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ABSTRACT

Oil-gas two phase wax deposition is a fairly common and open-ended question in flow assurance of
multiphase transportation pipelines. This paper investigated the two main aspects of oil-gas two phase
wax deposition layer: apparent thickness and crystal structure characteristics. A typical highly paraffinic
oil in Bohai Sea, China, was used as the experimental material to investigate the wax deposition thickness
in oil-gas two phase under the influence of different oil temperatures, superficial gas/liquid phase ve-
locities and gas-oil ratios by using multiphase flow loop experimental device. Just as in the classical
theory of wax molecular diffusion, it showed that wax deposition thickness of oil-gas two phase
increased with increasing oil temperature. Analysis of the impact of different superficial phase velocities
found that the actual liquid flow heat transfer and shear stripping was the gas phase dominant mech-
anisms determining wax deposit thickness. In addition, the crystal structure of the wax deposition layer
was characterized with the help of small-angle X-ray scattering (SAXS) for different circumferential
positions, flow rates and gas-oil ratios. The bottom deposition layer had a complex crystal structure and
high hardness, which were subject to change over flow rate variations. Furthermore, the SAXS results
provided evidence that the indirect effect of the actual liquid velocity modified by the gas phase was the
main mechanism. Our study of the effect of gas phase on the wax deposition of oil-gas two phase will
help shed light onto the mechanism by which this important process occurs. Our findings address a very
urgent need in the field of wax deposition of highly paraffinic oil to understand the flow security of oil-
gas two phase that occurs easily in multiphase field pipelines.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

wide range of hydraulic and thermal conditions (Duan et al., 2017,
2018; Singh et al., 2017).

The prevalence of multiphase transportation motivated exten-
sive research, which nevertheless did not culminate in a satisfac-
tory understanding of wax deposition in gas-oil two phase flow
(Aiyejina et al., 2011; Leporini et al., 2019; Liu et al., 2020). The role
that gas phase play in wax deposition is still not fully understood
and requires further research. So far, a number of researchers have
carried out experimental research on the influence of oil-gas two
phase flow patterns on wax deposition (Quan et al., 2018; Yu et al.,
2021). Flow loop apparatus was widely used in other seminal work,
covering both the stratified flow and the intermittent flow under a
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Many of the early experiments of oil-gas two phase wax depo-
sition were pioneered in Tulsa University. Matzain et al. (2002)
presented experimental results first from the thickness and com-
ponents of oil and gas two-phase wax deposition under different
flow patterns. A definitive understanding of wax deposition char-
acteristics and mechanism for a certain flow type has not yet been
reached, being the subject of follow-up research. Rittirong et al.
(2017) and Chi et al. (2019) systematically studied the overall and
local deposition in circumferential direction under intermittent and
stratified flow, respectively. Rittirong et al. (2017) conducted a large
group of flow loop tests at a wide variety of superficial gas and
liquid velocity. It was shown that the deposit thickness decreased
as the superficial liquid velocity (V) increased, while the thickness
increased as superficial gas velocity (Vsg) increased. It turned out
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that there were particular crossover points of the obtained results
for different superficial gas velocity conditions. The circumferential
direction results indicated that the wax deposit layer on the top was
thicker and softer than those on the bottom, as a result of the dif-
ference between gas and liquid phase shear stress. By pressurized
multiphase flow loop, Chi et al. (2019) obtained wax deposition
data for oil-gas two phase stratified flow at different liquid and gas
flow rates. It has been shown that deposition mass and wax content
increased with increasing superficial gas or liquid velocity. The
primary reason for the increase of wax content and deposit mass
was to increase the actual liquid velocity, enhancing the convective
heat transfer increase. Further, the analysis results of local deposit
components exhibited that the influence of superficial gas or liquid
velocity on the side deposition was greater than that on the bottom.
The proportion of high carbon number fraction increased with
increasing superficial velocity.

Subsequently, Chinese scholars (Duan et al., 2017, 2018; Gong
et al.,, 2011; Quan et al.,, 2018, 2020) carried out a series of rele-
vant experiments with highly paraffinic oil. The results of the
circumferential distribution of wax deposition layers under strati-
fied and intermittent flow patterns observed by Gong et al. (2011)
and Quan et al. (2018, 2020) were similar to those of Matzain
et al. (2002). However, there were some differences in the depo-
sition thickness variation patterns at different superficial velocities.
This may be related to the differences in their experimental oil
samples and experimental condition parameter settings. In terms
of the mechanisms, two main gas actions for multiphase wax
deposition have been proposed: (i) The “direct gas-phase action”
includes flow pattern changes and gas-phase shear stripping ac-
tion. (ii) The “indirect gas-phase action”, in which the gas phase
changes the liquid phase flow, followed by the influence of heat
transfer and liquid phase shear stripping. In intermittent gas-liquid
flow, Matzain et al. (2002) and Rittirong et al. (2017) noted that the
24-h deposition thickness monotonically decreased with increasing
superficial liquid velocity. This was mainly due to high wall shear
(high actual liquid phase flow rate). However, Gong's (Gong et al.,
2011) and Quan's (Quan et al., 2020) results showed that with the
increase of Vg, the 24-h deposition thickness increased first and
then decreased. One of the growth trends was triggered by the
liquid phase conversion rate promoting convective heat transfer. Of
these proposed mechanisms, it was generally regarded that shear
force at pipe wall has dominant contributions to the decrease of 24-
h deposition thickness as the increase of superficial gas velocity.
Although there were several independent experimental results and
mechanistic analysis from a number of research teams performing
measurements on different kinds of fluids, none provided the wax
crystal microstructure information in the deposition layer with the
help of small-angle X-ray scattering (SAXS). As an important means
of characterizing crystal structure parameters, SAXS has been
applied in the study of materials, polymers, and other systems.
When X-rays pass through the sample, if there is an area with
uneven electron density in the sample, the X-rays will scatter in the
small angle area (26 < 5°), which is called small angle X-ray scat-
tering. Currently, only a few scholars have studied the micro-
structure parameters of wax crystals. Sun et al. (2007) used SAXS to
study the changes in the internal microstructure of wax crystals
during the heating process of paraffin. Gouze et al. (2019) used
SAXS to characterize the particle size distribution and volume
fraction of wax crystals during the temperature change process.
Huang et al. (2018) explored the mesoscopic characteristic pa-
rameters of wax crystal particles, such as shape, size, distribution,
and orientation, with nanocomposite pour point depressants.

In this paper, the wax deposition thickness of typical highly
paraffinic oil-gas two phase under the effect of different tempera-
tures, superficial gas/liquid phase velocities and gas-oil ratios was
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studied by using a multiphase flow loop. Combined with the
experimental results of oil-gas two phase deposition and the
calculation of flow characteristics parameters, we have made
progress on the understanding of the gas action in the wax depo-
sition. Furthermore, the wax crystal structure of the deposition
layer at different annular positions was characterized by small
angle X-ray scattering (SAXS) to systematically elaborate the
mechanism of the gas phase. This has important consequences for
our understanding of the mechanism of gas phase action in
multiphase pipeline transportation.

2. Experimental materials and methods
2.1. Experimental materials

The BZ crude oil used in this paper was characterized by a high
wax content (24.3 wt%), medium resin content (10.56 wt%) and
high wax appearance temperature (43.25 °C), which belonged to a
typical highly paraffinic crude oil. At 20 °C, the density was
884.39 kg/m>. Other physical parameters, such as viscosity-
temperature relationship curve, wax precipitation characteristic
curve, carbon number distribution, etc, were shown in the
following Figs. 1-3.

2.2. Experimental equipment

The experimental flow loop of oil-gas two phase wax deposition
was mainly made of stainless-steel pipe (total length about 25 m,
inner diameter 25.4 mm), and contained the test and reference
section, screw pump, tank, temperature control system (water
bath, insulation) and data acquisition system, etc. It was equipped
with flow meters, differential pressure sensors, temperature sen-
sors and data acquisition systems, etc., see Fig. 4 for details, in order
to obtain and record key information such as flow rate, temperature
and differential pressure in the loop pipeline in real-time. Based on
the differential pressure method (Cai and Zhang, 2003; Van der
Geest et al., 2018), the average thickness of the wax deposition
layer in the test pipe section under different experimental condi-
tions can be calculated.

In the oil-gas two phase loop experimental scheme, 0, 7 (me-
dium) and 15 (high) were selected as the gas-oil ratio experimental
conditions with reference to the actual submarine pipeline gas oil
ratio range. The experimental gas phase injection process: air
compressor - filter - regulator - gas flow controller. The gas-oil ratio
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Fig. 1. Viscosity of BZ crude oil.
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Fig. 4. Flow loop experimental device.

setting was achieved by adjusting the gas phase flow rate during the
experiment, which was controlled by the regulator and controller. Of
the hydrothermal parameters, the initial inner wall temperature of
flow loop was 30 °C (wax appearance temperature = 43.25 °C), and
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the oil temperature included 40, 45 and 50 °C. The three flow ve-
locities v = 0.8, 1.2 and 1.6 m/s correspond to low velocity laminar,
high velocity laminar and turbulent flows, respectively. Deposition
time settings of 1, 3,6, 9,12 h.



C.-S. Wang, Q.-L. Ma, X.-E Lv et al.

To characterize the wax crystal structure parameters at different
annular positions in the deposition layer, a test analysis was per-
formed with the help of a Beijing 1TW2A small-angle X-ray scat-
tering device (Dong et al.,, 1997; Li et al., 2014, 2019). This device
mainly consisted of a light source, small-angle camera, detector and
other components. Mar165-CCD detector was spaced 1500 mm
from the sample, and the sample temperature was controlled by a
liquid nitrogen and heating plate. The sample loading process was
as follows: SAXS carrier (hollow, approximately 1 mm thick steel
plate) filmed on one side. Appropriate amount of wax deposition
sample was taken and placed on the membrane to fill the hollow
area, and finally the membrane was sealed. After the sample was
loaded, it was cooled down to the wall temperature at the same
controlled temperature rate, and the constant temperature was
waited for 10 min before starting to shoot. The scattering vector
g = 1.67 nm™, exposure time 100 s, and Fit 2D software were used
to process and analyze the experimental data.

3. Results and discussion

The remainder of the article is organized as follows. In Section
3.1, we describe the experimental results of wax deposition in the
loop. We then present results first from the small angle X-ray
scattering (SAXS) experiments in Section 3.2.

3.1. Wax deposition thickness of flow loop under different
influencing factors

The experimental results of wax deposition of highly paraffinic
crude oil at different temperatures, flow rates, gas-oil ratios and
time were obtained by oil-gas two phase wax deposition loop ex-
periments, and the detailed experimental results were summarized
in Supporting information A.

From the above Fig. 5, it could be seen that the deposition
thickness of oil-gas two phase increased with the increase of oil
temperature/temperature difference between oil temperature and
wall temperature under the same flow rate and gas-oil ratio. For
example, at low velocity laminar flow and medium gas-oil ratio, the
deposition thickness was 0.89 mm after 12-h operation at 40 °C oil
temperature. When the oil temperature increased to 45 and 50 °C,
the 12-h deposition thickness grew to 1.14 and 1.58 mm, respec-
tively. Similar results hold for other flow patterns/flow rates and
deposition time. These observations of wax deposition character-
istics at different temperatures were consistent with prior studies
(Fan et al., 2021; Singh et al., 2000) showing that molecular diffu-
sion was a control mechanism for oil-gas two phase wax
deposition.

Analysis of experimental results of wax deposition at different
superficial phase velocities presented can provide insights to
further research. The experimental properties of wax deposition at
superficial gas/liquid phase velocities were summarized below and
the results were shown in Fig. 6.

At the same superficial liquid phase velocity, the wax deposition
thickness increased with increasing superficial gas phase velocity at
each deposition time. At V5 = 1.1 m/s, the superficial gas phase
velocity increased from 8.4 to 9.6 m/s, corresponding to the in-
crease of the 12-h average wax deposition thickness from 1.14 to
1.22 mm. Other superficial liquid phase velocity and deposit time
conditions were similar to that shown in Fig. 6(a) and (b).

In the analysis of Vg, it was found that the deposition thickness
decreased with increasing superficial liquid phase velocity at
similar superficial gas phase velocity, as shown in Fig. 6(c) and (d).
Under the high superficial gas phase velocity range
(Vsg = 9.3—9.6 m/s), Vg increased from 1.1 to 1.3 m/s and the 12-h
wax deposition thickness decreased from 1.22 to 1.04 mm. The
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Fig. 5. Wax deposition thickness in oil-gas two phase at different oil temperatures.

12-h wax deposition thickness decreased from 1.58 to 1.38 mm in
the range of low superficial gas phase velocity (Vsg = 8.3—8.4 m/s)
with increasing superficial liquid phase velocity.

To get other concrete results and explain the reason behind each
section, we calculated the oil-gas two phase flow characteristics
parameters, including liquid holdup, actual liquid velocity, and wall
shear stress (Zhang and Sarica, 2011). The detailed calculation &
result presentation was summarized in Table 1 below.

Based on the molecular diffusion-dominated oil gas two-phase
wax deposition framework, an increase in the superficial gas
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Fig. 6. Summary of deposition thickness at different superficial gas/liquid phase velocities.

Table 1
Calculation results of oil-gas two phase flow parameters.

Vg, m/s Vsg, m/s Liquid holdup Actual liquid velocity, m/s Average wall shear stress, Pa
Gas-pipe wall Liquid film-pipe wall
1.1 8.4 0.23 4.78 0.59 44
9.6 0.21 5.24 0.51 46
13 8.3 0.26 5.00 0.52 52
9.3 0.24 5.42 0.48 56

phase velocity Vsg and a decrease in the liquid holdup Hy will lead to
an increase in the actual liquid velocity V=V /H|, convective heat
transfer, and thermodynamic driving force of wax molecules.
Comparing the average wall shear stresses between the liquid film-
pipe wall and the gas-pipe wall, it was found that the value of the
former was much larger than the latter. The former showed a sig-
nificant increase as the superficial liquid phase velocity increased,
which corresponded to the variation of the actual liquid velocity.
Gas phase shear stress changed slightly with varying superficial gas
phase velocities, which can be negligible. With the increase of Vg,
the shear stress of the liquid film on the pipe wall and the liquid
phase shear stripping increased accordingly, which triggered the
decrease of the deposition thickness.

To guide the field operations, the wax deposition characteristics
of oil-gas two phase with varying gas-oil ratios were described
below in terms of total deposition thickness (Fig. 7) and deposition
morphology (Fig. 8).

At the same temperature and flow rate, the growth curve of the
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wax deposition layer with the gas-oil ratio of 0 was positioned
farther to above the oil-gas two phase waxy oil. This can be
attributed to the fact that the periodic alternating flow of gas and
liquid phase reduced the wetting area of the liquid phase, resulting
in a smaller wax deposition thickness for both high and medium
gas-oil ratios. A comparison of the results from Fig. 7 for the two
values of the gas-oil ratios tested showed that the deposited layer
was comparatively thicker for the higher gas-oil ratio, due to the
higher value of the actual liquid velocity.

In terms of deposition layer morphology, compared with oil-gas
two phase, single phase crude oil was in full contact with the pipe
wall, and the wax deposition surface was flatter and smoother.
While the oil-gas two phase liquid plug/gas core flowed in alter-
nating cycles, the deposition surface was concave and uneven (see
Fig. 8 below), was related to the flow pattern characteristics. The
bottom and top concave and convex morphologies were contrib-
uted by liquid film level fluctuations and alternating gas-liquid plug
flow, respectively.
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Fig. 7. Wax deposit thickness at different gas-oil ratios.

3.2. Crystal structure of deposition at different circumferential
positions

To enrich the feature representations of the deposition layer, we
used small angle X-ray scattering (SAXS) experiments to investigate
the crystal structure of the wax deposition layer at different
circumferential positions. The scattering patterns and wax crystal
structure parameters were analyzed for different pipe wall
circumferential positions, liquid phase flow rates, and gas-oil ratios.

The scattering intensity profiles of the side and top deposited
samples were similar at different circumferential positions of the
pipe test sections (red and blue curves in Fig. 9), and their scattering
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peaks were sharper. While the bottom deposited sample had a
broad and low scattering peak (black curve in Fig. 9). It was based,
on this evidence, that we suggested that the bottom deposited
sample had irregular crystal size and distribution character, which
might be caused by the interference of the bottom liquid film area.

By analyzing the small angle scattering curves using the Bragg
(1925), Walker and Guinier (1953), lijima and Strobl (2000), and
Porod (1953) theory, some structural parameters such as long
period, the radius of gyration, interface layer thickness and fractal
dimension could be extracted (Supporting information B). The
specific calculation results were shown in Table 2 below.

The bottom deposition layer had a larger long period, gyration
radius, fractal dimension, interfacial layer thickness and sheet
crystal thickness. It meant that the bottom deposit crystalline
micro-areas were widely spaced, large in size, complex in structure,
and disordered. In contrast, the electronic density fluctuations
value was the smallest, indicating slow thermal motion and hard-
ness of the wax deposition layer.

With the change of liquid phase velocity/flow pattern, the SAXS
scattering curve of the bottom deposit layer varies a great deal
compared with the top (see Fig. 10). As the flow rate increased, the
width of the scattering peak of the bottom deposition increased
and the intensity decreased. That is, the increased flow rate
disturbed the wax crystal structure of the bottom deposition.

Table 3 showed the comparison of wax crystal structure pa-
rameters for the bottom and top deposit layers covering both the
laminar and turbulent flow regimes. Changes in the flow rate/
pattern can also lead to a significant change in the bottom elec-
tronic density fluctuations. For example, the bottom electronic
density fluctuations values were 5395.03 and 2004.21 for laminar
and turbulent regimes, respectively. However, the top deposition
layer electronic density fluctuations value was maintained at
around 3000 for different flow regimes. It showed that the bottom
deposition changed significantly with the increase of flow velocity,
which could give an even higher hardness. As the flow rate
increased, the wax crystal long period, gyration radius, fractal
dimension and interfacial layer thickness of the bottom deposited
layer increased. From a field operations point of view, the SAXS
results suggested that bottom deposition in oil-gas two phase
should be given sufficient attention.

To analyze the mechanism of gas phase action, comparing the
scattering Fig. 11 and Table 4 for single phase and oil-gas two phase
deposit samples, it can be seen that the gas phase made the scat-
tering peak intensity weaken, the electronic density fluctuations
value decreased, the thermal motion of wax molecules slowed
down, and the hardness of wax deposition increased (Sun et al.,
2007). In addition, the scattering vector q increased, correspond-
ing to a decrease in the long period. It meant that the spacing be-
tween the crystalline microregions of gas-phase initiated
deposition decreased. The radius of gyration, fractal dimension and
interfacial layer thickness increased under the action of gas phase,
which implied an increase in wax crystal size, structural complexity
and disordered phases.

The results of the analysis of the electronic density fluctuations
value/deposit hardness provided information regarding the intro-
duction of the gas phase, enabling increased the hardness of the
wax deposition layer (compared to the single phase), represented
by the smaller the value of electronic density fluctuations value.
The analysis of the other structural parameters of wax crystals
showed that the increase of liquid-phase flow rate and the intro-
duction of gas phase both increased the size of wax crystals,
complicated the structure and increased the disordered phases (the
increases of gyration radius, fractal dimension and interfacial layer
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(a) Single-phase

(b) Oil-gas two phase

Fig. 8. Comparison of single phase and oil-gas two phase deposition morphology (deposition time 12 h).

2000

Bottom
Side
Top

1500 -

S
< 1000 4

500 A

0 — T T
0 05 1.0 15 20

q, nm~'

Fig. 9. Scattering intensity curves of oil-gas two phase deposit layers at different
annular positions.

thickness), which further confirmed that the actual change of
liquid-phase flow rate under the action of gas phase was the
dominant mechanism of gas phase action. The increase of the
actual liquid velocity under the action of gas phase could promote
the entanglement and aggregation of wax molecules, which made
an increase in the size of wax crystals and also interfered with the
crystallization of wax molecules, and complicated the crystal
structure.

4. Conclusions

(1) The wax deposition thickness of oil-gas two phase within
12 h increased with increasing oil temperature at three oil
temperatures of 40, 45 and 50 °C for low velocity laminar
flow, high velocity laminar flow and turbulent flow. The oil
temperature increased and the temperature difference be-
tween the oil flow and wall surface increased, leading to an
increase in the wax molecular diffusion driving force and
thus the deposition thickness. That is, the oil-gas two phase
deposition was still consistent with the molecular diffusion
mechanism.

(2) In the range of experimental gas/liquid phase superficial
velocities (Vs = 1.1, 1.3 m/s, Vsg = 8.3—8.4, 9.3—9.6 m/s), the
wax deposition thickness of oil-gas two phase tended to
increase with the increase in the value of Vsg. But as the value
of Vg increased, the results indicated that the wax deposition
thickness of oil-gas two phase decreased. By combining the
above experimental results with the oil-gas two phase flow
characteristics parameters, the analysis revealed that the
enhanced convective heat transfer (actual liquid velocity)
and the increase in shear stripping (shear stress between
liquid film and pipe wall) brought by Vs; and Vs were the
main influencing mechanisms.

(3) Among the three gas-oil ratios, we will get a large deposition
thickness when the gas-oil ratio was equal to 0. The depo-
sition thickness at medium (7) and high (15) gas-oil ratios
was lower than that at O gas-oil ratio. There were no
discernible deposition thickness differences between me-
dium and high gas-oil ratios. Further, a careful observation

Table 2
Wax crystal structure of oil-gas wax deposition layer (different radial positions).
Scattering vector q Long period L Gyration radius Rg Fractal dimension « Interface layer thickness o Electronic density fluctuations
Bottom 0.58916 10.66 14.55 2.22 1.01 2004.21
Side 0.62624 10.03 14.04 2.07 0.79 3145.08
Top 0.61063 10.28 13.70 1.98 0.79 3120.21
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Fig. 10. Scattering intensity curves of oil-gas two phase deposit layers in different flow regimes.
Table 3

Wax crystal structure of oil-gas wax deposition layer (different flow rates/flow patterns).

Scattering vector ¢ Long period L  Gyration radius R; ~ Fractal dimension «  Interface layer thickness ¢  Electronic density fluctuations

Bottom  Laminar 0.64185 9.78 13.39 1.88 0.83 5395.03
Turbulence  0.58916 10.66 14.55 2.22 1.01 2004.21
Top Laminar 0.65551 9.58 14.27 2.14 0.89 3021.03
Turbulence  0.61063 10.28 13.70 1.98 0.79 312021
2000 a periodic alternating flow of gas and liquid phases, which
fngle::hase made the wetting area of the liquid phase reduced and the
wo-phase

deposition surface uneven.

(4) The results of the crystal structure of the deposition layers
under SAXS experiments showed that the crystalline
microregions of the bottom deposition were widely spaced,
large in size, complex in structure and disordered phases in
different circumferential positions. The variation of liquid
velocity had a great influence on the wax crystal structure of
bottom deposition. Meanwhile, the analysis of electronic
density fluctuations (wax deposition hardness) showed that
there was a maximum hardness in the bottom deposition
layer. Oil-gas two phase wax deposition at the bottom should
be given sufficient attention in field pipelines transporting

0 : . T waxy crude oils.
0 0.5 1.0 15 20

1500 -

E]
© 1000 4

500 A

q, nm-'

Fig. 11. Scattering intensity curves of single phase and oil-gas two phase deposit

layers.
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Table 4
Wax crystal structure of single phase and oil-gas two phase wax deposition.
Scattering vector q Long period L Gyration radius Rg Fractal dimension « Interface layer thickness o Electronic density fluctuations
Single phase 0.60033 10.46 13.87 1.79 0.72 4862.67
Two phase 0.62624 10.03 14.04 2.07 0.79 3145.08
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