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A thermodynamic model to predict wax formation and the low-temperature phase behavior of
different types of fuel is proposed. The model is based on an accurate description of the nonideality
of the phases in equilibrium using modified UNIFAC for the liquid phase and the UNIQUAC
equation for the description of the solid phase. A comparison of the model predictions with
literature data for the low-temperature behavior of a number of jet fuels, ship propulsion distillate
fuels, and diesel fuels is presented to validate the model. It is shown that it provides an excellent
description of both the composition of the phases in equilibrium and the fraction of solids in
partly crystallized fuels, for all types of fuels studied, in the temperature range from 200 to 300
K. This model should help in designing the new generation of fuels to meet the European
standards and in preventing many of the problems associated with wax deposition during the
handling of refined products.

Introduction

In a typical, nonadditivated diesel at temperatures
below 10 °C the paraffins start to crystallize forming
plates and needles that plug pipes and fuel filters. A
few degrees below the appearance of the first crystals,
the solution gels preventing the fuel flow. The trend in
diesel production in Europe, driven by the new Euro-
pean standards defined in the framework of the Auto-
Oil program,1 is clearly toward less aromatic and more
paraffinic fuels.2,3 To produce a new generation of fuels,
still robust for use at low temperatures, it is essential
to be able to relate the wax formation with the composi-
tion of the fluid. This will help to adequately design the
production and blend of fuels, to select the most
adequate additives4,5 and to prevent hazardous situa-
tions in the handling of fuels at low temperatures.

A number of thermodynamical models, correlations,
and prediction techniques have been proposed in the
literature to deal with wax deposition.6-13 Unfortu-

nately, most of them are based on wrong hypotheses in
what concerns the nature of the solid phase. Some
authors assume there is one or multiple pure solid
phases,6 others accepting to have solid solution treat it
as an ideal solid phase.9,11 Certain models consider that
also the aromatics and naphthenic precipitate.8,12 All
models fail to clearly state the crystalline habit of the
solid material. Typically they have a number of param-
eters concerning the description of the thermophysical
properties and excess free energy models that are fitted
to experimental data on a series of crudes.7,8,12 The final
model in general does not possess predictive capabilities
on other systems besides those used in the fitting
procedure.

The proposed model overcomes most of the limitations
encountered in other models by using as solid phase an
orthorhombic solid solution of n-alkanes, highly non-
ideal to the point that it will split in several solid phases
according to what was found to be the phase behavior
of binary n-alkane mixtures. Due to the high nonideality
of the solid phase the excess free energy of the solid
phase is the most important property in the modeling
of wax formation.14 The gE model used evolved from the
description of simple, well-defined systems14-16 to very
complex synthetic mixtures,17-20 avoiding as much as
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possible the use of fitting parameters that would
inevitably be system sensitive and thus of not universal
applicability. The wax formation model proposed is very
simple, and is based on chemical and petrochemical
engineering standard models such as UNIFAC and
UNIQUAC. The introduction of the predictive local
composition concept14 for UNIQUAC turns it into a
predictive model. It requires only the pure component
thermophysical properties of the paraffins, presented
in correlation in the Appendix, and the paraffin com-
position of the mixture. For systems with a standard
paraffin distribution the knowledge of the paraffin
content and higher and lower paraffins present is
enough for a complete description of the system behavior
at low temperatures.

A comparison between the predictions of the proposed
model and experimental data for three jet fuels, two ship
propulsion distillate fuels, and three diesel fuels is
presented to validate the model.

Thermodynamic Model
The wax formation is treated as the precipitation of

mixed orthorhombic15,18 paraffin crystals from a hydro-
carbon solution. Note that in this work the word paraffin
stands for n-alkanes and only those are considered to
form the solid phase. Its thermodynamical description
is accomplished using the general solid-liquid equilib-
rium equation that relates the composition in both
phases with the nonideality of the phases and the pure
component thermophysical properties:21

The heat capacity term of this equation was found
negligible22 and is not used in the modeling. The
correlations for the paraffins, heat and temperature of
phase transition are based on the data by Broadhurst,23

and presented in the Appendix.
The Liquid-Phase Nonideality. The liquid-phase

nonideality is described by a version of the modified
UNIQUAC model. It can be written as

The residual term, ln γres, describing the energetic
interactions between unlike molecules such as aromatics
and aliphatics is given by modified UNIFAC,24,25 while
the size difference effects and free volume contributions,
ln γcomb-fv, are given by the Flory free volume equation:22

where Vi is the molar volume and Vwi is the van der
Waals volume of component i.

The Solid-Phase NonidealitysPredictive UNI-
QUAC. For the solid-phase nonideality the Predictive
UNIQUAC model16,18 is used. This is a version of the
original UNIQUAC where

with

using a new definition for the structural parameters r
and q.16 The correlations for the r and q values with
the paraffin chain length are

The core of the model is the predictive local composi-
tion concept.14 It provides an estimation of the values
of the interaction energies, λij, used by these models.
The pair interaction energies between two identical
molecules are estimated from the heat of sublimation
of an orthorhombic crystal of the pure component,

Here Z is the coordination number with a value of Z )
6 for orthorhombic crystals. The heats of sublimation,
hsblm ) hvap + hm + htr, are calculated at the melting
temperature of the pure component. The heat of vapor-
ization, hvap, is assessed using the PERT2 correlation
by Morgan and Kobayashi.26

The pair interaction energy between two non identical
molecules is given by14

where j is the n-alkane with the shorter chain of the
pair ij. The Rij parameter corrects for deviations to the
model theory. It has typically a zero value14-20 except
for systems of very small paraffins, such as jet fuels
where end effects become important, and then a small
correction to the theory has to be introduced as dis-
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cussed latter. It provides also some flexibility to the
model if this is used to correlate experimental data
instead of being used to predict the behavior of a fluid.

Fluid Characterization

The model only requires a good knowledge of the
paraffins composition to describe the phase behavior of
a fluid. This can either be obtained from chromato-
graphic measurements or generated from other sorts of
information. All the individual paraffins with concen-
trations larger than 0.05% (w/w) are considered, al-
though less sensitivity is required and only paraffins
in concentrations higher than 0.5% (w/w) should be used
if the total paraffins content is large enough (>15%).
The compositions of all the paraffins are used in the
model. No pseudo-components are used for the paraffins
description.

All the other compounds acting as solvent are de-
scribed by pseudo-components their number depending
on the amount of information available. If a PNA
distribution, i.e., a composition distribution of paraffins,
P, naphthenics, N, and aromatics, A, is known, two
pseudo components, one aromatic and the other naph-
thenic or isoparaffinic, are considered. However, since
the solubility of the paraffins in aromatic or nonaro-
matic solvents is not very different, if no PNA distribu-
tion is available a single pseudo-component can be used
or a reasonable PNA distribution assumed. The error
introduced is small as will be shown later. The pseudo-
components are chosen to match the average molecular
weight, if this is known, or some other available
property. If no further information exists they can be
chosen to be coherent with the paraffin size distribution.

Summarizing, the model would optimally require the
knowledge of the paraffins composition of the mixture,
the average Mw, and information on the PNA distribu-
tion, although this last can be dropped without intro-
ducing a substantial error.

Results

The predictions of the proposed model were compared
against experimental data for three Navy jet fuels27-29

(81-19, 80-5 and J-22), two Navy ship propulsion distil-
late fuels27 (82-16 and 82-8), and three diesel fuels29-31

(S, NS, and LFP-3). The amount of n-alkanes present
on these fuels (wt %) and the paraffin chain length
range are presented in Table 1. More detailed composi-
tion information is available in the original publications
for all fuels except LFP-3. For most fuels no information
on the average molecular weight or PNA distribution
was available. In these cases a reasonable estimate for
the fraction of aromatics and isoparaffins was adopted
based on the fuels with more complete compositional
information (J-22,28 S, and NS31). The pseudo-compo-
nents were chosen to match the average molecular

weight of the fuel whenever available. In the other cases
they were chosen to be coherent with the better-
characterized fuels and to be within the size range of
the paraffins. It was attempted that the same charac-
terization was used within the same type of fuels. This
was achieved in all cases except for fuel 82-8 as
discussed below. The fluid characterization, along with
the pseudo-components used to describe the nonparaf-
finic part of the fuel, is presented in Table 2.

With the experimental technique used by the authors
to study the fuels behavior at low temperatures only
the liquid-phase composition is measured directly. Both
the solid-phase composition and the fraction of solids
in a partly frozen fuel are assessed indirectly and thus
bear a more important error. This is particularly true
for the solid-phase compositions where the scatter of the
data is very important. Moreover, since most of the data
was obtained from graphical sources28 the error associ-
ated with this reading, despite all the care, is not
negligible. After the results of van Winkle et al.27,28 only
the n-alkanes are present in the solid phase.

The dependence of the alkanes composition with
temperature in the liquid phase is presented in Figures
1-7 for all the fuels. The model provides an excellent
description of the experimental data for all of them. It
is particularly interesting to remark that the model
provides an excellent description of fuel 82-8 that, as
discussed below, was not possible to obtain for the
fraction of solids. Since the liquid-phase composition is
the only composition directly measured, this may ques-
tion the quality of the data for this fuel. Please note that
unlike Figures 1-5 where the mass fractions take into
account all the compounds including the solvent, the
mass fractions presented in Figures 6 and 7 are related
only to the paraffins. They do not take into account the
solvent.

It was found that, for a good and consistent descrip-
tion (meaning that the three types of experimental data
available were equally well described) of the low tem-
perature behavior of jet fuels, a Rij ) 0.03 correction
parameter to the model theory had to be used. It had
been asserted in previous works, during the model
development,14-18 that for large paraffins, typically
above C15, the interaction between n-alkane molecules
in a crystal was mainly due to the axial interactions.
The top and bottom interactions were negligible in
relation to the others.14 For shorter molecules such as
the n-alkanes present in the jet fuels, normally smaller
than pentadecane, the end effects in the interaction
between the molecules are no longer negligible and a
correction to the predictive local composition concept has
to be introduced. A small correction of 3% for all the jet
fuels studied is enough for an adequate representation
of the phase behavior of these fluids.
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Table 1. n-Alkane Content and Paraffin Range of Fuels

fuel
total %

n-alkanes
lightest
n-alkane

heaviest
n-alkane

J-22 26.27 C10H22 C15H32
80-5 16.86 C10H22 C16H34
81-19 4.83 C10H22 C17H36
82-16 18.50 C8H18 C20H42
LFP-3 18.43 C10H22 C19H40
82-8 15.07 C8H18 C24H50
S 10.36 C10H22 C32H66
NS 10.66 C10H22 C32H66
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The effect of the fraction of aromatics in the results
is shown in Figures 1, 4, and 6. For these fuels the
results were recalculated assuming that no aromatics
were present in the fuel. A lighter isoparaffin was
chosen to describe the solvent so that the average
molecular weight of the fuel remained unchanged. The
results are indistinguishable from those for a weight
fraction of paraffins of about 25%. Results for the solid-
phase composition and fraction of solids are identical.
This means that the knowledge of a PNA distribution
is not very important in modeling the low temperature
behavior of a fuel. The reason for this is that the
solubility of paraffins in aromatics, naphthenics, and
isoparaffins is not very different. The nature of the
solvent has thus a minor role on the low temperature
behavior of fuels.

Experimental cloud points (ASTM 2386-67 for all the
fuels except S and NS measured by DSC) are compared

with the model results in Table 3. The cloud point
predictions are within the experimental uncertainty for
these values.

The fraction of solids (msolids/mfuel) forming in the fuels
at different temperatures is presented in Figure 8. An
excellent description is achieved for all the fuels in a
very broad temperature range of about 100 K. The only
exception is fuel 82-8, presented in the insert for
clearness, and discussed below.

Besides the quality of the data description, the most
interesting feature of this figure is the relation between
the slopes of the curves and the total amount of
paraffins in the fuels and its distribution. The larger
the amount of paraffins and the narrower the distribu-
tion the higher is the slope of the curve meaning that
the faster the paraffins come out of solution. This is
important since the pour point is related to the fraction
of solids forming and thus fuels with narrow paraffin

Table 2. Fuels Characterization and Description of Pseudo Components

fuel
aromatics

(wt %) aromatic
isoparaffins

(wt %) isoparaffin

J-22 23.42 pentyl benzene 50.31 methyl decane
80-5 22.5a pentyl benzene 60.64 methyl decane
81-19 22.5a pentyl benzene 72.67 methyl decane
82-16 22.5a hexyl benzene 59.00 dimethyl tridecane
LFP-3 22.5a hexyl benzene 59.07 dimethyl tridecane
82-8 22.5a dodecyl benzene 62.43 tetramethyl hexadecane
S 24.00 hexyl benzene 65.64 trimethyl tridecane
NS 22.17 hexyl benzene 67.17 trimethyl tridecane

a Estimated value.

Figure 1. Liquid-phase composition change with temperature
for fuel J-22. Comparison between experimental data and
model predictions. Results considering a zero fraction of
aromatics in the solvent are shown in dashed lines (in most
cases undistinguishable from the full lines).

Figure 2. Liquid-phase composition change with temperature
for fuel 80-5. Comparison between experimental data and
model predictions.

Figure 3. Liquid-phase composition change with temperature
for fuel 81-19. Comparison between experimental data and
model predictions.

Figure 4. Liquid-phase composition change with temperature
for fuel 82-16. Comparison between experimental data and
model predictions. Results considering a zero fraction of
aromatics in the solvent are shown in dashed lines (in most
cases undistinguishable from the full lines).
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distributions will have higher pour points than fuels
with broad paraffin distributions.

For fuel LFP-3 no detailed n-alkane concentration
was available. Only the paraffin range and amount of
n-alkanes present in the fuel were known.30 Based on
the paraffins distribution of other fuels with similar
weight a n-alkane composition was generated for use
in the thermodynamical modeling. Despite the very
limited information available, the description of the fuel
behavior is remarkable as shown in Figure 8. No other
experimental data were available for fuel LFP-3 except
for the ASTM tests D 2386-67 giving -16.5 °C and D
3117-72 providing a value of -19.3 °C that compare well

with the wax appearance temperature of -18.3 °C
predicted by the model.

For the fuel 82-8, a description of all the experimental
data available was not possible. The fluid characteriza-
tion used, although providing an adequate representa-
tion of the compositions of paraffins in both phases, did
not allow a correct description of the fraction of solids
and wax appearance temperature. A fitting of the
fraction of solids would compromise the description of
the composition of the phases in equilibrium. Only
further information on the fuel composition could shed
light on this problem. Either a poor fluid characteriza-
tion or problems with the experimental data are possible
explanations. Unfortunately, contacts with the authors
of the data for fuel 82-8 were fruitless.

The solid-phase compositions are reported in the
literature both as mass fractions and as fraction of the
fuel n-alkanes found in the solid phase. Results are
reported for both types of data for fuels covering the
three types of fuels used in this work in Figures 9-11.
The model description of the experimental data is also

Figure 5. Liquid-phase composition change with temperature
for fuel 82-8. Comparison between experimental data and
model predictions.

Figure 6. Liquid-phase composition change with temperature
for fuel NS. Comparison between experimental data and model
predictions. Results considering a zero fraction of aromatics
in the solvent are shown in dashed lines (in most cases
undistinguishable from the full lines).

Figure 7. Liquid-phase composition change with temperature
for fuel S. Comparison between experimental data and model
predictions.

Table 3. Experimental and Model Cloud Points

fuel
experimental

(°C)
model
(°C)

ideal solution model
(°C)

J-22 -48 -47.8 -37.4
80-5 -49 -48.8 -38
81-19 -56 -53.6 -43.9
82-16 -13 -17.6 -10.8
LFP-3 -19.3 -18.3 -11.7
82-8 -3 -6.5 1.2
S 4.3 4.9 14.3
NS 5.5 5.4 14.7

Figure 8. Experimental and model predictions for the fraction
of solids forming in the studied fuels.

Figure 9. Solid-phase composition change with temperature
for fuel J-22. Comparison between experimental data and
model predictions.
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very good. For fuels with a narrow paraffin distribution,
such as jet fuels, only a single solid phase is found, but
for fuels with large paraffin distributions, such as fuels
S and NS, multiple solid phases appear as discussed
elsewhere.17,20,31,32 Unfortunately, the experimental tech-
nique used cannot provide the compositions of the
individual solid phases and thus only a global solid-
phase composition is available for comparison with the
model data. The solid-phase compositions reported are
thus global solid-phase compositions.

The proposed model provides a remarkably good
description of the low-temperature phase behavior for
different types of fuels in a very broad temperature
region. Very little information is required to use the
model. Basically, only the molar fraction composition
of the n-alkanes is required for the usual fuels. If the
fuel possesses a standard paraffin distribution, then
only the paraffin size range and total n-alkane content
are enough for a good description of the fuel behavior
as shown for diesel LFP-3. The model is both simple
and reliable. It can be used in a purely predictive way
if enough information is available but is also flexible
enough to be used in the correlation of experimental
data (note, however, that given its theoretical basis poor
or conflicting data cannot be well described by the
model). It has thus all the characteristics of a useful
tool for both the analysis of the hazardous potential of
a fuel or to help in the redesign of the production to
meet new fuels standards.

Conclusions

A thermodynamical model to predict wax formation
in refined products is proposed. It is shown that by
knowing the paraffins concentration in the fluid a good
description of the low temperature behavior of the fuel
can be obtained. The model was compared against
experimental data for a number of fuels, from jet to
diesels, in a temperature range between 200 and 300
K. It can describe the composition in both the liquid and
solid phase, and the fraction of solids forming in a partly
crystallized fluid. It also provides accurate information
on the cloud points of the mixtures.

If enough information concerning the fluid charac-
terization is available, the model can work in a purely
predictive model. Nevertheless, the model is flexible
enough to be fitted to or tuned to match the experimen-
tal data available even in cases when no complete fluid
characterization is available.

The predictive capabilities and the reliability of
the model are shown in the results presented in this
work and in previous works where the model is
compared with synthetic complex mixtures.18-20 It can
thus become a very useful tool in designing fuels
production and blending, and for prediction of the
hazardous potential of handling a fuel at low temper-
atures.
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Appendix

Thermophysical Properties. The solid phases for
both odd and even n-alkanes are postulated to be
orthorhombic phases that undergo a solid-solid transi-
tion to a rotator phase before melting.5,19 The temper-
atures of phase transition used are obtained from a
correlation of the values of Broadhurst:13

The heats of sublimation are considered to be temper-
ature independent and calculated at the temperature
of melting of the normal alkane. They are obtained
adding the heats of vaporization, melting, and solid-
solid transition. The heats of melting and solid-phase

(32) Gerson, A. R.; Roberts, K. J.; Sherwood, J. N. In Particle design
via crystallisation; Ramanarayanan, R., Kern, W., Larson, M., Sidkar,
S., Eds.; Am. Inst. Chem. Eng. Symp. Ser. 1991, 284, 138.

Figure 10. Fraction of n-alkanes in the solid phase for fuel
80-5. Comparison between experimental data and model
predictions.

Figure 11. Fraction of n-alkanes in the solid phase for fuel
82-16. Comparison between experimental data and model
predictions.

Tm [K] ) 0.040Cn
3 - 2.2133Cn

2 + 46.197Cn -
45.777 for Cn < C16 (A.9)

Tm [K] ) 0.0028Cn
3 - 0.3185 Cn

2 + 13.559Cn +
143.15 for Cn g C16 (A.10)

Ttr [K] ) -0.0038Cn
3 - 0.1159Cn

2 + 13.386Cn +
108.79 for Cn < C16 (A.11)

Ttr [K] ) 0.0038Cn
3 - 0.4126Cn

2 + 16.741Cn +
99.885 for Cn g C16 (A.12)
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transition used are the following correlations from the
Broadhurst13 values:

The heats of vaporization are estimated using the
Morgan and Kobayashi model PERT2.17

EF990203C

∆hsblm ) hvap + hm + htr (A.13)

∆hm [kJ/mol] ) -0.0009Cn
3 - 0.0011Cn

2 +
3.6119Cn - 16.282 for Cn < C19 (A.14)

∆hm [kJ/mol] ) 0.0036Cn
3 - 0.2376Cn

2 + 7.400Cn -
34.814 for Cn g C19 (A.15)

∆htr [kJ/mol] ) 0.0009Cn
3 + 0.0011Cn

2 +
0.1668Cn + 3.693 for Cn < C19 (A.16)

∆htr [kJ/mol] ) -0.0032Cn
3 + 0.2353Cn

2 -
3.912Cn + 25.261 for Cn g C19 (A.17)
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