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ABSTRACT: A cold finger cell intended for the wax deposition measurements was fabricated and integrated into an NMR
imaging probe for the noninvasive study of wax precipitation processes in situ. The cell was first tested with a model system;
then, a series of experiments with different thermal gradients applied to the cell were performed for a waxy crude oil. NMR
imaging of the operating cell revealed the formation of a deposit with the morphology and dynamics strongly correlating with the
temperature regime. At higher temperatures of cold finger, the incipient wax gel ages uniformly, giving rise to the hard and thin
inner layer of deposit accompanied by a branched loosely consolidated outer layer. Conversely, the lower temperatures facilitate
formation of a thick deposit which no longer ages uniformly and slow down the diffusion-controlled growth of the branched
deposit structure. The results obtained are consistent with the majority of the data previously reported. Thus, gelation of the wax
at temperatures below the cloud point and subsequent thermal-driven diffusion processes are considered to be the dominant
mechanisms of the deposit formation. The counter diffusion and Ostwald ripening aging concepts were found to be relevant in
the case of the cold finger study and account for the phenomena observed in this work. The information obtained via NMR
imaging is highly complementary to the results obtained by other techniques that can aid in understanding the essential processes
behind the wax precipitation phenomena. The approach developed can be effectively extended to study any thermal-driven phase
separation process.

1. INTRODUCTION of waxy crude oils which is actually a great challenge for oil
production in rather cold regions or in deep-sea environments.”
Solidified waxes in diesel fuel can also clog the fuel filters and
injectors in engines, leading to serious energy and material
losses. In particular, the changes of the cloud point with the
pressure increase must be taken into account, for example, in
the development of new diesel engines where diesel is injected
under high pressure.® It is clear that the prevention of wax
formation in different processes requires deep understanding of
the behavior of the paraffin molecule crystallization at certain
temperatures and pressures. Hence the challenges associated
with the wax deposition have great relevance and deserve close
consideration.”””

Generally wax is considered as a mixture of long-chain
hydrocarbons with a broad distribution of carbon numbers,
ranging from C18 up to C100+.'" These hydrocarbons are less
soluble in crude oil at lower temperatures and tend to
crystallize and deposit on cooler surfaces when the crude oil is
subjected to a colder environment. The crystallization of
paraffins leads to the formation of a gel network with a complex
morphology; the latter is greatly affected by the wax
composition, process conditions, and time."" A number of

Phase separations which take place during various chemical
processes in many systems play a crucial role in industry and
related technologies. Such relevant processes as precipitation,
crystallization, flocculation, gelation, etc. result in the formation
of particular phases in complex systems. Mostly the phase
separation is a predetermined and very controllable process
involved in a particular technology, but it can also be a great
challenge in such cases as fouling of heat-transfer components
and pipelines.” The most severe and economically costly
problems associated with phase separation lie in the area of
crude oil production, transportation, and processing. Crude oil
is a well-known complex mixture of hydrocarbons consisting of
paraffins, aromatics, naphthenes, resins, and asphaltenes.z’3
Among these groups of hydrocarbons, high molecular weight
paraffins (waxes) and asphaltenes are responsible for some of
the problems occurring during the transportation and
processing of crude oil. While asphaltenes contribute mostly
to the problems associated with oil refining and processing,” the
wax deposition on the walls of reservoirs and pipelines causes
the increased pressure drop, decreased efficiency, and eventual
blockage followed by pipe damage.” The temperature of the
wax crystal appearance in crude oil is referred to as the cloud

point or wax appearance temperature (WAT).® The gelling of Received: June 22, 2016
crude oils at temperatures below WAT can lead to significant Revised:  September 6, 2016
non-Newtonian behavior and increase in the effective viscosities Published: September 19, 2016
ACS Publications  © 2016 American Chemical Society 9003 DOI: 10.1021/acs.energyfuels.6b01535
W Energy Fuels 2016, 30, 9003—9013


pubs.acs.org/EF
http://dx.doi.org/10.1021/acs.energyfuels.6b01535

Energy & Fuels

mechanisms have been proposed to elucidate the wax
deposition process. These mechanisms include molecular and
Brownian diffusion, gelation, gravity settling, thermodiffusion
(Soret effect) and thermophoresis, shear dispersion, Saffman
effect, shear removal (stripping and prevention), etc.”PM Tt
is generally believed that a thorough understanding of the
mechanisms behind the wax deposition will enable researchers
to predict the formation and evolution of a wax layer, allowing
the development of additives and surface treatments to be more
successful in hindering wax deposition within pipelines.'*

Many experimental studies complemented by comprehensive
modeling have been carried out to gain an insight into the
deposition mechanisms. Most of them deal with the laboratory-
scale experiments performed both under static and dynamic
conditions and intended to reveal the impact of different factors
on the wax deposit formation."> The mass of the deposit and its
thickness were detected and measured depending on the
temperature, pressure, and flow rate.”'°™>° The easiest and
most popular way to estimate the mass/thickness of the deposit
is a direct measurement (pigging or “take out” method”)
combined with ex situ chemical and microscopic analysis of the
extracted wax."” However, this approach is quite invasive and
cannot be successfully applied in many cases. Consequently,
various techniques have been developed for indirect real-time
measurements of the wax deposit layer, such as pressure drop
measurements,” laser-based techniques,””*" polarized optical
microscopy,”” X-ray diffraction,'* liquid displacement-level
detection,” acoustic®® and ultrasound-based techniques,25
temperature modulated differential scanning calorimetry,”®
heat gulse wax monitoring,”’ electrical capacitance tomog-
raphy™® etc.””*® Despite the evident advantages of these
methods in providing the information on the deposit thickness
evolution with time and great efforts spent for studying the
correlations between the properties of crude oils and their
flowing properties, there is still a lack of knowledge about some
aspects of deposit layer structure and morphology.’*> The
intensively modeled” temperature distribution inside the
deposit can hardly be evaluated as well. So far, further
understanding of the wax precipitation and deposition
mechanisms is still needed.

A promising approach and an essential step in this direction
is the application of modern techniques in situ.**~*® The in situ
regime is needed to elucidate and separate the factors
influencing the wax precipitation and determine the mechanism
of deposits formation. To address some of these problems, the
NMR imaging (MRI) method has been applied in this study for
in situ measurements of the deposit formation. The main
advantages of MRI stem from the fact that the NMR signal is
very sensitive to any small alterations of the chemical
composition, physical structure, and temperature in the systems
under study. Thus, MRI being a well-known noninvasive
visualization technique has been successfully applied in many
areas of research such as materials science, chemical engineer-
ing, petroleum science, etc.”’~>” Recently, NMR imaging has
been demonstrated to be an informative tool for studying the
phase behavior in crude oils.**~*

To simulate the wax deposition in pipelines, two different
types of laboratory devices are commonly employed: flow loops
and cold finger. While the flow loop seems more natural in the
sense of the simulation in pipelines, the cold finger device is
much simpler for implementation. At the same time the results
achieved via the cold finger cell revealed their high significance
associated with the remarkable predictive capacity."*~>" For this
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reason we decided to employ the cold finger device for in situ
measurements, and the first aim of the study was to develop a
cold finger cell combined with the NMR imaging probe. The
developed methodology was expected to provide a general
approach for investigating any kind of thermal-driven phase
separation processes, including wax precipitation. After the
method validation, the second objective was a noninvasive real-
time study of the wax precipitation from natural crude oil.

2. EXPERIMENTAL SECTION

2.1. Samples. To validate the method, glycerol as a model system
was used first (>99.5% purity, purchased from Sigma-Aldrich). The
visualization of the wax deposition was carried out using the crude oil
originated from the eastern oilfield of Mongolia.*"** The composition
of this waxy oil is summarized in Table 1. The chemical composition

Table 1. Composition of the Crude Oil Sample (Eastern
Oilfield of Mongolia)

component content, % mass
asphaltenes 0.22
N-alkanes 18.01
wax solid (C;,—Cjg) 11.12
resins 14.7
elements
C 86.46
H 13.28
N 0.14
(©) 0.06
S 0.06

of the oil was determined according the procedure developed earlier
for the waxy oils.>>>* The method used for the asphaltenes extraction
in this case repeats the ASTM method D6560-005.>* The pour point
and the wax appearance temperature of the oil were 29 and 44 °C,
respectively. The pour point was determined according to ASTM
method D97.>> The WAT was determined using the temperature
dependence of oil viscosity: a plot of natural log of viscosity versus
inverse of temperature gives the point at which a remarkable change of
slope occurs.

This method provides reasonable accuracy of the measurements.*®
Nevertheless, WAT was separately confirmed using NMR imaging:
wax agglomerates with size >0.1 mm are clearly visible on the images
in the form of dots with low signal intensity when the temperature of
the oil is below WAT. Consequently, the temperature when the oil
becomes homogeneous on the NMR images corresponds to WAT.
Numerous tests reveal this temperature to be 44 + 2 °C, which is very
consistent with the value determined via viscosity measurements. The
viscosity and the density of the crude oil at different temperatures were
measured by a viscosimeter SVM 3000 (Anton Paar GmbH, Austria)
following ASTM method D7042°” and shown in Figure 1.

Crude oils originated from the eastern oilfield of Mongolia have
attracted significant attention in the last two decades because these oils
have relatively low amount of sulfur and heavy metals, making the
refining processes much easier.’**” However, the oils are paraffinic,
which leads to some problems with their transportation and storage.
Because the Mongolian oil has high practical importance and is
suitable for meeting the objectives of this study, it was decided to
investigate this oil first.

2.2. Cold Finger Cell. To investigate the wax deposition in situ, a
special removable cold finger cell was designed and fabricated. The
basic idea of the cold finger cell is rather common and can be found in
previous studies.**">° The only difference is that the stainless steel
elements were replaced by glass and plastic to avoid magnetic field
distortion inside the warm bore of superconducting magnet. The
scheme of the cell is illustrated in Figure 2. The cold finger cell
consists of two long coaxially aligned tubes passing through the entire
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Figure 1. Temperature dependencies of the viscosity and density of
the Mongolian oil sample.
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Figure 2. Scheme of the experimental setup: the cold finger cell
mounted into the MRI probe.

length of the magnet bore: the inner glass tube is placed inside the
outer plastic tube and tightly fixed there with fluoroplastic and rubber
spacers. This inner tube is closed and connected with the thermostat
(VT 10-2, TERMEX Ltd.) by rubber pipes to provide circulating of
the coolant (water) inside; i.e., this inner tube is a coldfinger. On the
end of outer plastic tube, the glass removable ampule is tightly
attached, forming a sealed bath around the cold finger. Into this bath
the sample is poured for investigation. Before the experiment the
assembled cell with the poured sample inside is inserted into the warm
bore through the upper hole and appears in the MRI probe. The
temperature of the inner wall of the bath (cold wall) is maintained by
water cooling with +1 °C accuracy, whereas the temperature of the
outer wall of the bath (warm wall) is maintained by heated air flow
provided by a standard temperature/flow unit of a Bruker AVANCE
DPX NMR spectrometer. The spectrometer automatically controls the
output flow speed of heated air and its temperature with +0.5 °C
accuracy. The 400—800 L/h flow rates were used, which provided
uniform and stable heating of the cell. Thermal control of the walls
inside the cell allowed maintaining the sample under the prescribed
thermal gradient. To decrease the effects of nonuniform heating, the
bottom of the cold finger cell was thermally isolated by foam plastic,
and the air flow was directed in such a way as to heat the walls only.
The cell dimensions were as follows: R; — the radius of the inner tube,
R, — the radius of the outer tube, r, — their difference (R, — R,).
Volume of the sample load was approximately 10 mL. The fabricated
cell was supplied with the tubes of different diameters, making it
possible to vary the r,.

2.3. MRl Method. The NMR imaging method allows measuring
the intensity of the NMR signal coming from the selected area of the
sample (the detailed information on how MRI works can be found in
refs 37, 38, and 60). Using MRI one can obtain either a 2D map of the
signal intensity distribution, which is, in its turn, strongly correlated
with the local spin—lattice (T;) and spin—spin (T,) relaxation times,
or directly a 2D map of the T, T, distribution itself. The relaxation
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time depends on different parameters of the system such as density,
composition, structure, viscosity, flow speed, diffusion coeflicient,
temperature, etc., because these parameters affect the correlation time
of the fluctuating local magnetic field via different mechanisms.®’
When the system is complex and contains many different constituents
(such as crude oil), the resulting relaxation rate is a superposition of all
the relaxation components in the system according to their partial
weights: 1/T, = N|[1/T,'] + N,[1/T,*] + ... + N,[1/T,"], where N, is
the partial weight of the relaxation component with T,", and which is,
in its turn, related to the concentrations of the appropriate constituent.
So, the phase separation processes in the system affect the relaxation
times and/or their weights, changing the NMR signal. Consequently,
the MRI method is highly sensitive to a small alteration of the system
parameters. Typically, the most sensitive parameter contributing to the
eventual signal variation on the NMR images is the spin—spin
relaxation time T,. To have an informative picture we can adjust the
NMR image contrast by changing the range of measuring relaxation
time T, where it mostly depends on the parameter analyzed, while all
other parameters contributing to the signal are diminished. One can
do it easily just by changing the instrumentation parameters.

The MRI experiments were carried out using an NMR imaging
installation based on a Bruker AVANCE DPX 200 console and a
superconducting magnet with an 89 mm diameter vertical bore, water-
cooled and self-shielded Bruker gradient set (maximum gradient
strength up to 292 mT/m); probe PH MINI 0.75, 38 mm internal
diameter birdcage coil tuned and matched to 1H nuclear resonance
frequency of 200.13 MHz; and a console operated with Paravision 4.0
software.

Transverse slice selective 2D NMR images were acquired using the
spin—echo-based pulse sequence supplied by the imager software: T,-
weighted images were acquired by the multi slice multi echo (MSME)
technique;* T, maps were plotted by processing the image sequences
acquired by the same technique (using the standard Image Sequence
Analysis option). The image acquisition parameters were as follows
(unless otherwise mentioned in the figure captions): slice thickness
(SD) of 1 mm; field of view (FOV) of 40 mm; matrices of 256 X 256
pixels. The repetition time (TR) and echo time (TE) were adjusted
depending on T, and T, of the sample to provide the best contrast.
The time of the image acquisition (TA) depended on the TR and TE
parameters, and the number of scans was maintained as short as
possible; the number of echoes for the MSME technique was 28. The
spatial T, profiles were evaluated by plotting T, vs the coordinate
corresponding to the pixel position on the T, map.

2.4. Experimental Procedure and in Situ Method Validation.
The first aim when testing the cold finger cell was to prove the
presence of the steady temperature gradient in the model sample
during the cell exploitation. Ideally, the model sample should be a
liquid with reasonably high viscosity to restrict thermal convection and
avoid significant mass transfer during the long time of cell operation.
Apparently, the most suitable substance to be chosen was glycerol. It
has high temperature-dependent viscosity which provides the high
sensitivity of NMR relaxation times to small temperature variations.
Glycerol T, and T, temperature dependencies were measured in an
MRI probe by routine NMR spectroscopy methods (inversion—
recovery and CPMG pulse sequences® ™ for T, and T, respectively)
in a common glass tube before the experiments in the cold finger cell
and presented in Figure 3. By assuming the steady state and time-
independent temperature, the thermal profile between the cold and
warm walls in the cell satisfies the following equation:*®

(L-T) r
T In E

Py (1)
where T; is the temperature of the internal wall, T, is the temperature
of the external wall; R; and R, are the radii of the cold finger and outer
tube, respectively. Thus, in the static case eq 1 gives a well-known
logarithmic dependence.

The in situ MRI visualization of the operating cold finger cell
apparently demonstrates the emerging thermal gradient along the
radius (the T,-weighted NMR image of the cell with glycerol is

T(r) = T +
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Figure 3. Glycerol (T,, T,) and Mongolian oil (T,) temperature
dependencies measured in common NMR tube using inversion—
recovery (for T;) and CPMG (for T,) pulse sequences.

presented in Figure 4a). The stream of water flowing through the
pipes was not visible on the images: despite the inherently high value
of T, the protons encoded by the slice selective magnetic field
gradient are leaving the image slice too fast to be detected during the
readout, making the apparent T, extremely low (only the thin layer of
the water in the vicinity of the walls could be slightly detectable). To
evaluate the temperature distribution within the cell, a series of T,
maps were acquired for different prescribed temperatures of the cold/
warm walls. The resulting radial T,-profiles are presented in Figure 4b,
where the temperatures of the cold and warm walls are referred to as
T,/T,, namely, 11 °C/15 °C, 11 °C/24 °C, and 11 °C/35 °C. The cell
dimensions were as follows: R; = 6.3 mm, R, = 10.6 mm, ry = 4.3 mm.
Thus, within the gap of 4.3 mm the relatively small temperature
gradients (the highest among of them was approximately 5.6 deg °C/
mm) provide high glycerol viscosity and guarantee that no convective
motions could have been induced inside the cold finger cell.

The smallest temperature difference (only 4 °C) was intended to
test the sensitivity of the visualization technique. Higher thermal
gradients could result in faster mass transfer, but the tendency to speed
up the process is counterbalanced by the necessity to keep the
conditions of pure thermal conductance. On the basis of practical
experience and previous observations**”% to set the temperatures of
the cold and warm walls about WAT + 10 °C is enough for deposition
experiments. For this reason the largest temperature difference was
prescribed to be 24 °C, Figure 4b. Using the dependence of T, on
temperature (Figure 3), the T,-profiles presented in Figure 4b were
turned into the T-profiles and then were compared with those
predicted theoretically according to eq 1, Figure Sa. As can be seen,
good agreement between the measured and predicted T-profiles was
observed for the model system that additionally confirms pure thermal
conductance regime.

Despite the sufficient quality of the T,-maps used in MRI, the
sensitivity and the contrast were much higher when using the T,-
weighted images. However, the temperature could not be directly

inferred from these images. The signal intensity on the T,-weighted
image acquired using the MSME technique follows the equation:**%*

o5 | .

where p is the proton density, and all other parameters are introduced
in section 2.3. By considering the proton density to be independent on
the coordinate and taking into account the known image parameters
(TR and TE), it is possible to theoretically evaluate I(r) profiles based
on the prescribed thermal profiles and compare them with those
measured experimentally. This was done as follows: using the actual T-
profiles (Figure Sa), T, T, dependencies (Figure 3) and parameters
TR, TE equal to those used in the experiments, the I(r) profiles were
calculated (by means of eq 2) along the radius and then, normalized
with respect to the first point, Figure Sb. As is seen, the experimental
data are very consistent with the calculated curves. It means that either
T,-maps or T,-weighted images visualize the thermal gradient in the
cell quite well, and the cell itself is feasible and provides the prescribed
thermal gradient.

In contrast to the model system, the temperature variation in crude
oil between the warm and cold walls may cause wax precipitation if the
temperature appears lower than WAT. Consequently, wax precip-
itation changes the composition of the oil. Yet, the relaxation behavior
of the crude oil is very complex: plenty of constituents produce
complicated relaxation decay with many components, each of them
depending on temperature in its specific way. All these complexities
discard the necessity in a special calibration of T, with the temperature
similar to those described above for glycerol, because even small
composition changes result in a noticeable distortion of the initial
calibration curve.

Despite the complexity, the apparent temperature dependence of
the relaxation time T, appears linear (the graph is presented in Figure
3). However, the MRI visualization can be focused on the T,-maps and
T,-weighted images regardless of the necessity of their converting into
the T-map: the in situ methodology validated using the model sample
has already proven the presence of the prescribed thermal gradient.
Examples of the T,-maps with appropriate T,-profiles of the cell with
oil are presented in Figure 6. The temperatures of cold/warm walls
were 15/30 °C and 15/40 °C for the left and right images,
respectively. The cell dimensions were R; = 5.9 mm, R, = 15.2 mm, r,
= 94 mm; in this experiment the distance r, was increased as
compared to those used in experiments with glycerol to decrease the
thermal gradient and slow down the mass transfer. The thermal
gradient was switched on for a short period of time (0.5 h); this time is
significantly shorter than those required for a noticeable changing of
oil composition along the radius at present conditions (typically, it
takes about 10—14 h). Thus, the profiles demonstrated are steady and
remain unchanged during 10—14 h after the beginning of the
experiment.
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Figure 4. T,-weighted NMR image of the operating cold finger cell with glycerol (a); the image parameters are TR = 1200 ms, TE = 20 ms, FOV =
3.2 cm, Sl = 2 mm. Series of radial T,-profiles with different temperatures of cold and warm walls (b).
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Figure 6. T,-maps of the operating cold finger cell with the Mongolian crude oil (a); the image parameters are FOV = 4 cm, Sl = 2 mm, color bars
are scaled differently for every image. Two appropriate radial T,-profiles with different temperatures of cold/warm walls (b).
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Figure 7. Radial T,-profiles of the cold finger cell with Mongolian crude oil sample. Panel (a) demonstrates the evolution of the T,-profiles within r/
ro < 0.4 zone; panel (b) shows relaxation profiles at the beginning and at the end of experiment.

3. RESULTS AND DISCUSSION

Preliminary experiments with glycerol and oil samples during
testing of the cold finger cell demonstrate fast emerging of the
thermal gradients inside the cold finger cell just after beginning
of the experiment (less than in 10 min). Since 30 min the
gradients are steady for as long as studied (glycerol), and steady
during the time until the deposition processes change the
composition of the sample (crude oil). It was clearly detected
by tracking the relaxation profiles evolution with time: once
having achieved the steady state, the profiles remain unchanged.

In the first series of long time experiments, the temperatures
of the cold and warm walls were set to 40 and 80 °C,
respectively. When the oil has been melted and poured into
cold finger cell, the whole cell including cold finger surface was
heated up to 50 °C for homogenizing and erasing any thermal
history of the oil sample; meanwhile the cooling had not been
switched on yet. After sample homogenizing, the cooling was
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switched on and the temperature of the cold finger was
decreased to 40 °C, while the temperature of the air flow was
increased to 80 °C, yielding the prescribed temperature
gradient.

The T,-maps acquired during operation of the cold finger
cell reveal evolution of the T,-profiles. During the first 6—8 h
after beginning no significant change was observed, but then
the relaxation times in the vicinity of the cold wall started to
decrease, Figure 7a. This process was accompanied by slow
spreading of this “low T,” zone during 7 days of experiment. In
Figure 7b the relaxation profiles in the beginning and after 7
days of experiment are presented for comparison, where “1h”
and “7d” denote relaxation profiles recorded during cell
operating, ie, while the temperatures of cold finger and
warm wall in the cell were 40 and 80 °C, respectively. The
profile obtained before the heating has been switched on is
denoted as “initial”, while the profile obtained after 7 days of
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Figure 8. Series of the T,-weighted images of the cold finger cell with the Mongolian crude oil sample during cell operating with cold/warm wall
temperatures of 40/80 °C; parameters of pulse sequence: TR = 2500 ms, TE = 50 ms.

Figure 9. Evolution of the particular deposit region of the cold finger cell; the parameters are the same as indicated in Figure 8.

experiment when the heating has been already switched off is
denoted as “terminal”; i.e., both these profiles were recorded
when no temperature gradient was applied, and the whole cell
was at 40 °C. The cell dimensions were R; = 5.8 mm, R, = 12.6
mm, 7, = 6.8 mm (the latter was reduced to avoid impact of
well-known MRI artifacts, emerging in the vicinity of surface of
birdcage radiofrequency coil). As can be seen, the resulting
temperature gradient was approximately 5.9 deg °C/mm, which
along with relatively high viscosity of waxy oil (Figure 1) should
provide conditions for pure thermal conductance regime. The
profiles in Figure 7 confirm that no convective motions have
arisen. For convenience the theoretical T-profile (calculated
according to eq 1 with assigned temperatures of the walls) is
also presented in Figure 7b to show the initial temperature
distribution inside the cell.

The detailed analysis of relaxation profiles presented in
Figure 7 revealed the appearance of the regions which have
their own characteristic T, values. The first region is r/r, < 0.07
with low and sharp T, = 37—38 ms, the second region is 0.07 <
r/ry < 0.15 with a broad distribution of T, = 39—55 ms, and the
third region is 0.15 < r/r, < 04 with T, = 56—58 ms (all
relaxation times are inferred from the “terminal” profile
recorded when no thermal gradient was applied). The
remaining part of the oil sample, r/r, > 0.4, demonstrates
characteristic T, 60 + 1 ms. Selection of the regions
described is well confirmed by the “7d” profile recorded during
cell operating (when the thermal gradient was still applied):
there are pronounced changes of slope in corresponding points
r/ry = 0.07, 0.15, and 0.4. According to NMR fundamentals, if
two distinct parts of the system demonstrate different values of
relaxation time T, these parts must be different in terms of
their chemical composition and/or structure (when their
temperatures are the same). Consequently, the major T,
difference between the regions of 0 < r/ry < 0.15 and 0.1$ <
r/ry < 1 indicates their extremely distinct nature.

As it was mentioned in section 2.3, the apparent relaxation
time T, is a sum of contributions which come from all types of
protons in the system. Despite the similar chemical nature of
the wax and major part of the oil constituents, their molecular
weights are quite different. Generally, long chains of high
molecular weight compounds such as paraffin demonstrate a
relatively slow local dynamics and longer correlation times of
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the fluctuating local magnetic fields®' as compared to the
smaller molecules with shorter chains and faster segmental
motion. According to the Bloembergen—Purcell-Pound (BPP)
theory,”* longer correlation times correspond to lower spin—
spin relaxation times and vice versa. As a result, an apparent T,
value evidently decreases as the concentration of heavy
components with short T, increases.

However, the apparent relaxation time decreases not only
due to an increase of the concentration of heavy components.
When the initially homogeneous liquid turns into a colloid
system (particularly, appearing of the wax crystals in the oil
below WAT), the relaxation time declines dramatically due to
the enormous increase of specific surface area of solids. It is
well-known that any solid surface in the system is a perfect
relaxant which speeds up the NMR relaxation: the magnetic
field nearby the surface is always inhomogeneous, causing
intensive dephasing of magnetization (shortening of T,).
Furthermore, the surface mechanically restricts the local motion
of the molecules in the surrounding medium due to the shell
appearing around colloid particles (restricted local motion
causes T, shortening as well). All this results in a sufficient
decrease of T, once the system becomes inhomogeneous.

Taking into account these considerations, appearance of the
regions with different characteristic relaxation times T, in
Figure 7 indicates the redistribution of the heavier components
during cell operation. By comparing the “initial” and “terminal”
profiles, one can conclude that the region 0 < r/r, < 0.1S has to
be considered as wax-enriched, while the remaining part of the
oil 0.15 < r/ry < 1 is wax-depleted, Figure 7b.

Additional information can be inferred from the analysis of
the NMR images acquired simultaneously with the T,-profiles.
Figure 8 presents a series of images obtained during operation
of the cold finger cell. The contrast scheme on the images was
adjusted to provide T,-weighting (the parameters of pulse
sequence are listed in figure caption), which is the best suitable
for careful deposit detection, meanwhile neglecting proper
visualization of the thermal gradient itself. As can be seen, in
the beginning of experiment the cold finger surface is clear, and
then within 1 to 3 days the deposit starts and continues to grow
with time and forms an initially even layer. But after some time
the layer surface becomes rough with a large number of
individual growth points which form a second deposit layer
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with a branched (irregular) structure. Apparently, these layers
having a fine structure contain some amount of the entrapped
oil and show weak adhesion to the wall and to each other.

A more detailed picture of deposit formation and evolution is
presented in Figure 9 for the particular region close to the cold
finger surface. Apparently the first deposit layer remains
uniform within 3 days of experiment; at the same time the
growing of the second layer and developing of the branched
deposit-oil boundary only slightly affects its thickness and
morphology.

The comparison of the deposit structure revealed by the
NMR images with the T,-profiles in Figure 7 shows that the
solid deposit eventually occupies the region of 0 < r/ry < 0.15,
where the wax-enriched layer has been identified according to
significantly lower values of relaxation time T,. Furthermore,
the regions r/ry < 0.07 with T, = 37—38 ms and 0.07 < r/ry <
0.15 with T, = 39—55 ms evidently correspond to the first and
second deposit layers. The difference between two layers is well
confirmed either on the NMR images where they have a very
distinct appearance, or on the relaxation profiles, where T,
values are sharp for the uniform layer and are widely distributed
over the thickness for the branched one. The region 0.15 < r/r,
< 0.4 with T, = 56—58 ms was not clearly visible on the NMR
images most likely due to a very small T, difference (3—4 ms,
whereas the error bars are +2 ms) with the remaining part of
the oil sample.

Among the different mechanisms which have been proposed
to address the wax deposition process,”””"'™'* the diffusion-
based mechanisms (such as molecular and Brownian diffusion,
Soret effect) are the most relevant for the experiment in the
cold finger cell, where the only static conditions are presented
and gravity force is parallel to the deposition plane. Decreasing
of the oil temperature below the WAT in the vicinity of the
cold walls causes local system oversaturation, resulting in the
wax precipitation. Consequently, the liquid phase concentration
gradient of the dissolved wax arises and wax molecules start
migrating toward the cold wall. As the dissolved wax reaches
the cold finger surface, it precipitates, forming a layer of
deposit. This process can be clearly detected in Figures 7—9:
the relaxation profiles nearby the cold surface drop down very
fast and the incipient deposit layer becomes visible just in 1 day
after the beginning of the experiment. However, this effect
appears too fast to be caused solely by growth of wax
concentration. It is well-established that aggregation processes
lead to the paraffin crystallization and formation of a gel-like
network: as little as 0.4% of the precipitated wax™" is sufficient
to form a 3-D network structure of the wax crystals which
behaves as a porous medium.'®'® A considerable increase of the
solid surface due to the gel network formation speeds up the
relaxation considerably as it was explained above. As a result,
both the increase of the local wax concentration and formation
of incipient gel are the reasons for very fast decrease of
relaxation times observed in the vicinity of the cold surface.
Conversely, diffusion of dissolved wax molecules toward the
cold wall causes wax depletion of the oil in the region 0.15 < r/
ro < 1, as it was established by T, profile (Figure 7).

The measurement of the deposition dynamics shows that the
layers thickness grows with time in a well-known logarithmic
manner (Figure 10), which has been comprehensively modeled
in many papers.”'®'%##95% After a certain period of time the
growth almost stops, but the relaxation profiles shows that the
T, values continue to decrease, Figure 7.
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Figure 10. Evolution of the deposit layers thickness with time.

The well-known fact is that after a layer of wax deposit has
been formed, its composition and structure gradually change
with time, causing an increase of wax content, deposit hardness,
melting point, etc.””> This process is referred to as deposit
aging. Different mechanisms of deposit aging have been
elucidated; the most established are the counter diffusion'®'>®
and Ostwald ripening,”®” which appear relevant for static cold
finger experiment. According to the counter diffusion model,
the paraffins with chain length higher than a critical carbon
number (CCN) diffuse into the deposit, while the others with a
length less than CCN diftuse out.”®® However, the distinct
nature of two deposit layers observed in experiment cannot be
accounted for by the aging processes only. As can be seen, there
was no initial thick layer 0 < r/ry < 0.15 which would be
transformed into two separate ones, 0 < r/ry < 0.07 and 0.07 <
r/ry < 0.15, during the aging; while the first of them almost
reached its final thickness, the second layer just started to grow.
It means that the aging processes could have occurred
separately within the 0 < r/ry < 0.07 region which yielded
the uniform and hard deposit layer (with the shortest T,
values). This observation is consistent with the model
developed by Singh et al. for a relatively thin deposit layer
which ages uniformly.'® The long time of cell operating (7
days) also facilitates processes of recrystallization™®” which
results in gel hardening: the T, value of this layer continues to
decline even after the thickness stops to increase, Figure 7a. As
concerning the 0.07 < r/ry < 0.15 region, the aging processes
there most probably occurred simultaneously with the process
of deposit growing. As a result, T, values are not sharp and
distributed over the layer thickness. It should be noted that
formation of the branched deposit-oil boundary during growing
of the outer layer is very similar to the emerging of common
irregular structures during diffusion-limited aggregation pro-
cesses, where the diffusion-controlled growth is predominant
(some evidence of this predominance were observed in ref 68).

Temperature regime (thermal gradient) was previously
shown to modulate the composition and thickness of the
deposit."*'?* To elucidate this effect in the cold finger cell
developed, another long time experiment was carried out with
the fresh portion of Mongolian oil sample: the temperature of
the warm wall was the same (80 °C), but the temperature of
the cold finger was set to 30 °C. The experimental procedure
and cell dimensions were exactly the same as those described
for the 40 °C/80 °C experiment.

The T,-maps acquired during operating of the cold finger cell
revealed evolution of the T),-profiles in a similar way to those
presented in Figure 7. The relaxation times in the vicinity of the
cold wall are substantially lower than those for the rest part of
the oil sample, Figure 11a; notations “4h” and “4d” correspond

DOI: 10.1021/acs.energyfuels.6b01535
Energy Fuels 2016, 30, 9003—9013


http://dx.doi.org/10.1021/acs.energyfuels.6b01535

Energy & Fuels

(@)
120 14 ——4d
—e—initial —— terminal
100
m 80
E
60
40 |PEES
20 -
0 01 02 03 04 05 06 07 08 09 1
rirg
(b)

Figure 11. Radial T,-profiles (a) and series of the T,-weighted images (b) of the cold finger cell with Mongolian crude oil sample, cold/warm walls
temperatures are 40/80 °C. Parameters of pulse sequence: TR = 2500 ms, TE = 40 ms.

to profiles recorded during cell operating (i.e., when T; = 30 °C
and T, = 80 °C), while “initial” and “terminal” profiles were
recorded before and after (4 days) experiment, respectively
(i.e, when no temperature gradient was applied and the whole
cell was at 30 °C). For convenience the T-profile (calculated
according to eq 1 with assigned temperatures of the walls) is
also presented in Figure 11la to show the initial temperature
distribution inside the cell.

The analysis of relaxation profiles revealed appearing of the
regions which have their own characteristic T, values. The first
region is 0 < r/ry < 0.14 with a broad distribution of T, = 24—
35 ms, and the second region is 0.14 < r/r, < 0.25 with a rather
sharp T, = 37 + 1 ms (all relaxation times are inferred from
“terminal” profile recorded when the heating already had been
switched off). The remaining part of the oil sample, r/r, > 0.25,
demonstrates characteristic T, = 42 + 1 ms. Taking into
account considerations regarding NMR fundamentals, de-
lineated regions 0 < r/r, < 0.14 and 0.14 < r/ry < 0.25 have
a distinct composition and/or structure. However, by
comparing the “initial” and “terminal” profiles one can conclude
that these regions did not result from the considerable wax
redistribution, because the remaining part of the oil experiences
a very minor change in characteristic relaxation time, Figure
11a. In this case formation of the wax gel is the mechanism
considered to be responsible for the apparent decrease of T).

The series of T,-weighted images clearly show the process of
incipient gel formation, Figure 11b. Delineated regions 0 < r/r,
< 0.14 with T, = 24—35 ms and 0.14 < r/ry < 0.25 with T, = 37
+ 1 ms can be attributed to different deposit layers (blue and
green colors, respectively) which appears quite fast. In contrast
to previous experiments where the growing incipient deposit
layer can be tracked, followed by development of the second
branched layer, in this experiment there is no clear point where
the first layer stops to grow, giving rise to the second one.
Furthermore, the evolution of the deposit layer seems primarily
to occur within the thickness of incipient wax gel, and only on
fourth day of experiment the first signs of branching can be
noticed, Figure 11b.
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According to the model developed by Singh et al, if the
characteristic diffusion length of wax molecules within the
deposit is comparable with the deposit thickness, the entire
deposit ages uniformly.'® Otherwise, the deposit does not age
uniformly and the second layer is formed.'” The overall
thickness of the deposit increases as the temperature of cold
finger decreases due to extending of the samples layer nearby
the cold surface where the oil is below WAT, as it can be seen
on T-profiles, Figures 7b and 11a. Consequently, the growth of
thick layer is accompanied by simultaneous aging processes
which lead to gradual hardening of the deposit in the vicinity of
the cold surface (causing distribution of T, = 24—35 ms in 0 <
t/ry < 0.14 region). Decreased temperature of the cold finger
makes the driving force of diffusion-controlled growth of the
second branched deposit layer weaker,' resulting in relatively
late formation of the branches.

The results obtained in this work are reliable and generally
consistent with those previously reported in many studies.
Numerous tests have demonstrated the same pattern of
deposition processes; particularly, the two-layer structure of
the deposit and its dynamics are very reproducible. No
significant influence of the MRI equipment on the studied
processes was observed. Moreover, application of the MRI
method to more sensitive systems showed that the effects of
vibrations and/or strong magnetic field on the studied systems
are negligible.”""!

4. CONCLUSIONS

The cold finger cell intended for wax deposition measurements
was integrated into the NMR imaging probe for the
noninvasive study of the precipitation processes in situ. The
implementation of the cell and test experiments with the model
sample showed the stability of the operating regimes and high
accuracy of the thermal gradient visualization. These encourag-
ing results motivated further experiments with a real sample of
the waxy crude oil. These experiments were focused on
visualizing the precipitation processes in real oil system under
static conditions and studying the deposit evolution with time
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to give insight into how strong the influence of the aging
processes on eventual deposit structure is.

The MRI visualization of the operating coldfinger cell
revealed the formation of deposit with the morphology and
dynamics strongly correlating with the temperature regime
applied to the cell. When the temperature of cold surface was
set relatively high (meanwhile to be lower than WAT), the
incipient wax gel arose in vicinity of the cold wall, causing a
substantial decrease the apparent relaxation time T,. Then the
thermal-driven processes of wax redistribution resulted in wax-
depletion of the oil with the temperature above the WAT and
formation of two wax-enriched deposit layers. The first hard
layer with the lowest T, value originates from the incipient wax
gel which ages uniformly due to its small thickness, while the
second layer with branched structure is loosely consolidated
and originates from slow diffusion-controlled deposition of wax.

The decrease of the cold wall temperature was found to
facilitate extending of the deposit thickness due to the increase
of the distance between the cold surface and WAT position
inside the oil. Substantial decline of the apparent relaxation
time T, in this case, however, was found solely due to the
formation of the incipient wax gel in vicinity of the cold wall,
whereas the thermal-driven wax redistribution processes appear
insufficient and slow down. The relatively thick deposit layer no
longer ages uniformly, and wax counter diffusion inside the
deposit results in two layers with different density. The
diffusion-controlled growth of branched structure was noticed
relatively late as compared to the case with a higher
temperature of the cold finger.

The results obtained in this study are very consistent with the
majority of the data previously reported. Thus, gelation of the
wax at temperatures below WAT accompanied by subsequent
thermal-driven diffusion processes is considered to be a
dominant mechanism of the deposit formation according to
the models previously developed and validated. The counter
diffusion and Ostwald ripening aging concepts were found to
be relevant in the case of the cold finger study and could
account for the phenomena observed in this work. We believe
that the information obtained using the NMR imaging is
complementary to the results obtained by other techniques
which may aid in understanding the essential processes behind
the wax precipitation phenomena. The approaches developed
can easily be extended to study any thermal-driven phase
separation processes.
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