulas of aromatics.



Investigation of Dynamic Viscosity of Several Aliphatic. . .

Materials’ characteristics of hydrocarbons under study. TABLE I
Hydrocarbons Hill (emprical) MW Temp. Pre:.sure
formula [g/mol] range® [K] range’ [MPa|
n-octane CgHis 114.224 298.15-473.15 0.1-201.9
n-decane CioHao 142.276 298.15-373.15 0.1-191.7
n-dodecane Ci2Hgs 170.328 298.15-473.15 0.1-191.7
n-octadecane Ci1sHss 254.484 323.15-473.15 0.1-92.2
1,3-dimethylbenzene (m-xylene) CsHio 106.16 298.15-473.15 0.1-198.5
1,2,3,4-tetrahydronaphthalene (tetralin) CioHi2 132.196 298.15-448.15 0.1-201.9
1-methylnaphthalene (1-MNP) C11Hio 142.19 298.15-473.15 0.1-202.4
@Temperature range used for PVT and viscosity data. ®Pressure range used for PV'T and viscosity data.
Equation of state materials’ characteristics of hydrocarbons. TABLE IT
n-octane | n-decane | n-dodecane | m-octadecane | m-xylene | tetralin 1-MNP
mo (x10%) [kg] 14.28 14.23 14.19 14.14 16.09 13.35 13.94
s 8 10 12 18 6.6 9.9 10.2
c 0.96 1.32 1.24 1.56 0.94 0.93 0.88
(—=2/k") [K] 189.3 210.7 192.3 192.2 221.1 203.68 211.32
V* (x10%) ['E—;] 1.3210 1.2763 1.2756 1.2516 1.0927 1.0091 0.9719
T K] 11279 10872.2 13194.3 15634.3 11154.3 15422.6 | 17411.6
P* [MPa] 596.61 657.08 626.05 636.62 751.49 893.967 | 921.804
(v*) (x109) [r:jl] 18.86 18.16 18.11 17.70 17.58 13.47 | 13.55
(") K] 132.047 140.699 134.106 134.009 154.192 142.01 147.329
AV %] 0.12 0.066 0.16 0.16 0.13 0.11 0.12
max AV [%)] 0.69 0.21 0.62 0.36 0.52 0.37 0.42

the optimal best-fit parameters for the components
displayed in Table I were ascertained and gath-
ered in Table IT by seeking the minimum relative
mean absolute percentage error (rMAPE) between
theoretical and measured specific volume. Fitting
(1) to PVT data of seven hydrocarbon liquids re-
veals an rMAPE that differs from 0.07 to 0.16. The
rMAPE is calculated for the SS-EoS fits from

1 calc
AV=%2,

VP v

| t Vexpl ’ x 100%.
This process also renders the fraction h(P,T') to-
gether with material-dependent parameters P*, V*
and T™.

(19)

The Lennard-Jones average energetic (¢*) and
volumetric (v*) quantities are computed and listed
in Table II. The magnitude of (¢*) ranges from
132.047 to 140.699 for the studied n-alkanes
and from 142.01 to 154.192 for the aromatics
((mono-(m-xylene, tetralin, C,Hs,_6_s_10) and
di-aromatics (:l-l\/ﬂ\IP7 CnHZn—IQ,—14,—16))- The val-
ues of (v*), which have the opposite trend to (¢*)
given in Table II, differ from 17.7 to 18.86 for
n-alkanes and from 13.47 to 17.58 for the aromat-
ics. This implies that aromatics with compact struc-
tures yield denser structures and have decreasing

539

effects in free volume. The value of (v*) decreases
as the chain length of n-alkanes increases since the
fluidity steps down, while the fluid contracts be-
cause of the decreasing space between the fluid
molecules. When comparing the order of the cal-
culated values of the mean characteristic repulsive
molar volume (v*) across all four n-alkanes, one
sees that they are in the sequence of n-octane >
n-decane > n-dodecane > n-octadecane with the
differences between n-decane and n-dodecane be-
ing the least marked. It is also consistent with
the findings attained from the characteristic vol-
ume (V*) parameters. The aromatics have lower V*
values than n-alkanes since the former have closely
packed structures. The value of V* decreases be-
tween n-alkanes as the chain length increases, ac-
cording to the scheme: n-octane > n-decane > n-
dodecane > n-octadecane. Among the aromatics,
these values decrease from mono- to di- aromatics,
i.e., m-xylene > tetralin > 1-MNP, since the struc-
ture becomes more compact. Based on these ob-
servations, we can state that (v*) and V* decrease
from n-alkanes to aromatics, and vice versa for (¢*).
More specifically, (v*) and V* decrease from short
to long chain length n-alkanes and from mono- to
di-aromatics.



F. Sahin-Dinc

TABLE III

The slope of h and the values extrapolated at 0°C for h and Y}, at 1 arm for the tested Hydrocarbons.

Hydrocarbons h at 0°C The Sloge of }jST) ¥ (x107%) (K77
(x107%) [K™] at 0°C
n-octane 0.106 0.973 30.2
n-decane 0.102 0.919 31.7
n-dodecane 0.082 0.898 37.8
n-octadecane 0.066 0.805 46.2
1,3-dimethylbenzene (m-xylene) 0.090 0.894 35.7
1,2,3,4-tetrahydronaphthalene (tetralin) 0.065 0.781 49.0
1-methylnaphthalene (1-MNP) 0.052 0.714 60.3

0.28
0264 ° n-Decane
: 4 p-Dodecane

n-Octadecane ‘
+ 1,3-Dimethylbenzene (m-Xylene)
0.22 4 » 1,2,34-Tetrahydronaphthalene (Tetralin) A

1-MethyInaphthalene (1-MNP)
0.20 4 p
0.18 4
0.16
0.14 4
0.12 4
0.10 4
0.08
atatm

006 T T T T T T T T T T T
260 280 300 320 340 360 380 400 420 440 460 480 500

T[K]

= p-Octane

0.24

Fig. 2. The computed h (geometrical shapes) vs T
at 1 atm with the best fit lines.

Figure 2 is displayed to probe molecular structure
effects on hole fraction for the studied hydrocar-
bons at each T and 1 atm computed from (1). The
coloured geometrical shapes symbolise the com-
puted h values and the solid lines refer to the best fit
lines through each evaluation set. The computed h
findings go up with temperature since the molecules
move apart from each other as they gain kinetic en-
ergy, and thus free volume ensues.

The values extrapolated at 0°C for fraction A and
the slope of the lines in Fig. 2 are listed for each
liquid in Table III. For the studied n-alkanes and
aromatics, the h values differ and decrease from
n-octane to m-octadecane and from mono- to di-
aromatics. As the chain length gets higher and the
molecule becomes more compact, the free volume
decreases, and so does the hole fraction. The same
result is obtained for (¢*) and (v*) analysed above.
The material becomes a more tightly packed struc-
ture due to the deficiency in vacant defects as a re-
sult of having lower v* and higher €*. The slope of
the lines (temperature coefficient of hole fraction)
also presents the same reduction pattern, going
from short to long-chain n-alkanes and from mono-
to di-aromatics. Another conclusion from Table 111
is that the aromatics in the similar temperature and

pressure ranges as n-alkanes occupy less volume, so
they have less free volume as a vacancy defect and
therefore have more viscous behaviour compared to
n-alkanes.

Figure 3 illustrates the results shown in Table III
as a combined graph of the variation of hole fraction
at 1 atm and 0°C and the slope of the lines in Fig. 2
with segment number s. Both A and the slope of h
decrease with increasing segment number in Fig. 3a
and b, respectively. It means that while the chain

—
()
~

0.11 4

= Octane

= Decane

0.10 4

o m-Xylene

0.09

wDodecane

= 0.084

= Octadecane

o Tetralin

0.07 H

0.06

® [-MNP

0.05

atatm and 0 °C

T T T T T T T
12 13 14 15 16 17 18 19

s

x107 1.1
(b)
X2 I A
ENTER ) : g
b 5
5 . 3
= 3 3
< 08 e .
$a,
Z
=
0.7 1 ‘
at atm
0¢6 T T T T T T T T T T T T
6 7 8 9 10 11 12 13 14 15 16 17 18 19
s
Fig. 3. A combined graph of the variation of h (at

1 atm and 0°C) and the slope of the lines in Fig. 2
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length and the aromaticity (that gives increased sta-
bility to the molecule) increase, the fraction h and
its slope as a temperature coefficient decrease. It is
obvious that values of both h and the slope of h are
higher for n-alkanes than that of aromatics with the
corresponding segment number since the latter have
more stable structures.

The thermo-occupancy function Y}, for which
transport properties are employed, is generated
from the SS-EoS model fit. The variations of Y}, of
hydrocarbon liquids with reciprocal temperature at
ambient pressure are included in Fig. 4. The fits are
denoted as the coloured geometrical shapes together
with the curves for guiding eyes. The magnitude of
Y}, increases as temperature falls for each hydro-
carbon in Fig. 4. The changes in the magnitude
of Y} concerning segment number s are depicted
in Fig. 5, and the extrapolated Y}, values at 0°C are
tabulated for individual hydrocarbons in Table III.
It is visible in Fig. 5 that for both chemical groups,
Y}, values get higher with the increasing s. The
aromatics have higher transportation stability com-
pared to n-alkanes for the corresponding s number.
From mono- to di-aromatics, stability steps up as
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the molecules are tightly packed with respect to the
increased aromaticity. 1-MNP exhibits the highest
transportation stability, while n-octane represents
the smallest one. The order of the computed val-
ues of Y}, for both the examined n-alkanes and aro-
matics is, respectively, n-octadecane > n-dodecane
> n-decane > n-octane and 1-MNP > tetralin >
m-xylene.

Figure 6 depicts the predicted hole fraction de-
pendence of thermo-occupancy function at a re-
duced temperature Yy, (h,T) versus the inverse of h
at ambient pressure. The universal curve stands for
the line of the best fit through the estimated points
for all species researched. The curve indicates that
the Y}, function of occupancy tends to increase as h
decreases as a measure of configurational stability.
Greater stability of transportation in the structure
is represented by Y}, and consequently infers a more
viscous effect.

3.2. Dependence of dynamic viscosity
on hole fraction

Section 3.1 described the computation of the SS
theory parameters together with the hole fraction
for the corresponding pressure and temperature.
Now, using the hole fraction results, we predict
the viscosity of the hydrocarbons under study via
the previously published zero shear viscosity model.
More specifically, the discussion is about the viscos-
ity prediction with the fitting parameters and its
relation to the vacancy fraction as a particular type
of free volume fraction.

The database regarding viscosity is required by
the open literature [2, 43]. Temperature and pres-
sure range for viscosity are the same with PVT
data as indicated in Table I, namely 298.15 < T <
473.15 K and 0.1 < P < 202.4 MPa. The viscosity
is determined with a vibrating-wire instrument, for
which technical details and experimental procedure
can be found in [2, 43].

Using the computed thermo-occupancy function,
Y}, comprising the hole fraction, and (9) and (14)
allow the prediction of viscosity. The regression
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TABLE IV
Rheological parameters of (9) (hole fraction correlation to viscosity) together with data fit statistics.
Hydrocarbons In(n*) a a’ (x10%) K An% R?

n-octane —18.93 33.90 0.45 0.027 0.49 0.99996
n-decane —18.54 37.64 0.37 0.019 0.40 0.99998
n-dodecane —18.75 44.08 0.38 0.023 0.53 0.99996
n-octadecane —18.64 64.39 0.37 0.021 0.36 0.99998
1,3-dimethylbenzene (m-xylene) —19.07 30.51 0.418 0.031 0.42 0.99997
1,2,3 4-tetrahydronaphthalene (tetralin) —19.03 42.28 0.423 0.030 0.31 0.99999
1-methylnaphthalene (1-MNP) —19.21 42.97 0.40 0.037 0.47 0.99997

TABLE V

Rheological of parameters of (14) and (15) (hole fraction correlation to viscosity) together with data fit statistics.

Hydrocarbons I In(n*) a a’ (x10?) K An% R?
n-octane 0.64 | —19.80 | 510.20 6.74 0.066 0.17 | 0.999995
n-decane 0.25 | —19.64 | 280.19 2.78 0.056 0.15 0.999997
n-dodecane 0.2 —19.53 | 236.30 2.05 0.05 0.24 | 0.999991
n-octadecane 0.16 | —19.32 | 240.05 1.39 0.041 0.15 0.999997
1,3-dimethylbenzene (m-xylene) 0.7 —19.92 | 531.09 7.28 0.074 0.19 0.999994
1,2,3,4-tetrahydronaphthalene (tetralin) | 0.04 | —19.36 80.82 0.80 0.043 0.09 0.999998
1-methylnaphthalene (1-MNP) 0.04 | —19.67 89.16 0.83 0.058 0.26 0.999987

quantities established from (9), (11) and (14), i.e.,
k and In(n*) alongside « and «’, are given in Ta-
bles IV and V. The statistics of the data fit —
namely the coefficient of determination R? and the
relative mean average percentage error (rMAPE) in
viscosity (An[%)]), determined from

exp

1
An =~ Zi‘1— | 100%,
are also listed in Tables IV and V.

Values for tMAPE, An[%], were calculated for
the zero shear viscosity model fits of the viscos-
ity data. The viscosity-hole fraction equations given
in (9) and (14) are found to represent the experi-
mental viscosity data of seven hydrocarbons with
mean percentage errors as 0.43 and 0.22%, respec-
tively. The correlation incorporated the additional
hole fraction A’ (see (14)), halved the difference be-
tween measurement and model prediction and is
found to be more representative of the viscosity data
than (9). The results are visible in Tables IV and V.

To elucidate the logarithmic  viscosity-
thermooccupancy behaviour, the dependence
of In(n) vs Y} is shown in Figs. 7 and 8, and
in Figs. 9 and 10, the dependence of In(7y) vs
Y, is plotted for the materials studied. The lines
correspond to the best approximation of the
data set for each hydrocarbon. On the line, the
pressure goes up from the lower to upper part for
each temperature, and while regarding any fixed
pressure data, temperature drops as going higher.
At the lower part of the lines where pressure drops
and temperature rises, the lines are converging,

calc

;i

(20)
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whereas at the upper part, they are diverging. As
going down through the line, higher temperature
and lower pressure give rise to the amount of hole
fraction and result in the easy accumulation of
molecules in the nanovoids. With regard to this
effect, it is not easy to distinguish the materials at
this part in Figs. 9 and 10. Conversely, as going
to a lower temperature and higher pressure, the
free volume and hole fraction decrease produce less
transportation of molecules, especially the ones
with longer chain length and more ring attached
structures since they occupy larger free volume. In
Figs. 7 and 8 the viscosity of linear alkanes are in
the following order: n-octadecane > n-dodecane
> n-decane > n-octane. Figure 7 shows that, as
anticipated, m-xylene is the lowest viscous material
in the aromatics.

As it is shown in Fig. 7, (9) provides a good lin-
ear fit to In(n) vs Y}, data. Since the lines and data
are slightly telescoped in the graph for the stud-
ied hydrocarbons, it is better just to look at Ta-
ble IV to check the value of the correlation coeffi-
cient squared R2, which has an excellent agreement
with R? > 0.9999. Another example is shown in
Fig. 8, where the parameter in the denominator of
Y), in (14) and (15) is taken as h’ # 0. Better fits
were observed in the latter. When A7 [%] is halved,
there is an improvement in the fifth decimal of the
values of R? in Table V compared to Table IV. The
linearisation parameter h’ seems to change from ma-
terial to material, and contrary to our expectations
decreases with the chain length for n-alkanes, as
seen in Table V in this study. It seems to be the
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result of the high assigned values (0.2 < b/ < 0.7),
except of tetralin and 1-MNP (A’ = 0.04). On the
other hand, in one of the previous papers [18] the
values of h’ were in the lower range, from 0.002 to
0.075, and ascended with increasing carbon number
of an alkane as expected. In the paper reported by
Yahsi [17], ' was found to be around 0.06 for linear,
and 0.09 for the three-branched alkanes.

Since « has similar values across some pair of
species in Table V (n-octane/1,3-dimethylbenzene
(m-xylene),  n-decane/n-dodecane/n-octadecane
and 1,23 4-tetrahydronaphthalene (tetralin) /1-
methylnaphthalene (1-MNP)), we demonstrated
the scaled form of viscosity in Figs. 9 and 10. In
Figs. 9 and 10, In(7) is plotted as a function of
Y, with »’ = 0 and k' # 0 according to (10),
(13) and (16), (17). At a given temperature and
pressure In(7jy) steps up linearly with Y}, since the
latter function is inversely proportional to the hole
fraction.

Now, we wanted to see whether «, h/, o’ are in-
terrelated. As stated above, as Y} and Y} incoming
from (9), (10), (14) and (16) increase, the differences
in viscosities become more apparent. This variation
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is acquired from the slopes of the lines in Figs. 7-10,
yielding the values of & — the measure of activation
energy. Concerning the « values in Table IV, the
graph of « vs segment number s is shown in Fig. 11.
It is visible that as the value of s number goes up,
both n-alkanes and aromatics exhibit larger slopes,
«. This demonstrated that for n-alkanes the seg-
ment number is the indicator for the viscous de-
gree. In addition to that, for the aromatics, the vis-
cosity increases as well, as going to mono- to di-
aromatics. In other words, the viscosity increases
with the number of aromatic rings. From the out-
comes of species under investigation, the ranked in-
crease in the measure of activation energy coeffi-
cient, «, emerges as n-octadecane > n-dodecane>
n-decane > n-octane and 1-MNP > tetralin > m-
xylene for n-alkanes and aromatics, respectively.
This result is in accordance with that of (¢*) dis-
cussed above. In (11), the activation energy quan-
tity a’ is computed and listed in Tables IV and V.
It is found to be around 0.004 without significant
difference in Table IV, and no systematic relation
is observed across the species (Fig. 12), it is even
expected to be increased with segment number, like
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the measure of activation energy coefficient [17, 18].
In Table V, the measure of activation energy, «, is
lower for n-dodecane than n-octadecane (with sim-
ilar A’ values), as well as lower for tetralin than
1-MNP. Tetralin and 1-MNP have equal and low
h' values, so both a and a’ increase as going from
tetralin to 1-MNP, even if for a’ the increase is only
negligible. For n-alkanes (n-decane, n-dodecane, n-
octadecane), except for m-octane, the assigned h’
parameters are in a close proximity to each other,
and found around 0.2. The samples, namely n-
octane and 1,3-dimethylbenzene, have higher b’ val-
ues that adversely affect the systematic behaviour
of the parameters for not only « and o', but also
k and In(n*) listed in Table V, as was explained
in the preceding section. Hence, the behaviour of a
and a’ parameters for the materials with a close or
equal number of h’ is compatible with the results
obtained before [17, 18].

Actually, for each species different h’ parameters
were adjusted, except for tetralin and 1-MNP. These
values have been obtained to be decreased as the
segment number increases, except for the last two
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in Table IV. Since «, o/ and A’ have similar be-
haviour according to the chain length [17, 18], and
h' decreases with the chain length in this study,
the general decreasing behaviour for o and a’ with
chain length is straightforward according to Ta-
ble V. This is why it would be better to take for
comparison the fixed A’, when its value is similar
for all studied species. However, our adjusted A’
is, in general, found different across the materials,
and difficult to be taken as a fixed value, in con-
trast to the previous findings [4, 6, 7, 10, 17]. Yahsi
found a slightly higher relative deviation when he
employed h' as an Utracki’s fixed value than the
adjusted one [16].

According to Tables IV and V, the transmission
coefficient, x and In(n)*, coming from (9), (11) and
(14) are inversely related to each other (see (11)).
In Table IV and Fig. 13, x decreases with chain
length, except for some species across n-alkanes
and aromatics. Concerning In(n*) in Table IV and
Fig. 14, it increases with segment number across hy-
drocarbons, with only a few exceptions. Contrary
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to the expectations [21, 22|, k decreases and In(n)*
increases with s number. As the hole fraction in-
creases depending on high temperature and low
pressure, there would be no contribution to the vis-
cosity from Y3 as seen from (9) and (14). In this
case, In(n) would be equal to viscosity intercepts
In(n)*. The materials with higher viscosity produce
larger free volume at elevated temperature and low
pressure states, and eventually have the less viscous
effect (viscosity intercepts In(n)*). This enables the
molecules to migrate into the holes and results in
an increase in the probability of the transmission
with x, values of which range from 0 to 1. The
more obvious pattern referring to this concern can
be seen in Table V. From among all the n-alkanes
in Table V, & steps down and In(n)* increases with
chain length, without any exceptions since the as-
signed hole fraction parameters (h') are large in
magnitude and fall with segment numbers for each
material. As stated above, the decreasing trend in
the assigned large values of A’ with carbon numbers
further enables the unusual change in x and In(n)*
behaviour. In the case where equal and low hole
fraction parameter h’ is assigned for the last two
aromatics in Table V, x increases with chain length

T
0.18 021 024 027 0.30
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as going mono- (tetralin) to di-aromatics (1-MNP)
(see Table IV). This is because, from tetralin to
1-MNP, with the condition of high temperature and
low pressure, the hole fraction increase allows trans-
porting more molecules into the holes. In contrast,
In(n)* decreases from tetralin to 1-MNP since high
temperature and low pressure leads to excessive hole
fraction.

The graphical representation of the differentia-
tion of logarithm of viscosity (viscoholibility) vs
hole fraction in Fig. 15, expresses the viscosity
change according to vacancy fraction function h,
at constant 7', as the fraction h varies on the ab-
scissa axis. Dividing viscoholibility given in (18)
by the structure-related parameter, —c«, defined in
(11), overlaps the full data on the ordinate axis.
The solid curve represented by (91n(ng)/0h)|r =
—«[18.01 — 15.748(1 — exp(—h/0.015)) — 2.23(1 —
exp(—h/0.044))] characterises the exponential fit
through the data. In Fig. 15 it is clear that at the
lower values of h, the derivative function for loga-
rithmic viscosity vs h reliance, switches to abruptly
lower points. Particularly, the viscoholibility dimin-
ishes by a factor of five when the hole fraction is
nearly doubled. After a point A ~ 0.08, we observe
only a slight change in the derivative function and
the viscoholibility steps down monotonously with
a hole fraction, although the fit has a small nega-
tive curvature. Additionally, the decrease of visco-
holibility is systematically less and less pronounced,
and descends almost linearly with a rising hole frac-
tion. It saturates at about ~ 0.032a and remains
nearly stable in the range where hole fraction is in
excess. In order to remove the scatter in Fig. 15,
the viscoholibility on the vertical axis is multiplied
by temperature T considering the thermal energy
of molecules (see Fig. 16).

4. Conclusion

The behaviour of PVT and the dynamic viscosity
of seven hydrocarbons with two different chemical
families, four of which are n-alkanes and three are
aromatics, were examined by the means of a zero
shear viscosity model. The formalism incorporates
hole fraction parameter reckoned by the Simha—
Somcynsky equation of state (SS-EoS). In this trea-
tise, the main findings can be outlined as follows:

1. The material-dependent pressure, volume and
temperature parameters (P*, V*, and T*) to-
gether with the interaction parameters (v*,
¢*) are determined using the SS lattice-hole
theory. Longer chained hydrocarbons have
higher characteristic attractive interaction en-
ergy parameters €*, and lower repulsive mo-
lar volume parameters v* than the shorter
chained hydrocarbons. Besides, di-aromatics
have higher €* and lower v* values compared
to mono-aromatics.
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The characteristic volume (V*) parameters
are lower for n-alkanes with more carbon num-
bers and di-aromatics, while the characteris-
tic pressure (P*) parameters are higher. In
the case of V*, it shows similar characteris-
tics with v*, and P* with &*.

. Our previously published physically-based

zero-shear viscosity model comprising the
thermo-occupancy function Y} confirms that
the viscosity is correlated reciprocally to hole
fraction. Accordingly, the logarithmic viscos-
ity of the individual hydrocarbons shows a lin-
ear relationship (at several temperatures and
pressures) with 7" and h dependent thermo-
occupancy function Yj. The viscoholibility,
differential form of viscosity referred to as
the derivative of logarithmic viscosity with re-
spect to h, diminishes with increasing frac-
tion h.

. The n-alkanes possessing fewer carbon num-

bers and mono-aromatics, appear to have the
smaller activation energy measure o — the
slope of the lines in the logarithm of vis-
cosity versus Y. Longer chained n-alkanes
have greater o values than the shorter chained
n-alkanes, and di-aromatics possess larger «
values than mono-aromatics. The result ob-
tained for « is similar to €* since both pa-
rameters are inversely related to the distance
between segments.

. The values of hole fraction h are greater for

the groups of both mono-aromatics and fewer
carbon numbers of n-alkanes. The findings
for the Y}, function are in reverse with that
of h. Conceptually, the lower hole fraction
values increase viscosity, while decreased Y
reduce it. Consequently, the longer chained
n-alkanes have higher viscosity effects than
fewer carbon numbers of n-alkanes, while di-
aromatics have stronger viscosity effects than
mono-aromatics.
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