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A new experimental setup for the liquid–solid phase
transition determination in crude oils under high pressure conditions
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Abstract

A high pressure apparatus based on two sapphire windows high pressure cell coupled with a detection system of the reflected and
refracted light intensities coming from a laser beam was designed to determine the phase transitions by the measurement of the light
intensity change. The setup was used to measure the wax disappearance temperature under pressure up to 100 MPa in pure component,
synthetic complex mixtures made up of distributions of n-paraffins ranging from n-C20 to n-C42. Finally a real stabilized condensate was
successfully investigated and the sensitivity of the detection system was demonstrated on a dark crude oil.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Among all the challenges that the oil industry have been
facing for many years, the prediction of solid formation is
one of the major. Production, transportation and treat-
ment facilities of most of the produced fields should be
designed to allow preventive or curative processing in the
event of appearance of organic deposits. The fitting of
those designs with the real operating situations clearly have
a great impact on the rate of profit.

A number of experimental techniques for predicting the
onset of crystallisation of wax on synthetic and real systems
under pressure have been proposed in the literature. It is
possible to classify them in two main categories: the ana-
lytic approach and the synthetic ones. A non exhaustive
lists of these experimental procedures can be briefly pre-
sented as a state of the art.

The calorimetric techniques as the DSC method (Differ-
ential Scanning Calorimetry) are some of the most
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employed to describe liquid–solid equilibrium in paraffinic
systems because of the important values of their crystallisa-
tion enthalpies [1–3]. Some authors have the conviction
that theses techniques applied for crude oils can provided
better results than the other ones [4]. In fact the pressuriza-
tion of the setup, the shape of the distribution of n-alkanes
in crude oils or the potential presence of metastable phase
[5] can make the results of the experimentation inaccurate
[6].

Among the other procedures some of them are based on
a visual detection of the Wax Appearance Temperature
(WAT) in crude oils, we can notice the ASTM standards
D2500 and D3117 [7] but also the complete visibility high
pressure cell developed in our laboratory [8,9]. Important
drawbacks can be cited as the non homogenisation of the
system, the non control of the cooling speed and above
all the important volume of the cell making the study of
opaque fluids impossible [10].

To improve the detection of the crystals it is possible to
use an optical setup to replace the human operator [7,11].
The solid detection system is then based on light transmit-
tance through an optical cell. The crystallisation of the wax
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induces a huge reduction of the light intensity. Nevertheless
even if it is possible to throw of disadvantage related to the
opacity, the problem of the small size of the crystals
remains. In the same category, the techniques of Cross
Polarization Microscopy (CPM) are usually used to mea-
sure the liquid–solid transition at atmospheric pressure
[12] and is considered as one of the most accurate approach
in the investigation of liquid–solid transition [6,13,14].
Recently this setup has been extended with success under
high pressure [15]. Even if the volume of the sample can
be decreased at its minimum the opacity encountered in
real crudes stays a major problem for the determination
of wax disappearance temperature under pressure.

Mechanical dynamic procedures can also be considered
for determining the presence of solids in a fluid. They are
based on a ‘‘Filter Plugging’’ leading to a strong change
of the differential pressure DP measured at both sides of
the filter [14] or simply based on a visual observation of
the deposit on the surface of the filter [16] as reported for
asphaltenic systems for example. When applied for the
WDT determination those techniques can only be used
during a cooling procedure meaning that the subcooling
effects which are very important in such dissymmetric sys-
tems can not be avoided.

Many other approaches like viscosity [7,10] and acoustic
measurements [17], FT-IR spectroscopy [18], can be con-
sidered for the determination of the liquid–solid phase
equilibrium at atmospheric pressure or under high pressure
conditions. But the majority leads to important uncertain-
ties due to the fact that they are unable to detect correctly
the disappearance of the last crystal (WDT) or the appear-
ance of the first one (WAT) for the following reasons:

(i) the amount of solid just below the WDT is very small;
(ii) in real fluids the size of the crystal is particularly

small (<0.1 lm);
(iii) the high opacity of the system.

Then despite the economical tasks, few precise data have
been reported in the open literature due to the limitations
of most of the techniques. Following the investigations
conduced in our group on organic deposit characterization
under high pressure conditions, we have developed a new
equipment allowing phase transition detection in crude oils
and derivatives.

The experimental setup is able to work over the pressure
interval 0.1–100 MPa in the temperature range from 243 to
373 K, and comprises an apparatus for the emission–recep-
tion of a laser beam used with a two sapphire windows
high pressure cell connected to a manual high pressure
pump. A detector is placed in front of each window and
they are used to monitor the intensity of the reflected
and refracted light from the laser (1.3 mW, 635 nm). In
order to study dark oils, the thickness of the fluid confined
in the optical cell is reduced to 1 mm. Results for synthetic
mixtures and diesel obtained with this equipment are com-
pared to those already obtained [19,20] with a high pres-
sure microscope and reveals excellent agreement. The
influence of the pressure on the wax disappearance temper-
ature are also reported and analyzed up to 100 MPa for
paraffinic crudes.

2. Experimental device

The experimental apparatus is composed of a high pres-
sure cell made up of a stainless steel autoclave block in
which two transparent sapphire windows are positioned
face to face. The geometric characteristics chosen for this
cell offer a useful volume of 30 mm3 and make possible
to carry out measurements at pressures up to 100 MPa over
a temperature range of between 243 K and 373 K. As pre-
viously mentioned, in order to study dark colored oils by
light transmission, the thickness of the fluid confined in
the optical cell was reduced to 1 mm. The temperature of
the cell was controlled by the flow of a heat-carrying fluid,
regulated with a temperature stability of 0.1 K by a ther-
mostat bath (Huber ministat CC1), in four flow lines
embedded in the metal block of the cell. The temperature
was measured with a calibrated Pt 100 probe (0.1 K),
inserted inside the cell close to the sample. The fluid was
pressurized with a high pressure pump made up of a stain-
less steel autoclave cylinder in which a mobile piston can
move in such a way as to transfer the pressure to the fluid.
The maximum volume of the high pressure pump is equal
to 25 cc. During the run, the hand pump was thermo regu-
lated above the maximum solid–liquid transition tempera-
ture to preserve the homogeneity of the system (Huber
Polystat CC1). In order to avoid solid formations in the
connecting lines these were heated with an electrical heat-
ing ribbon. The pressure was measured with a Keller pres-
sure gauge PA-33X, calibrated within the range 0–100 MPa
with a dead-weight balance Bunderberg, giving an uncer-
tainty better than 0.02 MPa over the experimental range.
Fig. 1 shows a schematic representation of the experimen-
tal setup whereas Fig. 2 concerns a description of the high
pressure cell.

The technique used for the WDT determination is based
on the measurement of light intensity change during phase
transition. This approach has been successfully applied for
synthetic systems in a large range of pressure as previously
reported by [21–23].

Two detectors placed at both sides of the double sapphire
windows cell were used to monitor reflected and refracted
light intensities. The incident light was emitted by a diode
laser MC 6305 (635 nm wavelength and 1.3 mW power sup-
plied by Melles Griot) temperature control to preserve a
constant wavelength and power during an all day experi-
ment. Incident, reflected and refracted lights are carried to
the cell or to the detectors by optical fibers, 1 m length
and 1 mm of diameter.

The detectors were home made detectors and comprise a
BPW21 silicon photodiode (Siemens) especially suitable for
applications from 350 to 820 nm. Delivered signals are
amplified using high precision compounds, in order to
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Fig. 1. Schematic representation of the experimental setup.
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Fig. 2. Scheme of the high pressure cell: (a) fluid inlet; (b) high pressure block; (c) heat carrying flow line; (d) fluid sample; (e) sapphire window; (f) plug
with a conic orifice; (g) fluid inlet.
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avoid voltage shift due to room temperature changes. They
are calibrated to deliver 8 V when directly illuminated by
the laser’s light. Reflected and refracted light intensities
as well as pressure and temperature values are acquired
through a data acquisition card with a PC.
3. Experimental procedure

Prior to any study, a high vacuum was made in the cell,
in the pump and in the connecting lines using a vacuum
pump (Leybolg Trivac D 4B, 10�3 Pa). Once this prelimin-
ary operation was done, the distance between sensors and
windows was adjusted for each sample, because it has been
demonstrated [24] that part is essential to determine the
sensitivity and the accuracy of the setup. The detectors
were positioned in order to give a collected intensity in
the range from 5 to 6 V.
To illustrate how the fluid solid disappearance tempera-
ture is determined from experimental curves, Fig. 3 shows a
representation of reflected light intensity as a function of
temperature, at constant pressure, during a heating
process.

The first part of the reflected intensity curve is almost
flat traducing very small changes of medium refractive
index with temperature. Part II displays the phase transi-
tion from a solid phase to the homogenous fluid phase.
The third part starts when the signal reaches a plateau, also
related to small changes attributed to the temperature effect
on the refractive index of an homogenous liquid. Thus, a
calculated line is adjusted to the linear segment representa-
tive of the third part. To determine the melting temperature
the following criterion is then applied:

I exp � Icalc

Icalc

�
�
�
�

�
�
�
�
> 1%;



Table 1
Composition (mass%) of the system studied and of the wax Prolabo

Feed composition (mass%)

Solvent 83.66
Wax content 6.34

Composition of the wax
n-C20 0.05
n-C21 0.59
n-C22 3.74
n-C23 10.81
n-C24 17.68
n-C25 16.79
n-C26 13.95
n-C27 9.3
n-C28 6.93
n-C29 5.15
n-C30 3.86
n-C31 2.59
n-C32 1.19
n-C33 0.47
n-C34 0.22
n-C35 0.12
n-C36 0.08
n-C37 0.05
n-C38 0.04
n-C39 0.03
n-C40 0.02
n-C41 0.02
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Fig. 3. Representation of reflected light intensity as a function of
temperature, at constant pressure, during a heating process.
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where Icalc and Iexp are, respectively, the calculated inten-
sity and the experimental one.

The temperature obtained following the proposed pro-
cedure is perfectly matching that observed visually for the
disappearance of the last crystal in transparent systems.
Fig. 2: Reflected intensity
of Octadecane 
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4. Results and discussion

4.1. Chemicals

Concerning the pure components, both octadecane and
tetradecane used are from Aldrich Company and have a
mole fraction purity of 0.99. The paraffin wax was pur-
chased from Prolabo Company. It is a commercial paraffin
called Prolabo 52–54 �C, composed by n-alkane ranging
from C20 to C42 for which the Cn distribution was deter-
mined by gas chromatography and mass spectrometer
(Table 1).
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Fig. 4. Influence of the speed of heating on the solid–liquid phase
transition of octadecane at atmospheric pressure.
4.2. Pure component tests

Before any attempt at experimental investigation on a
complex mixture for which there is no data in the literature,
the reliability of measurements were checked on a pure
substance. With this view in mind, a set of experiments
were carried out on octadecane, a substance for which sev-
eral references are available on the literature [25–27]. Mea-
surements were carried out from atmospheric pressure to
80 MPa every 20 MPa so as to describe the phase boundary
between the homogeneous liquid phase and the solid–liquid
phase domain with no less than six points. This very simple
system allows us to determine the best experimental proce-
dure concerning in particular the influence of the speed of
heating. Due to important subcooling effects the phase
change was not determined by measuring the wax appear-
ance conditions but by measuring the conditions of disap-
pearance of the last crystals in the system. Fig. 4 illustrates
the speed of heating influence demonstrating a significant
difference on the wax disappearance temperature observed
between data sets. Then the selected procedure follows the
different steps:

– Heat at 0.3 K per minute to get roughly the wax disap-
pearance temperature,

– Reduce the heating power of the regulator and then
operate a step-by-step procedure in which the speed of
heating is less than 0.02 K per minute.
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Fig. 7. Comparison of the wax disappearance temperature of the synthetic
system tetradecane + wax distribution (C20–C42) with the data published
by Pauly et al. [29].
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Results are plotted in Fig. 5 on which the experimental
points representing values from the literature [25–27] have
also been added. Comparison of our measurements under
higher pressure with those already published in the litera-
ture also revealed a very good agreement.

4.3. Complex synthetic systems

To study the influence of the components number on the
formation of waxy solid phase, the wax disappearance
temperature was determined as a function of pressure in
a synthetic complex system tetradesane + (multiparaffinic
commercial wax ranging from C20 to C42) already investi-
gated both at atmospheric conditions [28] and under high
pressure [29]. The composition of the studied mixture is
detailed in Table 1.

The experimental procedure used was described in the
previous item. Fig. 6 represents the reflected intensity ver-
sus the temperature. When compared to the pure compo-
nent the signal break appears to be less strongly marked.
Actually this behavior can be explained by considering that
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Fig. 6. Reflected intensity versus temperature for synthetic wax at
40 MPa.
the melting of mixture does not take place at constant T
and P. It is then possible to detect from the obtained signal
the beginning and the ending of the melting of the system.

In Fig. 7 the experimental wax disappearance tempera-
ture points shows a good fit with experimental points
obtained from a high pressure microscopy [29].

4.4. Real fluids

Both of the previous systems presented are synthetic
model systems. It has already shown that the size of crys-
tals are more important in model systems than in real crude
oil even if this mixture are made of a large distribution of n-
alkanes. Then the measurement of liquid–solid transition is
fairly more simple and can be obtained accurately with
most of the conventional techniques. The real problems
concern the investigation of real fluid due to two different
aspects. The size of the crystal which does not exceed in
most of the case 0.1 lm [30] as well as the high opacity
induced a huge difficulty to detect the disappearance or
presence of waxy crystals in the solution.

Then to validate our experimental technique a real sta-
bilized condensate was tested. Most of the conventional
techniques do not give any accurate results probably
because crystal size is too small to detect appearance of
the first crystal or disappearance of the last one. The anal-
ysis of Fig. 8 shows clearly the sensitivity of our detection
technique even when the crystal size does not exceed
0.1 lm. Then the set of data obtained on this system is
compared in Fig. 9 to the one from high pressure micros-
copy technique. The difference between both set of melting
temperature does not exceed 0.5 K in all the pressure range.

Finally our experiment has been tested on a dark heavy
oil for which no accurate information are available due to
the high difficulties to study this oil:

– Low % paraffin content (<5% ).
– High opacity.
– Small crystal size.
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Fig. 9. Influence of the pressure on the WDT of the stabilized condensate.
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Fig. 8. Influence of the temperature on the reflected intensity with a
stabilized condensate at 40 MPa.
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Fig. 10. Reflected intensity versus temperature at 20 MPa for crude oil.
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Fig. 10 clearly shows that the signal presents a major
break even when the system studied presents all the draw-
backs listed above.
5. Conclusion

During this work different tests have been successfully
performed on pure components and on complex synthetic
system. Then the technique has been used on real complex
systems for which the opacity associated to the small size of
the crystals make the measurements perilous. The results
clearly show that the setup designed and developed for
detecting structural modifications is very accurate when
the system is opaque fluids. Thus this experimental device
will be used to provide reliable characterisation of real par-
affinic oil in the exploration and production range of pres-
sure of interest. It also seems that this procedure should be
successfully applied in the detection of the onset of floccu-
lation of asphaltenic crudes.
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