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Abstract

The amount and composition of wax precipitation were determined as a function of temperature below the wax appearance temperature
in the synthetic system decane + (tetracosane–pentacosane–hexacosane). Measurements were performed by filtration and chromatographic
analysis of the partially frozen mixtures. Wax contents were obtained from mass balance after correction of the entrapped liquid in the solid
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esidue. Experimental results were compared with the values calculated by various predictive models.
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. Introduction

Petroleum reservoir fluids like heavy oils or gas con-
ensate contain high-molecular weight hydrocarbons, which
ay precipitate as a waxy solid-phase when conditions
f temperature and pressure change during production and

ransport. Wax deposition on the walls of the production
quipment or along flow-lines reduces the diameter of the

ubing and may obstruct it completely, if it is not prevented.
his process results from changes of both temperature condi-

ion and fluid composition during the production. In order to
revent this phenomenon, it is essential to be able to predict,
y the use of thermodynamic models, the wax appearance

emperature (WAT) as well the behavior of the solid waxy
hase below WAT.

To develop and test the reliability of such models, it is
mportant to obtain experimental data of liquid–solid equi-
ibrium for systems with a well known composition. With
his objective, measurements of liquid–solid equilibrium on
ynthetic mixtures have been undertaken. The composition

of the studied systems represents a highly simplified mod
a crude oil. Thus, five different samples made up of a so
(decane) and a heavy fraction with three consecutive no
paraffins (C24–C25–C26) have been investigated. Only t
paraffin distribution of the heavy fraction is changed in
five systems, in order to test its influence on liquid–solid e
librium. Measurements were performed by phase separ
in a filtration cell under atmospheric pressure at tempera
ranging from the WAT to the point where 90% of the he
fraction is precipitated.

The experimental data were then compared with those
dicted by two different thermodynamic models[1,2]. The first
model is the one developed by Coutinho et al.[1], specifically
for the description of wax formation at atmospheric press
whereas the second one is the model developed previ
by Pauly et al.[2], valid for a much larger range of pressur

2. Experimental technique

The method generally used to characterize phase eq
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rium between fluid phases consists of taking and analyzing
a micro-sample of each of the phases present in equilibrium
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for all the temperatures investigated. Unfortunately, in the
case of liquid–solid equilibrium, where the solid-phase is
made up of an aggregation of crystals, which are not neces-
sarily homogeneous and retains important quantities of fluid,
sampling cannot be considered as representative of the com-
position of the solid-phase. In this situation, to accurately
determine the composition of the solid-phase, it has to be
purged as much as possible from the entrapped liquid and then
analyzed as a whole. To do this, we selected the following
procedure.

The phase separation, obtained from compression of the
system through a filter of 2�m porosity, is performed in a
transparent cell equipped with a moving piston at the first
end and a filtering system coupled to an autoclave valve at
the other one[3]. This porosity is acceptable for the kind of
systems in which large crystals are observed, as inFig. 1.

When the filtration is completed, the two recovered phases
are weighed and then analyzed using gas chromatography on
a Hewlett-Packard 6890 chromatograph equipped with an
on-column injector and a 60× 0.32 mm2 Ohio Valley OV-
50.5�m capillary, with a temperature program of 3◦C/min
from 50◦C to 320◦C. Based on precise knowledge of the
total mass of the sample and the quantity of matter present
in the two phases, we were able to estimate, by means of a
material balance, that the total quantity of chemicals retained
i was
l

e is
d up of
a the
c s to
a the

e C10+(C

nature of the systems studied, which are made up of a pure
solvent, which is much lighter than the heavy fraction, the
proportion of liquid trapped in the solid-phase can be deter-
mined easily from the quantity of solvent measured in the
solid residue. Because the difference in chain length between
decane and the first distribution paraffin is substantial (13
carbons), there cannot be any partial miscibility between the
heavy paraffins and decane according to the Kravchenko rule
[4]. As the melting temperature of the solvent is 243 K, it may
not crystallize in the range of temperatures investigated. Its
presence in the solid-phase is assumed to be due to the exis-
tence of the trapped liquid. In order to prove this assumption,
we have performed a filtration experiment with an internal
standard (about 5% of toluene) whose melting temperature is
sufficiently lower than those of decane. The analysis of liq-
uid and solid residue shows the same ratio of toluene/decane
in both parts (with a deviation less than 0.15%). Thus,
this result clearly demonstrates that the presence of sol-
vent in the solid residue is due to entrapped liquid and not
solid-phase.

As the exact composition of the liquid phase is known from
chromatography, it is possible to calculate the total amount
of entrapped liquid by:

Xel = Xsr
solvent

Xl
(1)

i on
o The
q can
t

X

n the filtration system and valve, and on the cell walls
ess than 1% for all the tests performed.

At this stage, only the composition of the liquid phas
etermined accurately. The solid-phase, which is made
myriad of crystals, tends to entrap part of the liquid in

rystals after filtration. The filtration residue correspond
mixture of the solid-phase and of trapped liquid. Given

Fig. 1. Photo of liquid–solid equilibrium for th
 24–C25–C26) system (obtained by microscopy).

solvent

n whichXsr
solventandXl

solventcorrespond to the mass fracti
f solvent analyzed in two parts recovered after filtration.
uantity of solid crystallized (expressed in mass fraction)

hus be corrected by:

s = Xsr(1 − Xel) (2)
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The real composition of the solid-phase is then given by:

Xs
i = (Xsr

i − XelXl
i )

(1 − Xel)
(3)

for any component i of the heavy fraction. The proportion of
entrapped liquid proved to be constant (about 5%) in the solid
residue (Xel) for all the studied compositions in the overall
range of investigated temperatures. This invariability indi-
cates the lack of thermodynamic phenomenon related to the
decane presence in the solid-phase and shows that the en-
trapped liquid existence is inherent to the separation process.

3. Measurements

Measurements have been carried on five mixtures with dif-
ferent composition of the systemnC10+(nC24–nC25–nC26).
All the investigated mixtures have been prepared with Aldrich
or Fluka products (with a purity degree >99%) in order to ob-
tain a global molar composition between the solvent and the
heavy fraction identical in the five systems (80% ofnC10 +
20% of heavy fraction). Only the composition of the com-
pounds present in the heavy fraction differs from one sample
to the other as described inTable 1.

These heavy components, which are chosen in the linear
a tion
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Fig. 2. Influence ofT on solid deposit for mixture 5.

Measurements were carried out every 3 or 4 K from the
phase change temperature to the temperature where 90% of
the paraffins are crystallized. The amount of solid deposit
versus temperature are reported inTables 2–6and plotted,
for example, inFig. 2. In these tables, the solid-phase com-
positions are also recorded. From the results obtained on the
quantities and compositions of the phases present in equilib-
rium, it is possible to express the percentage of crystallized
paraffins. These data are given inTables 2–6that display
the overall percentage of paraffins crystallized, as well as
the percentages corresponding to the individual crystallized
paraffins. Their evolutions, as a function of temperature, are
illustrated inFig. 3.

The C24-C25-C26 paraffin distribution within the solid-
phase is schematized in theFigs. 4 and 5, which correspond,
respectively, to the mixtures 1 and 5. These diagrams show
clearly three different tendencies:

• the proportion of the lightest component of the heavy frac-
tion increases with decreasing temperature;

• the reversed tendency is observed for the heaviest one; and
• finally the composition of the intermediate component

does not seem to be affected by the temperature.

The experimental data allows estimation, in all phases, of
the distribution factorα between the heavy components ver-
s ean-
i n is
n n
lkane family, have been distributed within the heavy frac
ollowing the relationship:

cn+1 = α.xcn (4)

orresponding to a simplified representation of the h
raction found in paraffinic crudes when theα parameter i
lose to 0.8. In this work, we have considered different va
f theα coefficient (Table 1) in order to study the influence

he heavy component distribution within the global com
ition on the precipitation and, in particular, on the phys
hemical composition close to the WAT. The following th
ases have been considered:

α < 1 characterizes a decreasing distribution and then
resents the repartition observed in crude oils;
α = 1 rendering an equimolar repartition of the heavy pa
fins; and
α > 1 corresponding to increase of the molar number
the carbon number of the molecule. This assumption
fines a behavior opposed to the real fluid behavior.

able 1
verall characteristics of the investigated systems

Mixt

verall composition (molar %) n-C10 79.
Heavy fraction 20.

eavy fraction distribution (molar %) n-C24 51.
n-C25 30.
n-C26 18.
α 0.

MW (g/mol) 348.
Mixture 2 Mixture 3 Mixture 4 Mixture 5

80.00 80.01 80.00 80.00
20.00 19.99 20.00 20.00

38.55 33.35 26.24 21.06
33.08 33.33 32.78 31.58
28.38 33.32 40.98 47.36

0.858 1.00 1.25 1.50
351.26 352.68 354.75 356.37

us temperature. This parameter is no more constant, m
ng that the repartition of compounds in heavy fractio
o more described by theEq. (4). The distribution factors i
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Table 2
Quantity and composition of the solid deposit in mixture 1

301.15 K 297.25 K 293.15 K 288.25 K 283.15 K 278.15 K

Solid deposit (mass %) 12.94 21.31 27.61 31.36 32.96 35.3
Solid-phase composition (mass %) C24 40.65 42.47 44.37 46.78 47.65 48.5

C25 34.34 33.67 33.08 32.15 31.7 31.29
C26 25.01 23.86 22.55 21.07 20.65 20.22

Crystallized paraffins (mass %) Total 34.56 56.3 72.39 83.85 90.61 94.83
C24 28.26 48.1 64.78 78.93 87.51 92.86
C25 38.71 61.93 78.06 87.98 93.24 96.57
C26 44.01 68.53 82.7 89.87 94.24 97.07

Table 3
Quantity and composition of the solid deposit in mixture 2

302.25 K 299.55 K 296.55 K 294.45 K 292.65 K

Solid deposit (mass %) 12.72 21.56 25.95 27.04 29.01
Solid-phase composition (mass %) C24 26.70 29.10 30.32 31.86 32.76

C25 34.67 34.65 34.40 34.08 34.17
C26 38.63 36.25 35.27 34.06 33.07

Crystallized paraffins (mass %) Total 29.62 52.00 64.01 72.00 77.14
C24 21.08 40.01 51.84 61.79 68.27
C25 31.60 55.73 68.11 75.91 80.89
C26 38.19 63.12 74.70 80.26 83.91

Table 4
Quantity and composition of the solid deposit in mixture 3

301.15 K 297.15 K 293.15 K 289.15 K 285.15 K 281.15 K

Solid deposit (mass %) 15.24 22.55 27.46 31.69 33.96 34.39
Solid-phase composition (mass %) C24 22.83 24.86 26.95 28.43 29.64 30.45

C25 33.96 34.27 34.26 33.99 33.68 33.47
C26 43.21 40.87 38.80 37.58 36.67 36.08

Crystallized paraffins (mass %) Total 41.86 62.31 75.32 83.99 89.76 93.67
C24 29.7 48.35 63.31 74.61 83.04 88.95
C25 43.27 64.84 78.43 86.79 91.96 95.3
C26 51.73 72.7 83.39 89.91 93.87 96.45

Table 5
Quantity and composition of the solid deposit in mixture 4

301.15 K 297.95 K 293.05 K 288.15 K 283.05 K 278.15 K

Solid deposit (mass %) 16.97 22.59 27.71 31.04 34.43 36.15
Solid-phase composition (mass %) C24 17.22 18.05 19.83 21.77 23.26 24.27

C25 32.12 32.34 32.78 32.93 32.79 32.64
C26 50.66 49.61 47.39 45.29 43.94 43.10

Crystallized paraffins (mass %) Total 51.8 67.68 86.75 89.33 94.98 97.11
C24 36.52 50.9 75.05 79.02 89.36 93.62
C25 51.61 67.93 87.67 90.83 96.07 97.9
C26 60.55 76.6 92.09 94.09 97.39 98.57

Table 6
Quantity and composition of the solid deposit in mixture 5

303.15 K 298.15 K 293.15 K 288.15 K 283.15 K 272.75 K

Solid deposit (mass %) 13.18 23.11 29.52 33.46 35.83 37.63
Solid-phase composition (mass %) C24 12.32 13.55 14.83 16.30 17.61 19.16

C25 29.29 30.06 30.62 31.05 31.18 31.04
C26 58.38 56.40 54.55 52.65 51.21 49.80

Crystallized paraffins (mass %) Total 38.62 62.19 78.84 87.8 93.14 97.97
C24 23.76 41.83 59.32 72.57 82.83 94.21
C25 36.72 60.61 78.38 88.45 94.15 98.57
C26 45.84 71.56 86.9 93.43 96.65 99.12
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Fig. 3. Percentage (mass) of paraffins crystallised vs.T (mixture 5).

solid-phase are always larger than theα coefficients in the
global composition. For the highest temperature, the coef-
ficient between C24 and C25 is always about 1.4–1.5 times
αglobal, whereas between C25 and C26, it is approximately
1.2 or 1.3 timesαglobal for all the investigated systems. This
remark, which is valid for all the mixtures, means that the pro-
portion of C26 becomes significant in the solid-phase com-
pared with the overall composition. When the temperature
decreases below the WAT, distribution factors drop (Fig. 6)
to reach the initial composition where 100% of the paraffins
have crystallized.

4. Modeling

Experimental data were compared to the predictions of
two models[1,2] based on the same representation of the
solid-phase but using different approach to describe the
non-ideality in the liquid phase. The first one, proposed by

osition

Fig. 5. Solid-phase composition as a function ofT (mixture 5).

Coutinho et al.[1], rests on Flory free-volume equation[5,6]
to represent the entropic effects, such as size difference and
free-volume effects. The activity coefficient is then expressed
by the equation:

ln γcomb+fv
i = ln

φi

xi
+ 1 − φi

xi
(5)

with

φi = xi (V
1/3
i − V

1/3
wi )

3.3

∑
j xj (V

1/3
j − V

1/3
wj )

3.3
(6)

whereVi is the molar volume andVwi is the van der Waals
volume of the component i.

This model was chosen here as it was shown[3] from
tests performed with several models[7–11]that this approach
leads to a satisfactory representation of the liquid–solid equi-
librium of the multi-paraffins systems. However, this model,
which is based on excess Gibbs free energy models, is re-
stricted to low pressures. In order to extend the Coutinho-type
Fig. 4. Solid-phase comp
 as a function ofT (mixture 1).
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Fig. 6. Evolution of the distribution factors C25/C24 and C26/C25 (mass) vs.
T (mixture 1).

model to a broad range of pressures, Pauly et al.[2] proposed
using a cubic equation of state (Soave[12]) with agE mixing
rule (LCVM [13]) model to describe the fluid phase behavior
under pressure. This second model tested use the modified
UNIFAC group contribution method[14] with interaction pa-
rameters in the following form[9,15]:

Ψij = exp

(
−Aij + Bij (T − 298.15)

T

)
(7)

to evaluate the Gibbs free energy in the mixing rule.
According to width of the distribution of paraffins and

the work of Craig et al.[16], Dirand et al.[17], Chevallier
et al. [18,19] and Gerson et al.[20,21], the solid-phase was
assumed as a single orthorhombic solid solution. The non-
ideality of this solid solution was described in both models
by a predictive version of the local composition model of
Wilson[22] where local mole fractions are employed instead
of local volumetric fractions as proposed by Coutinho et al.
[1]:

gE

RT
= −xl ln

(
xl + xs exp

(
−λls − λll

RT

))

Table 7
WAT Deviation�T for the two tested models

Mixtur

W 304.95
� +0.1

0.0

T
A ated so

C
P

Fig. 7. Comparison between the experimental and calculated percentage of
crystallized paraffins (mixture 3).

−xs ln

(
xs + xl exp

(
−λls − λss

RT

))
(8)

where “l” and “s” represent the long and the short molecule,
respectively. The pair interaction energies,λij , are related
to the coordination number,Z = 6, and to the enthalpy of
sublimation of pure alkanes:

λij = λii and λii = − 2

Z
(∆hsbl − RT ) (9)

where i is then-alkane with the shorter chain of the pair ij.
To appreciate the respective abilities of these models to

predict the L–S transition temperatures, the deviations be-
tween the calculated and the experimental values are listed
in Table 7. The deviations observed with the model proposed
by Coutinho et al.[1] are for the five systems less than 0.5 K.
This performance is all the more remarkable as the model is
used in its original form, in other words, without any adjust-
ment of parameters.

In the same way, the approach proposed by Pauly et al.
[2], produces a very good estimation of the WAT (less than
0.8 K) without systematic deviation. These results are not
surprising, since the approach of Pauly et al. is an extension to
high pressure of the model of Coutinho. Thus, at atmospheric
Mixture 1

ATexp/K 303.35
T/K Coutinho et al.[1] +0.5

Pauly et al.[2] +0.8

able 8
bsolute average deviation (%) between the experimental and calcul

Mixture 1 Mixture 2

outinho et al.[1] 5.4 9.1
auly et al. 5.3 10.0
e 2 Mixture 3 Mixture 4 Mixture 5

305.65 306.15 307.05
−0.1 +0.2 −0.1
−0.3 −0.1 −0.5

lid deposit quantity

Mixture 3 Mixture 4 Mixture 5

3.5 8.7 3.5
4.8 10.0 6.1
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Fig. 8. Comparison between the experimental and calculated percentage of
C24H50 crystallized (mixture 3).

Fig. 9. Comparison between the experimental and calculated percentage of
C26H54 crystallized (mixture 3).

pressure the only difference between the two models is thegE

model used to describe the non-ideality of the liquid phase.
In Table 8, the predicted percentage of paraffin crystal-

lized is compared successfully with the experimental results
from the two approaches. The absolute average deviations
never exceed 10% for the five investigated mixtures. InFig. 7,
where the same kind of results are represented for the mixture
3, a decrease in temperature leads to an increase of the solid
deposit and the predictions are very accurate in all the range
of studied temperatures.

In order to test the capability of the models, to predict
the behavior of each paraffin individually, the percentage of
crystallization of both lightest and heaviest paraffin are rep-
resented inFigs. 8 and 9, respectively. The modeling results
from the two approaches are very similar and in excellent
agreement with experimental data. Actually, the results can
be extended to the five mixtures demonstrating that the as-
sumption of the heavy components precipitation in one solid
solution seems to be correct[3].

5. Conclusion

In spite of the intense interest that characterises the
petroleum fluids, it turns out that important gaps remain in the

experimental heavy fractions characterisation. In particular,
only a very few data are available in the literature concerning
the behavior of the solid fraction versus pressure and temper-
ature.

Thus, experimental equipment of solid–liquid filtration
and measurement procedure has been developed in order
to study the solid precipitation in synthetic mixtures. The
apparatus was used to perform experimental measurements
on mixtures made up of decane plus various distributions
of heavy normal paraffins from tetracosane to hexacosane.
These measures concern the amount and the composition of
solid precipitate as a function of temperature on synthetic
complex systems as well as the cloud point temperature at
atmospheric pressure. The modeling performed on the data
measured on this work demonstrates that the procedure pro-
posed by Coutinho et al.[1] as well the model by Pauly et al.
[2] leads to a good description of the liquid–solid equilibrium
of these multi-component systems.

List of symbols:
g Gibbs free energy
h enthalpy
P pressure
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mole fraction
coordination number

reek letters:
fugacity coefficient
activity coefficient
interaction parameters of Wilson equation
interaction parameters of UNIFAC

uperscripts:
Excess

l entrapped liquid
liquid
solid

r solid residue

ubscripts
component

n carbon number
long
short

bl sublimation
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