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Chemically Authentic Surrogate Mixture Model for the
Thermophysical Properties of a Coal-Derived Liquid Fuel
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We developed a surrogate mixture model to represent the physical properties of a coal-derived liquid fuel
using only information obtained from a gas chromatography—mass spectrometry analysis of the fuel and a
recently developed “advanced distillation curve”. We then predicted the density, speed of sound, and viscosity
of the fuel and compared them to limited experimental data. The surrogate contains five components (n-
propylcyclohexane, trans-decalin, a-methyldecalin, bicyclohexane, and n-hexadecane), yet comparisons to
limited experimental data demonstrate that the model is able to represent the density, sound speed, and viscosity

to within 1, 4, and 5%, respectively.

Introduction

Recently, there has been renewed interest in synthetic liquid
fuels derived from natural gas, coal, or biomass feedstocks.
Lamprecht! discussed the use of Fischer—Tropsch fuels by the
U.S. military. Feedstocks derived from coal (coal-derived fuel
or CDF) are of particular interest because there are large
domestic supplies of coal. Engine designers and manufacturers
require reliable information on the thermophysical properties
of these new fuels to optimize the design process. In this work,
we will provide thermophysical property models for a blended
fuel made from a significant fraction of coal liquids that is
referred to as prototype JP-900.

Because these fuels are usually complex mixtures of many
hydrocarbon species, a surrogate model approach is often the
best approach to model these fuels. Edwards and Maurice?
reviewed some of the surrogates available for aviation and rocket
fuels and provided an overview of the general requirements and
expectations of fuel surrogates.

Several research groups have proposed surrogate fuel mixtures
for gasoline, diesel fuel, and aviation turbine fuel. These
proposed mixtures, which number in the dozens, vary in
complexity, and most are intended for specific purposes. Single-
component surrogates may be adequate for simple applications.
More complex, multicomponent surrogate mixtures are required
for measurements and studies that are dependent upon fuel
chemistry. Examples of such applications include soot formation,
emissions, radiation loading, combustion staging, or applications
involving lean premixed flames. Surrogate mixtures are also
relevant to the study of physical properties. Specifically, the
properties that describe fuel volatility (distillation properties,
vapor pressures, etc.) are needed for the study of preferential
vaporization phenomena and pool fire hazards.

Previously, we used a surrogate model approach to model
the thermophysical properties of a synthetic aviation fuel derived
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from natural gas.®> In this work, we implemented a similar
procedure to develop a surrogate model for a synthetic aviation
fuel derived from coal. Here, however, we used only information
from a distillation curve measurement and a chemical analysis
to develop the surrogate model. Then, we compared how well
this model, derived friom only these two experimental inputs,
can represent the density, sound speed, and viscosity of an actual
fuel. In contrast to previous work,>* the mixture model that we
have developed here is predictive in the sense that we did not
use density, sound speed, or viscosity measurements to develop
the surrogate model.

The procedure for developing a surrogate mixture for the coal-
derived fluid can be summarized as follows. First, a chemical
analysis was performed to identify the composition of the fuel
sample. From this analysis, a list of representative fluids was
constructed, including compounds representative of the various
chemical families (branched or straight-chain alkanes, alkenes,
aromatics, naphthenes, etc.) found in the sample. For each of
these possible pure-fluid constituents, an equation of state and
a viscosity surface were needed. To represent the thermophysical
properties of a mixture, mixture models was used that incor-
porate the pure fluid equations for both thermodynamic and
transport properties. The fluids in the surrogate mixture and their
compositions were found by determining the composition that
minimized the difference between the predicted and experi-
mental distillation curve for the fuel sample. One could include
additional constraints, such as C/H ratio, but in this work, we
used only the distillation curve.

The fuel sample that we modeled in this work was obtained
from the Air Force Research Laboratory Propulsion Directorate
(AFRL, Wright Patterson Air Force Base, Dayton, OH). This
sample was designated POSF-4765, and its ultimate source was
the Pennsylvania State University Energy Institute’s Coal
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Table 1. Potential Constituent Fluids for the Surrogate Fuel Mixture

number of boiling point normal boiling
compound CAS number carbon atoms at 83 kPa (K) point (K)
methylcyclohexane 108-87-2 7 367.1 374.0
n-propylcyclohexane 1678-92-8 9 422.1 429.9
trans-decalin 493-02-7 10 451.9 460.3
cis-decalin 493-01-6 10 460.4 468.9
o-methyldecalin 2958-75-0 11 471.1 479.9
(isomer not specified)
2,6-dimethyldecalin 1618-22-0 12 472.0 480.9
n-hexylcyclohexane 4292-75-5 12 489.6 498.2
bicyclohexyl 92-51-3 12 502.1 5111
n-hexadecane 544-76-3 16 551.0 560.1

Utilization Laboratory. In an earlier paper,” we reported the
analysis of the sample by gas chromatography and mass
spectrometry and found 31 major constituents ranging from
cyclohexane to eicosane. The predominant species were cyclic
compounds of 10—12 carbons, especially decalins. From this
analysis, we formulated a list of nine representative compounds
to be used for the development of the surrogate; these are listed
in Table 1 along with their normal boiling points and their
boiling points at an atmospheric pressure of 83 kPa (the typical
local pressure of our laboratory). For each monobranched decalin
identified in the chemical analysis,> a representative species was
selected as a candidate constituent fluid for the surrogate. In
other words, for our purposes all x-methyldecalins are repre-
sented as a single methyldecalin. Similarly, we used a particular
x,y-dimethyl decalin to represent the dimethyldecalin family.
We did not consider positional isomers except for cis- and trans-
decalin. A major factor governing the specific choice of
compound to represent a moiety was the availability of property
data: priority was given to compounds for which the most
abundant and reliable experimental measurements were avail-
able. After this procedure, for each possible constituent fluid,
we searched the open literature as well as databases, such as
NIST TDE,® DIPPR,’ and Landolt—Bornstein® for experimental
physical property data. For some of the fluids, the data are
limited and were supplemented with predicted values.

Properties of the Constituent Pure Fluids

Because our modeling approach® requires thermophysical
property models for all pure constituent fluids, it was necessary
to develop equations of state for the potential constituent pure
fluids. We used mixtures of real components, similar to the
method suggested by Eckert and Vanek,? instead of pseudo-
components, as is common in the petroleum industry. Two of
the candidate fluids, methyl and n-propyl cyclohexane, have
been studied in previous work,!%!? and thermodynamic and
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transport surfaces are available. For the other fluids, it was
necessary to develop new property surfaces. To facilitate this
task, we used the ThermoData Engine program,® described by
Diky et al.!3 that provides dynamic data evaluation and on-
demand generation of equation-of-state parameters. We selected
the Span—Wagner equation of state,'* which can represent well
not only the vapor pressure and density but also other properties,
such as the speed of sound and heat capacity. In contrast to a
simple cubic equation of state, such as the Peng—Robinson
EOS,’ which requires only minimal information (critical
temperature and pressure, acentric factor) the Helmholtz form
(an equation of state explicit in Helmholtz energy as a function
of density and temperature) requires experimental data to
determine the multiple parameters of the equation. For fluids
with extremely limited experimental data (such as those with
only a normal boiling point and a liquid density), the TDE
program® provides predictive data for properties to supplement
the experimental data. Although other equations of state can
be used, such as a generalized Helmholtz form'® that requires
only the critical point and the acentric factor, or a volume-
translated'” form of the original Peng—Robinson EOS,'S we
preferred the Span—Wagner form because it allows the flex-
ibility to fit whatever limited data are available and it can
represent all thermodynamic properties well.

The Span—Wagner equation of state is formulated in terms
of the molar Helmholtz free energy as a function of density
and temperature

ap, D=a"p, D +d"p,D ()

where a is the molar Helmholtz energy, a%(p,T) is the ideal gas
contribution to the molar Helmholtz energy, and a'(p,7) is the
real fluid molar Helmholtz energy that results from intermo-
lecular forces. All thermodynamic properties can be calculated
as derivatives of the Helmholtz energy.!# In practical applica-

(11) Bruno, T. J. The properties of S-8 and JP-10. Report prepared for
Wright Laboratory Aero Propulsion Power Directorate under MIPR
FAFBEY6346G001, 2007.

(12) Perkins, R. A.; Hammerschmidt, U.; Huber, M. L. Measurement
and correlation of the thermal conductivity of methylcyclohexane and
propylcyclohexane from 300 to 600 K at pressures to 60 MPa. J. Chem.
Eng. Data 2008, manuscript submitted.

(13) Diky, V.; Muzny, C. D.; Lemmon, E. W.; Chirico, R. D.; Frenkel,
M. ThermoData Engine (TDE): Software implementation of the dynamic
data evaluation concept. 2. Equations of state on demand and dynamic
updates over the web. J. Chem. Inf. Model. 2007, 47, 1713-1725.

(14) Span, R.; Wagner, W. Equations of state for technical applications.
I. Simultaneously optimized functional forms for nonpolar and polar fluids.
Int. J. Thermophys. 2003, 24 (1), 1-39.

(15) Peng, D.; Robinson, D. B. New 2-constant equation of state. Ind.
Eng. Chem. Fundam. 1976, 15 (1), 59-64.

(16) Xiang, H. W.; Deiters, U. K. A new generalized corresponding-
states equation of state for the extension of Lee—Kesler equation to fluids
consisting of polar and larger nonpolar molecules. Chem. Eng. Sci. 2008,
63 (6), 1490-1496.

(17) Peneloux, A.; Rauzy, E.; Freze, R. A consistent correction for
Redlich—Kwong—Soave volumes. Fluid Phase Equilib. 1982, 8 (1), 7-23.



Thermophysical Properties of a CDF

tions, the functional form used is the dimensionless Helmholtz
energy, o, as a function of a dimensionless density and
temperature. The form of this equation is
ap, D _ _ 0 r
RT =a, D=0, + o, D (2)
where 6 = p/p. and T = T,/T. The Helmholtz energy of the
ideal gas is given by

0
0_ 10 T 0yr _ pr_ 0 TC o eT
a =hy+ TQCPdT RT —T)sy,+ 7 TdT Rln(_PoTo)
©)

where py is the ideal-gas density at Ty and po (po = po/ToR).
The values of Ty, po, hf, and s§ are arbitrary and can be chosen
based on user’s desired reference values of enthalpy and entropy.
The ideal gas Helmholtz energy is given in a dimensionless
form by

where dg = po/p. and 19 = T/T).

The calculation of thermodynamic properties from the ideal-
gas Helmholtz energy requires an equation for the ideal gas
heat capacity, 3. The TDE® program provides the ability to
generate formulations for the ideal-gas heat capacity by use of
several different functional forms. Values for the ideal-gas heat
capacity were estimated by use of the method of Joback and
Reid!® with group parameters re-evaluated at NIST/TRC'® and
then fit to the following form used in reference equations of
state?*2! that is expressed in terms of “Planck—Einstein”
functions:

(cy/T)’exp(cy/T) (es/T)*exp(cs/T)
[1 —exp(cy/T))? C4[1 —exp(cs/T)]? +
(c7/Ty?exp(c;/T)
[T = exp(e/ TP
In eq 5, the temperature is in K and ¢§ is in J mol~! K~!. The
coefficients for the Planck—Einstein equation were obtained with
a nonlinear least-squares algorithm by use of the simplex
method. Further details on the regression methods in the TDE
program can be found in ref 13. This form of equation can
extrapolate reliably to high temperatures that may be of interest
in fuel applications and is superior to common polynomial fits
that often have unphysical behavior when extrapolated beyond
the range over which they were fitted.
The functional form used for the residual Helmholtz energy
equation of state for a pure fluid is

-
c,=cl" +¢,

®)

N, N,

a0, =Y nd" v+ Y norrexp(—o") ©)
where the summation is over the N, total terms of the equation.
The form used in this work, developed by Span and Wagner,'*
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has 12 terms. The coefficients in this equation are obtained by
simultaneously fitting experimental data for multiple properties
(for example, vapor pressure, density, sound speed, and heat
capacity).

For viscosity, we used models capable of representing the
entire fluid surface rather than limited range correlations. Poling
et al.?? discuss several options. Dependent upon the fluid, the
viscosity was modeled with either an extended corresponding
states model?22? or a variation of the model of Chung et al.?>2*
Both models can be used in a predictive mode when data are
scarce and require only the critical parameters and acentric factor
o for nonpolar fluids. Two additional parameters (a dimension-
less dipole moment u, and an empirical correction factor for
hydrogen bonding «) are included in the Chung et al. model to
account for polarity and hydrogen bonding. In both models, the
dilute gas is represented with the Chapman—Enskog theory?
along with the empirical correlation of Neufeld et al.2¢ for the
collision integrals. Chung et al.>* present relations for the
potential parameters &/k and o in terms of the critical volume
and the critical temperature; alternatively, the potential param-
eters may be estimated with a corresponding states method.?’

When sufficient data are available, the representation of the
viscosity can be improved by fitting the data to model
parameters. For the model of Chung et al.,”* we retained the
dilute gas parameters as presented in the original paper.
However, for the dense fluid contribution, we treated all five
parameters (0%, e*/k, w*, u*, and «*) as empirical parameters
found by regressing available data. (We use the parameters in
the same context as in the original model of Chung et al.2* but
use an asterisk to denote that we treat them as totally empirical
parameters that no longer retain their original meaning.)
Viscosity calculated with the extended corresponding states
model described in ref 23 may also be improved by fitting data
to correction functions for the shape factors that are expressed
as (see eq 10 in ref 23)

Y(pg) = dy+ dyp,+ dop}

where 1 is the correction function for the shape factors
expressed as a polynomial in reduced density p. = p/p. and the
coefficients dy, d;, and d, are constants found from fitting the
experimental viscosity data. Dodecane was used as a reference
fluid because it is similar to the constituent fluids and has
formulations available for both the equilibrium?? and transport
properties.?’

The equations of state and ideal gas heat capacity formulations
were developed with the TDE program® with methods described
in ref 13. The formulations for the viscosity surface were
obtained by fitting experimental data or using predictive
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Table 2. Fluid-Specific Parameters

Table 2. Continued

Huber et al.

(a) n-Hexadecane

EOS parameters

k g ik Jk Iy
critical 1 1.2432974665 0.25 1 0
parameters T (K) pe (kPa) pc (mol/L) 2 —2.74465872026 1.125 1 0
3 1.14341762006 1.5 1 0
7224 1459.0 0.9965 4 —0.359406007682 1.375 2 0
9 parameters ¢ . . c 5 0.114801573715 0.25 3 0
P 0 ! 2 3 6 0.0003232429318 0.875 7 0
34.0588 0.321249 247.482 1745.74 7 —0.45885857634 0.625 2 1
8 —0.0111668661998 1.75 5 1
C4 cs Co c7 9 —0.527821401572 3.625 1 2
10 —0.0215292177513 3.625 4 2
225.029 3036.43 242.095 795.502 1 0.0429011813393 145 3 3
EOS parameters 12 —0.0406366965152 12 4 3
k ng ix Jk I viscosity parameters
1 1.70163173911 0.32 1 0 o* e*lk w* U K*
2 —3.25180919862 1.23 1 0
752 . .1 1.1 .
3 0299104359531 5 1 0 0.752783 355.565 0.130383 7997 0.0738838
4 —0.215427393737 1.4 2 0 .
5 0.0927951193067 0.07 3 0 (d) Bicyclohexyl
6 3.23908982507 x 10~ 0.8 7 0
7 1.14486118331 2.16 2 1 critical parameters T (K) pe (kPa) pe (mol/L)
8 0.0766349207708 11 5 1 742.0 27518 16975
9 —0.58582491551 4.1 1 2
10 —0.14393490805 5.6 4 2 Y parameters co C1 ) c3
11 0.0119536613035 14.5 3 3
12 0.00402626369301 12 4 3 9.19418 0.414485 290.079 2952.49
ECS parameters for viscosity G i) < “
172.844 810.024 180.4 1640.63
dy dy dy
1.03257 421494x 1073 —4.93431x 107 EOS parameters
k ky i Jk Iy
(b) cis-Decalin 1 1.24988569761 0.25 1 0
2 —3.08211766283 1.25 1 0
critical parameters T. (K) pe (kPa) pe (mol/L) 3 0.183508725475 1.5 1 0
4 0.111563445247 0.25 3 0
702.14 3067.8 2.061 5 0.000346686605193 0.875 7 0
0 6 1.16020908538 2.375 1 1
Cp parameters 0 ‘ @ “ 7 1.18455500055 2 2 1
16.2006 0.04987 227.639 1560.19 8 —0.00912900438556 2.125 5 1
9 —0.714151426206 3.5 1 2
c4 cs c6 c7 10 —0.038134795714 6.5 1 2
11 —0.17150825439 4.75 4 2
172.759 629.775 265.069 3155.14 2 —0.00402009762522 125 ) 3
EOS parameters - -
VlSCOSlty parameters
k 7 j [/
Nk Uk Jk k do d, d
1 1.18777583272 0.25 1 0
2 —3.41875329754 1.125 1 0 0.9424 0.034208 0.0
3 1.47715942129 1.5 1 0
4 —0.172685192181 1.375 2 0 (e) n-Hexylcyclohexane
5 0.128206310606 0.25 3 0
6 0.000263477454385 0.875 7 0 critical parameters T. (K) pe (kPa) pc (mol/L)
7 0.0439559205361 0.625 2 1
675.0 1796.7 1.462
8 —0.0882813084332 1.75 5 1 o
9 —0.489747441532 3.625 1 2 cg parameters co c1 (&) c3
10 —0.135056120113 3.625 4 2
11 0.00774955851609 145 3 3 23.8463 0.194234 342.027 1484.84
12 0.00164587000053 12 4 3 o o o o
viscosity parameters 146.775 435.788 202.92 3055.19
o* eIk w* Ur* K* EOS parameters
0.748444 502.556 —0.0203294 1.02422 0.047536 k i i i I
. 1 0.997734484373 0.25 1 0
(¢) trans-Decalin 2 —2.54235465337 1.125 1 0
3 0.75040916695 1.5 1 0
critical parameters T. (K) pe (kPa) pc (mol/L) 4 —0.53120903763 1.375 2 0
5 0.155048270441 0.25 3 0
686.95 2843.4 2.007 6 0.00028878763926 0.875 7 0
o : ) ) ) 7 0.96549668861 0.625 2 1
¢p parameters €0 a @ “ 8 0.0647269523949 1.75 5 1
16.2006 0.04987 227.639 1560.19 9 —0.829230271123 3.625 1 2
10 —0.205902056943 3.625 4 2
C4 Cs C6 c7 11 —0.0161961984139 14.5 3 3
12 0.0120541492413 12 4 3

172.759 629.775 265.069 3155.14
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Table 2. Continued

viscosity parameters
do dy dy
1.03 0 0

(f) a-Methyldecalin

critical parameters T. (K) pe (kPa) pe (mol/L)
697 2612.31 1.846
Y parameters o c &) c3
19.3732 0.173857 184.106 707.963
C4 Cs C6 7
224.164 1608.54 278.013 3105.54
EOS parameters
k i ik Jk I
1 1.00816390879 0.25 1 0
2 —2.83068196679 1.125 1 0
3 0.780190804635 1.5 1 0
4 —0.174630992875 1.375 2 0
5 0.117581480067 0.25 3 0
6 0.00025291388631 0.875 7 0
7 0.674225724947 0.625 2 1
8 —0.029287601328 1.75 5 1
9 —0.490461596644 3.625 1 2
10 —0.15198792486 3.625 4 2
11 —0.0326667010223 14.5 3 3
12 0.0209990542317 12 4 3
viscosity parameters
do d >
1.05 0 0
(g) 2,6-Dimethyldecalin
parameters T. (K) pe (kPa) pe (mol/L) w
690.0 2334. 1.666 0.342
Y parameters co ci c c3
2.07603 0.500393 173.513 524.164
C4 Cs C6 7
248.818 1394.49 313.787 2917.32
EOS parameters
k N ik Jk I
1 1.23187847214 0.25 1 0
2 —3.48965601431 1.125 1 0
3 1.39446873932 1.5 1 0
4 —0.182505041018 1.375 2 0
5 0.132869094418 0.25 3 0
6 0.000268480350611 0.875 7 0
7 0.218550615514 0.625 2 1
8 —0.0753516507514 1.75 5 1
9 —0.535028434641 3.625 1 2
10 —0.119708832539 3.625 4 2
11 0.0254255425933 14.5 3 3
12 —0.016862228025 12 4 3
viscosity parameters
do d >
1.03 0 0

methods. The resulting coefficients for the pure fluids (except
methyl and n-propylcyclohexane, which are in ref 11) are given
in parts a—g of Table 2. The critical temperature was set to the
value recommended by the TDE program,® while the critical
density and pressure were obtained by fitting during the
development of the EOS. To estimate the reliability of these
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formulations, a short description of comparisons with selected
experimental data for each fluid is given below.

Bicyclohexyl. The speed of sound data’’3! are represented
to within 2%:; the saturation heat capacity data’ are within 3%;
the high temperature (424—577 K) vapor pressure measurements
of Wieczorek and Kobayashi®? are within 2%; while the vapor
pressure measurements of Myers and Fenske3* that cover a wider
range of 331—511 K show deviations as large as 8%. The
density data of Chang et al.®® that extend to 30 MPa at
temperatures from 333 to 413 K are within 0.3%. The limited
viscosity data of Evans®® are represented to within 2% and cover
the temperature range 278 —363 K. There were limited viscosity
data for this fluid, with no data at pressures above the saturation
boundary; however, we estimate the uncertainty to be less than
10% in the liquid phase.

trans-Decalin. The speed of sound data3”-3® are represented
to within 1%; the heat capacity at saturation data® are
represented to within 2%. Deviations in vapor pressure*0-42 are
within 2%; saturated liquid densities®’*># are within 0.2%; and
density data*** as a function of pressures less than 100 MPa
are within 1%. On the basis of comparisons to the data of
Zeberg-Mikkelsen et al.*? that cover 293—353 K at pressures
to 100 MPa and the data of Seyer and Leslie,*® we estimate the
uncertainty of the viscosity in the liquid phase as 5%.

n-Hexadecane. Speed of sound data of Bolotnikov et al.*’
over the range 293—373 K along the liquid saturation boundary

(30) Tardajos, G.; Pena, M. D.; Lainez, A.; Aicart, E. Speed of sound
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Figure 1. Schematic diagram of the overall apparatus used for the measurement of distillation curves.

Table 3. Distillation Curve for CDF at a Constant Atmospheric
Pressure of 83.86 kPa“

kettle
temperature,
Ty (K) adjusted to
kettle 101.325 kPa with
volume temperature, Ty Sydney Young
fraction (K) at p = 83.86 kPa equation®>9

0.05 466.9 473.5
0.10 468.0 474.6
0.15 469.0 475.7
0.20 470.5 477.2
0.25 471.6 478.3
0.30 473.2 479.9
0.35 4744 481.1
0.40 476.0 482.8
0.45 471.8 484.6
0.50 479.8 486.6
0.55 482.3 489.1
0.60 484.8 491.7
0.65 488.0 494.9
0.70 491.8 498.8
0.75 496.2 503.2
0.80 501.8 508.9
0.85 508.2 515.4
0.90 516.6 523.9

4 A detailed discussion of the uncertainty in these data is provided in
ref 5.

Table 4. Composition of the Surrogate Mixture for the CDF

fluid mole fraction
n-propylcyclohexane 0.04
trans-decalin 0.31
a-methyldecalin 0.28
bicyclohexyl 0.36
n-hexadecane 0.01

are represented to within 0.5%, as are the data of Ball and
Trusler*® for pressures up to 30 MPa. Deviations for the sound
speed data of Ball and Trusler*® increase systematically from
0.5% at 30 MPa to 3.0% at 100 MPa. Limited range (295—320
K) heat capacity at saturation pressure* are represented to within
1.5%; the liquid phase heat capacity measurements at pressures
up to 10 MPa of Banipal at el are within 2%. Saturated liquid
densities®*? are represented to within 0.3%; liquid densities>>2-7
to 100 MPa are represented to within 0.4%. The vapor-pressure

(44) Hogenboon, D.; Webb, W.; Dixon, J. A. Viscosity of several liquid
hydrocarbons as a function of temperature pressure and free volume.
J. Chem. Phys. 1967, 46 (7), 2586.

(45) Kuss, E.; Taslimi, M. p, V, T measurements on twenty organic
liquids. Chem. Ing. Tech. 1970, 42, 1073-1081.
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Figure 2. Experimental and calculated distillation curves for a CDF at
83.86 kPa.

Table 5. Selected Thermophysical Properties of a CDF

temperature pressure density sound  viscosity

(K) (kPa) (g/mL) speed (m/s) (mPa s)
experimental value’ 293.15 83.86  0.8652 1385 2.3075
298.15 83.86  0.8616 1365 2.1001
303.15 83.86  0.8581 1349 1.9209
surrogate model 293.15 83.86 0.8718 1337 24214
298.15 83.86  0.8680 1319 2.1972
303.15 83.86  0.8642 1300 2.0037

data of Camin et al.’® covering 463—559 K and the data of
Morgan and Kobayashi® covering 393—583 K are represented
to within 0.5%. On the basis of comparisons to the liquid phase
viscosity data sets’®0-%% for pressures up to 100 MPa, we
estimate that the uncertainty is 5%.

n-Hexylcyclohexane. There are extremely limited experi-
mental data for this fluid, and the equation of state was
developed with predicted data generated by the TDE program.®!3
Comparisons show agreement to within 0.3% for the very
limited atmospheric pressure liquid data that cover 293—298
K from refs 65-67. Vapor pressure data from Mokbel et al.*!
show agreement to within 1% for temperatures from 340 to 467
K, with deviations of as much as 4% at lower temperatures.
The normal boiling point predicted by the equation of state,
498.22 K, agrees to within the experimental uncertainty with
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the value of 497.89 + 1 K found by Mears et al. Experimental
viscosity data were unavailable; therefore, a predictive method,
estimated to have an uncertainty of 15% in the liquid phase,
was used.

o-Methyldecalin. There were extremely limited data for
o-methyldecalin, and the equation of state was developed with
predicted data generated by the TDE program.®!3 The equation
predicts a normal boiling point of 479.89 K, which is in good
agreement with a single experimental normal boiling point®® of
478.11 K. Comparisons show agreement to within 0.8% for two
density data at atmospheric pressure.%%% Heat capacity measure-
ments at saturation®®7? for the temperature range 311—423 K
agree with values from the EOS to within 2%. On the basis of
extremely limited experimental viscosity data,®-7% we estimate
uncertainty in the liquid phase of 15%.

2,6-Dimethyldecalin. This fluid also had very limited ex-
perimental data: only a single liquid density and a normal boiling
point. The EOS predicts a normal boiling point of 480.86 K
that compares favorably to the experimental value of 481.11
K.% For a single liquid density at 293.145 K, the EOS predicts
867.5 kg/m? and the experimental value®® is 871 kg/m’.
Experimental viscosity data were unavailable; therefore, a
predictive method, estimated to have an uncertainty of 15% in
the liquid phase, was used.

cis-Decalin. The speed of sound data’’-3 are represented to
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within 2%; the heat capacity at saturation data of McCullough?°
are represented to within 3% at 350 K, increasing to 6% at 230
K; while the data of Gudzinowicz® over 313—423 K are within
2%. Deviations in vapor pressure***27! are generally within 2%;
saturated liquid densities3”43#* are within 0.1%; and the density
values****72 as a function of pressures less than 100 MPa are
within 1%. On the basis of comparisons to the data of Zeberg-
Mikkelsen et al.*? that cover 293—353 K at pressures to 100
MPa and the data of Seyer and Leslie,*® we estimate the
uncertainty of the viscosity in the liquid phase to be less than
8%.

Mixture Properties

For calculations of the thermodynamic properties of mixtures,
we use a mixture model explicit in Helmholtz energy that can
use any equation of state, provided that it can be expressed in
terms of the Helmholtz energy.”® This form of model has been
used successfully for refrigerant mixtures’> and natural gas
mixtures.’* Details on the mixture model are given in refs 73
and 75

The model for calculating the transport properties of a mixture
is an extended corresponding states method.?3?7-76-7% The basic
procedure is based on the earlier work of Ely and Hanley.80:8!
In this approach, the viscosity or thermal conductivity of a
mixture is calculated in a two-step procedure. First, mixing and
combining rules are used to represent the mixture in terms of a
hypothetical pure fluid, and then the properties of the hypotheti-
cal pure fluid are determined by mapping onto a reference fluid
through the use of “shape factors”; details are given elsewhere>7.76-7
For both refrigerant mixtures and mixtures of natural gas
components, the viscosity and thermal conductivity are typically
represented to within 5—10%,7¢ except for the viscosity of fluids
near freezing and the thermal conductivity near the critical point,
where errors can be larger. We expect similar results with the
mixtures in this work because they are primarily nonpolar
hydrocarbons.

The distillation curve of complex multicomponent fluids has
traditionally been used to describe fluid volatility, usually by
application of the metrology described in ASTM D-86.82 The
distillation curve is a graphical depiction of the boiling
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temperature of the fluid plotted against volume or volume
fraction. Unfortunately, the classical application of this distil-
lation curve measurement method, while standardized, has no
basis in theory and cannot be used to represent thermodynamic
state points. To remedy this problem, an advanced distillation
curve metrology has been developed.>#3-* This new method is
a significant improvement over current approaches, featuring
(1) a composition explicit data channel for each distillate fraction
(for both qualitative and quantitative analysis), (2) temperature
measurements that are true thermodynamic state points that can
be modeled with an equation of state, (3) temperature, volume,
and pressure measurements of low uncertainty suitable for
equation of state development, (4) consistency with a century
of historical data, (5) an assessment of the energy content of
each distillate fraction, (6) trace chemical analysis of each
distillate fraction, and (7) corrosivity assessment of each
distillate fraction. The apparatus for this metrology is illustrated
schematically in Figure 1. As pointed out in earlier work,’? the
specific location of the thermocouple in the liquid in the boiling
flask or kettle, T1 in Figure 1, allows the process to be modeled,
because it represents a thermodynamic state point, is easily
reproducible, and is preferable to the head temperature, which
is very sensitive to placement in the apparatus as well as the
heating rate.?? The data for the distillation curve for the CDF
in this work are given in Table 3 and include values adjusted
to 101.325 kPa with the Sydney Young equation,”*7 as well
as the raw data taken at the local atmospheric pressure of 83.86
kPa.

Following previous work,®> we modeled the distillation process
as a simple batch distillation,’®* where the vapor leaving the
boiling flask and head passes into a total condenser without
reflux. The liquid in the kettle is assumed to be heated to its
bubble point, and it is assumed to be in equilibrium with its
vapor phase. The vapor is subsequently removed at a constant
flow rate. We note that the measurement is also performed at a
constant mass flow rate through the distillation head, a feature
accomplished with a model predictive temperature controller.!®
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The vapor—liquid equilibrium for the system is represented with
the mixture model,’*10! described above with estimated interac-
tion parameters,” and incorporates the pure fluid Helmholtz
equations of state given in parts a—g of Table 2. We used these
equations and mixing rules as implemented in the REFPROP
computer program.!'02

Results and Discussion

We used a regression procedure to minimize the differences
between the experimental advanced distillation curve and the
predictions of the model to determine the compositions of the
surrogate fluid mixture. For the regression, we used the raw
uncorrected values in Table 3. The objective function was the
sum of the squared percentage differences between the experi-
mental distillation curve data’ and the predicted value. Following
previous work,? the distillation curve was constructed from a
series of bubble-point calculations, where the input for genera-
tion of a distillation curve is the initial composition of the sample
in the distillation flask and the ambient pressure. Thus, for our
regression procedure to determine the surrogate mixture, the
independent variables are the compositions of the fluid mixture.
Our initial guess included all of the components in Table 1.
Successive calculations gave very small concentrations of some
components. These were removed from the mixture, and the
minimization process was repeated. The final surrogate com-
position, containing five components, is given in Table 4. The
computed distillation curve (adjusted with a apparatus-specific
volume shift of 0.12, described in ref 3) and the experimental
data are shown in Figure 2. The difference between the
calculated and experimental distillation temperatures is always
within 2 K. The lightest (n-propylcyclohexane) and heaviest
(n-hexadecane) fluids are present only in small amounts and
determine the initial boiling behavior and the tail of the
distillation curve. The remaining components determine the
overall shape of the curve. Good agreement was found between
the initial boiling point observed experimentally,” 465.45 K,
and the calculated initial boiling point (at 83.86 kPa) of
464.54 K.
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Limited experimental data are available’ for the sound speed,
density, and viscosity of the CDF; therefore, we can evaluate
the performance of the surrogate mixture with the actual fuel
properties. Results are shown in Table 5. The predicted and
experimental values of density, sound speed, and viscosity are
within 1, 4, and 5%, respectively. To represent the distillation
curve, it is necessary to use a mixture model. However, if one
is interested only in single-phase properties, pure trans-decalin
can be used to model the density, sound speed, and viscosity to
within 1, 1, and 8%, respectively. Note that, if one uses pure
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cis-decalin, the results are much less satisfactory with deviations
of 4, 4, and 50%. The experimental data are at atmospheric
pressure and cover a very small temperature range, and we
expect deviations to be larger outside this region, with the largest
deviations expected for the viscosity at low temperatures and
high pressures; however, these results are encouraging for a
predictive model.

Conclusions

In this paper, we have presented a five-component surrogate
mixture model for representation of the thermophysical proper-
ties of a synthetic coal-derived aviation fuel. A key feature is
the use of experimental data from the advanced distillation curve
metrology that permits modeling the volatility behavior of the
surrogate mixture. The procedure for correlating and incorporat-
ing the distillation-curve data is general and may be applied to
develop other surrogate fuel mixtures. The surrogate model,
developed only with the data from the distillation curve, was
then used to predict the density, sound speed, and viscosity of
the CDF mixture and found to give deviations of 1, 4, and 5%,
respectively. Future work will use this process to determine
surrogate models for other complex fuels.
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