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ARTICLE INFO ABSTRACT

Keywords: Flow assurance remains a critical challenge in oil and gas production, with hydrate and wax deposition repre-
Flow assurance senting two of the most significant risks to safe and continuous operations. This study investigates the coupled
Hydrate transport of gas hydrates and wax in multiphase systems, with a focus on understanding how dispersed wax
Wax icles infl hyd f i d the risk of pipeli luggi i fi d in a high
Multiphase flow particles influence hydrate formation and the risk of pipeline plugging. Experiments were performed in a high-
Plug pressure flow loop using a water-in-oil emulsion (10 % water cut), where both flow rate and wax concentration

were systematically varied. The results demonstrate that the presence of wax significantly reduces the hydrate
volume fraction, thereby mitigating plugging risk. For instance, at a flow rate of 400 L/h, the hydrate fraction
decreased from 8.6 % in wax-free oil to 1.8 % with 5wt% wax. This effect is linked to the increased apparent
viscosity caused by wax precipitation, which promotes particle agglomeration and reduces the active surface area
for hydrate crystallization. These findings offer new insight into the complex interplay between wax and hydrate
in multiphase flow systems and suggest that wax presence, under certain conditions, may play a protective role

against hydrate plugging.

1. Introduction

Offshore oil and gas production entails the transport of crude oil, for-
mation water, natural gas, and various impurities (e.g., sand and solid
deposits) under high-pressure and low-temperature conditions. Subsea
production poses numerous technical challenges, among which flow as-
surance stands out due to its direct impact on production continuity
and surface processing operations. Within the scope of flow assurance,
the combined occurrence of gas hydrates and wax deposition remains
insufficiently explored in the literature. These phenomena are consid-
ered among the most critical issues, as they can significantly increase
frictional losses or even lead to complete pipeline blockage (Gao, 2008;
Theyab, 2018), potentially resulting in severe economic losses.

Gas hydrates are crystalline compounds formed by hydrogen-bonded
water molecules (hosts) encapsulating small gas molecules (guests),
such as methane, ethane, and carbon dioxide-typical constituents of nat-
ural gas (Sloan and Koh, 2007). These structures form under moderate
to high pressure and low temperature, although the specific thermo-
dynamic conditions vary according to system composition (Shahnazar
and Hasan, 2014). When favorable, hydrate particles can agglomerate
and severely compromise flow assurance by plugging pipelines (Sloan,
2010).

* Corresponding author.

Waxes, in turn, are high-molecular-weight paraffinic hydrocarbons
that lose solubility as the temperature decreases, resulting in their suc-
cessive precipitation from higher to lower molecular weights (Hong
et al., 2025). This process increases the apparent viscosity of the oil and
may lead to wax deposition on pipeline walls if the temperature is suf-
ficiently low. Over time, such deposits can potentially lead to pipeline
blockages (Hong et al., 2025). Within the temperature range relevant to
petroleum operations, waxes are predominantly composed of hydrocar-
bons with more than 20 carbon atoms (Coutinho et al., 2002).

Consequently, under the severe thermodynamic conditions typically
encountered in offshore production systems, both hydrate formation and
wax precipitation are likely to occur simultaneously within the multi-
phase flow.

The interaction between hydrates and waxes in multiphase systems
has been addressed in recent studies; however, the mechanisms involved
remain poorly understood. Experimental investigations (Ma et al., 2017;
Song et al., 2021; Chen et al., 2018) and molecular dynamics simula-
tions (Zhang et al., 2019) suggest that wax particles can adsorb at the
interface of water droplets. Nevertheless, a comprehensive explanation
for this phenomenon is still lacking. The presence of a wax layer at the
droplet interface has been shown to increase mass transfer resistance for
gas molecules, thereby hindering hydrate formation (Chen et al., 2018;
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Zhang et al., 2019; Wang et al., 2020). This wax layer may influence
hydrate induction time, growth rate, and final volume fraction. Addi-
tionally, it affects hydrate morphology (Liu et al., 2022b; Chen et al.,
2018) and agglomeration behavior (Zhou et al., 2022), since interfacial
mass transfer plays a crucial role in hydrate development.

Xiao et al. (2023) investigated the formation of CO, hydrates in the
presence of wax and observed a non-monotonic relationship between
wax content and induction time. Specifically, induction time increased
at low wax concentrations (0.5wt%) and decreased at higher concen-
trations (1.5 and 2.5 wt%), which was attributed to an enhanced prob-
ability of heterogeneous nucleation. Liu et al. (2022a), using a high-
pressure flow loop, studied hydrate formation in a water-in-oil system
with wax and anti-agglomerants and concluded that wax shortened in-
duction time. Conversely, other studies (Chen et al., 2018; Song et al.,
2023; Tong et al., 2020; Liu et al., 2019; Shi et al., 2018) reported in-
creased induction times, attributed to the elevated diffusion resistance
caused by the wax layer.

Experimental results have further demonstrated that hydrate growth
rates and cumulative gas consumption tend to decrease in the presence
of wax, as observed in both high-pressure autoclaves (Chen et al., 2018;
Song et al., 2020; Jing et al., 2023) and flow loop experiments (Liu et al.,
2022a, 2019). Chen et al. (2018) hypothesized that wax adsorption on
the hydrate shell reduces its porosity and hydrophilicity, thereby de-
creasing water permeation and, consequently, hydrate growth rates.

However, some studies conducted in high-pressure autoclaves pro-
vide inconclusive results regarding the influence of wax on hydrate
growth (Wang et al., 2020; Shi et al., 2018). Wang et al. (2020) pro-
posed that the heat released during hydrate nucleation may disrupt or
partially dissolve the wax layer, mitigating its impact on growth. Simi-
larly, Shi et al. (2018) argued that wax effects are more pronounced in
the initial stages of hydrate formation.

Regarding the transportability of hydrate slurries in high-pressure
flow loops, Liu et al. (2018) observed that the presence of wax increased
the risk of system plugging. Shi et al. (2018) noted that wax influences
hydrate growth rate and final hydrate fraction, with dependencies on
operational parameters such as initial pressure and agitation rate. The
hydrate slurry exhibited shear-thinning behavior, with apparent viscos-
ity increasing as wax concentration rose. Liu et al. (2022a) attributed
the reduction in induction time in wax-containing systems to enhanced
heterogeneous nucleation. Furthermore, they reported lower cumulative
gas consumption due to increased mass transfer resistance and agglom-
eration resulting from wax adsorption at interfaces. The study concluded
that, while anti-agglomerants may stabilize hydrate slurries and prevent
plugging, such stability is not achievable in the presence of wax, even
with higher additive concentrations and lower hydrate fractions. Wax
was found to exacerbate plugging risk due to coupled agglomeration
and synergistic deposition.

In summary, the complex interactions between hydrates and waxes
in multiphase flow remain insufficiently characterized. This work aims
to address the following question: under realistic multiphase flow con-
ditions, what is the impact of wax on hydrate formation and on the
associated risk of pipeline blockage? To this end, the present study in-
vestigates the influence of wax on gas hydrate formation and transporta-
bility in a water-in-oil system using a multi-sensor flow loop. In contrast
to previous experimental setups (Liu et al., 2018, 2019, 2022a), the flow
loop employed herein includes an extended horizontal section, several
meters in length, capable of emulating pilot-scale flow conditions. More-
over, it is instrumented with multiple sensors, including acoustic emis-
sion probes and a particle vision microscope, to enable comprehensive
observation of the coupled phenomena. These include the effect of wax
on hydrate formation, transport behavior, flow regime transitions, and
plugging tendencies.
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2. Materials and methods

Experiments are conducted in the Archimede flow loop, shown in
Fig. 1, a high-pressure flow loop located at Mines Saint-Etienne. The
system consists of horizontal and vertical sections and has a total length
of approximately 56 m. It features a circular cross-section with an inter-
nal diameter of 15.7 mm. The Archimede setup has previously been used
to characterize hydrate slurries under various conditions (Fidel-Dufour
et al., 2006; Leba et al., 2010; Melchuna et al., 2016; Pham et al., 2020;
De Almeida et al., 2023).

Temperature is controlled via two thermostatic baths connected with
the heat exchangers around the pipeline (orange boxes in Fig. 1). More-
over, the pipeline is insulated to avoid heat exchange with the ambient.
The pressurization is made by injecting gas from the gas cylinder into
the separator, where liquid and gas come into contact. During the oper-
ation, pressure is kept constant by a gas compensation system (indicated
as GCS in Fig. 1). As gas is dissolved into the liquid or is consumed to
form hydrates, the gas compensation system injects gas into the separa-
tor to maintain the pressure constant. Furthermore, a progressive cavity
pump sustains flow inside the flow loop while preserving particle in-
tegrity.

The flow loop is equipped with a comprehensive set of instruments
for real-time monitoring of flow parameters, including temperature,
pressure, flow rate, density, acoustic emissions (each probe labeled with
anumber and a letter, where the letter indicates the frequency class: A =
150kHz, B = 300 kHz, and C = 350 kHz), and flow visualization. These
measurements are taken at various intervals using specialized sensors
and imaging systems, as summarized in Table 1.

GCS —
8
IS
<
5 Cr3
Gas %) 1B
reservoir
OF" HC
Pipeline Upward: 10.5 m H HE
lenoth Downward: 9.5 m v v
eng| Horizontal: 36 m ] T1
Pipeline Horizontal: 10.2 mm
diameter Verticals: 15.7 mm .-"
Total: 133 L it
Volume Liquid: 10.0 L W
Gas: 3.3 L ]
h = 2 P
@ C Coriolis
External E E 7B
temperature Heat it
exchanger v
FBRM

Fig. 1. Schematic representation of the Archimede flow loop.
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Table 1
Probes installed on the Archimede flow loop, along with the corresponding notation and feature.
Instrument Notation Measurement
Temperature probes T, - Ty Flow and external temperature in °C every second.
Pressure / Pressure drop probes P,,, AP, AP,, AP,, AP,  Absolute pressure and differential pressure probe measured every 1.0 s.
Coriolis Q Mixture flow rate and density.
Gas injection 0o, P, Gas injection flow rate and absolute pressure.
Acoustic emission AE Absolute energy in aJ every 0.5 s from 8 probes.
Focused beam reflectance measurement ~ FBRM Chord length and counts every 5 s.
Particle vision microscope PVM Images from the flow every 5 s.

Permittivity probe £R
High-speed camera HSC

Relative permittivity every 3 to 6 s.
Monochromatic images from the flow up to 211 fps.

2.1. Materials

The working materials include synthetic natural gas supplied by Air
Products and with its composition listed in Table 2, Kerdane oil, com-
posed by a mixture of C|; — C}4 hydrocarbons, supplied by Mieuxa, syn-
thetic wax furnished by Sigma Aldrich, sodium chloride furnished by
Sigma Aldrich and deionized water. The carbon chain distribution of
the wax, shown in Fig. 2, was measured by the gas chromatography
technique.

The wax appearance temperature (WAT) of the model oil (o0il with
wax) was determined using differential scanning calorimetry (DSC).
Measurements at atmospheric pressure were performed with a Mettler
Toledo DSC 1 system on samples weighing 10 to 15mg, cooled from
80°C to —80°C at 5°C/min (Fig. 3). Under pressure, WAT was measured
using a Setaram Micro DSC VII on samples of approximately 200 mg,
cooled from 70°C to —40°C at 0.5°C/min (Fig. 3b). Here, a lower cooling
rate is applied to ensure both thermal and chemical equilibrium during
the cooling process. It is also worth noting that the sample mass used
in the Micro DSC is approximately 20 times greater than that used in
the Compact DSC, which further justifies the need for a slower cooling
rate. The gas used to pressurize the system was the same as that applied
in the flow loop, as shown in Table 2. Fig. 3b shows that pressuriza-
tion with natural gas decreases the WAT. This effect occurs because the

Table 2
Composition of the natural gas mixture used in the experiments
carried out in this work.

Component Chemical formula Mole fraction [%]
Methane CH, 91.7
Ethane C,Hg 5.9
Nitrogen N, 0.8
Carbon Dioxide Cco, 0.8
Propane C3;Hy 0.6
Butane C,H,, 0.1
Isobutane i—-C,H,, 0.1
17.51
—15.01
=
= 12.51
-2
b E 4
§ 10.0
[}
= 757
20
g 5.01
2.5
0.0-

20 22 24 26 28 30 32
Carbon number

Fig. 2. Carbon chain distribution for the wax obtained by chromatography
analysis.

gas dissolves into the oil phase, causing oil expansion and consequently
reducing the effective wax content.

Fig. 4 presents the Wax Precipitation Curve (WPC) calculated from
data acquired using the DSC Compact at atmospheric pressure. The
amount of precipitated wax corresponding to each wax content at 4 °C,
the working temperature of the flow loop experiment, is highlighted. It
is evident that the amount of precipitated wax increases as the temper-
ature decreases. However, it can be observed that a small increase in
wax content causes a disproportionately larger increase in the fraction
of wax precipitated.

The viscosity of pure Kerdane and of the employed model oil (Fig. 5)
was measured at 4 °C (working temperature of the flow loop) and atmo-
spheric pressure by a rheometer MCR 302 by Anton Paar. Samples were
cooled at a rate of 5 °C/h under an imposed shear rate of 10s~!. When
the temperature is stable, 20 points were recorded during the shear rate
ramp down from 1000 to 10s~'. As shown in Fig. 5, wax increases in
the apparent viscosity and also changes the rheological behavior from
Newtonian to shear thinning.

2.2. Procedure

Wax was dissolved in oil by heating and stirring at 40 °C for at least
one hour before injection into the flow loop. Then, the experimental
procedure carried out in this work is the same as the procedure applied
in previous studies with the Archimede flow loop (De Almeida et al.,
2023). It consists of six main steps, as illustrated in Fig. 6:

1. Control the temperature of the apparatus to 8 °C under flow
(100L/h);

. Increase the flow rate to the required one (200 or 400 L/h);

. Slowly pressurize to 8 bar using the gas compensation system;

. Cool down the system to 4 °C;

. Rapidly (manually) pressurize the system to 75 bar;

. Set the gas compensation system to keep the pressure constant at
75bar.

DU~ WN

The model used to calculate the hydrate volume fraction, Eq. (1), and
the water conversion, Eq. (2), was proposed by De Almeida (De Almeida
et al., 2023).

V,
oy Vn @
Vir + Vi + Vo
my, =y,
kw = —5— @
My,

where V [m?] stand for volume, m [kg] stands for mass, « [-] stands
for phase fraction and k [-] for conversion. The subscripts O, W, H refer
to oil, water, and hydrate phase, respectively. The superscripts 0 and ¢
stand for initial time (pressurization to 75 bar) and the time in analysis,
respectively.

The model is based on a mass balance and volume conservation
of water, oil, hydrates, and consumed gas. Hence, the hydrate volume
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Fig. 3. Measured WAT as a function of: (a) wax content, measured at the DSC Compact at 5 °C/min cooling rate; (b) pressure, measured at the Micro DSC at a fixed

wax content (2wt %) measured at 0.5 °C/min cooling rate.

5.00
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0.0 4.0
Temperature [°C]

20.0

Fig. 4. Wax precipitation curve for model oil at 1.25wt %, 2.00wt % and
5.00 wt %, calculated from DSC measurements assuming a constant enthalpy
of crystallization equal to 130 J/g.

¢ * Owt%
80.01 o °  125wt%
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;260.0— ° ° Swt%
= e
2400 o
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20.01 e 0 0 o o o o
0.0, Bsssss 6 6 o o ¢
0 200 400 600 800 1000
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Fig. 5. Viscosity curve measured at 4 °C and ambient pressure for pure Kerdane
(0 %) and Kerdane with 1.25, 2 and 5wt % of wax.

fraction, or water conversion, is calculated from the absolute pressure,
average temperature, mass of injected gas, density, and hydration num-
ber, adopting the following assumptions:

o Before the pressurization to 75 bar, the oil is saturated with the gas
components;

¢ Gas dissolution into the oil does not occur during the fast pressuriza-
tion; all injected gas contributes solely to increasing system pressure.

Emulsification <—|—> Crystallization

1 {200 or 400 L/h
§ {75 bar
100 L/h :
: '8 bar
lbar_{ - ;
T 14°C
=0

Fig. 6. Illustration of the experimental procedure adopted at the flow loop.

Dissolution begins only after this step, when the gas compensation
system is activated;

¢ The mass of dissolved gas in the oil phase is constant after the onset

of hydrate formation;

The fraction of each gas component being consumed to form hy-

drates is proportional to its molar fraction in the free gas;

e The hydrate’s density is constant and equal to 910g/L (approxi-
mately the density of methane hydrate Sloan and Koh (2007));

e The hydration number is 6.0. This assumption is based on exper-
imental data from Ushida et al. Uchida et al. (1999). Their study
demonstrated that the hydration number for methane hydrate re-
mains approximately 6.0 under temperature and pressure conditions
similar to those applied in this work.;

e The oil density and the concentration of gas dissolved in oil are as-
sumed not to be significantly altered by wax.

The mass balance from the hydrate onset (superscript 0) to a time ¢,
is given by:

0 injt 0 _ t t
me +mg" 4+ my, =mg +my, +my 3)
where m’é’j * represents the mass of gas injected by the gas compensation

system from the hydrate onset to the time 7, whereas subscripts G, W, H
refer to gas, water, and hydrate phase, respectively. Moreover, conser-
vation of volume in the flow loop holds, namely:

0 0 _ t t t
Ve +Vy =Vo+Vy, +Vy “4)

Gas density is calculated using the Soave-Redlich-Kwong (SRK)
equation of state, which provides accurate predictions for gases and
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hydrocarbons when used with the appropriate binary interaction pa-
rameter (Kontogeorgis and Folas, 2009). Oil density is determined
from the amount of dissolved gas, based on experimental correlations
(De Almeida et al., 2023). The density of saline water was calculated as
1023.8 g/L, with its variation due to pressurization considered negligi-
ble.

By combining mass balance, volume conservation, and the known
densities of each phase, a system of equations is established to calculate
phase volumes. This enables the determination of the hydrate volume
fraction (Eq. (1)). Further details on the model and calculation proce-
dure can be found in De Almeida et al. (2023).

2.3. Experimental conditions

All experiments were performed with 10 % water cut. A low water
cut was selected to investigate an oil-dominated system. Wax content
is varied as: (0; 1.25;2;5)% wt. The wax-free scenario is as a reference.
Wax content is defined as the weight fraction of wax to Kerdane, while
the water cut is defined as the ratio of water volume to the total liquid
volume, WC =V, /V,,.

Two flow rates are studied: 200 L/h and 400 L/h. These values were
chosen to represent the widest possible operational range of flow rates
in the flow loop. Since the apparent viscosity of the multiphase flow
changes with the crystallization of wax (when T' < WAT) and with for-
mation of hydrates (when P = 75 bar along with T = 4 °C), the Reynolds
number of the initial flow (ambient conditions) is computed, considering
the viscosity and the density of the oil phase, corresponding to the two
studied flow rates. The Reynolds numbers are Re = 2300 and Re = 4533
for the lower and higher flow rate, respectively.

3. Results and discussion

A summary of all experiments and key outcomes (plugging, water
conversion, hydrate fraction, and time to plug) is presented in Table 3.
Each experiment is performed at least twice to ensure confidence in the
data.

The discussion is divided into three parts. First, the emulsion prop-
erties before hydrate formation are discussed. Then, the evolution of
the hydrate slurry, with and without wax, at both studied flow rates is
analyzed. Finally, the effects of wax on hydrate formation and trans-
portability are discussed.

Table 3

Chemical Engineering Science 317 (2025) 122031

3.1. Monitoring wax appearance

The experimental protocol implies first reducing the temperature
of the flow loop and then pressurizing with natural gas (see Fig. 6).
Wax precipitation begins as the temperature drops below the WAT.
The pressurization with natural gas causes gas dissolution into the oil,
swelling the oil phase, consequently decreasing the relative wax con-
tent, as shown in Fig. 3b. Since the larger the wax content, the larger
the mass of precipitated wax, part of the wax may redissolve into the oil
with the pressurization. This phenomenon is illustrated in Fig. 7, where
it is shown, for the experiment #7, the horizontal pressure drop (blue
line) and the average temperature (green line), the chords count, and
PVM images. The average temperature is defined as 2;’:19 T;/n with n the
number of temperature probes.

When T = WAT (left vertical dashed line in Fig. 7(a)), it is possible
to notice an increase in pressure drop and in the counts of the FBRM,
along with the appearance of waxy structures in the PVM images. As
the temperature decreases further, the apparent viscosity of the oil in-
creases due to both greater wax precipitation and the inherent rise in oil
viscosity at lower temperatures, which contributes to a higher pressure
drop. When the system is pressurized to 75 bar (right vertical dashed line
in Fig. 7(a)), gas dissolves into the oil, reducing its viscosity and con-
tributing to decreasing the pressure drop, and the counts from FBRM.
Therefore, the aforementioned effects are not solely due to wax precip-
itating/redissolving in the oil phase, but rather a combined effect of oil
viscosity caused by gas dissolution, wax precipitation, and temperature
variation.

3.2. Study of the emulsion before hydrate formation

After pressurization, the system enters the hydrate stability region.
The continuous phase and the flow structures of the emulsion before hy-
drate formation are identified through the permittivity probe and high-
speed camera. At 4 °C, the dielectric of the Kerdane oil is equal to 2.7,
while the dielectric of the water with 30 g/L of NaCl is equal to 87.9
(De Almeida et al., 2023). This difference allows for identifying the con-
tinuous phase. Fig. 8 presents the temporal evolution of the permittivity
of the emulsion along with one corresponding flow image acquired by
the high-speed camera for the experiments 1, 4, 11, and 13 of Table 3.

For all cases, the measured permittivity oscillates near the permit-
tivity of the oil, suggesting that oil is the continuous phase. In addi-
tion, for the images acquired at 200 L/h, Fig. 8(a) and (c), the droplets

Summary of experimental results. Wax content is measured as mass fraction relative to the mass of the oil. Water conversion is calculated as a
mole percentage at the final time of the experiment. The hydrate fraction is calculated as a volume percentage at the final time of the experiment.
Time to plug is defined as the time elapsed between the hydrate onset and the plug or the end of the experiment if plug the did not occur.

Exp. Wax content [wt %] Flow rate [L/h] Plug Water conversion [%] Hydrate fraction [%] Time to plug [min]
#1 0 200 No 67.3 8.0 172
#2 No 39.9 4.8 91
#3 Yes 56.3 7.1 354
#4 400 No 72.7 9.1 225
#5 Yes 65.0 8.0 228
#6 1.25 200 Yes 42.0 5.1 206
#7 Yes 45.4 5.5 183
#8 400 Yes 51.3 6.3 226
#9 Yes 55.5 6.9 216
#10 Yes 59.3 7.5 292
#11 2.00 200 No 36.6 4.4 273
#12 No 28.0 3.4 245
#13 400 No 31.3 3.9 191
#14 No 12.3 1.5 303
#15 5.00 200 No 22.0 2.7 126
#16 No - - -
#17 400 No 9.3 1.1 112
#18 No 20.0 2.5 134
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Fig. 7. Wax appearance detection through different probes: (a) horizontal pressure drop and temperature over time, where the left vertical dashed line represents
when the system reaches the WAT and the right vertical dashed line represents the pressurization to 75 bar, (b) FBRM total counts and (c) PVM images for experiment
at 1.25wt % wax content and 200 L/h (experiment #7 in Table 3). Points 1, 2, and 3 in figure (b) represent the time of PVM images 1, 2, and 3 in figure (c).

are preferentially at the bottom of the pipeline, confirming that the
continuous phase is oil and the dispersed phase is water as oil is lighter
than water.

Moreover, the permittivity signal shows a higher heterogeneity of the
flow at 200L/h, caused by the passage of large droplets. As expected,
increasing the flow rate to 400L/h (Fig. 8b and d), droplet size and
heterogeneity reduce, causing the signal to present fewer fluctuations
and smaller peaks.

Interestingly, at 200 L/h, the peaks observed in the system contain-
ing wax (Fig. 8c) are about twice as large as the peaks of the wax-free
system (Fig. 8a). As shown by De Almeida et al. (2023), higher dielec-
tric can be correlated to a higher local water cut, suggesting that the
droplets are larger in the presence of wax. HSC images taken during the
final 60 s before hydrate formation were analyzed to quantify droplet
size. The results, summarized in Table 4, confirm that average droplet
diameter increases with wax content at both flow rates. Measurements
were not performed for the 5wt% wax case due to optical limitations
caused by the high wax concentration.

This behavior has been observed in previous experimental studies
where droplet size increases with viscosity up to a certain threshold
(Pandolfe, 1981).

Table 4

Average droplet diameter, in millimeters, measured from the images ac-
quired by the high-speed camera during the last 60 s before hydrate
nucleation. The confidence interval is calculated based on the critical
value from Student’s t-distribution and the standard error, based on a
confidence level of 95 %. The Procedure is explained in the Appendix A.

Flow rate [L/h] Wax content [wt %]

0 1.25 2
200 0.94 + 0.08 1.06 + 0.11 1.35 +0.10
400 0.51 +0.03 0.59 + 0.05 0.71 + 0.04

The variation in the droplet diameter is due to the higher viscosity

of the waxy oil compared to the pure oil (Fig. 5) (Habchi et al., 2009).

The maximum stable diameter, d,,,, arises from the energy balance

between the turbulent kinetic energy and the droplet surface energy
(Hinze, 1955; Brauner, 2001), namely:

pcu,2 4o;

7 %7 )

max

where p, [kg/m’] is the density of the continuous phase, u’ [m/s] is the
fluctuating velocity and o; [kg/s?] is the surface tension.

The fluctuating velocity is related to the Reynolds number. Thus, by
increasing the flow rate, and therefore increasing the Reynolds number,
the droplet size reduces. It turns out that wax increases the apparent
viscosity, consequently reducing the Reynolds number (considering only
the continuous phase), and resulting in larger droplets. For this, it is
assumed that surface tension is not greatly affected by wax (Chen et al.,
2021).

3.3. Study of the hydrate slurry flow

The onset of hydrate formation is detected by all the probes. Due to
the sensitivity of each probe and the local nature of the phenomenon,
they do not detect hydrates at the same time. Therefore, hydrate on-
set is defined as the time at which the first probe detects its presence,
regardless of the location or the type of the probe. Fig. 9 shows how dif-
ferent probes react to hydrate onset for the experiment #5: the average
temperature and the chord counts (FBRM) in the top panel; the hori-
zontal pressure drop and the density (Coriolis) in the middle panel; the
absolute energy (AE) signals in the bottom panel. The location of the
hydrate onset can be detected through this analysis. In this example,
hydrate onset is first detected by the acoustic emission probe 2A, which
is located at the first loop of the horizontal section, after the downward
section (Fig. 1).



L.H.M. Lino et al.

Chemical Engineering Science 317 (2025) 122031

100 (a) 200 L/h, wax-free

Flow direction _

60 /,Sﬂ|

0 T T T
0 5 10 15 20

Time [min]

100 (b) 400 L/h, wax-free

O T T T
0 1 2 3 4

Time [min]

100 (c) 200 L/h, 2 wt % wax content

(=]

0 5 10 15 20
Time [min]

100 (d) 400 L/h, 2 wt % wax content

80 1
— 60 1
W

40 1

20 A

O T T T
0.0 2.5 5.0 7.5 10.0

Time [min]

Fig. 8. Analysis of the emulsion before hydrate formation using permittivity (left) and flow images from the high-speed camera (right), for the experiments 1, 4, 11,

and 13 (from top to bottom, respectively) in Table 3.

Hydrate formation increases fluid viscosity, which consequently in-
creases the pressure drop (blue line in Fig. 9(b)). Also, due to the
exothermic nature of the crystallization process, a slight temperature
increase is observed at the onset (blue line in Fig. 9(a)). The nucleation
of hydrate particles creates new interfaces, affecting the chord counts of
the FBRM (green line in Fig. 9(a)). In addition, solid particles can col-
lide among themselves and/or with the wall, releasing acoustic energy
in the flow, detected by the acoustic emission probes (Fig. 9(c)).

After the detection of the onset, the temporal evolution of the slurry
flow is monitored. As can be seen in Fig. 10 for experiment 3, the chart

can be divided into three sections: (1) before hydrate onset; (2) hydrate
transport; and (3) hydrate aggregation and/or deposition. The first few
minutes after the onset, density, absolute energy, and permittivity show
a strong oscillation, suggesting the agglomeration of the hydrate par-
ticles, which are confirmed by the images of the high-speed camera
(Fig. 11). Suddenly, all signal fluctuations diminish, indicating that a
homogeneous flow takes place. At this point, hydrate aggregates either
deposit or accumulate on some sections of the flow loop.

While the absolute energy in section (3) presents values similar to the
section (1), the steady signal of the density in section (3) is lower than in
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Fig. 9. Hydrate onset detection through (a) average temperature and chord
counts, (b) horizontal pressure drop and density, and (c) AE absolute energy for
experiment at 400 L/h without wax (#5).

section (1). This indicates that the agglomerates that were in the bulk in
section (2) have deposited in the flow loop. Meanwhile, hydrates have
deposited on the PVM lens and high-speed camera window (not shown).

High-speed camera images show the passage of large aggregates
shortly after hydrate onset (Fig. 11). Indeed, for this experiment, hy-
drates were detected after 17 min and 15 s. A few seconds later, hydrates
have already started to agglomerate.

The first few min after hydrate formation, hydrate particles are ag-
glomerating and, when the apparent weight (weight minus buoyancy)
overcomes the lift forces generated by the flow, they settle down, form-
ing a bed. Since steel is hydrophilic, if the hydrate bed stays time enough
in contact with the wall, it can consolidate to the wall, forming a deposit.
This deposit creates a restriction to the flow, increasing the pressure
drop. At larger flow rates, this effect is less noticeable, as shear stress
limits the size of agglomerates, resulting in less deposition and more
dispersed particles in the bulk.

Later, after minute 27, the hydrate deposit builds up gradually over
time, increasing the pressure drop, as shown in Fig. 12. The deposit
eventually breaks, leading to a decrease in the pressure drop and re-
leasing particles that are detected by the acoustic emission (Fig. 12(a)).
In Fig. 12(b), signals from acoustic emission probes in the horizontal
section are shown for the highlighted section in Fig. 12(a). The sequen-
tial detection of these particles released from the deposits, visible in
Fig. 12(b), indicates their movement in the horizontal section (see Fig. 1
for the location of AE probes). Also, when particles are flowing in the
bulk, both the active area for crystallization and the water squeezing -
i.e., water squeezing out from the hydrate particle as the porous are clos-
ing in time - increases (Bassani, 2020), re-activating the crystallization
process. As can be seen in Fig. 12(c), the discontinuities in the hydrate
fraction of the system are synchronized with the sharp decreases of the
horizontal pressure drop, indicating that the breakage of the deposit
reinitiates crystallization.

Chemical Engineering Science 317 (2025) 122031
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Fig. 10. Density, acoustic emission 2A and permittivity over time for experi-

ment at 200 L/h without wax (experiment #3). At the top, a sketch of the flow
is shown.

a) 17 min 16.7 sec

Fig. 11. High speed camera images of experiment at 200 L/h without wax (#3)
after hydrate detection (17 min 15sec).
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3.4. Effect of wax on hydrate formation

The aforementioned mechanisms are also observed at the higher
flow rate and in the presence of wax. As shown in Fig. 13, pressure
drop trends over time are similar across varying flow rates and wax
contents, with sharp reductions in pressure drop typically synchronized
with peaks in acoustic energy (probe 2A). The exception to this trend is
the system at 5wt % of wax at both flow rates, depicted in Fig. 13(g),
and (h).

At 200L/h and 5wt % of wax (Fig. 13g) the pressure drop in-
creases after hydrate formation, as it also happens at lower wax con-
tent (Figs. 13a, ¢, and e). However, unlike the cases with lower wax
content, the pressure drop at 5wt % of wax does not increase steadily
over time. Instead, it oscillates around a higher baseline, suggesting a
heterogeneous flow where hydrate beds intermittently detach and are
transported by the flow, causing fluctuations in pressure drop (Bassani,
2020).

At 400L/h and 5wt % of wax (Fig. 13h), the pressure drop also be-
haves differently as it happens at lower wax content. Indeed, it initially
grows, and then decreases to finally stabilize. As for the previously dis-
cussed scenario (200L/h), a flow restriction created by a deposit is not
expected here. However, since the pressure drop does not oscillate, a
more homogeneous flow is anticipated, in line with the higher Reynolds
number.

Furthermore, analysing the absolute energy in different wax con-
tents and different flow rates (Fig. 14), one notes that at low flow rate
the behavior is similar with and without wax, with the signal present-
ing some local peaks related to the passage of some aggregates. Con-
versely, at 400 L/h, there is a significant difference between the signals
obtained from the experiment with and without wax. Indeed, after hy-
drate formation, the absolute energy gradually increases for the wax-
free experiment and for the case at 1.25wt % of wax, while the 2wt
% curve presents a behavior similar to 200 L/h, where the curve barely
deviates from its baseline with some local peaks. This indicates that at
400 L/h without wax the flow is more homogeneous, keeping particles
suspended and distributed, while for the wax-containing case the flow
seems more heterogeneous (local peaks in the absolute energy), result-
ing from agglomeration. As shown by De Almeida et al. (2022), the
absolute energy tends to be higher in the presence of hydrates in the
bulk.

From no wax up to 2 wt %, as the wax content increases, the absolute
energy decreases as fewer hydrates are transported in the system and
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Fig. 14. Absolute energy (5A) over time comparing experiment with and with-
out wax at (a) 200 L/h (#1, #6, # 11 and # 15) and (b) 400 L/h (#4, #10, #13
and #17).
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Fig. 15. Density and absolute energy (probe 2A) over time for experiment at
200L/h and 5wt % (#15). The dashed red line represents hydrate onset.

more agglomeration and deposition occur. The scenario at 5wt % (curve
cyan in Fig. 14) does not follow this trend. Indeed, at both flow rates, it
presents higher levels of energies, even though a lower hydrate fraction
is involved. The reason for this is that this scenario is affected by a much
higher precipitated wax content than the others (Fig. 4), which results
in more wax deposition during the cooling stage of the experimental
protocol. Since wax is hydrophobic while hydrate is hydrophilic, the
wax layer developed on the pipeline walls prevents the consolidation of
a deposit.

In addition, the apparent viscosity of the oil phase in this condition
is much higher (Fig. 5), resulting in a lower Reynolds number (i.e. at
400L/h, Reynolds number calculated for the oil phase decreases from
4533 to 630 when 5wt % of wax is added to the system) and, as a con-
sequence, less collisions among the particles, which in turn prevents ag-
glomeration encouraging the particles to remain suspended in the bulk.
The combination of those effects explains the higher acoustic energy
of the scenario at 5wt %, although it contains less hydrate and is less
turbulent. The presence of particles flowing in such a system can be
proved by analysing the density and the acoustic emission. As can be
seen in Fig. 15, after hydrate formation, both density and absolute en-
ergy present a noisy behavior, as shown earlier in the analysis of Fig. 10.
However, unlike the scenarios without wax (Fig. 10), the signals re-
main noisy throughout the experiment, indicating the passage of hydrate
particles.

Also, the wax layer formed during the cooling stage can be verified
by the temperature profile after hydrate formation, shown in Fig. 16.
Due to the exothermic nature of the crystallization process, a peak is
noticeable in the temperature signal at the moment of the hydrate on-
set. However, while for the wax-free system (blue curve in Fig. 16) and
for the scenario with 1.25wt % (green curve in Fig. 16) the tempera-
ture returns to its level before hydrate formation, at higher wax content

70{ —— 0%
— 125 wt%
601 2.00 wt%
g 5.00 wt%
5.0
" oM\
4.01 ]\ W
3.0—/\-‘
0 25 50 75 100 125 150 175 200
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Fig. 16. Temperature (7;) over time for experiments at 400L/h and wax-free
(#4), 1.25wt % (#10), 2.00 wt % (#13) and 5.00 wt % (#18) of wax content.
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Table 5

Reynolds number computed considering oil single-
phase flow, oil density at ambient conditions, inter-
nal diameter of the horizontal section, and viscosity
measured at ambient conditions.

Reynolds number

Wax content [wt %] Flow rate [L/h]

200 400
0 2266 4533
1.25 2023 4047
2.00 1416 2833
5.00 315 630

(orange and cyan curves in Fig. 16) the temperature is larger than the
starting configuration, indicating thermal insulation caused by wax de-
posits.

To investigate the effect of wax on the hydrate formation and plug-
ging risk, Fig. 17 shows the temporal evolution of the hydrate fraction
(or water conversion) by varying the wax content, at low (left panel) and
high (right panel) flow rate. It is noteworthy that, at both flow rates, the
hydrate fraction is significantly lower in the presence of 2 and 5wt %
of wax. Moreover, analysing the data summarized in Table 3, one can
notice that those experiments did not plug.

On the contrary, at 1.25wt %, wax content, the hydrate fraction is
similar to the case of the wax-free system. Indeed, for this scenario,
the amount of wax precipitated calculated from the thermal analysis is
0.28 wt %, while at 2wt % wax content it is 0.85wt %, as shown in
Fig. 4. This explains the behaviour of the 1.25wt % wax-content sys-
tem relative to the wax-free system. In addition, one should note that
the WAT measurements are made under atmospheric pressure, thus, the
measured precipitated wax should be even lower when the system is
pressurized with natural gas (Vieira et al., 2008; Sousa et al., 2023).

To conclude, at 10 % water cut wax crystallization in the oil has the
effect of slowing down the water conversion and decreasing the hydrate
fraction in the flow. As a consequence, the plugging of the system is
hindered by the presence of wax. With reference to Fig. 5, this can be
explained as follows:

1. at molecular scale, wax increases the viscosity of the oil, which de-
creases the Reynolds number;

2. at micron scale, the decreased Reynolds number leads to a decrease
in turbulent kinetic energy content;

3. at millimetric scale, the less turbulent kinetic energy of the system
increases agglomeration;

4. at flow loop scale, the increased agglomeration leads to a decrease
in the active surface for crystallization, which contributes to ceasing
the water conversion. Moreover, when beds are formed or when they
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consolidate to the wall, it decreases or ceases the water permeation
in the hydrate particle, which also contributes to reducing or ceasing
the water conversion (Bassani, 2020).

This mechanism is also proved by the images shown in Fig. 8, where the
size of the droplets is related to the turbulent kinetic energy, which is
related to the Reynolds number. As shown in Table 5, the Reynolds num-
ber decreases with increasing wax content. At a flow rate of 200 L/h, the
flow transitions from transitional to laminar, while at 400 L/h, it shifts
from turbulent to laminar as the wax content increases. Bigger droplets
prove that the shear is lower in the presence of wax, which, after hy-
drate formation, contributes to more agglomeration in the system. In
turn, bigger droplets reduce the active surface for crystallization, con-
tributing to a lower hydrate fraction.

4. Conclusions

In this work, an experimental campaign using a high-pressure flow
loop was conducted to investigate the effect of wax concentration on
hydrate formation in a water-in-oil flow, where the water content rep-
resents 10 % of the total liquid volume.

The results indicate that the primary effect of wax is to reduce wa-
ter conversion. The presence of wax increases the apparent viscosity of
the slurry, which lowers the Reynolds number. This, in turn, affects the
emulsion droplet size and, after hydrate formation, the agglomeration
of particles. The formation of aggregates, and consequently beds (set-
tled agglomerates) or deposits, reduces the available surface area for
crystallization. As a result, water conversion is lower compared to the
wax-free case.

Under these conditions, the presence of wax hinders pipeline plug-
ging, to the extent that at sufficiently high wax concentrations, plugging
is prevented altogether, regardless of the flow rate.
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Appendix A. Uncertainties

A precision balance, Precisa, model IDK 18 000 D, with both the
readability and the repeatability equal to 0.1 g. Considering the addi-
tive influence of the repeatability and the readability (Salahinejad and
Aflaki, 2007), applying the uncertainty and error propagation Vuolo
(1996) and assuming a Gaussian distribution and a confidence level of
95 %, the expanded uncertainty on the water cut is +0.03 %, on the salt
concentration is +0.94 %, and on the wax content is +0.3 %. The Cori-
olis presents an uncertainty of +0.2 % measuring the liquid flow rate,
and +2.0kg/m?.

The confidence interval for the droplet diameter is calculated as fol-
lows:

1. The mean, , of observations, #, is calculated by X = Y7 x;/n;
2. Then, the standard deviation, s, is computed as follow:

3. Applying a confidence level of 95 % and the degrees of freedom (n —
1), the critical value, c, of the t-Student distribution is obtained;
4. Finally, the confidence interval is given by:

X+ —,x— —

vn

— cs — CcS
5
n
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