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Abstract

Modeling of heat and mass transfer in liquid fuel combustion requires several material properties in a wide temperature and
pressure range. The unavailable data are commonly patched with various estimation methods. In this paper, group contribution
methods (GCM) and law of corresponding states (LCS) were analyzed for estimating material properties of n-alkanes (up to
CoHz; and Cy,H,g), 1-alcohols (up to CioH,,0), and methyl esters (up to C19H330, and C;9H340,). These were compared to
reference data to evaluate their applicability. LCS suggested by Poling et al. provides proper estimation for the acentric factor.
GCM of Joback accurately estimates normal boiling point, critical properties, and specific heat capacity of the vapor-phase, the
latter was corrected for methanol, however, GCM of Constantinou is more accurate for critical pressure of methyl esters. GCM of
Ruzicka is suitable for estimating liquid-phase specific heat capacity. This method was updated for methanol. GCM of Elbro
gives a proper estimation for liquid-phase density, while LCS of Lucas estimates vapor-phase viscosity properly. LCS of Chung
and the modified Eucken method for vapor-phase and GCM of Sastri for liquid-phase thermal conductivity are appropriate.
Considering the gas-phase mutual diffusion coefficient, the method of Fuller provides the best estimation, while LCS methods of
Riedel and Chen are suitable for the enthalpy of vaporization at the normal boiling point.
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1 Introduction

Biomass-to-fuel conversion methods have attracted numerous
theoretical and practical research in the past few decades with
special emphasis on the transportation sector [1, 2]. There are
numerous ways available to produce biofuels. Short- and
long-chain n-alkanes can be produced from synthesis gas by
chemo- and biocatalytic processes [3, 4]. The main source of
alcohols is fermentation which provides positive energy bal-
ance [5, 6]. It is known that alcohol/diesel blend utilization
improves the performance and lowers the pollutant emissions
of internal combustion engines [7, 8]. Methyl esters are pro-
duced from fats and vegetable oils by esterification and main-
ly used in biodiesel fuels as a renewable additive to diesel oil,
thus information on material properties is indispensable [9,
10]. The present paper deals with the three molecular groups
due to their dominance in the renewable fuel industry [11, 12].

Upon selecting the principal characteristics, nowadays, com-
bustion chamber design for liquid fuels starts with numerical
analysis, including all the major heat and mass transfer process-
es [13—15]. Then the results are validated by experiments [16,
17]. Nevertheless, modeling the heat and mass transfer of a real
multicomponent or nanofluid [18] fuels is still challenging [19,
20] since the majority of the used material property models are
not validated in a practically adequate extent.

Modeling heat and mass transfer requires the knowledge of
several thermodynamic properties [21]. Some of them are
constant, e.g., critical temperature, pressure, volume, and nor-
mal boiling point. Others depend on the thermodynamic con-
ditions, they are, e.g., specific heat capacity and thermal con-
ductivity of both the liquid and vapor phases, liquid density,
vapor viscosity, gas-phase mutual diffusion coefficient of fuel
vapor and the ambient gas, and enthalpy of vaporization.
Therefore, they have a significant influence on model sensi-
tivity and validation [22]. The most notable difficulty in prac-
tice is that the above-mentioned data are highly limited.
Unfortunately, the limitations of these methods are seldom
discussed with the engineer who runs a commercial software
code that relies on these estimations.

The present study reviews the available pure component
material property estimating methods required for calculating
the evaporation of a droplet which are mainly discussed in ref.
[23]. Su et al. [24] also provide a comprehensive review for the
available estimating techniques with the originally published
statistical parameters to predict their accuracy for several mate-
rial properties. The motivation of the present study originates
from combustion, hence, estimating methods for material prop-
erties required for heat and mass transfer calculations are em-
phasized. These approaches all rely on molecular theory,
aiming to be as general as reasonable which does not necessar-
ily work for all materials. More precisely, there are flaws even
for a series of simple hydrocarbons. Consequently, there are a
few different methods available for the calculation of a single
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material property. Note that other molecules, e.g., branched
alkanes and cyclic compounds are also relevant in combustion
technology. However, reliable reference data for them in terms
of all the necessary material properties are often unavailable or
limited to narrow ambient conditions. Hence, this paper evalu-
ates solely n-alkanes, 1-alcohols, and methyl esters, focusing
on parameters influencing droplet evaporation.

2 Models

The evaluated material property estimating methods are
discussed next, highlighting the key equations only. Their
theoretical background is available for the reader in the cited
references nearby. These models can be divided into two main
groups. The first one is using the law of corresponding states
(LCS), and the other is relying on the group contribution
method (GCM) [23]. According to LCS, the equilibrium prop-
erties, which are depending on intermolecular forces, are re-
lated to the critical properties. Therefore, pressures, volumes,
and temperatures are discussed as reduced values (e.g., pres-
sure divided by the critical pressure) and assumed as identical
for all fluids, thus properties can be determined in terms of the
critical parameters with general empirical models.
Consequently, LCS works well mostly for simple molecules.
However, improved accuracy can be reached by adding extra
parameters which characterize the molecular structure, such as
acentric factor for weakly polar and dipole moment for strong-
ly polar molecules, and semi-empirical constants based on
measurement data. GCM is relying on the following philoso-
phy. Molecular structure and intermolecular bonds determine
the intermolecular forces which is the governing factor of the
macroscopic properties. This approach uses weighting factors
for atoms, functional groups, and bond types, and their con-
tributions are summed, then the result is empirically corrected.
The contributions are determined from reference data by a
suitable optimization procedure. Therefore, a comprehensive
measurement database is required in terms of molecule types
and chain lengths in order to provide a sufficiently accurate
and general method. The investigated models were chosen
because of their simplicity and general applicability, however,
improved variants are available in the literature [25]. In a
practical application like combustion the more general formu-
lation due to the wide temperature and pressure range and the
low computational demand are essential for solving a large set
of equations at millions of nodes simultaneously [26]. The
evaluated estimation methods are discussed below for the rel-
evant material properties of liquid evaporation.

2.1 Acentric factor

The acentric factor, w, was originally introduced by Pitzer et al.
[27], using LCS. The slope of the vapor pressure curve is
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related to the entropy of vaporization, hence they regarded w as
a measure of the increase in the entropy of vaporization over
that of a simple fluid. For a simple fluid the reduced vapor
pressure, p,,.=p,/p. is almost accurately 0.1 at a reduced tem-
perature, 7,.=7/T,.=0.7, where p,, p., and T,. are vapor pres-
sure, critical pressure, and critical temperature, respectively.
Pitzer et al. [27] considered this point on the vapor pressure
curve to determine the acentric factor because it is far enough
from the critical point and above the melting point for nearly all
materials. Therefore, their original definition is the following:

W= ’10g10Pvr,oA7’17 (1)

where p,,,.¢ 7 is the reduced vapor pressure at 7, = 0.7. Poling et al.
[23] suggested the following equation for the acentric factor:

“’:_[m(l.o%zs) +f(0)}/f(l>’ @

where both /¥ and /” are functions of the normal boiling tem-
perature, 73, and critical temperature, developed by Ambrose
[28]. Equation (2) results from ignoring the term «? in the original
Pitzer expansion and solving for w [23]. Constantinou et al. [29]
developed a GCM-based approach for calculating w:

w = 0.4085 - [In(1.1507 + 3, Ny - wy )]/ "%, (3)

where N, and wy are the number and weighting factors of the &
group, respectively.

2.2 Normal boiling point and critical properties
Joback [30, 31] reevaluated the existing GCM schemes for

Ty T, pe, and critical volume, V., and determined the follow-
ing equations:

Tpp = 198 + >, Ny - thny, (4)
Te=Tp- [0.584 +0.965 - {3, Ny - tex {3 Ny - tck}z] G
Po = [0.113 4 0.0032 - N gyo—Y,Ni - pci] 2, (6)
Ve=17.54+ >Ny - ver, (7)

where tbny, tc;, pci, and vey, are the weighting factors for 7},
T,, p.and V_, respectively. N, is the number of atoms in the
molecule. Constantinou et al. [29, 32] also developed a GCM-
based estimation method for the critical parameters and nor-
mal boiling point, using another functions:

Ton = 204.359 - ln(Zka : %), (8)

T.= 181.128-1n(szk-tc~k), 9)

2
p. = [0.10022 YN ﬁ?,c} +1.3708, (10)

V. =1000 - (—0.00435 + Y Ns v“c“k) (11)

where the thny, tc;, pci, and ve, constants with tilde differ from
the ones used in Egs. (4)—(7). Nevertheless, they bear a similar
meaning.

2.3 Specific heat capacity of the vapor

Assuming that the vapor-phase of a substance can be modeled
as an ideal gas at atmospheric pressure, Joback [30, 31] and
Nielsen [33] derived the following equations for the specific
heat capacity of the vapor, defined by Egs. (12) and (13):

YNk - CpA=37.93 + [S4Ny - C,Bi +0.21] -
Cpw = + SNk - CpCi=3.91-1074] - 72 10°/M, (12)
+ [ZeNk - CpDy +2.06-107] - T°
TNk - CpA—19.7779
e = |+ [Zka - C,By +22.5981} (T-298)/700 | - 10°/M, (13)

+ [Zka : c’:ép1o.7983] - [(T—298) /7002

where C Ay, C,By, C,Cy, and C,Dy are the contribution con-
stants of the & relevant group and M is the molecular mass.
The tilde differentiates the constants used by the two models.
Note that Nielsen [33] used the same group contributions de-
termined by Constantinou [29, 32].

2.4 Liquid specific heat capacity

Ruzicka and Domalski [34] proposed a GCM to calculate the
specific heat capacity of liquids, ¢, ;, from the melting point to
the boiling point:

1000 R

PN

T T\?
2Nk - a +1—m'szk'bk+ <m> 'Zka'dk:|»

(14)

where a;, by, and d are the contribution constants of the K"
relevant group, and fR is the universal gas constant. Another
method was proposed by Poling et al. [23] who revised the
LCS of Bondi [35] for calculating ¢,

6.3-(1-T,)"*  0.4355
42 1
775 + T + 1T (15)

1000
-R- 7 + Cpy

0.49
1 =13 1.
Cpl { 586 + -7

+w-

>
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2.5 Vapor dynamic viscosity

LCS of Chung et al. [36, 37] relates the Lennard-Jones poten-
tial parameters to macroscopic parameters in order to determine
dynamic viscosity of the vapor, 1, according to Eq. (16):

FC'(M'T)I/Z

11, = 40.785 - R,

1077, (16)
where F, is the function of w and dipole moment, and (2,, is the
viscosity collision integral which is the function of 7,. Another

LCS from Lucas [38] has been investigated for the estimation
of u,, defined by Eq. (17):

11, = 5682107 - [0.807 - TO18-0.357 . & 0497 4 0.34. 08T 1 0,018] (17)

o (L e
P M3 'P‘:» )

where the value of F»“ is the function of the dipole moment, p,.
and T..

2.6 Vapor thermal conductivity

Chung et al. [36, 37] applied LCS to obtain the thermal con-
ductivity of the vapor-phase, k,, defined by Eq. (18):

3750 R,

k, ~
M- 10

) (18)
where ¥ is a function of ¢, ,, w, and 7,. Equation (19) is the
popular Eucken method [23], an alternative way to estimate
k,. Equation (19) was modified by Svehla [39] as Eq. (20), and
Stiel and Thodos [40] also proposed a correction, defined by
Eq. (21):

Hy = Coy 9/4

ky, = = (1 , 19
M-1073 ( * cv,v/‘ﬁ) (19)
Iy * Coy 1.77

ky=—"—=>=-(1324+—=, 20
M-1073 ( + cv,v/fﬁ> (20)
Ly, - Cyy 2.03

ky=—"—==-(1.15+ , 21
M-107 ( cv,v/iR> (1)

where c,,,, is the constant volume specific heat capacity of the
vapor.

2.7 Liquid thermal conductivity

The estimation methods for the liquid thermal conductivity, &,
are extensively empirical, therefore, testing and validating
them is mandatory. Equation (22) was developed by Latini
and Pacetti [41]:

ATy (1-T,)"F

ki M®. 17T/

, (22)
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where A, «, 3, and -y are constants, depending on the type of
the molecule. Sastri and Rao [42, 43] recommended two
GCMs, defined by Egs. (23) and (24):

ki=a brj . Zka - Aky, (23)
T\ 2
k= ( T”) YNk - Ak, where T < T}, (24)

where a and n are constants, depending on the molecule
type. Tp,-= T},/T,. and Ak; is the contribution constants of the
K" relevant group.

2.8 Liquid density

Two GCMs for estimating liquid density, p,, have been inves-
tigated. Baum [44] suggested Eq. (25):

1000 - M T\"
— 7 (3. , 25
P 2kt Vi ( Tbn) (25)

where n is a constant, depending on the molecule type,
and v, is the contribution constants of the k™ relevant
atom in the molecule. Eq. (26) was obtained by Elbro
et al. [45]:

Pi

_ 1000 - M
Yk - (Ak—|-Bk-T—|—Ck'Tz)7

(26)

where A;, B, and C; are the contribution constants of
the k™ relevant groups.

2.9 Gas-phase mutual diffusion coefficient

The gas-phase mutual or binary diffusion coefficient, D5,
refers to the diffusion in a binary system consisting of constit-
uents 1 and 2. The classical Chapman-Enskog formula [23] is
defined by Eq. (27):

0.00266 - T3/2

172

Dy = 5
p-My o {2

21074, (27)

where o, is the average Lennard-Jones characteristic length
of'the constituents, M, is the average molecular mass, and {2,
is the diffusion collision integral, which is the function of 7
and the average Lennard-Jones characteristic energy of the
constituents. Equation (27) has been empirically modified by
Wilke [46] and Fuller et al. [47, 48], leading to Egs. (28) and
(29), respectively:

0.98
<3.03——1/2> 21073 . 732
M
Dy = 12 1074, (28)

pMg ol 2
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Fig. 1 The general structure of
the investigated materials

CH3 - [CH2]n - CH3

0.00143 - T7/*
2
1/2 1/3 1/3
P'Mlé ‘ [(EV)I/ +(Ev)2/}

Dy, = 1074, (29)

where Y, is the sum of atomic and structural diffusion volume
increments of the corresponding molecules.

2.10 Enthalpy of vaporization at the normal boiling
point

Calculating the latent heat of vaporization is often neces-
sary in heat and mass transfer problems. The Watson re-
lation [23, 49] is frequently used for this purpose, where
the enthalpy of vaporization is an input parameter. When
atmospheric conditions are considered, enthalpy of vapor-
ization at the normal boiling point is required. Riedel
[50], Chen [51], and Vetere [52] correlated the enthalpy
of vaporization with the critical parameters by LCS, lead-
ing to Egs. (30), (31), and (32), respectively when applied
to the normal boiling point:

Inp,—~1.013

Hp, =1093-R- T, Tp - — " 30
Lo " 0.93-Ty) - M (30)
Hrp, =1000-R-T,- Ty
3.978 - T5,—3.958 4 1.555 - Inp,
(1.07-Ty,) - M
Hry,, = 1000 - R-Th, (32)
(1-T5)** - [Inp.~0.513 + 0.5066/ (p. - T2,)]
{1—T,,, +F- [1—(1—Tb,)0‘38} ~1nTb,.} M
Table 1

and 3: methyl esters

n-alkanes

1-alcohols methyl esters

0
Il

CH3 — [CH;], — OH CH; — [CH,], — C — 0 — CH,4

where F'=1, except for alcohols with more than two carbon
atoms.

3 Materials

The investigated materials are summarized next. Their
evaluated material properties were gathered principally
from the NIST [53] and other databases [23, 54, 55].
However, ref. [54] was only used for the normal boiling
points of longer-chain methyl esters (from C;3 to Cyy), 10
data points for liquid-phase density of 1-alcohols (from C,
to Cjp), and 11 data points for liquid-phase density of meth-
yl esters (from C; to Cyo.1), but only at room temperature,
where reference data were considered reliable. Ref. [54]
refers to National Oceanic and Atmospheric
Administration’s Office of Response and Restoration -
Cameo Chemicals Database of Hazardous Materials [56]
in case of liquid density of C¢—C; methyl esters and to
National Library of Medicine of the National Institutes of
Health - Hazardous Substances Data Bank (HSDB) [57] in
case of the other data points. Ref. [54] also indicates the
details of the original references for all the individual data
points found in HSDB and Cameo Chemicals Database. For
further information, the reader is directed to ref. [54].
Material properties from the NIST [53] and refs. [23, 54]
databases were used as reference values at atmospheric
pressure, except for the gas-phase mutual diffusion coeffi-
cient which was obtained from ref. [55]. For the gas-phase
mutual diffusion coefficient, both atmospheric and elevated
pressures were investigated. D;, was available for

Relevant groups of the investigated materials for each GCM. Superscripts refer to the functional groups present in 1: n-alkanes, 2: 1-alcohols,

Tons Tes Pes Ver € - Joback [30, 31]

W, Tpws Tes pe» V., — Constantinou et al. [29, 32]
¢y, - Nielsen [33]

¢,.1 - Ruzicka [34]

ky - Sastri [43]

pr - Baum [44]

p; - Elbro et al. [45]

Dy, - Fuller et al. [47, 48]

CH,"??, CH;'??, OH?, COO’, CH="
CH,"??, CH;'??, OH?, CH;CO0’, CH=CH’
CH,"??, CH;'?%, OH?, CH;CO0’

C-(2H,2C) '*3, C-BH,C) '*3, C-(2H,C,0) %, O-(H,C) %,
C-(2H,C,CO) 3, CO-(C,0) 3, 0-(C,CO) 3

H!>C<!, CH,', CH;'

C1’2’3, H1'2’3, 02,3

CH,'?*3, CH;'?3, CH,OH?, CH;COO®, CH=?
C1'2’3, H1’2’3, 02,3
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Table 2  The relative uncertainty of the material properties of the investigated fluids, obtained from the NIST database [53] and ref. [55]

UTbn/ Thn UTJ Tc ap. c/p c JVL/V c Up/ P JC;/ p ok/k J/L/ o oD 1 2/ D 12 oH. Tbn/ H. Thn
n-alkanes <2% <1% <5% 1-7% <2% 1-5% 2-5% 2-5% <2% 1%
1-alcohols <2% <4% 1-10% <4% <1% <1% - - 10% 1%
methyl esters 1-10% 1-6% - - <1% - - 14% 1%

methanol and ethanol at high pressures, up to 100 bar, as
well. Homologous series of n-alkanes from methane (CHy)
to decane (Cy¢H,,) and dodecane (C;,H,4) were investigat-
ed as this range is of great relevance in practical combustion
chambers, as the kinetics of fuel thermal cracking to form
smaller molecular fragments is fast in high-temperature en-
vironments [58, 59]. Moreover, Cs—C;,, Cg—Cyg, and C;o—
C,, n-alkanes are present in gasoline, kerosene, and diesel
fuels, respectively [4]. However, reliable temperature-
dependent reference data for the estimated material proper-
ties were only available up to C;,H,6. Furthermore, homol-
ogous series of primary alcohols from methanol (CH40) to
decanol (C;oH;,0) and methyl esters from methyl
ethanoate (C3HgO,) to methyl stearate (Ci9H330,) and
methyl oleate (C;9H360,) were evaluated due to the scarce
data for higher carbon numbers. Besides their direct utili-
zation, they are often used in surrogate mixtures of conven-
tional and renewable fuels. Moreover, these compounds are
typically used for construction of reaction mechanisms and
combustion simulations, where thermodynamic properties
are often needed. Figure 1 shows the general structure of the
investigated materials. Note that methyl oleate (C;9H350;)
has a CH=CH double bond, thus the structure is different
from the saturated hydrocarbon chain shown in Fig. 1.
However, it is the only molecule with unsaturated hydro-
carbon chain discussed in the present paper. Reference data
was available for the acentric factor, critical properties, 7,
Cpvs Cp.1» P1» D12, and Hyy,, for all three types of molecules.
k,, k;, and p, were only available for n-alkanes. Table 1
contains the relevant groups of the investigated materials
for each GCM, and Table 2 contains the corresponding
uncertainties of the reference data, where it was available.
Table 3 contains the availability of the reference data. This
dataset is accessible in the following online repository [60].

4 Results and discussion

The comparison of the estimating methods and the refer-
ence data is analyzed in the present section. For reference,
the relative deviation of +5% was included in all cases.
Figure 2 shows the comparison of LCS proposed by
Poling et al. and GCM of Constantinou for estimating the
acentric factor for C;-C;, n-alkanes, C;-C,, 1-alcohols and
C4-Cs methyl esters. The latter method is inapplicable for
methane, hence that value was omitted from Fig. 2b. LCS
suggested by Poling et al. provided better estimation, as
GCM of Constantinou significantly underestimated w for
C,-C; 1-alcohols and slightly underestimated it for methyl
esters. Moreover, w of short-chain n-alkanes are slightly
overestimated, shown in Fig. 2b.

Figures 3 and 4 show the GCM of Joback and
Constantinou for 7}, T., V., and p., respectively. Methods
of Joback and of Constantinou are inapplicable for methane,
because only group C can be applied for the calculations
which is obviously insufficient and leads to improper estima-
tions. Generally, the accuracy of both GCMs increases with
the length of the carbon chain, as the agreement with reference
data is better for higher values of T, V.. and lower values of
Do, therefore, these methods may work for even longer-chain
molecules as well. Note that the possibility for extrapolation
depends on the range of molecules that was originally used to
determine the group contributions for each method. If the
range of original reference data was wide concerning molec-
ular weight and chemical families as well, the method is more
robust and universal. In case of the presently investigated
chemical families, there are only a few different groups, thus
the group contributions determined in the investigated
methods were based on a broad dataset. For instance, in case
of the method of Joback, original reference data for

Table 3  Availability of the reference data
[2) Ton T Pe Ve pi Cpi Cpy ke ki py  Hypn D
n-alkanes Ci-Cio Ci-Cs
Ci
1-alcohols Ci-Cio Ci-Cs = Ci-Cs | Ci-Cy
methyl esters | C4-Cs | C3-C;; | C3-Cs C5-Cs Cs-Cy Cs-Cy Cs - Cs-Cs Cs
Cis Cis Cy Cu
Cis Cu Cis
Ciy Cis
Cigo Cis
Cioo
Cot |
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Fig. 2 Comparison of the acentric factor with the reference data by using LCS suggested by Poling et al. (a) and GCM of Constantinou (b)

determining the group contributions were available for the
normal boiling point and critical properties up to n-eicosane,
1-cicosanol, and methyl butanoate for n-alkanes, 1-alcohols,
and methyl esters, respectively. This may allow us to extrap-
olate within reasonable limits, if no further data are available.
As an example, normal boiling points of methyl esters are

a) 750 -

650 -

]Enat[KJ
IS w
2 2

[9%]

W

(=]
1

250 -

150

n-alkanes
® l-alcohols
O  methyl esters
- - = -est=ref
5% deviation

150

C) 750

650

250

150

550 650 750

450
]Enﬂf[KJ

250 350

150

250 450 550 650 750

Tlny[KJ

350

estimated within 5% deviation shown in Fig. 3a, although
no reference data were available for longer-chain methyl es-
ters when group contributions were determined originally by
Joback, demonstrating the justification of the possible extrap-
olation. GCM of Constantinou notably underestimates 77, for
longer-chain methyl esters, despite the good estimation for the

b) 750

650

]ant[KJ
~ w
z 2

[95]
W
(=]

250

150

d) 7s0

650

250

150

150 250 350 450 550 650 750
]EnnJ[KJ

150 250 350 450 550 650 750
];Jd[K]

Fig. 3 Comparison of the atmospheric boiling temperature and the critical temperature with the reference data by using the method of Joback (a, ¢) and
Constantinou (b, d). Higher 7}, and 7, values correspond to higher M
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other molecule types. The deviation of 73, of C,-C; n-alkanes
exceeds 5% by either approach, shown in Fig. 3a and b. The
method of Constantinou notably underestimates 73, and T,. of
methanol, shown in Fig. 3b and d. However, both methods
estimate V, properly, shown in Fig. 4a and b. The method of
Joback is superior for T, and 7}, for all the investigated sub-
stances while the method of Constantinou provided a better
estimation for p., shown in Fig. 4d, since the method of
Joback highly overestimated this property of methyl esters,
shown in Fig. 4c. The used optimization criterion for deter-
mining the group contributions for the estimating methods
may result in the different accuracy for shorter- and longer-
chain molecules. For instance, Joback [30, 31] minimized the
sum of absolute deviations, which resulted in slightly higher
errors for the outliers but provided better estimation for the
majority of the compounds. In case of n-alkanes, ethane has a
slightly different structure with only CH3 groups, than the
longer-chain molecules with only a difference in an additional
CH, group. Methanol and methyl ethanoate have different
structures in their own chemical family, as well. However,
OH, COO, and CH3COO groups have higher group contribu-
tions, than CH, and CH; groups, thus this effect is less con-
siderable for 1-alcohols and methyl esters.
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The critical parameter is unique for each material. Since
the properties discussed next are functions of temperature
and/or pressure, the markers were modified for better presen-
tation. Figure 5 shows the comparison of the method of
Joback and Nielsen for ¢, , estimation of C,-C;, n-alkanes,
C,-Cs l-alcohols, and methyl ethanoate. Methane was ex-
cluded, as both methods are inapplicable. ¢, of methanol
vapor could not be estimated properly by either methods for
T,<0.75 since it is not monotonic at 1 bar, see Fig. 5c. From
the boiling point to approximately 390 K, it decreases, then
increases with temperature at T >390 K. This behavior of
methanol was investigated earlier by Weltner and Pitzer
[61]. For the other investigated materials, ¢, ,, increases with
temperature. The method of Nielsen highly overestimates
¢p,» of methyl ethanoate while the method of Joback esti-
mates that within 5% deviation except for 7. > 2.35, although
no reference data were available for methyl esters when
group contributions for ¢, , were determined originally by
Joback [30], which shows the robustness of the method.
Therefore, the method of Joback performs better for c,, ,, es-
timation. Moreover, a correction function was introduced,
only for methanol, for the method of Joback, in order to cap-
ture the non-monotonic behavior of ¢, ,:
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Fig. 4 Comparison of critical volume and critical pressure with the reference data by using the method of Joback (a, ¢) and Constantinou (b, d). Higher

V. and lower p.. values correspond to higher M
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Fig. 5 Comparison of the temperature-dependent vapor specific heat capacity with reference data by using the method of Joback (a) and Nielsen (b), and reference
data for methanol (c). Higher ¢,,,, values correspond to a higher temperature for a given material, except for methanol, where c,,,, is not monotonic at 1 bar

corrected ¢, ,, values for methanol.
For ¢, ;, a modified LCS method of Bondi and a GCM of
- oy Jobacks (33) Ruzicka are compared for C,-C;, n-alkanes, C;-C;, 1-alco-
hols, and C3-C;; and C;s methyl esters. Note that w and ¢, ,,
where ¢, ,, jopack is the result of Eq. (12). Therange of validity ~ are input parameters for the modified LCS of Bondi, Eq. (15).
of Eq. (33) is 0.66 < T.< 1.21. Note that Fig. 5a shows the  As a consequence, c,, was calculated with GCM of Joback
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Fig.6 Comparison of the temperature-dependent liquid-phase specific heat capacity with reference data by using the modified LCS of Bondi (a) and GCM
of Ruzicka (b). Higher c,,; values correspond to a higher temperature for a given material, except for ethane, where ¢,,; is not monotonic at 1 bar
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and Fig. 6a contains only those fluids, where w was available
as reference data. Methane was excluded from Fig. 6, as both
GCM of Joback and GCM of Ruzicka are inapplicable.
Generally, c,,; increases with temperature for the investigated
fluids, except for ethane, which has a minimum at 1 bar. This
non-monotonic behavior cannot be captured by either
methods for ethane, shown in Fig. 6. Modified LCS of
Bondi provided a highly inaccurate approximation for meth-
anol, thus those values were omitted in Fig. 6a. Nevertheless,
both methods provided an appropriate estimation for n-
alkanes while the results of GCM of Ruzicka agree better with
reference data in case of 1-alcohols and methyl esters.
Consequently, the method of Ruzicka performed better in
general. Note that ¢, ; of methanol had a non-unity slope and
its ¢, ; was estimated within 5% deviation for 0.5 < 7,.< 0.6 by
the GCM of Ruzicka. Fortunately, a correction function for
Eq. (14) for only methanol was able to provide an excellent fit.
This is the following:

Cps = (3.00424 - ¢ 20T 05 53 . 127

where ¢, ; puzicka 18 the result of Eq. (14). The range of validity
of Eq. (34) is 0.34 < 7,.< 0.66. Both a third order polynomial
and a two-term exponential fit worked well in the range of the
available data, however, the exponential variant captured the
trends even at the edges, as shown in Fig. 6b.

p; was available for all the investigated fluids, how-
ever, reference data for u,, k,, and k; was only available
for n-alkanes, therefore, the present evaluation is con-
fined to them, and only the results of the best
performing methods are presented. Generally, lower p,,
k; and higher pu,, k, values correspond to higher tem-
perature for the investigated materials. Figure 7a and b
show the comparison of p;, and u, with reference data.
GCM of Elbro estimated liquid density excellently.
However, it is not applicable for methane, thus it was
excluded from Fig. 7a. Note that GCM of Elbro is not
suitable for methanol, however GCM suggested by
Baum, Eq. (25), provided proper estimation within 5%
deviation for 0.34<T,.<0.66, not shown here. LCS of
Lucas is accurate for u, estimation, shown in Fig. 7b.
Both the LCS method of Chung and the modified
Eucken method, Eq. (20), provided an excellent
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Fig. 7 Evaluation of GCM of Elbro for temperature-dependent liquid
density (a), LCS of Lucas for temperature-dependent vapor viscosity
(b), modified LCS Eucken method for temperature-dependent vapor
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Fig. 8 Comparison of the classical Chapman-Enskog formula, method of Wilke, and method of Fuller for C,-Cg n-alkanes for estimating gas-phase

mutual diffusion coefficient in nitrogen atmosphere

estimation for k, while only the latter is presented in
Fig. 7c. For k;, GCMs of Sastri worked well, however,
Eq. (23) failed to yield an acceptable temperature-
dependent result. Eq. (24) provided a slightly better es-
timation for k;, thus these results are shown in Fig. 7d.

As the gas-phase mutual diffusion coefficient is interpreted
for two constituents, nitrogen was selected as a pair for all the
investigated materials, as it is often used as an inert ambient
gas in mass transfer experiments. Figure 8 shows the compar-
ison of the classical Chapman-Enskog formula, the method of
Wilke, and the method of Fuller for C;-Cg n-alkanes. The
investigated D;, range is divided for better visualization, as
there is an order of magnitude difference in the gas-phase
mutual diffusion coefficient due to the temperature dependen-
cy. Based on the available reference data, the last model
outperformed all the others in the presented range, even at
high temperatures. Nevertheless, the classical Chapman-
Enskog formula is widely used, even in the state-of-the-art
numerical codes [62], although the method of Fuller requires
more general input data of the constituents, which are broadly
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available in refs. [47, 48]. As D;, decreases with pressure,
Fig. 9 shows the comparison of the former methods for meth-
anol, ethanol, and methyl ethanoate at atmospheric and ele-
vated pressure (up to 100 bar) conditions. For the latter case,
the method of Fuller estimates D, within +£10% deviation.
For atmospheric pressure, method of Fuller estimates D, of
ethanol properly while it underestimates that of methanol.
Generally, the deviation increases with temperature, which
corresponds to higher D, values. All the other methods pro-
vided even less accurate estimation for methanol.

As with the critical parameters, the enthalpy of vaporization at
the normal boiling point is also unique for each material.
Figure 10. shows the comparison of methods suggested by
Riedel, Chen, and Vetere for C,-C, n-alkanes, C,-Cg 1-alcohols,
and C;-Cs methyl esters. In general, all of them provide sufficient
estimation. However, LCS of Vetere slightly underestimates
Hzy, of 1-alcohols in the range of 400-700 kJ/kg. Therefore,
LCS methods of Riedel and Chen are recommended.

Table 4 summarizes the average relative deviation (ARD)
values for each of the investigated material property
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Fig. 9 Comparison of the classical Chapman-Enskog formula, method of Wilke, and method of Fuller for methanol, ethanol, and methyl ethanoate for
estimating gas-phase mutual diffusion coefficient of vapor and nitrogen at elevated (up to 100 bar) (a) and atmospheric (b) pressure
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Fig. 10 Comparison of the LCS methods of Riedel, Chen, and Vetere for
estimating the enthalpy of vaporization at the normal boiling point

estimation methods for all molecules, calculated by Eq. (35) to
quantify the aforementioned evaluation:

N |calc—ref|

i=1
ref;

ARD=———1— 35

N ) ( )

where N is the number of reference data points for a certain

property, calc; is the calculated, while ref; is the reference

value, respectively.

5 Conclusions

Several formulae are available for estimating various
thermodynamic properties of fuels since the available
reference database is often limited. They are all based
on the law of corresponding states (LCS) and the group
contribution method (GCM) which are connected to mo-
lecular theory. Since none of the formulae are universal,
numerous methods were evaluated in the present paper
against reference data, leading to the following conclu-
sions about their applicability for principally liquid fuel
combustion applications.

1. LCS proposed by Poling et al. is recommended for calcu-
lating the acentric factor.

2. GCM of Joback is more universal and suitable for
estimating atmospheric boiling temperature, specific
heat capacity of the vapor-phase, and critical prop-
erties, except for p., where GCM of Constantinou is
recommended. However, a correction function for
GCM of Joback was introduced for ¢, of methanol
for 0.66<T,.<1.21.

3. For liquid-phase specific heat capacity, GCM of Ruzicka
performed the best. A correction function was introduced
for methanol only in order to estimate c,; properly for
0.34<T,<0.66.

4. GCM of Elbro is applicable for estimating liquid density.
For n-alkanes, the LCS method of Lucas estimates vapor

Table 4  Average relative deviation between calculated values and reference data. Superscripts: 1: n-alkanes, 2: 1-alcohols, 3: methyl esters, and 4: all

the investigated materials

o Poling Constantinou
0.3633%'  6.050%? 1.664%°  2.949%* 6.181%! 26.56%* 12.20%3 15.99%*
Joback Constantinou
Ton 7.764%'  2.482%°  2.303%°  3.962%* 6.049%! 3.906%? 4.395%> 4.737%*
T. 0.2391%'  2.466%? 1.460%? 1.371%* 4.334%! 2.624%* 2.205%3 3.321%*
Pe 2.228%!  4.451%  25.12%°  6.970%* 3.647%! 7.119%? 1.837%° 4.792%*
Ve 1.915%!  2.306%° 1.719%°  2.045%* 1.741%! 2.225%* 1.719%3 1.939%*
Elbro Baum
P 0.7909%' 0.5961%>  1.322%°  0.7932%* | 1.484%! 1.595%2 6.284%? 1.520%*
a Bondi Ruzicka
i 2.682%! 18.02%>  2.208%°  2.849%* 1.874%! 11.09%2 2.516%> 2.756%*
é Joback Nielsen
i 1.210%!  4.924%*  5.995%° 1.693%* 2.099%! 4.858%* 30.10%* 2.606%*
Chung Eucken (Eq. (19))
4.494%! 15.71%!
ks Modified Eucken (Eq. (20)) Stiel (Eq. (21))
4.720%! 7.297%"
Latini Sastri (Eq. (23))
k 10.63%! 6.374%!
t Sastri (Eq. (24))
5.291%!
Chung Lucas
¢ 2.106%* 1.671%}
Chen Vetere
0.2880%'  4.238%%  0.7349%°  1.540%* 1.021%! 5.370%? 2.014%?3 2.474%*
Hzy Riedel
1.064%! 3.336%* 0.5426%° 1.667%*
Chapman-Enskog Fuller
D 4.939%!  37.59%%  0.8522%°  18.44%* 3.439%! 13.35%? 10.80%?3 7.688%*
Wilke
3.722%! 40.31% 7.248%? 19.06%*
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viscosity properly. As for thermal conductivity, the LCS
method of Chung and the modified Eucken method for
vapor-phase and GCM of Sastri for the liquid-phase are
the best approaches.

5. Based on reference data for n-alkanes, methanol, ethanol,
and methyl ethanoate in a nitrogen atmosphere, method of
Fuller provided acceptable estimation for the gas-phase
mutual diffusion coefficient.

6. LCS methods suggested by Riedel and Chen are suitable
for determining the enthalpy of vaporization at the normal
boiling point.
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