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Abstract The NIST ThermoData Engine (TDE) is a large electronic database
containing experimental data with detailed descriptions of relevant metadata and
uncertainties that incorporates expert-system software to automatically generate
dynamically evaluated data and on-demand equations of state. In this study, we dem-
onstrate how the concept of dynamic data evaluation within the NIST TDE can be
used to generate equations of state (EOS) on demand, and give an example where the
resulting EOS formulations for pure chemical compounds are used to develop a surro-
gate mixture model to represent the volatility behavior, as expressed by the distillation
curve, of a synthetic paraffinic aviation fuel derived from biomass.

Keywords Distillation curve · Equation of state · Helmholtz free energy ·
Surrogate model · ThermoData Engine

1 Introduction

Thermophysical and thermochemical property data represent key foundations for
development and improvement of all chemical process technologies. In addition,
high-quality property data are frequently essential prerequisites in the search for new
relationships between properties of chemical systems, and constitute the basis of the
scientific discovery process.
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Previously, we defined various data types (experimental, predicted, derived, and
critically evaluated) within thermophysical and thermochemical properties [1]. Based
on these considerations, critical data evaluation can be defined as a process of gen-
eration of critically evaluated property data based on available experimental and pre-
dicted data as well as their uncertainties. Critical evaluation of thermodynamic and
thermophysical property data can be performed based on one of three general meth-
ods: (1) single-property data analysis; (2) simultaneous analysis of multiple properties
with enforced mutual consistency; or (3) through application of an equation of state
(EOS) [2,3]. Implementation of the EOS approach (when an ideal gas expression for
the ideal gas heat capacity is available) allows, in principle, evaluation of all ther-
modynamic properties of the system simultaneously. In general, an EOS for a pure
fluid establishes a relationship between the thermodynamic variables of the system,
temperature T , molar volume V , and pressure p. For a pure substance, the EOS can
generally be expressed as

pV = RT + f (T, p) (1)

where R is the gas constant.
In the case of an ideal gas, where interactions between molecules are absent, the

function f (T, p) is equal to zero. In practice, this term is rarely negligible and has been
calculated with a wide variety of numerical approximations leading to the development
of hundreds of empirical EOS formulations during the last century [4].

We note that the first empirical formulation of the EOS was suggested by van der
Waals [5] to take into account molecular size and molecular interaction forces, result-
ing eventually in recognition of this landmark scientific achievement by the Nobel
prize in physics [6] in 1910. The purpose of this article is to demonstrate how new
technologies designed to implement the concept of dynamic data evaluation [7–9] can
be used to generate EOS on demand, and then to deploy the resulting EOS formula-
tions for pure chemical compounds to model thermodynamic properties of a complex
mixture, for example, an aviation fuel. We will specifically use the EOS formulations
to develop a surrogate model for a synthetic paraffinic kerosene fuel derived from
biomass (BIO-SPK).

2 Equations of State on Demand

Highly precise equations of state often contain numerous parameters for characteriz-
ing f (T, p). These equations can be deployed only if the compound of interest has
been studied adequately to allow determination of the fitting parameters. Data of high
quality and broad range are often required for a high-precision EOS. Some less precise
EOS formulations containing only a few parameters can be deployed for a large variety
of “data scenarios,” including compounds for which data are sparse. Until recently,
EOS technology has been deployed in only static data evaluations, where critical data
evaluation must be initiated far in advance of need.

NIST ThermoData Engine (TDE) [2,10–13] software represents the first full-
scale implementation of the dynamic data evaluation concept for thermodynamic and
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thermophysical properties. This concept requires large electronic databases capable of
storing essentially all relevant experimental data known to date with detailed descrip-
tions of metadata (information necessary to interpret numerical data such as proper-
ties, variables, constraints, phases, etc.) and uncertainties. The combination of these
electronic databases with expert-system software, designed to automatically generate
recommended data based on available experimental and predicted data, leads to the
ability to produce critically evaluated data dynamically or “to order.”

EOS deployment in dynamic data evaluation is particularly challenging for com-
plex, high-precision equations, due to mathematical complexities, the sensitivity of
results to data quality, the necessity to meet special validation criteria, and the need
to function without human intervention. Dynamic evaluation provides new oppor-
tunities for generating EOS representations for a wide variety of chemical species.
A key aspect is the establishment of criteria for deployment of a specific type of
EOS based on a particular data scenario, i.e., the data quality and extent. In order to
adequately represent a range of data scenarios, four different equations of state of vary-
ing complexity and precision are currently selected for implementation in TDE [2]:
Peng–Robinson [14], PC-SAFT [15], Sanchez-Lacombe [16,17], and fundamental
equations based on the Helmholtz energy [18–20]. In this article, this selection was
limited to Peng–Robinson and the Helmholtz EOS. These two forms illustrate the
development of equations of state for two different data situations. The first case occurs
when there are no data or extremely limited experimental data, and the Peng–Robinson
EOS is applicable. The second situation is where there are sufficient experimental data
for a variety of properties over a wide range of conditions to enable the development
of a wide ranging, high-precision EOS such as the Helmholtz form.

2.1 The Peng–Robinson EOS

Over the years, many authors have proposed modifications to the EOS developed by
van der Waals [5] in 1873. One of the more widely used modifications is that proposed
by Peng and Robinson [14] in 1976. It may be expressed as [4,21]

Z = V (V − b)−1 −�V/{(RT )(V 2 + δV + ε)}−1 (2)

where Z is the compressibility factor (pV/(RT )), and the quantity� is defined based
on the following expressions:

� = Aψ (3)

where

ψ =
{(

−0.26992ω2 + 1.54226ω + 0.37464
)(

1 − T 0.5
r

)
+ 1

}2
(4)

A = 0.45724 (RTc)
2/pc (5)

and
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Tr = T/Tc (6)

where ω is the acentric factor, Tc is the critical temperature, and pc is the critical
pressure. Finally, the equation quantities b, δ, and ε are defined as follows:

b = 0.0778RTc/pc (7)

δ = 2b (8)

ε = −b2 (9)

Note that the original van der Waals equation can be recovered by setting δ = ε = 0,
and ψ = 1.

Implementation of the Peng–Robinson EOS requires only three parameters—Tc,
pc, and ω—making it easy to use when data are limited. When experimental data are
unavailable, the TDE program uses predictive methods [22–26] to obtain the critical
temperature, critical pressure, and the vapor–pressure curve. The acentric factor is
calculated from its definition using the Ambrose–Walton equation [27] for the vapor
pressure.

2.2 Fundamental EOS Formulations Based on the Helmholtz Energy

Most modern, wide-range, high-precision equations of state for pure fluid properties
are fundamental equations explicit in the Helmholtz energy as a function of density
and temperature. The term “fundamental equation” refers to an EOS that represents
all the thermodynamic properties. Equations of state explicit in the Helmholtz energy
as the fundamental property with independent variables of density and temperature
can be expressed as

a(ρ, T ) = a0(ρ, T )+ ar(ρ, T ) (10)

where a0(ρ, T ) is the ideal gas contribution to the Helmholtz energy and ar(ρ, T ) is
the residual Helmholtz energy, which corresponds to the influence of intermolecular
forces. An advantage of the Helmholtz energy form is that all single-phase thermo-
dynamic properties can be calculated as derivatives of the Helmholtz energy. For
example,

p = ρ2
(
∂a

∂ρ

)

T
. (11)

In addition, although the Peng–Robinson and other cubic equations of state are gener-
ally expressed in terms of pressure as a function of volume and temperature, one
can obtain an expression for the dimensionless residual Helmholtz energy αr by
integration,

αr = (a − a0)/RT =
∫
(Z − 1)ρ−1 dρ. (12)
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The Helmholtz energy of the ideal gas is given by the expression

a0(ρ, T ) = h0
0 +

T∫

T0

c0
p(T

′) dT ′ − RT − T

⎡
⎢⎣s0

0 +
T∫

T0

c0
p

T ′ dT ′−R ln

(
ρT

ρ0T0

)⎤
⎥⎦,

(13)

where ρ0 is the ideal-gas density at T0 and p0 (ρ0 = p0/T0 R). The values of T0,
p0, h0

0, and s0
0 are arbitrary, and can be chosen based on a user’s desired reference

values of enthalpy and entropy. Equation 13 requires an expression for the ideal-gas
heat capacity, c0

p. The TDE [10] program provides the ability to generate formulations
for the ideal-gas heat capacity by use of several different functional forms. One such
form [18,28] is expressed in terms of “Planck-Einstein” functions:

c0
p = c0T c1 + c2

(c3/T )2 exp(c3/T )

[1 − exp(c3/T )]2 + c4
(c5/T )2 exp(c5/T )

[1 − exp(c5/T )]2

+ c6
(c7/T )2 exp(c7/T )

[1 − exp(c7/T )]2 (14)

In Eq. 14, the temperature T is in K and c0
p is in J · mol−1· K−1. This form of equation

can extrapolate reliably to high temperatures and is superior to common polynomial fits
that often have unphysical behavior when extrapolated beyond the range over which
they were fitted. As is often the case, when experimental data for c0

p are unavailable,
the TDE program provides estimates for the ideal-gas heat capacity by use of the
method of Joback and Reid [22] with group parameters evaluated as described by
Frenkel et al. [11]

A common functional form for the dimensionless residual Helmholtz energy
[18] is

ar(δ, τ ) = �Nkδ
dk τ tk +�Nkδ

dk τ tk exp
(
−δlk

)
(15)

where δ is the reduced density (δ = ρ/ρc) and τ is the inverse reduced temperature
(τ = Tc/T ). Each summation typically contains 4 to 20 terms, where the index k
indicates each individual term. The values of dk , tk , and lk are constrained such that
the tk are generally expected to be greater than zero, and dk and lk are integers greater
than zero.

The specific fundamental equations of state used in TDE [2] are based on the work
of Span and Wagner [19,20]. Their study describes the development of two 12-term
equations with fixed functional forms: one for nonpolar or slightly polar substances,
and one for polar fluids. Data sets of high quality were used to develop the func-
tional forms and assess the quality of the resulting data representations. Although
these “technical equations” suffer from a slight loss in representation accuracy for
some compounds with very extensive high-quality data, their shorter forms allow for
computations that are as much as ten times faster, depending on the number of terms
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in the other equations and on the use of special constraints for fitting in the critical
region. The use of a fixed form also provides a well-behaved thermodynamic surface
and helps to avoid overfitting of data.

3 Application to the Development of Surrogate Fuel Models

There has been a great deal of recent interest in fuels for gas turbine engines. This
has included efforts to expand the scope of fuel feedstocks to include non-petroleum
sources such as coal, natural gas, and biomass. As a consequence of this interest, there
is a desire to develop thermophysical property models to correlate these properties, to
enhance design and operational specifications for further application of new fuels.

A typical turbine fuel is a complex mixture of hundreds of components, and
modeling each individual constituent and its interactions in the mixture is not fea-
sible. Instead, we have been successful in the use of a surrogate mixture concept

Table 1 Potential constituent fluids for the surrogate fuel mixture

Compound CAS no. EOS Tc (K) Tb (K) pc (kPa) ω

4-Methyloctane 2216-34-4 PR 574.8a 415.2b 2374a 0.5329

2,6-Dimethyloctane 2051-30-1 PR 603.7c 431.4b 2212h 0.4392

3-Methylnonane 5911-04-6 PR 614.2a 440.8b 2177a 0.4558

2,5-Dimethylnonane 17302-27-1 PR 619.0d 449.1g 1974d 0.4672

2-Methyldecane 6975-98-0 H 624.1a 462.3b 1885f 0.5626

n-Undecane 1120-21-4 H 638.8b 469.0b 2093f 0.5447

3,6-Dimethyldecane 17312-53-7 PR 640.0d 469.6g 1815d 0.4887

5-Ethyldecane 17302-36-2 PR 654.0e 480.4f 1790e 0.4891

3-Methylundecane 1002-43-3 PR 652.6c 485.5b 1696h 0.5425

n-Dodecane [53] 112-40-3 H 658.1b 489.44b 1817f 0.574

2,3,5-Trimethyldecane 62238-11-3 PR 663.7e 484.7g 1722d 0.4348

5-Methyldodecane 17453-93-9 PR 664.5c 501.0b 1832h 0.6457

n-Tridecane 629-50-5 H 675.6b 508.6b 1691f 0.6156

3-Methyltridecane 6418-41-3 PR 687.2i 522.8b 1553h 0.6472

2,5-Dimethyldodecane 56292-65-0 PR 669.0d 505.9g 1532e 0.5867

n-Tetradecane 629-59-4 H 692.5b 526.7b 1614f 0.6585

n-Pentadecane 629-62-9 H 706.9b 543.8b 1481f 0.6944
a Estimated by QSPR [26]
b Based on available experimental values
c Estimated by Joback method [22]
d Estimated by Marrero–Padillo method [54]
e Estimated by Constantinou–Gani method [23]
f Derived from EOS
g Estimated by NRRC [24] method
h Extrapolated from vapor pressure curve
i Estimated by Wilson–Jasperson method [25]
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Table 3 Equation-of-state parameters for n-undecane

Critical par. Tc (K) pc (kPa) ρc (mol · dm−3)

638.815 2093 1.46256

c0
p coeff. (Eq. 14) c0 c1 c2 c3

76.612 0.162002 127.359 1158.74
c4 c5 c6 c7

94.1326 3803.9 264.576 1830.25

EOS coeff. (Eq. 15)
k Nk tk dk lk
1 1.14538 0.25 1 0

2 −3.05196 1.125 1 0

3 0.879796 1.5 1 0

4 −0.281238 1.375 2 0

5 0.143417 0.25 3 0

6 0.000217543 0.875 7 0

7 1.04732 0.625 2 1

8 −0.0211113 1.75 5 1

9 −0.566096 3.625 1 2

10 −0.190717 3.625 4 2

11 −0.0335304 14.5 3 3

12 0.0129656 12 4 3

Validity range: 247.6 K to 721.9 K, 0 MPa to 655 MPa, 0 kg ·m−3 to 657.3 kg ·m−3

Molar mass: 156.308 g ·mol−1

[29–33] that incorporates advanced distillation curve (ADC) measurements [34–45]
along with thermophysical property data measurements such as density, heat capacity,
sound speed, viscosity, and thermal conductivity [46–49]. The general principle is to
use a mixture with a relatively small number of components (usually <15) to repre-
sent the behavior of the actual complex fuel. Edwards and Maurice [50] provide an
overview of the general requirements and expectations of fuel surrogates.

Surrogate fuel mixtures vary in complexity, and most are intended for specific pur-
poses. In this study, the goal is to demonstrate the use of EOS on-demand technology
to develop a surrogate model for a biomass-based fuel. We will limit the scope to
providing a surrogate model that describes the volatility behavior, as shown by the
advanced distillation curve [34–45]. The advanced distillation curve methodology
[34–45] contains several important improvements in the measurement of distillation
curves of complex fluids. The modifications to the classical measurement provide for
(1) a composition-explicit data channel for each distillate fraction (for both qualitative
and quantitative analyses); (2) temperature measurements that are true thermodynamic
state points that can be modeled with an EOS; (3) temperature, volume, and pressure
measurements of low uncertainty suitable for EOS 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) a corrosivity
assessment of each distillate fraction. The composition-explicit channel is achieved
with a new sampling approach that allows precise qualitative as well as quantitative
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Table 4 Equation-of-state parameters for 2-methyldecane

Critical par. Tc (K) pc (kPa) ρc (mol ·dm−3)

624.1 1885 1.47301

c0
p coeff. (Eq. 14) c0 c1 c2 c3

93.3136 0.0932937 178.915 980.231
c4 c5 c6 c7

116.989 4223.07 288.374 1937.68

EOS coeff. (Eq. 15)
k Nk tk dk lk
1 1.18484 0.25 1 0

2 −3.07899 1.125 1 0

3 0.85337 1.5 1 0

4 −0.26841 1.375 2 0

5 0.139517 0.25 3 0

6 0.000223968 0.875 7 0

7 0.94863 0.625 2 1

8 −0.0205464 1.75 5 1

9 −0.598613 3.625 1 2

10 −0.19087 3.625 4 2

11 −0.0298327 14.5 3 3

12 0.0152613 12 4 3

Validity range: 224.3 K to 639.1 K, 0 MPa to 2.4 MPa, 0 kg ·m−3 to 780.5 kg ·m−3

Molar mass: 156.308 g ·mol−1

analyses of each fraction, on the fly. It has been applied to the measurement of rocket
propellant, gasolines, diesel fuels, jet fuels, and hydrocarbon crude oils. The most
relevant feature applicable to this study is that the ADC provides temperature mea-
surements that are true thermodynamic state points that can be modeled with an EOS.

The procedure for developing the surrogate mixture can be summarized as follows.
First, a chemical analysis is performed to identify the major species present in the
fuel sample. From this analysis, a list of representative fluids is constructed, including
compounds chosen from the various chemical families (branched or linear paraffins,
alkenes, aromatics, mono or polycyclic paraffins, etc.) found in the sample. The goal
is try to develop a model that is chemically authentic—meaning that although the
exact fluids that constitute the surrogate may not be present in the actual fuel, they
do in fact represent the chemical types present in the real fuel. For each of these
possible pure-fluid constituents, individual correlations for thermophysical properties
are required. In this example, our goal is to match the volatility of the fuel, so we
need only to develop an EOS. If, in addition, one also wants to model the thermal
conductivity, viscosity, surface tension, or cetane number of a fuel, then models for
these properties of the individual constituents are required as well. A mixture model is
used that incorporates the pure-fluid equations for the thermodynamic properties. The
fluids in the surrogate mixture and their compositions are then chosen by determining
the surrogate composition that minimizes the difference between the predicted and the
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Table 5 Equation-of-state parameters for n-tridecane

Critical par. Tc (K) pc (kPa) ρc (mol · dm−3)
675.634 1691 1.21625

c0
p coeff. (Eq. 14) c0 c1 c2 c3

50.4642 0.278912 338.579 1534.11

c4 c5 c6 c7
103.942 2780.82 0.0 0.0

EOS coeff. (Eq. 15)
k Nk tk dk lk
1 1.39164 0.32 1 0

2 −2.87332 1.23 1 0

3 0.305134 1.5 1 0

4 −0.179527 1.4 2 0

5 0.093016 0.07 3 0

6 0.0002761 0.8 7 0

7 0.986319 2.16 2 1

8 0.0360788 1.1 5 1

9 −0.489974 4.1 1 2

10 −0.135264 5.6 4 2

11 −0.0302586 14.5 3 3

12 0.0147871 12 4 3

Validity range: 267.8 K to 690.6 K, 0 MPa to 500 MPa, 0 kg · m−3 to 897.7 kg · m−3

Molar mass: 184.361 g · mol−1

experimental data for the targeted properties, in this case, the points on the advanced
distillation curve.

The fuel sample investigated here [51] is a biomass-to-liquid fuel (BIO-SPK). This
fluid was converted to an isoparaffinic kerosene from a feedstock of animal fats, used
cooking greases, and recovered brown greases. From the analysis by gas chroma-
tography/mass spectrometry of the fuel sample [51], we compiled a list of potential
candidate fluids for the surrogate model. These fluids are listed in Table 1. For each
mono-branched alkane identified in the chemical analysis, a representative chemical
species was selected as a candidate constituent fluid for the surrogates. Thus, for our
purposes, all x-methylnonanes are represented as a single methylnonane. Similarly,
we used a particular x, y-dimethylnonane to represent the dimethylnonane family. A
major factor governing the specific choice of compound to represent a moiety was
the availability of property data: priority was given to the selection of compounds for
which the most abundant and reliable experimental measurements were available. For
each possible constituent fluid, we searched the TDE [10] for experimental physical
property data. For some of the fluids, the data were sparse and were supplemented
with predicted values from the TDE. The available experimental data for each fluid are
summarized in Table 2. Ideal-gas heat capacities based on group contribution methods
were obtained from Frenkel et al. [52]. It is clear that many of the fluids are lacking
in data and require the application of predictive methods. The predictive methods
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Table 6 Equation-of-state parameters for n-tetradecane

Critical par. Tc (K) pc (kPa) ρc (mol · dm−3)
692.547 1614 1.14917

c0
p coeff. (Eq. 14) c0 c1 c2 c3

30.175 0.348173 61.844 284.606

c4 c5 c6 c7

419.85 1696.05 0.0 0.0

EOS coeff. (Eq. 15)
k Nk tk dk lk
1 1.52213 0.32 1 0

2 −3.02849 1.23 1 0

3 0.294593 1.5 1 0

4 −0.183821 1.4 2 0

5 0.100939 0.07 3 0

6 0.000308913 0.8 7 0

7 1.00568 2.16 2 1

8 0.036571 1.1 5 1

9 −0.469823 4.1 1 2

10 −0.112874 5.6 4 2

11 −0.0293384 14.5 3 3

12 0.0128658 12 4 3

Validity range: 279.0 K to 707.5 K, 0 MPa to 150 MPa, 0 kg · m−3 to 796.1 kg · m−3

Molar mass: 198.388 g · mol−1

used and the values of the critical point and normal boiling point are summarized in
Table 1.

Because our modeling approach [30,32] requires thermophysical property models
for all pure constituent fluids, it was necessary to have available equations of state
(for thermodynamic information) for each of the potential constituent pure fluids.
Two different data scenarios are evident in this table. For six fluids (2-methyldecane,
n-undecane, n-dodecane, n-tridecane, n-tetradecane, and n-pentadecane), there are
sufficient data to develop a Helmholtz form EOS. (For these fluids, we have shown
only some of the most wide ranging data sets and there may be additional data sets
that contain only a single point or limited ranges of T and p that were not included
in Table 2.) With the exception of n-dodecane, we used the TDE program to obtain
the EOS coefficients for these fluids, and present them in Tables 3, 4, 5, 6, and 7.
(For n-dodecane we used a previously developed Helmholtz EOS [53].) Figure 1a–d
illustrates the percentage deviations between the Helmholtz EOS and several property
types (vapor pressure, liquid density, heat capacity, and sound speed) for n-tridecane.
Uncertainties of the experimental data are indicated by vertical lines. The quality of
thermodynamic surface developed depends on the uncertainties of the underlying data
used to develop the surface, but Fig. 1a–d illustrates typical performance for a Helm-
holtz EOS generated by the TDE program. Typically, one can expect liquid density
to be represented to within 2 kg ·m−3 to 5 kg ·m−3, liquid heat capacity up to the
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Table 7 Equation-of-state parameters for n-pentadecane

Critical par. Tc (K) pc (kPa) ρc (mol · dm−3)

706.882 1481 1.06672

c0
p coeff. (Eq. 14) c0 c1 c2 c3

43.3493 0.31566 26.192 197.899

c4 c5 c6 c7
386.293 1552.27 97.851 2654.94

EOS coeff. (Eq. 15)
k Nk tk dk lk
1 1.58458 0.32 1 0

2 −3.08023 1.23 1 0

3 0.302558 1.5 1 0

4 −0.186372 1.4 2 0

5 0.0971768 0.07 3 0

6 0.000300649 0.8 7 0

7 0.961799 2.16 2 1

8 0.0400807 1.1 5 1

9 −0.4855 4.1 1 2

10 −0.122765 5.6 4 2

11 −0.0346945 14.5 3 3

12 0.0199921 12 4 3

Validity range: 283.1 K to 721.9 K, 0 MPa to 654.6 MPa, 0 kg · m−3 to 893.2 kg · m−3

Molar mass: 212.415 g · mol−1

normal boiling point to within 5 J ·mol−1·K−1 to 10 J ·mol−1·K−1, and sound speed
to within 10 m · s−1 to 25 m · s−1. As the critical region is approached, the deviations
in heat capacity increase, since the heat capacity is infinite at the critical point. The
representation of the vapor pressure is expected to be within 1 % to 2 % for pressures
greater than about 1 kPa, with larger deviations at lower pressures.

For the remaining fluids, the data are extremely limited. For these fluids, we use the
original Peng–Robinson EOS, which may be used when one has only Tc, pc,and ω.
In this study, we have used the original Peng–Robinson formulation to illustrate our
procedure, but we note that for fluids with acentric factors greater than 0.49, Robinson
and Peng [116] recommend an alternative formulation for Eq. 4. The values of the
parameters are presented in Table 1. The vapor pressure curve can be predicted with
the Ambrose–Walton method [27] and the acentric factor is obtained from its defi-
nition. We note that if one is interested in improving the representation of the liquid
density, TDE has the ability to use the volume-translated modification [117] of the
Peng–Robinson EOS. Since our objective is to model the volatility behavior, we have
retained the original Peng–Robinson form for simplicity. This equation can represent
the vapor pressure at pressures greater than 1 kPa to about 5 %, as illustrated in Fig. 2
for 3-methylundecane.

For calculations of the thermodynamic properties of mixtures, we used the mixture
model [118–120] incorporated into the REFPROP database [121]. This model includes
an algorithm for estimating binary interaction parameters when data are unavailable
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Fig. 1 (a) Deviations of experimental vapor-pressure data [72,77] from the Helmholtz EOS for n-tridecane,
(b) deviations of experimental liquid-density data [78,80,97,98] from the Helmholtz EOS for n-tridecane,
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ane, and (d) deviations of experimental liquid sound-speed data [97,101,102] from the Helmholtz EOS for
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Fig. 2 Deviations of experimental vapor-pressure data [70] from the PR EOS for 3-methylundecane
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Table 8 Compositions of the surrogate mixtures

Component Composition, mole fraction

5-Component surrogate 4-Component surrogate 3-Component surrogate

4-Methyloctane 0.105 0.072 0

2,5-Dimethylnonane 0.281 0.409 0

2,3,5-Trimethyldecane 0.164 0 0

3-Methylnonane 0 0 0.458

n-Tridecane 0.227 0.317 0.356

n-Pentadecane 0.223 0.202 0.186

for a particular fluid pair. The estimation method is described in Lemmon and McLin-
den [119] and incorporates the critical temperature, critical pressure, acentric factor,
and dipole moment for each pure fluid in the mixture. In addition, we used an algo-
rithm developed in earlier study [32] to compute the distillation curve. The calculated
points on the distillation curve can be compared directly with data from the advanced
distillation curve metrology [34–40,44]. A nonlinear regression procedure was used to
minimize the differences between the experimental distillation curve data [51] and the
predictions of the model to determine the components and their relative abundances to
define the surrogate fluid mixtures for the BIO-SPK fuel sample. The objective func-
tion was the sum of the squared percentage differences between the experimental data
and the predicted values. The regression variables are the mole fraction compositions
of the surrogate mixture components. Our initial slate included all the components in
Table 1. Successive iterations gave very small concentrations of some components.
These were removed from the mixture, and the minimization process was repeated
until further reductions in the number of components resulted in unacceptably large
deviations from the experimental data. The minimization algorithm proceeds until a
minimum is located, and due to the complex nature of the search space, this may not
be the absolute minimum. Runs from different starting points were tried to investigate
alternative solutions.

The final compositions of the surrogate mixtures are summarized in Table 8. Three
potential surrogates are shown. Figure 3 displays the distillation curves for 3-, 4-,
and 5-component surrogate mixtures. The 5-component surrogate provides a good
match of the distillation curve, to within 0.1 % (about 0.5 K). The experimental data
are estimated to have an uncertainty on the order of 0.1 K to 0.3 K [51]. The 3- and
4-component surrogates demonstrate how the ability to model the distillation curve
decreases as the number of constituent fluids decreases. In this study (consistent with
the chemical analysis [51]), all the potential components are either branched or linear
alkanes, and it is possible to model the mixture with a small number of constitu-
ent fluids. In a more complicated mixture, one generally needs more components, so
that major chemical families are represented. The simple 5-component surrogate pre-
sented here captures the volatility behavior of the actual fuel sample to within 0.1 %,
and demonstrates the use of the on-demand EOS technology for surrogate model
development.
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Fig. 3 Comparison of
distillation curve data with
several surrogate models
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4 Conclusions

The TDE has been successfully deployed to generate on-demand equations of state
for 17 possible constituent fluids used in the development of a surrogate model for a
synthetic turbine fuel derived from biomass (BIO-SPK). Reliable full thermodynamic
surfaces for each proposed component have been produced by the TDE depending on
the availability of experimental data by use of either the Helmholtz energy (for six
components) or Peng–Robinson equations of state. These equations were then used to
develop a five-component surrogate model for a biomass-based aviation turbine fuel.
The surrogate model has been demonstrated to represent the volatility of the fuel, as
evidenced by the advanced distillation curve, to within 0.1 %.
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