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A B S T R A C T   

Particle agglomeration plays a major role in the mechanism of gas hydrate accumulation and pipeline plugging. 
Gas hydrates are solid inclusion compounds composed of natural gas trapped in a three-dimensional water lattice 
that can form in petroleum flow lines and impede fluid transfer. Agglomeration mechanics are complex yet 
essential to creating reliable and accurate rheological models for optimizing fluid flow operations, of which the 
state-of-the-art includes the contact-induced and shear-induced agglomeration models. Particle size distribution 
measurements of water droplets in an oil-continuous phase reacting to form gas hydrate agglomerates over time 
can be performed using in situ focused beam reflectance measurement (FBRM) and particle video microscope 
(PVM) probes, or other similar tools. Particle sizing and interfacial interaction measurements form the basis of 
gas hydrate hydrodynamic multiphase flow models, which incorporate particle agglomeration/viscosity models 
and the capillary bridge theory-based cohesion model. In situ particle sizing probes can also serve as a supple
mentary process indicator of gas hydrate formation onset. It is essential to perform in situ particle-scale exper
iments to develop and validate an accurate gas hydrate agglomeration model, which is integral to state-of-the-art 
hydrate flow assurance modeling and risk assessment.   

1. Brief history and introduction 

Agglomeration is the process of particles in a system coming together 
to form a larger structure through various binding mechanisms, in 
particular solid-water or solid–solid interactions. It is a common phe
nomenon in many fields and studied widely. Understanding agglomer
ation also requires information on particle size distribution and 
interfacial interactions and how they can change within a system over 
time. Applications include colloids [1], water ice crystallization in re
frigerants [2], or condition alteration in food and drink processing to 
change characteristics including density or dispersibility [3]. The field of 
gas hydrates requires knowledge of both agglomeration and particle size 
distribution when investigating hydrate formation and deposition in 
petroleum pipelines. The following review presents the key mechanistic 
pathways to hydrate agglomeration, the evolution of particle size 
analysis experiments, and the development of particle agglomeration 
models that are critical to hydrate management strategies (Fig. 1). 

Gas hydrates are a type of inclusion compound which, since the 18th 

century, were viewed as laboratory curiosities and not considered to 
have any practical applications. Inclusion compounds, termed clathrates 
by H.M. Powell, are a class of chemical compounds that involve the 
“complete enclosure of a molecule by one or more molecules in such a 
way that it cannot escape from its position [4].” The description of 
clathrates emerged in scientific works as early as 1811 [5] and 
continued to appear occasionally through the mid-20th century to pre
sent day [6]. One specific type of clathrate compound is called a natural 
gas hydrate (further referred to as hydrates). These are composed of 
water molecules trapping natural gas within a cage-like structure 
(Fig. 2). Gas hydrate studies increased sharply after their industrial 
discovery by Hammerschmidt in 1934 [7]. During a plant inspection, 
solid ice-like compounds were found blocking a natural gas pipeline 
posing production delays. This paper sparked industry-wide interest and 
began the modern research era of gas hydrates [8]. 

Although naturally occurring hydrate deposits have also been 
discovered in permafrost and marine environments [9,10], this paper 
will focus on the applications of flow assurance within petroleum 
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pipelines. Flow assurance is the mitigation of solid deposits within 
pipelines, including asphaltenes [11], waxes [12], scale [13], and hy
drates [8]. Hydrates can form when water and gas come into contact, 
with or without mixing, under high pressure and low temperature 
conditions, making subsea pipelines an ideal environment. Due to the 
transient, short time-scale at which they form, hydrates are considered a 
major problem in flow assurance [14]. If left untreated, hydrate deposits 
can increase in size until they completely plug a pipeline. Due to pres
sure buildup on either side of the plug (or between if there are multiple), 
handling can be also hazardous. There have been fatalities caused by 
improper safety precautions taken during dissociation of a plug [8]. 
Since hydrate deposits may cause significant production loss due to 
increased back pressure from higher viscosity and thus lower production 
rates, it is important to understand how they form to minimize their 
impact. 

As the petroleum industry moves away from complete hydrate 

avoidance (thermodynamic) strategies towards hydrate management 
(kinetic) strategies, understanding the formation and agglomeration 
process plays a critical role [16]. Instead of fully preventing pipelines 
from entering the hydrate stability zone, there is increasing interest in 
cautiously running deepwater operations within the hydrate domain. To 
do this, natural characteristics of the crude oil are utilized and/or 
commercial chemicals are added to the pipeline to allow flow as a slurry 
of crude oil and hydrate particle suspensions [17]. These chemicals can 
include thermodynamic hydrate inhibitors (THIs), like methanol [18], 
or low dosage hydrate inhibitors (LDHIs), including kinetic hydrate in
hibitors (KHIs) or anti-agglomerants (AAs). AAs work by allowing hy
drates to form but minimize the extent of capillary bridging and 
particle/interfacial interaction. Typical AAs have a quaternary ammo
nium salt structure with a hydrophobic tail and a ‘hydrate-philic’ head 
group [19]. Even in small doses (<5 vol%), AAs can effectively turn 
hydrate particles into dispersions that allow flow as a hydrate 

Fig. 1. Schematic of the role of particle size and interfacial interactions on gas hydrate agglomeration and plugging of petroleum pipelines: Agglomeration plays an 
important role in gas hydrates and other fields including colloids and studies of water ice. Understanding agglomeration is key for hydrate plugging prevention. In 
situ probes for particle size analysis and agglomeration coupled with viscosity models are critical for deep sea oil production and the development of predictive 
hydrate models. 
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transportable slurry instead of forming a plug. As mitigation strategies 
are not the primary focus of this paper, a detailed review of LDHIs and 
other management tactics can be found in the literature [16,20]. 

Continuing to understand the interfacial activity of hydrates and how 
they interact and agglomerate is essential to the development of deep
water petroleum production. An important aspect of this understanding 
is the ability to model and predict hydrate agglomeration behavior in a 
pipeline. Although hydrate nucleation is stochastic, understanding how 
the agglomerate size and consequently viscosity and other fluid behav
iors change with time and system conditions will help scientists and 
engineers to optimize operating practices to enhance oil and gas pro
duction. In addition, agglomeration/slurry flow can provide valuable 
insight for other technological applications of hydrates including desa
lination [21], gas separation [22], and natural gas storage [23]. 

2. Mechanics of agglomeration 

2.1. Role of agglomeration in hydrate plugging of pipelines 

Fig. 3 shows a conceptual picture of how hydrates form within a 
pipeline. Due to the turbulence and mixing that occurs, one phase can 
become entrained in another forming an emulsion. Emulsions become 
stabilized by surface active agents, which can occur naturally in the oil, 
or be added to the system. These surfactants accumulate at the 
hydrocarbon-water interface of the droplets, lowering the interfacial 
tension and thereby further promoting the anti-agglomeration process 
[24]. With conducive temperature and pressure conditions, hydrates 
stochastically nucleate and porous shells begin to form around the water 
droplets. Hydrate nucleation is a complicated process and the reader is 
directed to other sources for more information [25,26]. As the particles/ 
droplets come into contact with one another, they ‘stick’ or agglomerate 
due to cohesive forces and capillary bridging. As these agglomerates 
become larger, they eventually become too heavy and sink to the bottom 
of the (oil-dominated) pipeline, also called bedding [27,28]. This hy
drate bed becomes larger as more agglomerates descend and/or stick to 
the pipe. The plug may continue to entrain water and oil and grow until 
it restricts flow or completely blocks the pipeline. 

2.2. Conceptual agglomeration mechanisms 

The two main agglomeration mechanisms include the contact- 
induced agglomeration mechanism [32] and the shear-limited agglom
eration mechanism [33] (Fig. 4). Contact-induced agglomeration refers 
to agglomeration caused by water droplet-hydrate interactions, either 
from a water droplet converting directly to hydrate, or from a water 
droplet contacting an already established particle/agglomerate [30]. It 
has been also suggested that the hydrate particle can create its own 
water layer through surface melting to decrease the interfacial energy 
and become more thermodynamically stable [34]. This allows for 
capillary bridging to occur where hydrate particles that are close enough 
to minimize their contact with the bulk phase (i.e. hydrocarbon) and 
decrease their interfacial energy. Once the surface water of one hydrate 
particle is in contact with the hydrate phase or surface water of the 
second particle, the attractive force/interaction increases, and it be
comes harder to separate the two. The latter is typically observed over 
time. Then the water bridge can convert to hydrate (sintering) and the 
size of the agglomerate increases. As the particle size increases in the 
system, the viscosity also increases, which eventually inhibits hydro
carbon production via increased friction. The interfacial energy can be 
also affected by surface active agents (both natural and commercially 
added) and by the shell porosity as core water migration can occur [35]. 

Shear-limited agglomeration highlights a fractal approach to 

Fig. 2. The two most common hydrate crystal structures, structure I and 
structure II: The 512 cage is a cage with 12 pentagonal faces. The 51262 cage has 
12 pentagonal faces and 2 hexagonal faces. The 51264 cage has 12 pentagonal 
faces and 4 hexagonal faces. The type of structure formed depends on the guest 
molecule. Natural hydrate deposits are often structure I, as they contain pri
marily methane. Hydrates that form in pipelines are normally structure II since 
they can contain light hydrocarbons including methane, ethane, and propane. 
(Modified from [15]). 

Fig. 3. Schematic diagram of hydrate formation and agglomeration in a pipeline: Water can become entrained in the hydrocarbon phases from the turbulence of the 
pipeline. Hydrates then nucleate around water droplets to form hydrate shells, which will eventually convert the entire droplet to hydrate. Due to capillary bridging, 
hydrate particles can stick together and sinter to form larger hydrate agglomerates. This causes viscosification of the pipeline and can eventually lead to jamming and 
plugging. (Modified from [29–31]). 
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determine agglomeration, based on balances between shear force exer
ted on the hydrates and cohesive forces (via capillary bridging) between 
hydrate particles through hydrate-hydrate particle interactions as 
described in the previous paragraph. These mechanisms are illustrated 
in Fig. 4. This mechanism suggests that once all water droplets sus
pended in the system have been converted to hydrate, further 

agglomeration due to contact with free water droplets will cease. 
However, experiments show that this is not the case. Colombel et al. 
recognized that these two models (contact-induced and shear-limited 
agglomeration) are normally addressed as separate phenomena, but 
that they should be considered together to fully capture hydrate 
agglomeration and growth [36]. They suggest relating the two using a 
population balance model (PBM) where “the agglomeration kernel is 
related to the contact-induced mechanism and the fragmentation kernel 
is related to the shear-limited mechanism” [36]. The following section 
(section 3) discusses experiments related to hydrate agglomeration and 
particle size analysis. Different modeling and simulation attempts are 
discussed in more detail in Section 4. 

3. Droplet and agglomeration sizes determined by experiment 

3.1. Why is droplet size important to agglomeration? 

Since hydrate deposits and plugs within petroleum pipelines cause 
major production problems, it is important to understand the key plug 
formation processes. Currently, hydrate agglomeration is not fully un
derstood. Since hydrate particles can evolve from emulsions, it is 
essential to understand emulsion size (dispersed droplets in a continuous 
liquid hydrocarbon phase) and stability as a precursor to agglomeration 
[37]. The size of the initial water droplet can be directly related to the 
initial hydrate size in the system, as shown in Fig. 5. 

Droplet size also directly effects the rheology of emulsions and 
eventually the hydrate agglomerate/slurry characteristics. In general, 
smaller droplets and a narrow size distribution in a water-in-oil (W/O) 
emulsion will increase the viscosity of the fluid [24]. Smaller droplets 
are also considered to form more stable emulsions meaning that it is 
more difficult for them to coalesce [24]. Aside from increased flow 
resistance, smaller droplets in W/O emulsions also provide a larger 
surface area of water-hydrocarbon contact. This increased contact fa
cilitates hydrate nucleation as hydrate formation occurs at the water- 
hydrocarbon interface and full conversion of the water droplets to hy
drates. This creates a ‘dry hydrate’ slurry which is superior for trans
portation of hydrates [39,40]. Understanding how droplet size changes 
with system parameters is influential to emulsion size and agglomera
tion mechanisms of hydrates [41]. 

3.2. Early attempts at particle size analysis 

Early attempts at determining particle size within a system came 
from a model developed by Randolph and Larson [42], also discussed in 
Section 4. Their work derived equations relating transient population 

Fig. 4. Schematic diagram of contact-induced and shear-limited agglomeration as described by: Contact induced agglomeration occurs when a water droplet (blue) 
converts directly to hydrate (white) or when a water droplet comes into contact with an already formed hydrate. Shear-limited agglomeration occurs when adhesive 
forces between water droplets and hydrate particles is larger than the shear force trying to break them apart [32,33]. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 

Fig. 5. Experimental images of a water in oil emulsion; (a) emulsified water 
droplets (b) suspended hydrate particles (from [38]). 
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density to size using a general population balance for an arbitrary sus
pension of particles based on transport properties alone. Although it was 
more focused on nanoscale particles, it emphasized the need for an 
experimental method to measure particle size growth rates and system 
changes in order to refine their model. In 1987, Englezos and Bishnoi 
et al. created an intrinsic kinetic model for methane hydrates with one 
adjustable system parameter [43]. The associated experiments 
measured the gas consumption rate over time with pressure and tem
perature data to determine the kinetic relationships of hydrate forma
tion. Although their proposed mechanistic model described the data 
well, the global reaction rate was dependent on the second moment of 
the particle size distribution of the droplets/agglomerates in the system, 
which was difficult to actually measure at that time. This, again, stressed 
the need of an experimental method to determine particle size distri
butions. Their results were later suggested by Skovborg in 1993 [44] to 
be overestimated, but it was the first attempt to experimentally deter
mine particle sizes. 

Initial work by Nerheim et al. marks early in situ experimental at
tempts at particle sizing. This group utilized Photon Correlation Spec
troscopy (PCS, later known as Dynamic Light Scattering, DLS) to study 
hydrate crystal size and early growth on the nanoscale [45]. Although 
PCS presented issues with inaccuracy of measurements at low concen
trations or due to changes in temperature gradient of the sample volume 
from hydrate formation, this early work did suggest that in situ particle 
measurements were applicable and possible for hydrate suspension 
systems. 

Unlike Nerheim et al. who measured actual particle size (diameter), 
Monfort and Nzihou used laser diffraction granulometry on structure I 
cyclopropane hydrates [46] to measure volume distribution. This made 
possible the quantification of the second moment of particle size dis
tributions, as previously studied by Englezos and Bishnoi. This also 
marked a turning point for experiments, as the granulometer was 
measuring particles in the size range of ~5 – 560 µm, which is on the 
scale of emulsions and agglomerates instead of hydrate nuclei on a 
nanoscale. Crawley et al. later performed size analysis of particle sus
pensions using a turbidometer, which is another in situ laser scattering 
particle size analysis tool, when looking at the rheology of a granular 
system [47]. Both the granulometer and turbidity sensor were preferred 
over other particle sizing techniques because they could be performed in 
situ, as sampling and ex situ (e.g., microscopy) techniques can alter the 
state of the system. Crawley et al. showed how it was theoretically 
possible to calculate the size distribution from the measured turbidity 
spectrum. This technique was later utilized by Herri et al. to investigate 
the crystallization mechanism of methane hydrates [48]. Work by this 

group, again, suggested a relationship between gas consumption and 
crystal growth rate, as proposed previously by Monfort and Nzihou. 
Using the turbidity meter, they were able to obtain data in the range of 
10 – 150 µm and showed a dependence of mean diameter and number of 
particles on the stirring rate. Herri et al. continued this work to show the 
reproducibility of the turbidity meter compared to previous techniques 
[49]. 

3.3. In situ particle size analysis 

With different types of equipment being tested, the 1990′s saw the 
introduction of laser backscattering methods being used to characterize 
emulsions, which is now one of the more popular techniques for particle 
size analysis. Sparks and Dobbs were one of the first to characterize an 
oil-in-water (O/W) emulsion system with this technique [50]. Their 
results were reproducible and reasonably accurate for highly reflective 
particles (such as hydrated alumina) but were less accurate for more 
transparent systems like the O/W emulsion. They also reported poor 
sensitivity for finer particles (< ~50 µm), which would be addressed 
later on in the literature [31]. Now, a common and popular laser 
backscattering technique to determine water droplet size in a water-in- 
oil (W/O) emulsion or hydrate particle/agglomerate size in situ is the 
Focused Beam Reflectance Measurement (FBRM) probe. An FBRM probe 
can be used on multiple experimental scales including a benchtop 
autoclave up to a pilot scale flow loop. The FBRM works by directly 
inserting the probe into the system at an angle to track particle size 
distributions using a laser. A laser is transmitted through a set of optic 
lenses to focus the beam on the sapphire viewing window. The optic lens 
is then rotated at a precise speed and the laser traces a circle around the 
window. As the laser beam contacts an individual particle, the light 
backscatters creating a distinct intensity peak that is recorded by the 
laser detector. The duration of each intensity peak can be then multi
plied by the rotational scanning speed to determine the chord length of 
the particle The instrument then reports the Chord Length Distributions 
(CLD) that can be utilized to perform statistical calculations of the 
droplet or particle/agglomerate size distribution of the system over 
time. A schematic of this process is shown in Fig. 6. Calibration of this 
instrument can be conducted by using spherical beads of known size 
distribution (confirmed by microscopy) to determine the accuracy of the 
FBRM probe [38]. 

3.4. Limitations of particle sizing measurement methods 

It is also important to understand the limitations of the particle sizing 

Fig. 6. Schematic of how the FBRM, focused beam reflectance measurement, probe scans a particle to calculate the chord length: with a set rotational scan speed, the 
probe can calculate different chord lengths by multiplying the scan speed by the time it takes the laser to scan one particle. Modified from [38]. 
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device. First, it was suggested by Turner [31] that the electronic setting 
used by the FBRM probe can have an effect on the results. For example, a 
finer setting can pick up the chord lengths of smaller individual parti
cles, even if they are part of a larger aggregate, as seen in Fig. 7. Fig. 7 
also shows the result of using a coarser electronic setting which may 
result in the probe picking up a single chord length for an aggregate 
made up of smaller pieces. Turner also mentioned that the reported 
chord lengths of non-spherical particles may not be completely accurate, 
as the orientation of the particle at the time of measurement will alter 
the observed chord length. Turner also mentions that mono-sized par
ticles still produce a size distribution based on their distance from the 
probe when hit by the laser, as illustrated in Fig. 8. 

Due to the restrictions previously mentioned, it is desirable to use an 
FBRM probe in conjunction with a Particle Video Microscope (PVM) 
probe (discussed in this work), or a Canty Probe. These can be installed 
adjacent to an FBRM probe to provide visual evidence of what is being 
recorded. This acts as an additional check to corroborate what the FBRM 
probe is recording and visualizes what is happening within the system. A 
PVM also provides dimensioning and aspect ratio data so that manual 
measurements can be taken to verify FBRM data. A PVM is also useful in 

helping to calibrate the FBRM probe. Unfortunately, it is possible for 
hydrates to deposit onto the viewing windows of both FBRM and PVM 
probes. If deposition occurs, the size distribution data collected will not 
be accurate for the remainder of the experiment. Coating strategies have 
been developed [51] to hinder the process, but deposition may still 
occur. It is important when utilizing PVM and/or FBRM probe data to 
confirm whether or not deposition happens during an experiment, and 
to fully understand what is occurring within the system. Comparisons of 
other conventional sizing techniques (e.g., scanning electron micro
scopy (SEM), DLS, optical microscopy, etc.) to FBRM have been per
formed to show comparable measurements. For a detailed description 
the reader is directed to the work of Heath et al. [52] and Li et al. [53]. 

3.5. Recent experiments and the state-of-the-art of in situ particle size 
analysis 

The use of in situ particle size analyzers (FBRM and/or PVM) has 
become common practice over the past two decades for experiments 
investigating droplet size/emulsion stability, hydrate particle and 
agglomerate size, and the study of hydrate slurry flow. Even with its 

Fig. 7. Difference in chord length measurements based on electronic setting: A fine electronic setting can pick up the chord length of individual particles that make 
up an agglomerate but not the chord length of the entire agglomerate. A coarse electronic setting can pick up the chord length of the entire agglomerate, but not the 
individual particles of which it is comprised. Modified from [51]. 

Fig. 8. Effect of particle distance from probe - Depending on the distance the particles are from the probe, different chord lengths will be reported. This example 
shows how a monodispersed system can have an observed size distribution. Modified from [31]. 
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limitations, it can still be used with relative ease at different scales from 
benchtop autoclaves to flow loops. Use of FBRM is especially helpful at 
larger flowloop scales because it can still give an indication of what is 
happening at the micron (particle) scale. The FBRM (and others such as 
SOPAT, Insitec, or Parsum probes) has become a versatile tool used in 
numerous experiments. Some examples are described below. It should 
also be noted that water droplet conversion to hydrate cannot be 
detected until their size exceeds 1 µm in diameter [54]. 

Similar to early experiments, Clark and Bishnoi expanded the model 
used by Englezos and Bishnoi et al. in 1987 to determine the intrinsic 
kinetics of a carbon dioxide hydrate in a semi batch reactor [55]. The 
FBRM was used to measure CLD to determine the sampling volume 
needed to calculate the moments of distribution. This approach was 
applied to a mixture of gases, carbon dioxide and methane hydrate [56]. 
The FBRM and PVM were also used in an autoclave by Greaves et al. in 
2008 to show how the dissociation of agglomerates can change the 
emulsion type (O/W to W/O) at high water cuts [54]. Boxall et al. were 
able to continue this work to show that the CLD for W/O emulsions of 
different oils of varying viscosity and shear rates are usually log-normal 
distributions from both autoclave and flowloop tests [57]. Herri et al. 
used the FBRM in a flow loop as a technique to help indicate the hydrate 
induction time [58]. A sharp increase in the mean chord length 
accompanied a system pressure drop to indicate hydrate formation. The 
increase in CLD can be attributed to hydrate particles becoming larger 
and also beginning to agglomerate. This behavior has also been noted in 
other studies on methane hydrates in an autoclave using FBRM and PVM 
[59,60]. 

Although the FBRM has been mainly used to understand the effects of 
system parameters, such as water cut and additive dosage of AAs 
[61,62], on the general slurry flow of hydrates, recent experiments have 
highlighted other applications of FBRM and PVM. For example, Salmin 
et al. utilized the PVM to characterize the performance of AAs [63]. By 
monitoring the CLD over the course of the experiment, it was deter
mined to what extent the AA was affecting agglomeration by deter
mining changes in the CLD and mean chord length. FBRM and PVM 
probes have been also utilized to assess the amount of methane micro 
bubbles before hydrate formation and during hydrate reformation to 
confirm evidence of a memory effect [64,65]. 

4. Agglomeration modeling 

4.1. Particle agglomeration and suspension viscosity models 

Since a water/hydrocarbon system can evolve from emulsified 
droplets to small hydrate crystals/particles to larger hydrate agglom
erates, the rheology of the system can change dramatically with time. It 
is critical to understand and model the rheology of hydrate systems 
correctly to improve the accuracy of hydrate formation and plugging 
predictions in pipelines. Changes in system viscosity can be a key indi
cator of plug formation. One of the most well-known rheological models 
for hydrates is the Camargo and Palermo (C&P) model [66]. This model 
relates suspension viscosity to aggregate size with the following equa
tion (Eq. (1)). 

(
dA

dP

)4−f

−

Fa

[

1 − Φ
Φmax

(
dA
dP

)3−f
]2

d2
Pμ0γ̇

[

1 − Φ
(

dA
dP

)3−f
] = 0 (1) 

Here, dA is the aggregate diameter, dP is the individual particle 
diameter, Fa is the cohesion force between particles, Φ is the particle 
volume fraction, Φmax is the maximum theoretical particle fraction (4/7 
for spheres), μ0 is the viscosity of the dispersing liquid, γ̇ is the shear rate, 
and f is the fractal dimension. Known or measurable quantities include: 
Fa which can be measured with a micro-mechanical force apparatus 

[67], γ̇ is a controlled system parameter, Φ can be chosen or measured 
based on estimated particle packing, Φmax is a known quantity based on 
(assumed) geometry, and μ0 is a known quantity based on the dispersant 
(i.e. oil). Originally, dp was measured from a system sample using optical 
microscopy assuming that the hydrate particles were spherical and had 
identical diameters to the water droplets in the system [66]. dA is 
considered dA,max at equilibrium, which can also be modeled with the 
following equation (Eq. (2)), proposed by Mühle [68]. 

dA,max ≈

[
Fa

(
dp

)2−f

μ0γ̇

] 1
4−f

(2) 

With the introduction of FBRM/PVM probes for image analysis, the 
values for dA and dP can be measured in situ as well. The fractal 
dimension, f, was chosen to be 2.5 based on aggregates under shear 
conditions reported by Hoekstra et al. [69]. The differences in dA, dP and 
f can be seen in Fig. 9. 

Camargo and Palermo calculated the relative viscosity (μr) of the 
system (ratio of suspension viscosity to dispersant viscosity) with an 
equation proposed by Mills [70] (Eq. (3)). Due to the fractal structure, it 
was also proposed that an effective particle volume fraction should be 
used instead (Eq. (4)) [70]. Colombel et al. used another equation to 
calculated the final aggregate size by relating it to the shear stress of the 
system (Eq. (5)) [36]. Here, τ0 is the critical shear stress where aggre
gates can no longer form, and m is an exponent value based on the 
breakage mechanism. (Again, Φ is the particle volume fraction, Φeff is 
the effective particle volume fraction, Φmax is the maximum theoretical 
particle fraction (4/7 for spheres), and μ is the viscosity of the 
suspension). 

μr =
1 − Φ

(

1 − Φ
Φmax

)2 (3)  

Φeff ≈ Φ
(

dA

dP

)3−f

(4)  

dA = dP

(τ0

τ

)m
(5) 

Experiments were performed in both a flow loop and rheological cell. 
By setting different values of Φ, data of shear rate versus relative 

Fig. 9. Illustration of dP, dA, and f: dP represents the diameter of the hydrate 
particle. dA represents the diameter of the hydrate aggregate, which contains 
individual hydrate particles. f represents the fractal dimension which is the 
degree of repetition of a given shape on the fractal scale. Modified from [33]. 
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viscosity could be fit using the C&P and Mills models, as shown in 
Fig. 10. 

With continued advances in particle size analysis (e.g., from FBRM/ 
PVM), it has become easier to measure certain parameters, including dA 

and dP, possible to measure Φ based on gas consumption data, and the 
fractal dimension, f. With better estimates for these parameters, the 
viscosity of a hydrate slurry system can be more accurately modeled. 
The sensitivity of the C&P model and the Mills model to selected system 
parameters (aggregate diameter, dA, and cohesion force, Fa) can be seen 
in Fig. 11. Fig. 11a shows the relationship between Fa and dA at varying 
dP, and shows that increasing Fa will give larger aggregates and the effect 
is more prominent at larger values of dP. Fig. 11b shows the relationship 
between Φeff and μr at varying dP, and shows that increasing Φeff will 
increase μr, regardless of dP. Fig. 11c shows that increasing the value of 
dA gives an increased μr, but the effect is larger at smaller values of dP (at 
fixed Φ). These three relationships are intuitive based on experimental 
observations, e.g., [37]. However, the non-intuitive trend shown in 
Fig. 11d should be noted. This plot shows that increasing Φ gives a 
smaller dA at a constant dP

. This indicates that with more particles in the 
system, dA should be smaller even though more hydrates are available to 
form more aggregates. It is hypothesized that this could be due to 
increased shear from having more particles in the system. Further 
studies to examine this relationship more closely are ongoing. 

Aside from the relative viscosity of the system, other important 
rheological properties, such as the yield stress, can be also highly 
dependent on the particle size. Higher yield stresses indicate the need for 
a higher shear stress to break apart hydrate aggregates. In turn, hydrate 
slurries with higher yield stresses will be more likely to plug. Although 
not discussed in detail here, previous studies have shown the rheologic 
behavior, including the yield stress, is highly dependent on the water 

Fig. 10. Shear vs. viscosity: This plot shows a comparison of the C&P model 
(solid lines) at two different hydrate volume fractions with data from a flow 
loop (dots) and a reaction cell (x’s). The model represents the data relatively 
well and shows that increasing the volume fraction of hydrate increases the 
relative viscosity of the system. From [66]. 

Fig. 11. Sensitivity analysis of the C&P and Mills models for a hydrate packing fraction (Φ) of 0.134, fractal dimension (f) of 2.5, maximum hydrate packing fraction 
(Φmax) of 0.571, dispersing liquid viscosity (μ0) of 60 cP, and a shear rate (γ) of 50 s−1. (a) effect of force (Fa) on aggregate diameter (dA), (b) effect of the effective 
hydrate packing fraction (Φeff) on the relative viscosity (μr), (c) effect of aggregate diameter (dA) on the relative viscosity (μr). (d) effect of force (Fa) on aggregate 
diameter (dA) for varying packing fractions (Φ) and a particle diameter (dP) of 50 µm. 
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volume fraction of the system. The water fraction can affect the hydrate 
conversion and number of aggregates formed. Larger aggregates may 
require different levels of shear to prevent jamming or plugging 
[71–76]. This behavior has been shown for ice/crude oil systems [71], 
cyclopentane hydrate systems [72,73], and gas hydrate systems [74,75]. 

Fig. 11 demonstrates the important role that particle size and 
agglomerate size play in effecting viscosity and ultimately hydrate 
plugging potential. 

4.2. Capillary bridge theory 

While the C&P model describes the changes in viscosity of the system 
at the bulk-scale, the Capillary Bridge Theory can provide some insights 
into how agglomeration is occurring between individual hydrate parti
cles. As briefly mentioned in section 2.1, capillary attraction forces play 
a major role in hydrate agglomeration. Since free water droplets emul
sified in the system are more attracted to the hydrate particles than the 
bulk hydrocarbon (Figs. 3 and 4), they will try to maximize their surface 
area in contact with the hydrate phase to minimize interfacial energy. 
Water can also come from surface melting and core water migration. If 
water is coating or partially coating the outside of a hydrate particle and 
another passes close by, the water may attract the other particle creating 
a capillary bridge. This can also occur between a hydrate particle and a 

surface, such as the pipe wall, as shown in Fig. 12. 
In Fig. 12, α is the embracing angle, R is the particle radius, χ is the 

liquid bridge length, θP is the contact angle, θS is the external contact 
angle, d is the liquid bridge immersion depth calculated by Eqs. (7) (Eq. 
(7)), H is the particle separation distance, r is the bridge radius of cur
vature, and Z is the liquid bridge symmetry plane. The capillary force, or 
the force required to deform this bridge is of the following form (Eq. (6)) 
and is derived from the free energy equation for the liquid bridge. For an 
in-depth discussion and derivation of this equation, the reader is 
directed to the literature [34,77]. 

F
R* =

2πγcosθP

1 + H
2d

+ 2πγsin(α)sin(θP + α) (6)  

d =
H
2

⎛

⎝ − 1 +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 +
2(πR*2α2H + 0.5πR*3α4)

πRH2

√ ⎞

⎠ (7) 

Here, γ is the interfacial tension and R* is the normalized particle 
radius shown in equation (8). R1 and R2 represent the radii of the two 
hydrate particles coming into contact. 

R* = 2
R1R2

R1 + R2
(8) 

The capillary bridge thickness (H) displayed in Fig. 12 could be 
potentially measured with atomic force microscopy of a hydrate/water 
system (similar to that performed for ice by Doppenschmidt [78]), or the 
force can be measured directly using a Micro-Mechanical Force appa
ratus [79]. 

4.3. Modeling and simulation studies 

Modeling and simulation of hydrate agglomeration is very impor
tant. Even with the abundance of experimental data available, more is 
needed to create transient agglomeration models. Many of the models to 
be discussed utilize some form of the Mühle Model, C&P Model, Mills 
Model and/or the Capillary Bridging Model. These models also include 
the use of a PBM. As briefly mentioned in section 3.2, PBMs use the 
method of moments to describe population density of suspended particle 
system properties. PBMs have an advanced derivation and have been 
described elsewhere [42,80], and will not be discussed further here. As 
mentioned in Section 2.2, a more comprehensive agglomeration model 
is needed to accurately model a hydrate system [36], which takes into 
account particle–particle and particle-droplet interactions for both 
steady state and especially transient systems. 

One of the most comprehensive and applied models of hydrate pre
diction tools is the Colorado School of Mines Hydrate Kinetics model 
(CSMHyK). This model utilizes the previously discussed equations 
including the Mills Model, the C&P Model, and the Capillary Bridging 
Model [81]. It was initially only designed for oil-dominated systems, 
using either a kinetic model [82] or a transport model [83], but has since 
been updated for both water-dominated systems [84] and gas domi
nated systems [85–87]. Yan et al. brough these models together via an 
inversion term for when the system switches between a water- 
dominated and a hydrocarbon-dominated system [88]. CSMHyK has 
been validated with industrial scale flowloops and field data. CSMHyK is 
coupled to the transient multiphase flow simulator, OLGA™ [89]. The 
current version of CSMHyK has a Kinetics model and a Transport model. 
The kinetics model assumes fully dispersed, fixed diameter water 
droplets suspended in the system, whose hydrocarbon/water contact 
area is calculated using the Hinze Correlation [90] or the Boxall corre
lation. Hydrate growth is calculated using modified kinetic equations 
from Bishnoi et al. [91] and Englezos et al. [43] developed by Boxall 
et al. [92]. The CSMHyK Transport model makes similar assumptions 
but models the transport resistances instead of using fitted parameters. 
As development of CSMHyK has been performed for over a decade, a 
detailed description will not be discussed and can be found in the 

Fig. 12. Capillary bridging of (a) particle and surface, (b) particle and particle. 
Here R is the particle radius, r is the radius of curvature of the liquid bridge, α is 
the embracing angle, χ is the capillary bridge width, θS is the external contact 
angle, θP is the contact angle, d is the liquid bridge immersion depth, H is the 
liquid bridge height, and Z is the symmetry plane of the liquid bridge. 
From [34]. 
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literature [87,93,94]. CSMHyK continues to be improved to provide a 
comprehensive model for multiphase fluid systems in different pipeline 
conditions [95]. 

Balakin et al. proposed a coupled Eulerian-Eulerian CFD-PBM model 
confirmed by experimental data that could help improve CSMHyK [96]. 
Other models have utilized computational fluid dynamics (CFD) with 
different techniques to model hydrate suspension/slurry systems 
[97,98]. CFD is a type of numerical analysis to study different fluid 
mechanics problems. Other modeling methods include CFD coupled 
with discrete element method (3D DEM), as performed by Rensing et al., 
to understand the effects agglomeration had on hydrate suspensions 
[99]. These simulations showed an important perspective that agglom
erate shape may be changing even if other aspects, such as fractal 
dimension, are not. Leba et al. used a different approach by building 
monodispersed 3D fractal aggregates to simulate their CLD measure
ments based on FBRM-flow loop data (Fig. 13) [100]. The data suggest 
that a polydisperse population could give more accurate results. 

There have also been suggested updates to the Capillary Bridging 
Model by Liu et al. to take into account volume changes to the liquid 
bridge. The proposal included a modified pendular liquid bridge since 
the conversion of the bridge will reduce the liquid volume and therefore 
affect other variables and the presented cohesive force, which was 
confirmed with MMF measurements [101]. There have also been new 
models suggested for agglomeration between hydrate particles and 
surfaces, moving away from a hard-sphere model. Developments suggest 
the adoption of a soft-sphere model due to surface melting and the 
growth of a quasi-liquid layer [102]. 

One of the key factors for the development and implementation of a 
model is its confirmation with experimental data. Although experiments 
and modeling are often discussed separately, it is imperative these are 
closely coupled in order to validate and refine the models to create 
better predictive and reliable simulations. 

5. Summary and future directions 

Hydrate agglomeration is a critical, but not well understood step in 
pipeline plug formation. As oil and gas production continues to move 
towards harsher conditions and deeper environments and cost-savings 
are needed, it is imperative to have accurate and reliable hydrate 
plugging models for risk assessment. This review provides inter
connecting mechanistic and mathematical models, with different 
experimental and modeling techniques. This included a brief historical 
overview of particle size analysis and its importance to accurately model 
hydrate agglomeration. State-of-the-art particle size analysis includes 
the use of in situ FBRM and PVM probes, or other similar technology. 

Common models such as the Mühle Model, the Camargo and Palermo 
Model and the Capillary Bridging Model are discussed, which are inte
gral to hydrate prediction models like CSMHyK. Although experiments 
and modeling were mostly discussed separately, they are interdependent 
tools. 

The measurement of system parameters that affect hydrate agglom
eration are key to validate and refine proposed models and mechanisms. 
In particular, particle sizing, fractal dimension, and inter-particle force 
have been shown to significantly affect agglomeration, but the inter
pretation of their measurement outputs can be difficult. With more effort 
towards their analysis, more accurate agglomeration models can be 
developed. Another missing key aspect is the existence of a transient 
agglomeration and rheological model. The models discussed here are 
applicable to steady state operations and may provide some insight to 
transient systems, but it is crucial to create a time-dependent model as 
hydrates are of more concern during transient operations (i.e., shut-ins 
and restarts). These breakthroughs can lead to more accurate models 
and will improve hydrate agglomeration predictions for better flow 
assurance operations/risk assessment. 
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