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The coexistence of wax and hydrates will pose intractable challenges to the

safety of offshore oil and gas production and transportation, especially for deep

sea or ultra-deep sea reservoirs. Understanding the effect of wax crystals on

hydrate formation, flow properties, and plugging risks of flow systems is

imperative to the flow assurance industry. Experiments using systems

composed of natural gas, water-in-oil emulsion with different wax contents,

and AA (anti-agglomerant) were conducted in a high-pressure flow loop. For

wax-containing systems, wax precipitates out during the induction period of

hydrate formation. The induction time of hydrate formation decreased with the

increasing wax content under the experimental conditions in this work. It was

also found that the induction time for both wax-free and wax-containing

systems increased with the increasing flow rate. The hydrate growth rate

and the cumulative gas consumption were significantly reduced due to the

existence of wax. Although the hydrate volume fraction of wax-containing

systems was much smaller than that of wax-free systems, a stable slurry flow

state could not be reached for wax-containing systems, the pressure drop of

which gradually increased with the decreasing flow rates. The coexistence of

wax and hydrates results in the deterioration of transportability and higher

plugging risks. Based on the Darcy–Weisbach hydraulic formula, a

dimensionless parameter was defined to characterize the plugging risk of

flow systems with the coexistence of wax and hydrates. Additionally, regions

with different levels of plugging risks could be evaluated and divided.
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1 Introduction

With the growing demand for the cleanest fossil fuel, natural

gas, and the gradual depletion of onshore gas resources, oil and

gas exploitation is moving towards offshore reservoirs, especially

deep sea and ultra-deep sea areas (Hassanpouryouzband et al.,

2021). Wellbores and subsea multiphase transmission lines are

prone to being affected by solid depositions or so-called flow

assurance issues, such as hydrates, wax, asphaltenes, scales and so

on (Daraboina et al., 2015; Farhadian et al., 2020; Mohammed

et al., 2021), due to the complicated composition of fluids and the

severe subsea environment of low temperature (typically 2~4°C)

and high pressure (typically >1000 psi) (Sloan and Koh, 2007;

Sloan et al., 2010). Without proper management, these

depositions or issues may lead to a reduction in production

efficiency and even complete blockage of pipelines, threatening

production safety and leading to both environmental disruption

and economic losses (Sun et al., 2021; Zhang et al., 2022).

In real subsea pipelines, the transported products generally

consist of water, light hydrocarbons, crude oil containing

paraffin, resins, asphaltenes, etc., as well as other solids, such

as sands, scales, and so on (Daraboina et al., 2015). On one hand,

hydrates are ice-like crystalline compounds formed by gas

molecules (including methane, ethane, propane, and so on)

and water molecules under certain thermodynamic conditions,

which take the shortest time from formation to provoking

pipeline plugging (Hassanpouryouzband et al., 2020). Hydrate

formation is regarded as the most important issue among flow

assurance problems (Song et al., 2017; Aman, 2021; Chen et al.,

2022). On the other hand, the complicated composition of

products provides sufficient conditions for the coexistence of

multiple flow assurance issues (Gao, 2008; Liu et al., 2019). As

wax is particularly prevalent in crude oil, it has been found that

the coexistence of wax and hydrates will greatly heighten the

plugging risk of subsea pipelines (Oliveira et al., 2012; Liu et al.,

2018). Therefore, it is of vital significance to investigate the effect

of wax on hydrate formation characteristics and the flow

properties of waxy hydrate slurries.

In water-in-oil (w/o) emulsion systems, wax would be

adsorbed at oil-water interfaces, and both hydrate formation

and agglomeration are interfacial phenomenon (Ma et al., 2017;

Song et al., 2021). In recent years, some research has reported

that wax would impact on hydrate nucleation and the

corresponding induction time (Oliveira et al., 2012; Raman

and Aichele, 2017; Zheng et al., 2017; Chen et al., 2021),

hydrate growth (Shi et al., 2018; Zhang et al., 2021; Liu

J. et al., 2022), particle agglomeration (Brown et al., 2020;

Wang et al., 2020; Liu Y. et al., 2022), and slurry viscosity

(Liu et al., 2018; Chen et al., 2019; Liu et al., 2021). However,

consensus has not been achieved yet. As for hydrate nucleation,

some researchers argued that wax crystals could provide the

heterogeneous nucleation sites for hydrate formation and

facilitate hydrate nucleation (Gao 2008; Raman and Aichele,

2017), while some held the opinion that wax hindered hydrate

formation due to its interfacial adsorption (Zheng et al., 2017; Liu

et al., 2018). As for hydrate growth, some researchers found that

wax promotes the initial hydrate growth rate for their flow

systems with 1 wt% wax content and a similar subcooling

degree compared to wax-free systems (Liu et al., 2019), while

others suggested that the precipitated wax crystals reduce the

hydrate growth rate in autoclave systems with different wax

contents (Shi et al., 2018; Chen et al., 2019; Liu J. et al., 2022).

Consequently, the effect of wax on the amount of hydrate

formation was also not well understood. The above divergence

might result from the difference in experimental devices (e.g.,

flow loop versus autoclaves/rheometers) and fluids (e.g., crude oil

versus model oil), which led to the variation in time sequence of

wax precipitation and hydrate formation (Liu J. et al., 2022).

Recently, Liao et al. (2021) showed that methane hydrate growth

was promoted in the presence of ten C17 n-alkane wax molecules

through molecular dynamics (MD) simulations. Based on the

analysis of microscopic images of hydrate growth at the oil-water

interface, Brown et al. (2020) found that wax could form a film

around the hydrate particle, leading to the alteration in cohesive

force between waxy hydrate particles; Song et al. (2021) found

that the morphology of the formed hydrate shells varied with wax

content; Guo et al. (2021) suggested that hydrate shell growth

rate was influenced by wax crystals in terms of mass/heat transfer

resistance or heterogeneous nucleation sites. The above

information could provide evidence for the conjecture that the

influence of wax on hydrate formation in w/o emulsions was

achieved from microscopic interfacial aspects. However, among

these studies, there is limited literature associated with the flow

properties and the pipeline plugging characteristics of waxy

hydrate slurries (Liu et al., 2018), especially with different wax

contents.

As for the mitigation strategies to handle pipeline plugging

due to the coexistence of wax and hydrates, methods that have

been developed to prevent hydrate plugging, including the

traditional thermodynamic method and the risk management

strategy (Sloan et al., 2010; Hassanpouryouzband et al., 2020;

Aman, 2021; Zhang et al., 2022), could provide significant

insights. The traditional thermodynamic method focuses on

the complete avoidance of hydrate formation where heating,

insulation, or injection of thermodynamic hydrate inhibitors

(THIs) is adopted (Sloan et al., 2010; Hassanpouryouzband

et al., 2020; Shi et al., 2021). However, heating or insulation

may not be cost-effective for most subsea scenarios. It requires

large amounts of THIs for high water cut products, sometimes

approaching 80 wt%. Besides, some categories of THIs are not

environmentally friendly either. Considering the limitations of

the above thermodynamic method, the latter method allows

hydrate formation while manipulating the plugging risk to an

acceptable level, and consequently is called a risk management

strategy, which is thought to be promising and effective. This

strategy is achieved through the addition of small quantities
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(typically 0.01~3 wt%) of low dosage hydrates inhibitors

(LDHIs), including kinetic hydrate inhibitors (KHIs) and anti-

agglomerants (AAs) (Ke and Kelland, 2016;

Hassanpouryouzband et al., 2020; Shi et al., 2021). KHIs can

prolong the induction time of hydrate formation, inhibiting

hydrate nucleation and/or growth and guaranteeing the oil

and gas mixture products can be transported safely. AAs can

weaken the agglomeration of hydrate particles, allowing the fluid

to be transported in the form of hydrate slurry. In other words,

hydrates suspend in the bulk phase as fine particles and are

carried by the liquid phase after applying this strategy (Zhang

et al., 2022). More details about the chemical-hydrate inhibition

as well as the methods and facilities to screen better chemicals for

hydrate-associated flow assurance challenges can be found in a

recent review (Hassanpouryouzband et al., 2020).

In this work, with the assistance of a high-pressure flow loop,

the effects of wax on hydrate nucleation, growth, and flow

properties of waxy hydrate slurries were investigated using w/

o emulsions with different wax contents under different flow

rates. The induction time of flow systems was defined. The effect

of wax content and flow rate on hydrate nucleation was analyzed.

The hydrate growth characteristics in the presence and absence

of wax were systematically compared, so as to understand the

rate-limiting factors of hydrate growth. Wax-containing systems

showed different flow properties and possessed higher plugging

risks. The level of plugging risks was then clarified by a

dimensionless parameter presented in this work. The findings

of this work are meaningful to understanding the mechanism of

wax on hydrate formation and provide guidance for the

improvement of the hydrate risk management strategy.

2 Materials and methods

2.1 Materials

The materials used in the experiments include deionized

water (resistivity of 18 MΩ cm), natural gas (see Table 1 for the

composition), diesel oil, a type of paraffin mixture (wax solids

with carbon numbers ranging from C28 to C41) and combined

anti-agglomerant (AA). The composition of diesel can be found

elsewhere (Liu et al., 2019). The combined AA is a mixture of

Span 20 (C18H34O6) and ester polymers. Span 20 serves as the

emulsifier, while the polymer works as an effective anti-

agglomerate. Diesel dissolved with the paraffin mixture is used

in this work so as to provide controllable wax content and to

focus on the effects of wax on hydrate formation and

agglomeration, considering the fact that there may be natural

surface-active agents in the crude oil, such as asphaltenes and

resins. AA is added to facilitate the emulsification of oil and water

and examine whether the risk-management strategy is still

applicable for wax-hydrate coexisting systems.

2.2 Experimental apparatus

Hydrate formation and flow experiments were conducted in

a high-pressure flow loop, the schematic diagram of which is

shown in Figure 1. The main body of the loop is a 30 m long

stainless-steel pipe with an internal diameter of 25.4 mm, which

can sustain experimental pressure up to 150 bar. A separator with

a volume of 220 L is selected to provide sufficient gas and liquid

mixture space. Four water baths (JULABO GmbH, model FP51-

SL) are used to adjust the system temperature at a range of −20 °C

to 100°C with a temperature control error of ±0.05°C. A magnetic

centrifugal pump (Dalian Sifang Motor-pump Co., Ltd., model

SCG50-32-160/7.5) is used to provide a flow rate of up to

2200 kg/h (±1%) for the liquid phase. System temperature,

pressure, pressure-drop, flow rate, and fluid density are

acquired by the corresponding sensors distributed along the

loop and logged by the data acquisition system (DASYLAB

8.0, sampling interval of 8 s). The model and error numbers

of sensors can be found in Table 2. A Focused Beam Reflectance

Measurement probe (FBRM, Mettler-Toledo Corporation,

model D600X) and a Particle Video Measurement probe

(PVM, Mettler-Toledo Corporation, model V819) are installed

at the inlet of the flow loop, which can provide in-situmicroscale

information, such as particle size distribution or aggregate

morphology. Details of the flow loop can be found in our

previous work (Liu et al., 2019).

2.3 Methods and procedures

Water-in-oil systems composed of 80 vol% diesel oil and

20 vol% deionized water with 1.0 wt% AA were used to provide

stable emulsions and perform the experiments. Three sets of wax

contents (0, 0.75, and 1.25 wt%) and three initial flow rates (1120,

1400, and 1640 kg/h) were selected to conduct the experiments.

Notably, the wax contents in this work were lower than those in

common crude oils (typically 3 wt% or higher) to prevent severe

wax deposition in our flow loop. Because hydrate formation in

our flow system would be impossible when the wax deposition

layer possessing an insulation effect was thick. The initial flow

rates were chosen according to the industrial data (close to the

TABLE 1 Composition of natural gas.

Component Mol % Component Mol %

N2 1.53 C3H8 3.06

CO 2.05 C4H10 0.33

CO2 0.89 C5H12 0.04

CH4 89.02 nC6+ 0.01

C2H6 3.07
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typical velocity of 1 m/s) and the pump characteristics

(corresponding to pump frequencies of 25, 30, and 35 Hz,

respectively). Experiments without wax addition were carried

out to be the comparative tests for the other experiments in the

presence of wax. Specific experimental conditions are listed in

Table 3. Wax content is defined as the weight fraction of wax to

diesel under 20°C. The wax appearance temperature (WAT) of

diesel with different wax contents was obtained via Differential

Scanning Calorimetry (DSC), the results of which can be found

in Appendix A1. As the degree of oil saturation increases with the

increase in wax content, diesel with higher wax content exhibits

higher WAT. Each of the experiments was performed twice or

three times to provide confidence in the data reproducibility and

reliability. A specific procedure for case 6 is described as follows:

1) The loop was evacuated to −1.0 bar using a vacuum pump to

eliminate the influence of air.

2) 1.25 wt% wax was added into a stainless-steel oil container

filled with 40 L diesel. And the container was then put into an

electric heater at 80°C for 5 h.

3) 40 L heated diesel (with dissolved wax), 10 L deionized water

and 100 g AA were loaded into the separator.

4) The magnetic centrifugal pump was started at a pump

frequency of 30 Hz to provide a flow rate of 1400 kg/h

FIGURE 1
Schematic diagram of the high-pressure flow loop (Liu et al., 2018).

TABLE 2 Model and error numbers of temperature, pressure, pressure-drop, flow rate, and density sensors.

Sensor Manufacture Model Error number

Temperature Kunlunzhongda Sensor Technology Co.,Ltd. 1/3B platinum resistance 0.1°C

Pressure Endress-Hauser Corporation PMP71 0.1°bar

Pressure-drop Endress-Hauser Corporation PMP71 0.1 kPa

Flow rate Endress-Hauser Corporation Promass 83M 0.1 kg/h

Density Endress-Hauser Corporation Promass 83M 0.1 kg/m3

Frontiers in Energy Research frontiersin.org04

Liu et al. 10.3389/fenrg.2022.986901

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.986901


with an error of ±1%. The water bath temperature (Tbath) was

set to 20°C. The oil and water were circulated in the flow loop

for no less than 24 h to achieve sufficient emulsification.

5) Natural gas from the gas cylinders was injected into the

separator until a gauge pressure of 50 bar was reached (20°C).

6) Tbath was then set to 1°C to simulate the low temperature

condition of subsea pipelines. The data acquisition system

was started simultaneously.

7) After finishing the experiment, Tbath was set to 40°C for the

dissociation of hydrates and wax.

2.4 Experimental data analysis

The amount of gas consumption in the flow-loop can be

calculated based on the equation of state for the real gas, as

expressed by Eq. 1, where pressure and temperature data are

acquired by the sensors on the loop.

ng � P1Vg

z1RT1
− P2Vg

z2RT2
, (1)

where ng is the moles of gas consumption, mol; P1 and P2 are the

system pressure before and after hydrate formation, Pa; Vg is the

gas volume in the separator, m3; z1 and z2 are the compressibility

factors in the pressure of P1 and P2, and are calculated based on

Peng-Robinson equation of state; R is the gas constant, J/(mol·K);
T1 and T2 are the system temperatures before and after hydrate

formation, K.

Gas consumption rate dng/dt is calculated by an

approximation method, as expressed as Eq. 2.

dng
dt

≈
Δng(10i)
Δt , (2)

where t refers to time, s; ng(10i) is the 10-points averages of
calculated gas consumption data (i = 1, 2, 3. . .); Δt equals to 80s,
as the data sampling interval is 8s.

Based on the obtained gas consumption data, the hydrate

volume fraction can then be expressed in Eq. 3 (Liu et al., 2018).

φhyd �
(ngMg +NhydngMw)/ρH

VL + ngMg+NhydngMw

ρH
− NhydngMw

ρw

, (3)

where φhyd is the hydrate volume fraction; Mg is the average

molar mass of natural gas, kg/mol; Nhyd is the hydration number

(for natural gas,Nhyd = 5.850);Mw is the molar mass of water, kg/

mol; ρH and ρw are the densities of the hydrate and water

respectively, kg·m3; and VL is the volume of the liquid phase

in the separator, m3.

Since the Darcy-Weisbach hydraulic formula (Eq. 4) is

generally used to calculate the pressure drop, i.e., friction loss,

of a flow system, it is also adopted to analyze the flow properties

in this work.

Δp
ρg

� λ
L

D

v2

2g
, (4)

TABLE 3 Experimental conditions for hydrate formation and slurry flow in a flow-loop system.

Case no.a Wax content (wt%) Initial flow rateb(kg/h) WAT via DSC (°C) Hydrate growth temperature
(°C)

1 0 1120 −8.36 ± 0.23 6.1 ± 0.4

2 0 1400 6.3 ± 0.4

3 0 1680 7.4 ± 0.9

4 0.75 1400 7.44 ± 0.81 7.5 ± 0.3

5 1.25 1120 13.01 ± 0.56 8.1 ± 0.5

6 1.25 1400 8.4 ± 0.2

7 1.25 1680 8.5 ± 0.3

aAll experiments used the same water cut (20 vol%), AA dosage (1 wt%), initial pressure (50 bar) and water bath temperature (1°C).
bDue to the working characteristics of the centrifugal pump, there is an error within ±3%.

FIGURE 2
Variation trend of system temperature and pressure versus
time during the experimental process of case 6. The hydrate
equilibrium temperature under experimental pressure is
calculated by the Chen-Guo model (Chen and Guo, 1998).
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where Δp is the pressure drop, Pa; ρ is the fluid density, kg·m−3; g

is gravitational acceleration, 9.8 m/s2; λ is the hydraulic friction

coefficient, which is the function of Reynolds Number Re and

relative roughness of the pipe; D is the flow diameter, m; L is the

length of the pipeline, m; v is the velocity of the fluid, m/s.

3 Results and discussion

3.1 The effects of wax on hydrate
nucleation and induction time

Figure 2 presents the traces of system temperature and

pressure during the experimental process of case 6, including

the hydrate formation phase and the subsequent slurry flow

phase. Due to the function of water baths, temperature and

pressure gradually decrease first. There is a sudden variation in

both the temperature curve and the pressure curve at

approximately 1.95 h due to the occurrence of hydrate growth

that possesses an exothermic nature and consumes natural gas

(Sloan et al., 2010). The system temperature at this time point is

then defined as the hydrate growth temperature (HGT). As

hydrate growth gradually ceases, the system temperature first

reaches a small peak and then gradually stabilizes, and the system

pressure also gradually stabilizes. Since it is difficult to directly

describe the stochastic hydrate nucleation that occurs prior to

hydrate growth, the hydrate induction time has been consistently

used to investigate the nucleation kinetics (Sloan et al., 2010; Ke

and Kelland, 2016; Zheng et al., 2017; Liu et al., 2019). The

induction time of hydrate formation for flow systems can be

defined as the time interval between the time point when the

system temperature reaches hydrate equilibrium temperature

(HET, see the green dashed curve in Figure 2) and the time

point when the system temperature reaches HGT.

For the cases with 1.25 wt% wax content (cases 5~7), since

the wax appearance temperature (WAT) that is measured by the

DSC (see Table 3) is significantly higher than HGT and lower

than HET, the onset of wax deposition is subsequent to that of

hydrate nucleation and prior to that of hydrate growth. In other

words, wax deposition occurs during the hydrate induction

period. Notably, although precipitation of wax crystals is also

an exothermic phenomenon (Ji, 2004), wax deposition is a slow

and continual physical process. Thus, the onset of wax deposition

does not significantly affect the system temperature, while it

significantly alters the flow properties of flow systems (see

Section 3.3).

Based on the above definition, the induction times of wax-

free systems (cases 1~3) and 1.25 wt%wax content systems (cases

5~7) under different initial flow rates are displayed in Figure 3A.

As seen, under the same initial experimental conditions, the

induction time of wax-containing systems is smaller than that of

wax-free systems: the induction time of cases 5~7 is 54.3%,

59.7%, and 74.4% of cases 1~3 respectively, indicating the

promoting effect of wax on hydrate nucleation. The reason

could be ascribed to the emergence of large amount of

heterogeneous nucleation sites for hydrate formation (Gao,

2008; Oliveira et al., 2012; Raman and Aichele, 2017) due to

the precipitation of wax crystals. It is hypnotized that the

function intensity of nucleation-rate-limiting factors,

heterogeneous nucleation and mass-transfer, is different under

different experimental conditions. The effect path of wax on

hydrate nucleation is predominately determined by the time

sequence of hydrate nucleation and wax precipitation since

hydrate nucleation is a metastable process. When wax

precipitation precedes hydrate nucleation (i.e., WAT > HET),

the surface of water droplets where hydrate nucleation occurs is

first adsorbed by wax crystals, which retards hydrate nucleation

due to the increase in mass-transfer resistance (Liu et al., 2019).

FIGURE 3
(A) Induction time of wax-free systems (cases 1~3) and 1.25 wt% wax content systems (cases 5~7) under different initial flow rates. Induction
time is an averaged value of repeated experiments. The error bar refers to the standard deviation. (B) Induction times of different wax-content
systems with the same experimental condition (cases 2, 4, and 6).

Frontiers in Energy Research frontiersin.org06

Liu et al. 10.3389/fenrg.2022.986901

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.986901


When hydrate nucleation precedes wax precipitation

(i.e., WAT < HET), as there are some unstable hydrate

nucleus at the oil-water interface, the introduction of wax

crystals at these interfaces may promote the stability of the

above hydrate nucleus, acting as the heterogeneous nucleation

sites. Figure 3B illustrates that for cases with the same initial

experimental conditions, the higher the wax content, the shorter

the induction time. The induction time of case 2 (wax-free) is

148.63 ± 7.49 min, while that of case 4 (0.75 wt% wax content)

and case 6 (1.25 wt% wax content) reduces to 72.7% and 59.7% of

case 2, respectively. In other words, there are higher hydrate

formation risks in flow systems with higher wax content under

certain conditions, as there are larger amounts of wax crystals

precipitating out. However, a higher wax content also produces a

thicker wax deposition layer, possessing an insulation effect and

consequently resulting in a longer cooling duration and a longer

induction time. When the wax content of a flow system is high

enough, this effect should not be ignored: hydrate may not form

due to the insufficient subcooling degree.

Figure 3A also depicts the effect of flow rate on hydrate

induction time, i.e., hydrate nucleation. As seen, higher flow rates

result in longer induction times: when the flow rate increases

from 1120 kg/h (0.727 m/s) to 1680 kg/h (1.090 m/s), the

induction time of wax-free systems rises from 141.6 ± 6.88 to

167 ± 10.28 min, an approximately 18% increase; and that of

wax-containing systems rises from 76.9 ± 16.92 to 124.2 ±

21.53 min, an approximately 62% increase. It can be

ascribable to the following fact: the efficiency of convective

heat-transfer between the fluid and the coolant decreases with

the increasing flow rate, leading to a longer duration before the

system reaches its required subcooling degree of hydrate

formation. For real subsea pipelines, a higher flow rate

benefits the prevention of hydrate formation and is conducive

to reducing blockage risks. On one hand, the introduction of wax

crystals acting as heterogeneous nucleation sites promotes

hydrate nucleation; on the other hand, the adsorbed wax

crystals at oil-water interfaces (Liu et al., 2019; Liu J. et al.,

2022) is suggested to enhance the mass-transfer resistance of gas

diffusion, and consequently retarding hydrate nucleation. In this

work, it is likely that this dual-effect of wax crystals functions

simultaneously with different intensities: the effect of

heterogeneous nucleation is stronger than that of mass-

transfer resistance under conditions where wax precipitation

occurs during the hydrate induction period. This conjecture

can be supported by the variation trend of induction time

versus flow rate: there might exist a high enough flow rate

under which the induction time of wax-containing systems

approaches that of wax-free systems. With the increase in

flow rate, the amount of wax crystals suspended in the bulk

phase becomes smaller due to the lower efficiency of convective

heat-transfer; and the effect of mass-transfer resistance on

hydrate nucleation is strengthened due to the decrease in the

size of water droplets.

3.2 The effects of wax on hydrate growth

Figure 4 presents a series of gas consumption and gas

consumption rate curves depicting the comparisons of hydrate

growth kinetics between wax-free systems and 1.25 wt% wax

content systems under the same initial flow rates. Here, relative

time refers to the elapsed time after the onset of hydrate growth.

As shown in Figure 4A–C, the gas consumption rate representing

the hydrate growth rate in both cases gradually decreases with

time and finally approaches zero. In w/o emulsion systems, the

inward hydrate growth occurs at the hydrate-water interface,

where guest molecules required by the continual inward growth

are provided by gas diffusion from the outside; the outward

hydrate growth occurs at the hydrate-oil interface, where the

water molecules required by the continual outward growth are

provided by water permeation from the inside; the heat generated

due to the exothermic nature of hydrate formation would diffuse

away into the water droplet and the bulk phase (Turner et al.,

2009; Shi et al., 2011; Liang et al., 2021; Liang et al., 2022). In

other words, mass transfer resistance provoked by water

permeation and gas diffusion through the hydrate shell as well

as heat-transfer resistance are the rate-limiting factors of hydrate

growth (Liang et al., 2022). The mass- and heat-transfer

resistance of the continual hydrate growth is relatively low at

the initial stage when the hydrate shell that wraps the water

droplets is thin. Then it increases as the hydrate shell becomes

thicker. Additionally, hydrate particles are prone to collide with

each other and form hydrate aggregates, which significantly

decreases the amount of free water droplets and the effective

surface area for hydrate formation (Liu et al., 2021). Hydrate

agglomeration is likewise a rate-limiting factor for hydrate

growth. Notably, another fundamental rate-limiting factor,

i.e., intrinsic kinetics of hydrate growth is, presumably

maintained unchanged when the variation in subcooling

degree or over-pressure level is marginal. The above factors

comprehensively result in the variation trend of gas

consumption rate. Accordingly, the cumulative amount of gas

consumption first increases quickly with time and then

approaches a plateau.

Figure 4A–C also obviously displays that the gas

consumption rate of wax-free systems is higher than that of

wax-containing systems, and the total amount of gas

consumption of wax-free systems is considerably higher than

that of wax containing systems. Table 4 tabulated detailed

comparisons of wax-free cases and their corresponding wax-

containing cases at several time points: the ratio of the cumulative

gas consumption of wax-containing cases to that of wax-free

cases ranges from approximately 50%–70%, indicating the

inhibiting effect of wax on hydrate growth. It can presumably

be attributed to the following reasons: 1) the adsorbed wax

crystals at oil-water interfaces boost the mass-transfer

resistance for water permeation or gas diffusion through the

hydrate shell; and 2) the existence of wax crystals results in the
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emergence of wax-hydrate coupling aggregates (Liu et al., 2018)

that possess denser structure and larger size than normal hydrate

aggregates, leading to smaller amount of unconverted free water

droplets or effective surface area. However, these conjectures are

difficult to be directly validated via the current experimental

apparatus, while molecular dynamics simulation (Liao et al.,

2021) and microscopic investigation (Song et al., 2021) are

promising methods, which will be the focus of our next step

of work.

The effect of flow rate on hydrate growth in wax-containing

systems is illustrated in Figure 5. As seen, the gas consumption

curves of cases with different flow rates are basically close to each

other for the first 60 min. During the early stage of hydrate

growth, mass- and heat-transfer resistance may be the

dominative rate-limiting factor, while the effect of flow rate

i.e., shear condition, on the mass-transfer of gas and water

molecules is considered to be marginal. Then deviations

among these curves emerge and enlarge (60~240 min). Finally,

FIGURE 4
Comparisons of gas consumption and gas consumption rate of wax-free systems (cases 1~3) and 1.25 wt% wax content systems (cases 5~7)
under initial flow rates of: (A) 1120 kg/h; (B) 1400 kg/h; and (C) 1680 kg/h. The other experimental conditions are the same.

TABLE 4 Comparison of gas consumption of wax-free cases and their corresponding wax-containing cases at different relative times.

Gas consumption (mol)
Relative time (min)

10 50 100 150 180 240

Case 1 (wax-free) 3.23 16.45 22.40 23.54 15.48 16.29

Case 5 2.35 9.37 13.38 14.91

Ratioa 72.8% 57.0% 59.7% 63.3%

Case 2 (wax-free) 4.90 18.88 26.95 27.67 19.66 21.06

Case 6 2.69 10.56 15.52 18.63

Ratio 54.9% 55.9% 57.6% 67.3%

Case 3 (wax-free) 6.57 21.31 31.49 32.52 22.53 25.59

Case 7 3.38 11.10 17.50 20.99

Ratio 51.4% 52.1% 55.6% 64.5%

aRatio = ng, wax-containing/ng, wax-free.
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a higher initial flow rate (case 5 < 6<7) results in higher gas

consumption: the final gas consumption of case 7 is around

25.59 mol, while that of case 5 and 6 is approximately 63.7% and

82.3% of case 7. During the latter stage of hydrate growth, particle

agglomeration may be the dominating rate-limiting factor. The

effect of flow rate on hydrate growth becomes perceptible. For

wax-containing systems, the hydrate growth rate is maintained at

a higher value than that of wax-free systems at the later stage. It is

then hypothesized that the break-up and re-agglomeration of

wax-hydrate coupling aggregates occurs more frequently in the

FIGURE 5
Variation trend of gas consumption of 1.25 wt% wax content systems under different initial flow rates (cases 5~7) versus time.

FIGURE 6
Variation trend of pressure drop, flow rate, and hydrate volume fraction of case 2 and 6 versus time.
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bulk phase, resulting in the continual emergence of unconverted

fresh water in a small amount. Herein, as the total gas

consumption, or in other words, hydrate volume fraction (see

Eq. 3), in wax-containing systems is much lower than that of

wax-free systems, a significant question may arise: will the

transportability of wax-containing cases be better than that of

wax-free cases? Details can be found in the following subsection.

3.3 The effects of wax on the flow
properties of hydrate slurries

Figure 6 presents the variation trend of pressure drop, flow

rate, and hydrate volume fraction during the experimental

process of case 2 and 6. Note that other experimental

conditions are the same for these two cases except for the wax

content. For a wax-free system (case 2), pressure drop and flow

rate are nearly stable before hydrate formation. After hydrate

formation (2.5 h), both pressure drop and flow rate first decrease

and then increase due to the dynamic balance between hydrate

agglomeration and break-up of aggregates under the function of

hydrate cohesive force and flow shear stress. At approximately

4.3 h, the flow rate restores to around 1310 kg/h, 93.6% of the

initial value, while the pressure drop rises to 21.64 kPa due to the

increment in viscosity of the fluid, an approximately 45.2%

increase compared to the initial pressure drop. Finally, both

pressure drop and flow rate plateau again with final hydrate

volume fraction of around 10%, indicating that the wax-free flow

system could reach a stable hydrate slurry flow state with 1 wt%

addition of AA. Thus, hydrate risk-management strategy is

applicable for this experimental condition. For wax-containing

system (case 6), there is an abrupt increase in pressure drop at

approximately 0.6 h, due to the reduction in flow diameter

resulting from the onset of wax deposition. During the period

of 0.6 h–1.95 h, the gradual deposition of wax results in a gradual

increase in pressure drop from 15.83 kPa to 18.49 kPa,

accompanied by an approximately 2.1% reduction in flow

rate. At around 1.95 h, a sudden increase in pressure drop

and a sudden decrease in flow rate are discerned, indicating

the onset of hydrate formation, which is consistent with the

judgement according to system temperature and pressure (see

Figure 2). As seen, within 30min, the pressure drop rapidly

increases from 18.49 kPa to 32.48 kPa, an approximately

75.7% increment, while the flow rate decreases from 1384 kg/h

to 1185 kg/h. Then the pressure drop gradually increases with a

gradual decrease in flow rate. Finally, there are an approximately

2-fold increase in pressure drop and a 36.8% reduction in flow

rate compared to the initial values. The final hydrate volume

fraction is around 6.4%, which is significantly smaller than that of

case 2. Other wax-containing cases in this work exhibit similar

variations in trends. Thus, it is found that the coexistence of wax

and hydrates significantly deteriorates the transportability of flow

systems and synergistically escalates the plugging risk compared

to the wax-free situation. The reason can be ascribable to the

coupling agglomeration of wax and hydrates that leads to the

increase in fluid viscosity as well as the synergetic deposition of

coupling aggregates that results in the reduction in flow diameter

(Liu et al., 2018). Moreover, it is suggested that the effectiveness

of AA is significantly weakened by wax crystals, which is possibly

caused by the alteration of surface properties of water droplets in

the presence of wax. The application of hydrate risk-management

strategy should be carefully investigated for flow systems in the

presence of wax, as there are high plugging risks even under low

hydrate volume fraction (such as cases 5 and 6).

For our experimental system, as the pressure drop, flow rate

(i.e., velocity), and density can be acquired by the sensors

equipped on the flow loop, the original Darcy formula (Eq. 4)

can be transformed into Eq. 5.

π2ρΔpD5
0

8Q2
mL

� 1
α5

λ, (5)

where D0 is the initial diameter, m; α = D/D0, which represents

the variation in flow diameter caused by solid deposition, 0<α ≤
1; Qm is the flow rate, kg/s. The left-hand side of Eq. 5 can be

directly calculated using the experimental data, while the right-

hand side of Eq. 5 is a dimensionless parameter, which represents

the overall friction coefficient caused by the emergence of solid

phases, i.e., wax and/or hydrates, and the deposition of them.

Since this dimensionless parameter and hydrate volume fraction

(φhyd) during the experimental process can be calculated by Eqs.

3, 5 respectively, the relationship between them for both wax-free

cases (cases 1~3) and 1.25 wt% wax content cases (cases 5~7) can

then be obtained, as shown in Figure 7. Figure 7 clearly illustrates

that the parameter λ/α5 should be the function of φhyd, wax

FIGURE 7
Variation trend of the dimensionless parameter λ/α5 versus
hydrate volume fraction. The vertical axis is in log-scale. Regions
marked by I, II, and III in different colors represent low, medium,
and high plugging risks, respectively.
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content, and Re (flow rate). Regions with different plugging risk

levels can then be divided by two critical values of λ/α5.

1) Region I (λ/α5 ≤ 0.1). Based on the fact that: 1) all the wax-free

cases finally reach a stable hydrate slurry flow state with φhyd
ranging from 6.5% to 12%; and 2) the parameter λ/α5 is always

smaller than 0.1 no matter how φhyd varies, this region can be

defined as low plugging risk. In this region, the size of hydrate

aggregates could reach an equilibrium state with the function

of flow shear stress (Camargo and Palermo, 2002) and AA,

and is suggested to be relatively small. The possibility of

occurrence of hydrate deposition is negligible. Moreover, the

higher the flow rate, the lower the plugging risk. The

parameter λ/α5 of case 3 that possesses a higher flow rate

versus φhyd exhibit a nearly linear relationship. When φhyd of

case 7 is smaller than 7%, plugging risk of case 7 is evaluated

to be low.

2) Region II (0.1<λ/α5 ≤ 0.15). For cases 5 and 6 (1.25 wt% wax,

lower flow rate), the parameter λ/α5 increases with the

increase in hydrate volume fraction. When the hydrate

volume fraction is relatively low (typically <1.5%), the pipe

flow is capable of holding the aggregates, λ/α5 ≤ 0.1. As φhyd
continues to increase, the viscosity of the flow system

increases significantly due to the emergence of wax-hydrate

coupling aggregates. However, as φhyd further becomes larger,

some of the coupling aggregates with larger size can no longer

be transported by the pipe flow, leading to the local

deposition, which corresponds to the abrupt increase in

the slope of λ/α5 versus φhyd curve when λ/α5 reaches

approximately 0.15. In other words, it is the increment in

viscosity rather than the deposition of aggregates that

dominates λ/α5 in this region. Thus, this region is defined

as medium plugged risk.

3) Region III (0.15<λ/α5). For cases 5 and 6, the parameter λ/α5
increases rapidly with the increase in φhyd, which is

considered to be caused by the synergistic deposition of

coupling aggregates. The occurrence of deposition would

result in a decrease in flow diameter and flow rate,

consequently resulting in a large amount of deposition.

The transportability of pipe flow in this region severely

deteriorates. Thus, this region is defined as high plugging risk.

Therefore, the plugging risk of a flow system can be

categorized into low, medium, or high according to the

dimensionless parameter λ/α5. The higher the parameter, the

higher the plugging risk. The plugging risk of the whole

experimental process of wax-free cases under different flow

rates was determined to be low, while that of wax-containing

cases under relatively lower flow rates varied from low to high

with the increasing hydrate volume fraction. Taking case 7 as an

example, Figure 8 depicts the trace of parameters during the

experimental process, where low (I) and medium (II) plugging

risk regions are marked. Moreover, based on the relationship

between this parameter and hydrate volume fraction, the reason

that provokes different plugging risks can be analyzed. More

experiments conducted under a wider range of experimental

conditions, e.g., water cut, the dosage and category of AA, wax

contents, flow rate, etc., are urgently required, mathematical

models predicting the friction loss of flow systems as well as

similarity criterions between experimental data and field data are

FIGURE 8
Variation trend of system temperature, system pressure, pressure drop, flow rate, and hydrate volume fraction during the experimental process
of case 7. Regions marked by I and II represent low and medium plugging risks, respectively.
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urgently to be developed, so as to validate and expand the use of

this dimensionless parameter for real subsea pipelines.

4 Conclusion

Flow experiments were conducted using w/o emulsion

systems with 0, 0.75, and 1.25 wt% wax content under

different initial flow rates. The effects of wax on hydrate

nucleation as well as the flow properties of waxy hydrate

slurries were investigated. The experimental results are

summarized as follows:

1) In the flow systems of this work, the onset of wax

precipitation was within the induction period of hydrate

formation. The induction times of 1.25 wt% wax content

systems were around 55%~75% of those of wax-free

systems. The induction time was shortened with the

increasing wax content and prolonged with the increasing

flow rate. As far as we know, it was the first time to find the

heterogeneous nucleation effect of wax that promoted hydrate

nucleation in flow systems. It was also suggested that the

effect path of wax on hydrate nucleation was predominately

determined by the time sequence of hydrate nucleation and

wax precipitation.

2) The gas consumption rate (i.e., hydrate growth rate) of

1.25 wt% wax content systems was significantly smaller

than that of wax-free systems. The ratio of the cumulative

gas consumption (i.e., the amount of hydrate formation)

of wax-containing cases to that of wax-free cases ranged

from approximately 50%–70%, indicating the inhibiting

effect of wax on hydrate growth. The above phenomenon

was presumably caused by the enhanced mass-transfer

resistance and severer coupling agglomeration due to the

interfacial adsorption of wax. Notably, the effect of

particle agglomeration on hydrate growth should not be

ignored.

3) Different from the wax-free situation that reaches a stable

slurry flow state with the addition of AA, the

transportability of wax-containing systems deteriorates

even with the same dosage of AA and lower hydrate

volume fraction. The coexistence of wax and hydrates

resulted in a higher plugging risk due to the coupling

agglomeration and the synergetic deposition. Based on the

Darcy-Weisbach hydraulic formula, a dimensionless

parameter was then derived to evaluate and characterize

the plugging risk level of flow systems, which should be the

function of hydrate volume fraction, wax content, and

Reynolds number (flow rate). This parameter

comprehensively considers the effect of solid deposition

and the increase in fluid viscosity due to particle

agglomeration. The critical points were also determined

according to the relationship between this parameter and

the hydrate volume fraction.

The findings of this work can shed light on the mechanism of

the effect of wax on hydrate formation to some extent and

provide some meaningful data and reference for predicting

the plugging risk for flow systems in the presence or absence

of wax crystals.
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Appendix 1 WAT of the diesel with
different wax contents

DSC is generally used to determine the WAT of a waxy oil

sample. In the DSC tests (TA instruments, model Q20), the oil

sample with wax was cooled from 80 °C to −20 °C at a rate of 5°C/

min. For each sample, the reproducibility was verified by repeating

the experiment three times. Appendix Figure A1 shows the DSC

heat-flow diagrams of diesel with different wax contents. The first

“small” exothermic peak in the DSC heat-flow diagram (B and C)

corresponds to the precipitation of the additional wax content, while

the second “large” exothermic peak represents the precipitation of

the heavy ends of diesel oil (Liu et al., 2018). For diesel without wax

addition, there is also an exothermic peak at around −8.3 °C.

FIGURE A1
DSC heat-flow diagram of (A) pure diesel, (B) diesel with 0.75 wt.% wax content and (C) diesel with 1.25 wt.% wax content.
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