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Abstract

Agglomeration of gas hydrate particles inside deepwater multiphase oil-and-gas flowlines 
can readily induce pipeline plugging, threatening the safe and efficient transportation 
of offshore energy resources. Accurate prediction of the dynamic evolution of hydrate 
particle size is crucial for assessing flow safety risks and formulating hydrate management 
strategies. The cohesive force in the CSMHyK model uses only subcooling as the input 
variable and lacks a temporal evolution mechanism, resulting in limited dynamic prediction 
accuracy. Addressing these limitations, this paper proposes a DCSMHyK-PBM coupling 
model. First, the Derjaguin microscopic liquid-bridge adhesion mechanism is introduced 
to replace the empirical subcooling-based cohesion formula, realizing the physical closure 
of inter-particle cohesion force through interfacial properties and particle radius. Second, 
the population balance model (PBM) with time-dependent partial differential equations 
is adopted to replace the original steady-state equilibrium algebraic particle-size formula, 
enabling dynamic output of particle size distribution and average agglomerate size over 
time. Finally, the model is designed to be compatible with an industrial transient multiphase 
flow framework through a time-stepping iteration logic. Validation against FBRM in situ 
measured chord length distribution data shows that the predicted CLD curves are consistent 
with experimental trends across six representative time points (four calibration and two 
independent validation), with an overall mean absolute relative deviation (MARD) of 
8.68%, demonstrating that the improved model provides reasonable dynamic prediction of 
hydrate particle size evolution, contributing to safe and efficient offshore energy production 
and flow assurance in deepwater oil-and-gas transportation systems.

Keywords: natural gas hydrate; flow assurance; particle agglomeration; CSMHyK; PBM 
model; capillary liquid bridge force; FBRM; offshore energy production

1. Introduction
Driven by the accelerated global low-carbon energy transition and growing energy 

demand, deepwater oil-and-gas development continues to expand in scale, serving as a 
critical source of natural gas supply. The high-pressure and low-temperature environment 
of subsea flowlines can easily promote the formation of solid hydrate microcrystals from 
natural gas and free water. Particle agglomeration and deposition of hydrate microcrystals 
can lead to reduced flowline throughput, increased pressure drop, and even complete 
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blockage, posing significant threats to the safe operation of deepwater production systems 
and disrupting the reliable supply of offshore energy resources [1–6]. Therefore, accurate 
prediction of hydrate particle size evolution is of great importance for flow assurance risk 
assessment and hydrate management strategy formulation, supporting the safe and efficient 
transportation of natural gas as a clean energy source.

Numerical simulation studies on the agglomeration behavior of hydrate particles can 
be divided into three key development stages: the empirical fitting stage, the steady-state 
equilibrium algebraic-model stage, and the refined dynamic population-balance simula-
tion stage.

Early research was constrained by multiphase flow testing equipment and numerical 
algorithms, establishing a linear exponential empirical correlation between average particle 
size with shear rate, subcooling, and water content, solely relying on experimental data of 
macroscopic viscosity and deposition amount [7–10]. Although these empirical formulas 
are simple in form, they lack physical mechanisms and have poor generalization ability 
across different operating conditions.

In 2002, Camargo [11] first proposed the theory of instantaneous force balance be-
tween agglomeration and breakage. This theory assumes that the system instantaneously 
reaches a dynamic equilibrium between agglomeration and breakage. By solving for the 
steady-state maximum agglomerate size based on the balance between the cohesive force 
and the fluid shear fragmentation force, and further deriving the average particle size 
through the fractal dimension, the CSMHyK (Colorado School of Mines Hydrate Kinetics) 
model was established [12–16]. The core breakthrough in this stage lies in establishing a 
quantitative correlation between “microscopic forces” and “macroscopic average particle 
size”, breaking away from the limitations of purely empirical fitting. It has been adopted 
by multiple global oil-and-gas companies as a standard calculation module for multiphase 
flow simulation software.

Subsequent numerous scholars have conducted condition adaptability verification for 
CSMHyK. Boxall, Sinquin, et al. [17–20] conducted batch experiments targeting water-
in-oil systems and gas-dominated systems, respectively, confirming that the model pos-
sesses certain predictive accuracy within the measured parameter range [21–25]. In recent 
years, in situ FBRM measurements in high-pressure hydrate slurry flow loops have further 
advanced the quantitative characterization of hydrate particle size distribution and anti-
agglomerant performance under flow conditions [26]. However, the cohesive force closure 
of the CSMHyK model adopts the Dieker formula, which uses subcooling as the sole input 
variable without considering microscopic interfacial effects such as capillary liquid bridge 
forces and van der Waals forces, making it essentially an empirical fitting formula.

Early PBM hydrate research often adopted simplified agglomeration efficiency and 
kernel, without coupling microscopic interfacial adhesion mechanisms. The probability 
of particle adhesion after collision relied on constant calibration, resulting in insufficient 
physical completeness. In recent years, Balakin et al. [27–29] pioneered the application of 
the population balance model (PBM) to hydrate particle agglomeration simulation, estab-
lishing a CFD-PBM coupling framework that considers nucleation, growth, agglomeration, 
and breakage processes. Subsequent studies further expanded the application scenarios of 
PBM in hydrate flow assurance.

Recent studies have further revealed that multiscale vortex structures in turbulent 
flows significantly influence particle collision and agglomeration dynamics. Cylindrical 
disturbances and flow passage transitions can generate localized vortices that enhance 
particle transport, collision frequency, and aggregation efficiency [30,31]. Numerical investi-
gations of particle-laden vortex flows have demonstrated that counter-rotating vortex pairs 
can induce localized particle clustering and periodic leakage, fundamentally altering the 
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collision statistics compared with uniform-shear assumptions [32]. In hydrate-specific sys-
tems, diameter transitions in flow loops have been shown to induce vortices at the reducer 
shoulders, which promote hydrate particle deposition and accumulation, making such 
geometries preferential blockage locations [33]. These findings indicate that the conven-
tional uniform-shear collision kernel adopted in most PBM hydrate models may not fully 
capture the vortex-enhanced collision and agglomeration mechanisms present in complex 
pipeline geometries.

Existing research still has significant gaps. The vast majority of improvement schemes 
only independently correct the adhesion force formula or independently introduce PBM 
dynamic evolution, without deeply coupling the Derjaguin microscopic liquid bridge adhe-
sion mechanism with industrial-grade transient multiphase flow frameworks [34,35]. There 
is a lack of a dynamic prediction model that simultaneously satisfies physical mechanism 
completeness and industrial-grade computational efficiency.

Addressing the inherent limitations of the traditional CSMHyK model, namely the 
empirical nature of its cohesion force formula, lack of temporal evolution, and output of 
a single equilibrium particle size, this paper retains the established hydrate shell growth 
kinetics and multiphase rheological core of CSMHyK, and proposes a DCSMHyK-PBM 
coupling model from two dimensions: (1) introducing the Derjaguin capillary liquid bridge 
adhesion mechanism to achieve physically based closure of inter-particle cohesion force; 
(2) adopting the population balance model (PBM) to replace the steady-state algebraic 
particle size formula, realizing dynamic output of particle size distribution over time. 
The model is validated against FBRM experimental data, providing a new tool for hydrate 
flow assurance risk assessment.

2. Hydrate Formation Mechanism
2.1. Formation Process

Hydrate formation primarily involves five processes: nucleation, growth, agglomera-
tion, sedimentation, and blockage, as illustrated in Figure 1. In oil-dominated systems, oil 
and water come into contact under the effects of wall shear and flow shear, forming numer-
ous mutually independent small water droplets. Under high-pressure and low-temperature 
conditions, guest molecules (natural gas components) dissolve into the water droplets and 
react with water molecules to form hydrate crystals. As hydrate formation proceeds, the wa-
ter droplets are gradually converted into hydrate particles, and these particles collide and 
agglomerate under the action of flow field shear, Brownian motion, and differential settling, 
eventually forming large agglomerates that may deposit at the bottom of the flowline and 
cause blockage.

Figure 1. Hydrate formation within oil-dominated multiphase flowlines. 
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2.2. Nucleation Mechanism
The hydrate nucleation mechanisms mainly include the cluster nucleation mechanism, 

the local structure nucleation mechanism, and the interface nucleation mechanism [36–38]. 
The cluster nucleation mechanism posits that the internal polygonal structures of water 
molecules and water molecule clusters continuously rearrange and combine under the driv-
ing force of subcooling, gradually forming cage-like cluster structures that can encapsulate 
guest molecules. Guest molecules are surrounded by rearranged water molecules to form 
cage-like cluster structures with guest molecules at the core and water molecules in the 
periphery, namely the crystal-lattice structure. Driven by subcooling, multiple lattices grow 
outward continuously and finally form hydrate crystal nuclei.

In accordance with the local-structure nucleation mechanism, water molecules do not 
undergo cleavage and reconstruction. Instead, guest molecules are directly incorporated 
into intrinsic polyhedral structures within bulk liquid water to form cage-like clusters. These 
clusters correspond to crystal-lattice structures and can grow into stable hydrate nuclei 
when their size exceeds the critical nucleation radius.

For the interfacial nucleation mechanism, hydrate nuclei form near the gas–liquid 
interface. Water molecules attract and trap guest molecules to construct lattice-type cage 
structures, which further grow into hydrate crystal nuclei. This mechanism is particularly 
important in gas-dominated systems where the gas-liquid interfacial area is large.

The three nucleation mechanisms are illustrated in Figures 2–4.

Figure 2. Cluster nucleation mechanism.

Figure 3. Local structure nucleation mechanism.
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Figure 4. Interface nucleation mechanism.

2.3. Growth Mechanism
Hydrate is formed around the outer surface of water droplets in contact with guest 

molecules [39,40]. A closed hydrate shell is generated when hydrate particles expand and 
grow to cover the entire outer surface of the water droplets. The hydrate shell encapsulates 
the outer surface of the water droplets, isolating the internal unreacted water from the guest 
molecules. Subsequent hydrate growth is controlled by the diffusion of guest molecules 
through the hydrate shell and the intrinsic reaction kinetics at the shell–water interface. 
The Zerpa growth model describes this process by assuming that hydrate first forms a shell 
on the droplet surface, and then gas penetrates the shell to react with the internal water, 
causing the hydrate layer to thicken inward until the entire droplet is converted.

The growth process of hydrate particles is illustrated in Figure 5.

Figure 5. Growth process of hydrate particles.

2.4. Agglomeration Mechanisms
In hydrate suspensions, growing hydrate particles and unreacted water droplets

coexist [41,42]. Through contact-induced migration, a portion of water droplets converts 
into hydrates, while others come into contact with hydrate particles and wet their outer 
surfaces. Driven by flow-field disturbances, Brownian motion, and differential settling, 
particles collide with each other. When the inter-particle cohesive force (primarily capillary 
liquid bridge force) exceeds the fluid shear fragmentation force, the colliding particles 
adhere stably and form agglomerates. The agglomerates exhibit fractal characteristics, 
and their effective volume fraction is significantly larger than the solid volume fraction due 
to the liquid trapped within the agglomerate structure.

2.5. Deposition Mechanism
The primary mechanisms of hydrate deposition include flowline impaction, pipe wall 

film growth, and pipe wall adhesion [43–48]. The flowline impaction mechanism divides 
deposition into three stages: uniform suspension, non-uniform suspension, and deposition 
impaction. During the initial formation of hydrates, particles are uniformly distributed in 
the flow cross-section. As particle size increases due to agglomeration, the gravitational 
settling velocity exceeds the turbulent dispersion capacity, causing particles to migrate 
toward the bottom of the flowline and form a non-uniform concentration distribution. Large 
agglomerates eventually impact and deposit on the pipe wall, forming a deposition layer.
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Pipe wall film growth occurs when a continuous water film exists on the pipe wall. 
Hydrates form directly on the wall surface, and the hydrate film grows inward, reducing 
the effective flow area. Pipe wall adhesion involves the adhesion of hydrate particles to 
the wall surface under the action of van der Waals forces and capillary forces, which is 
particularly significant when the wall surface is wetted by water.

2.6. Blockage Mechanism
The growth, agglomeration, and deposition of hydrates all form the fundamental 

processes for flowline blockage [49–51]. When hydrate agglomerates exist in large quantities, 
with some hydrates depositing at the bottom of the flowline and the remaining hydrates 
filling the flowline’s cross-section, a flowline blockage occurs. The blockage can be classified 
into two types: (1) deposition-type blockage, where hydrates gradually deposit on the pipe 
wall until the flow cross-section is completely sealed; (2) agglomeration-type blockage, 
where large hydrate agglomerates form a plug that moves with the flow and eventually 
gets stuck at a restriction or elbow. Both types can cause severe production interruption 
and safety hazards.

3. Model Establishment and Improvement
3.1. CSMHyK Model
3.1.1. Establishment of the CSMHyK Model

The Colorado School of Mines developed the CSMHyK model using a rheological 
approach to describe the behavioral changes in hydrate particles [13,14]. The CSMHyK 
model was applied in multiphase flow simulation, where the cohesive force between hydrate 
particles was obtained through empirical fitting. The rheological core of the model is based 
on the Richardson-type relative viscosity equation and the effective volume fraction concept 
for fractal agglomerates.

The relative viscosity of the hydrate suspension is given by the Richardson-type equation:

𝜇𝑟 =
1 − 𝜙𝑒

[1 − (𝜙𝑒/𝜙max)]2 , (1)

where 𝜇𝑟 is the relative viscosity of the suspension; 𝜙𝑒 is the effective volume fraction of 
hydrate agglomerates; 𝜙max is the maximum packing volume fraction. The relative viscosity 
is defined as the ratio of the apparent viscosity to the oil phase viscosity:

𝜇𝑟 = 𝜇𝑎/𝜇𝑜, (2)

where 𝜇𝑎 is the apparent viscosity of the suspension, Pa⋅s; 𝜇𝑜 is the viscosity of the oil phase, 
Pa⋅s.

The effective volume fraction of hydrate agglomerates accounts for the liquid trapped 
within the fractal agglomerate structure:

𝜙𝑒 = 𝜙ℎ𝑦𝑑(
𝑑𝑎
𝑑0

)
3−𝑓

, (3)

where 𝜙ℎ𝑦𝑑 is the volume fraction of hydrate particles; 𝑑𝑎 is the average diameter of hydrate 
agglomerate particles, μm; 𝑑0 is the diameter of initial hydrate particles, μm; 𝑓  is the fractal 
dimension of hydrate agglomerate particles. According to the research by Hoffmann [52], 
a value of 0.57 is commonly used for 𝜙max. Sinquin [20] conducted relevant research on 
hydrate particles, and the recommended value of 𝑓  ranges from 1.8 to 2.5.

Zerpa established a hydrate growth model, proposing that hydrates first form a shell on 
the surface of water droplets [17–19]. Under external driving forces, gas penetrates the shell 
to contact the water droplet internally, causing the hydrate to grow inward and eventually 
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form a complete hydrate particle. The initial hydrate particle size is determined by the 
Weber number criterion. When the Weber number satisfies the condition in Equation (6), 
the initial particle size is calculated by Equation (4):

𝑑0 = 0.063 𝑑 𝑊𝑒−0.6, (4)

where 𝑑 is the water droplet diameter, m; 𝑊𝑒 is the Weber number. The Weber number is 
defined as

𝑊𝑒 =
𝜌𝑜𝑢2𝑑

𝜎 , (5)

where 𝜌𝑜 is the oil phase density, kg/m3; 𝑢 is the average flow velocity, m/s; 𝜎  is the oil–water 
interfacial tension, N/m. The criterion for selecting the initial particle size formula is

𝑊𝑒 < 0.0674 𝑅𝑒1.25, (6)

where 𝑅𝑒 denotes the Reynolds number. When Equation (6) is not satisfied, the initial 
particle size is calculated using the Reynolds number correlation:

𝑑0 = 0.016 𝑑 𝑅𝑒0.5 𝑊𝑒−0.6. (7)

The maximum size of hydrate agglomerates is derived from the balance between the 
cohesive force and the fluid shear force, based on the Muhle model [53], as shown in 
Equation (8):

𝑑𝑎,max = [


𝐹𝑎 𝑑2−𝑓
0

𝜇𝑜 𝛾
]


1
4−𝑓

, (8)

where 𝑑𝑎,max is the maximum size of hydrate agglomerate particles, μm; 𝐹𝑎 is the cohesive 
force between hydrate particles, N; 𝛾 is the shear rate, 1/s.

The average size of hydrate agglomerates is obtained by solving the implicit relationship 
given in Equation (9): 

(
𝑑𝑎

𝑑𝑎,max
)

4−𝑓

−
𝐹𝑎[1 − (𝜙ℎ𝑦𝑑/𝜙max)(𝑑𝑎/𝑑𝑎,max)3−𝑓 ]

2

𝑑2
𝑎,max 𝜇𝑜 𝛾[1 − 𝜙ℎ𝑦𝑑(𝑑𝑎/𝑑𝑎,max)3−𝑓 ]

= 0. (9)

The cohesive force 𝐹𝑎 between hydrate particles is calculated using the Dieker formula:

𝐹𝑎 =
𝑑0
2 [0.0017(7.7 − Δ𝑇) + 0.0007], (10)

where Δ𝑇 denotes the system subcooling relative to the hydrate equilibrium curve, K.

3.1.2. CSMHyK Model Deficiencies
The cohesive force closure of the CSMHyK model adopts subcooling as its sole input 

variable, while neglecting microscopic interfacial effects including capillary liquid bridge 
forces and van der Waals forces. This closure is therefore an empirical fitting formula. 
Equations (8) and (9) represent steady-state equilibrium algebraic solutions that assume the 
system instantaneously reaches force balance, without considering the temporal evolution 
of particle size distribution. Consequently, the model can only output a single equilibrium 
average particle size and cannot describe the dynamic evolution process of particle size 
distribution over time, limiting its application in transient flow assurance risk assessment.
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3.2. Establishment of the DCSMHyK-PBM Model
CSMHyK can be coupled with transient multiphase flow simulators to achieve mul-

tiphase flow simulation of hydrates, but the steady-state particle size solving module 
constrains its dynamic prediction capability. It introduces a population balance model 
(PBM) governed by time-dependent partial differential equations to replace the original 
steady-state algebraic particle size formula. Meanwhile, the Derjaguin microscopic liq-
uid bridge adhesion mechanism is introduced to replace the empirical subcooling-based 
cohesion formula, achieving physically based closure of the inter-particle cohesion force.

3.2.1. DCSMHyK Model
Inter-particle cohesion is a core parameter controlling the agglomeration behavior 

of hydrates, directly influencing particle size and settling characteristics. Addressing the 
deficiencies in the original cohesion formula, hydrate particles are treated as equivalent 
spheres (force analysis is shown in Figure 6). Based on the Derjaguin approximation [54,55], 
the cohesive force between two spherical particles connected by a liquid bridge is derived 
from the interaction energy per unit area.

Figure 6. Force analysis between hydrate particles connected by a capillary liquid bridge.

The Derjaguin adhesion force between two spherical particles separated by a distance 
𝐻 is given by

𝐹𝑎(𝐻) = 𝑘 𝑅 𝑈(𝐻), (11)
where 𝑘 is the interaction coefficient between particles, taking a value of 2𝜋 in the standard 
Derjaguin approximation [54]; 𝑅 is the effective radius (𝑅eff) of two contacting hydrate 
particles, defined by 1/𝑅 = 1/𝑅1 + 1/𝑅2, where 𝑅1 and 𝑅2 are the radii of the two contacting 
particles; for equal-sized particles 𝑅 = 𝑅particle/2, m; 𝑈(𝐻) is the interaction energy per unit 
area between two hydrate particles at separation distance 𝐻, J/m2.

When two hydrate particles are connected by a thin liquid bridge, the interaction 
energy per unit area is determined by the capillary force:

𝑈 = −2𝜎 cos 𝜃, (12)

where the product 𝜎 cos 𝜃 is treated as a single combined interfacial parameter, with 𝜎
[N/m] denoting the interfacial tension and 𝜃 [∘] the contact angle between the hydrate and 
liquid phases. In the present model, 𝜎 cos 𝜃 is calibrated against the experimental FBRM 
chord length distribution data, rather than specifying 𝜎  and 𝜃 independently.

By substituting Equation (12) into Equation (11) and setting 𝐻 = 0 (initial contact), 
the physically based cohesive force formula is obtained:

𝐹𝑎(𝐻 = 0) = −4𝜋𝜎𝑅eff cos 𝜃, (13)
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which replaces the empirical Dieker formula (Equation (10)) and realizes the closure of 
inter-particle cohesion force through the combined interfacial parameter 𝜎 cos 𝜃 and the 
effective particle radius. It should be noted that the negative sign in Equations (12) and (13) 
indicates the attractive nature of the capillary force. For hydrate particles in oil-dominated 
systems, the contact angle 𝜃 is typically greater than 90∘ (hydrophobic surface), such that 
cos 𝜃 < 0 and the calculated adhesion force 𝐹𝑎 is positive, representing an attractive inter-
particle force. It should be clarified that 𝑅 in Equations (11) and (13) denotes the effective 
radius 𝑅eff of the two contacting particles, not the radius of an individual particle.

3.2.2. DCSMHyK-PBM Model
The population balance model (PBM) is adopted to replace the Camargo-Palermo 

steady-state particle size formula. The PBM control equation inherently includes time 
derivatives, which can fully describe the dynamic changes in particle number density and 
size distribution over time and flow fields.

(1) PBM Control Equation
Let 𝑛(𝑑, 𝑡) denote the number density of hydrate particles of particle size 𝑑 at time 

𝑡. The population balance equation for the coupled flow convection term under one-
dimensional pipe transport is shown in Equation (14):

𝜕𝑛(𝑑, 𝑡)
𝜕𝑡 + 𝑢

𝜕𝑛(𝑑, 𝑡)
𝜕𝑥 = 𝐵𝑎(𝑑, 𝑡) − 𝐷𝑎(𝑑, 𝑡) + 𝐵𝑏(𝑑, 𝑡) − 𝐷𝑏(𝑑, 𝑡) + 𝐵𝑛𝑢𝑐(𝑑, 𝑡), (14)

where the right-hand side denotes the source term for the temporal evolution of particle 
number density; 𝑢 is the axial velocity of the hydrate slurry, m/s; 𝑥 is the axial position of 
the pipe, m; 𝐵𝑎 is the source term for particles of size 𝑑 being generated from the collision 
and agglomeration of smaller particles; 𝐷𝑎 denotes the sink term for particles of size 𝑑
disappearing due to agglomeration with other particles; 𝐵𝑏 and 𝐷𝑏 are the source and sink 
terms for particle breakage, respectively; 𝐵𝑛𝑢𝑐 is the hydrate nucleation/growth source 
term, representing the rate at which newly formed primary hydrate particles enter the 
size distribution.

(1a) Hydrate Nucleation Source Term
The hydrate nucleation source term accounts for the continuous generation of primary 

hydrate particles by the CSMHyK shell-growth kinetics. Newly formed hydrate particles 
enter the size distribution at the initial particle diameter 𝑑0(𝑡):

𝐵𝑛𝑢𝑐(𝑑, 𝑡) = .𝑁𝑛𝑒𝑤(𝑡) 𝛿(𝑑 − 𝑑0(𝑡)), (15)

where 𝛿(⋅) is the Dirac delta function, and .𝑁𝑛𝑒𝑤(𝑡) is the number generation rate of primary 
hydrate particles per unit volume, determined by the hydrate volume fraction change rate 
computed from CSMHyK:

.𝑁𝑛𝑒𝑤(𝑡) =
𝑑𝜙ℎ𝑦𝑑/𝑑𝑡
𝜋
6 𝑑0(𝑡)3 , (16)

where 𝑑𝜙ℎ𝑦𝑑/𝑑𝑡 is the time derivative of the hydrate volume fraction provided by the 
CSMHyK module, and 𝜋

6 𝑑3
0 is the volume of a single primary hydrate particle.

This formulation ensures conservative coupling between the CSMHyK hydrate forma-
tion kinetics and the PBM: the total hydrate volume is governed by the CSMHyK module 
(which retains the mature shell-growth kinetic equations), while the PBM distributes the 
newly formed hydrate mass into the particle size domain and resolves the subsequent 
agglomeration and breakage dynamics. The hydrate volume fraction computed from the 
PBM (by integrating 𝜋

6 𝑑3𝑛(𝑑, 𝑡) over all sizes) is therefore consistent with the 𝜙ℎ𝑦𝑑 predicted 
by CSMHyK, avoiding double-counting or inconsistency.
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It should be noted that the particle growth process (shell thickening) is accounted for 
by the CSMHyK module through the initial particle size 𝑑0, which represents the hydrate 
particle size after complete shell formation. Once the hydrate shell is formed, the particle 
outer diameter remains approximately constant, and subsequent size changes are dominated 
by agglomeration and breakage, which are explicitly resolved by the PBM.

(2) Coalescence Kernel
Whether particles can stably adhere after collision depends on the relative magnitude 

of the bonding force and the flow field shear breakup force. The agglomeration efficiency is 
calculated by the ratio of the adhesion force to the shear force, as shown in Equation (17):

𝛼𝑎 = min(
𝐹𝑎
𝐹𝑠

, 1) = min(


𝐹𝑎
6𝜋𝜇𝑜𝛾𝑑2

𝑝
, 1)


, (17)

where 𝐹𝑠 represents the shear force exerted by fluid on the particle, N; 𝛼𝑎 is the agglomeration 
efficiency; and 𝑑𝑝 is the hydrate particle diameter, m. The shear force is proportional to 
the square of the particle diameter, ensuring dimensional consistency (𝜇𝑜 [kg/(m⋅s)] × 𝛾
[1/s] × 𝑑2

𝑝 [m2] = N). The agglomeration efficiency is capped at unity: when 𝐹𝑎/𝐹𝑠 > 1, 
the cohesive force sufficiently exceeds the shear force such that all colliding particles adhere, 
giving 𝛼𝑎 = 1.

The collision frequency function between two particles under a shear flow field is 
shown in Equation (18):

𝛽(𝑑𝑖, 𝑑𝑗) =
4
3𝛾(


𝑑𝑖
2 +

𝑑𝑗

2
)


3

, (18)

where 𝑑𝑖 and 𝑑𝑗 represent the diameters of two hydrate particles, m; 𝑑𝑖/2 and 𝑑𝑗/2 are the 
corresponding particle radii; 𝛽 is the collision frequency between two hydrate particles. 
This formulation is consistent with the standard shear-induced collision kernel, which is 
expressed in terms of particle radii.

Combining the collision frequency and the agglomeration efficiency, the agglomeration 
generation and disappearance terms are obtained as shown in Equations (19) and (20). 
For the agglomeration birth term, volume conservation is enforced: when two particles of 
diameters 𝑑′ and 𝑑″ agglomerate, the resulting particle diameter 𝑑 satisfies 𝑑3 = 𝑑′3 + 𝑑″3, 
i.e., 𝑑″ = (𝑑3 − 𝑑′3)1/3. A variable substitution from 𝑑″ to 𝑑 is applied, introducing the 
Jacobian factor 𝑑2/(𝑑3 − 𝑑′3)2/3:

𝐵𝑎(𝑑, 𝑡) =
1
2 ∫

𝑑

0
𝛽(𝑑′, (𝑑3 − 𝑑′3)1/3) 𝛼𝑎(𝑑′, (𝑑3 − 𝑑′3)1/3)

⋅ 𝑛(𝑑′, 𝑡) 𝑛((𝑑3 − 𝑑′3)1/3, 𝑡)
𝑑2

(𝑑3 − 𝑑′3)2/3 𝑑𝑑′,
(19)

𝐷𝑎(𝑑, 𝑡) = 𝑛(𝑑, 𝑡) ∫
∞

0
𝛽(𝑑, 𝑑′) 𝛼𝑎(𝑑, 𝑑′) 𝑛(𝑑′, 𝑡) 𝑑𝑑′. (20)

(3) Breakage Kernel
The dissociation rate of hydrate agglomerates under fluid shear is proportional to the 

shear rate and particle size, as shown in Equation (21):

𝑆(𝑑) = 𝑘𝑏 𝛾 𝑑, (21)

where 𝑆 represents the breakage (dissociation) rate of hydrate agglomerates, with dimen-
sion of 1/s, and 𝑘𝑏 is the breakage rate coefficient with dimension of 1/m, accounting for 
the probability of agglomerate fragmentation per unit shear and per unit particle size. 
The value of 𝑘𝑏 is determined through calibration against experimental FBRM chord length 
distribution data.
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The uniform breakup hypothesis is adopted for the breakup distribution function. 
By combining the breakup source and sink terms, Equations (22) and (23) are obtained:

𝐵𝑏(𝑑, 𝑡) = ∫
∞

𝑑
𝑆(𝑑′) 𝑏(𝑑|𝑑′) 𝑛(𝑑′, 𝑡) 𝑑𝑑′, (22)

𝐷𝑏(𝑑, 𝑡) = 𝑆(𝑑) 𝑛(𝑑, 𝑡), (23)

where 𝑏(𝑑|𝑑′) represents the probability distribution function of daughter particles 𝑑 gener-
ated from the fragmentation of parent particles 𝑑′.

(4) Time-Varying Solution for Average Agglomerate Size
By integrating the particle number density distribution at an arbitrary moment 𝑡, 

the average agglomerate size at that moment is obtained, achieving dynamic output of 
particle size over time, as shown in Equation (24):

𝑑𝐴(𝑡) =
∫∞

0 𝑑 ⋅ 𝑛(𝑑, 𝑡) 𝑑𝑑
∫∞

0 𝑛(𝑑, 𝑡) 𝑑𝑑
. (24)

(5) Initial Conditions and Time-Step Solution Logic for Transient Multiphase Flow
At the initial moment of the simulation, only primary hydrate particles derived from 

dispersed water droplets exist within the system. Particle collision and agglomeration 
have not yet occurred, and there are no large-sized agglomerates. The number density 
distribution of particles is given by 

𝑛(𝑑, 0) =
{


𝑛0, 𝑑 = 𝑑0

0, 𝑑 ≠ 𝑑0
(25)

where 𝑛0 is the initial number concentration of primary hydrate particles, m−3, obtained 
by integrating the hydrate-formation kinetics term, and 𝑑0 is the primary initial hydrate 
particle size, calculated by Equations (4)–(7).

The entire coupled system is designed to follow the transient time-stepping framework 
of industrial multiphase flow simulation. While fully preserving the original hydrate-
formation and multiphase-flow heat and mass transfer modules of CSMHyK, it only replaces 
the original algebraic solving procedure for steady-state equilibrium particle size with the 
PBM dynamic evolution module. The time-stepping iteration logic is as follows:

1. Transient flow-field update: The multiphase flow field is advanced by one time step 
Δ𝑡 via the momentum, energy, and mass conservation equations for the oil, gas, and 
water phases, outputting time-varying field parameters: mixture velocity 𝑢, pipe shear 
rate 𝛾, system temperature 𝑇, hydrate subcooling Δ𝑇, and volume fraction 𝜙ℎ𝑦𝑑.

2. Hydrate formation kinetics solution: Invoke the native shell-growth kinetic equation 
of CSMHyK. The amount of newly formed hydrate within the current time step is 
calculated based on the current subcooling Δ𝑇, and the global hydrate volume fraction 
𝜙ℎ𝑦𝑑 and its time derivative 𝑑𝜙ℎ𝑦𝑑/𝑑𝑡 are updated accordingly. Meanwhile, the native 
particle initial size 𝑑0 is updated using Equations (4)–(7). The hydrate formation rate 
𝑑𝜙ℎ𝑦𝑑/𝑑𝑡 serves as the driving input for the PBM nucleation source term.

3. Instantaneous adhesion force calculation: Substitute the calibrated combined in-
terfacial parameter 𝜎 cos 𝜃 and effective radius 𝑅 of the contacting particle pair into 
Equation (13) to calculate the instantaneous inter-particle adhesion force 𝐹𝑎; this pa-
rameter reflects the magnitude of the microscopic force at the current moment and 
serves as the input to the agglomeration efficiency.
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4. Discrete solution of the population balance equation (PBE): Substituting 𝐹𝑎 and 𝛾
into the agglomeration and breakage kernel functions, and computing the nucleation 
source term 𝐵𝑛𝑢𝑐 from 𝑑𝜙ℎ𝑦𝑑/𝑑𝑡 and 𝑑0 according to Equations (15) and (16), the PBE 
partial differential control equation is discretized using the finite difference/moment 
method. In the numerical implementation, the Dirac delta source term is realized 
by directly adding the newly generated particle number ( .𝑁𝑛𝑒𝑤 ⋅ Δ𝑡) to the size bin 
corresponding to 𝑑0. Combined with the particle distribution 𝑛(𝑑, 𝑡) at time 𝑡, the full 
particle size distribution 𝑛(𝑑, 𝑡 + Δ𝑡) at the next moment is solved.

5. Time-varying average agglomerate size integral output: Integrate the particle number 
density distribution at time 𝑡 + Δ𝑡 according to Equation (24) to obtain the average 
agglomerate size at the current step.

6. Slurry rheological parameter update: Substitute the time-varying particle size
𝑑𝐴(𝑡 + Δ𝑡) into Equation (3) to update the effective volume fraction 𝜙𝑒, and then 
substitute into the rheological equations (Equations (1) and (2)) to obtain the time-
varying apparent viscosity 𝜇𝑎 of the suspension.

7. Iteration: Assign 𝑛(𝑑, 𝑡 + Δ𝑡) to the initial particle-size distribution for the next cycle, 
return to step 1, and continue advancing the time step until the simulation hits the 
termination time or the pipe outlet cross-section.

Numerical Implementation Details
The population balance equation is discretized and solved using the following numeri-

cal settings:
• Size grid: The particle diameter range is discretized into 𝑁 = 64 logarithmically 

uniform bins spanning from 𝑑min = 0.5 μm to 𝑑max = 1000 μm. The logarithmic grid 
provides higher resolution in the small-particle range where the primary particle peak 
occurs, while covering the full range of agglomerate sizes observed in the experiments.

• Initial particle size distribution: The initial PSD is represented by a lognormal distri-
bution centered on the primary hydrate particle diameter 𝐷𝑝 (4 μm for the Lyre loop, 
7 μm for the Archimede loop, as reported in the reference experimental study), with a 
calibrated distribution width.

• Time integration: The resulting system of ordinary differential equations (ODEs) for 
the discretized number densities is integrated using the LSODA solver (Livermore 
Solver for Ordinary Differential Equations), with relative tolerance rtol = 10−4 and 
absolute tolerance atol = 10−10. The LSODA solver automatically switches between 
non-stiff (Adams) and stiff (BDF) methods, which is well-suited for the potentially 
stiff agglomeration–breakage dynamics.

• Boundary conditions: Zero-flux boundary conditions are applied at both 𝑑min and 
𝑑max, meaning no particles enter or leave the computational domain through the size 
boundaries. The upper boundary 𝑑max = 1000 μm is sufficiently large that the particle 
number density remains negligible at this boundary for all simulated conditions.

• Breakage model: Uniform binary breakage is assumed, where a parent particle of 
diameter 𝑑 fragments into two daughter particles of equal volume (𝑣/2), corresponding 
to daughter diameters of 𝑑/21/3.

• Conservation check: At each time step, the total hydrate volume computed from the 
PBM (∫ 𝜋

6 𝑑3𝑛(𝑑, 𝑡) 𝑑𝑑) is monitored to ensure numerical conservation. The relative 
discrepancy in total particle volume between consecutive time steps is maintained 
below the solver tolerance.
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Convergence and Conservation Verification
To ensure the numerical reliability of the PBM solution, systematic convergence tests 

were conducted using the 140 min Archimede loop condition as a representative case.
Grid convergence: The mean chord length was computed using 48, 64, and 80 logarith-

mically spaced size bins. The relative difference between the 64-bin and 80-bin solutions is 
0.73%, which is below the 1% convergence threshold. The 64-bin grid is therefore adopted 
as the standard configuration, balancing accuracy and computational efficiency.

Time-step convergence: The time-step independence was verified using Δ𝑡 = 0.05, 0.1, 
and 0.2 min. The relative difference in mean chord length between the 0.1 min and 0.05 min 
solutions is less than 0.01%, confirming that the adaptive time-stepping scheme with initial 
Δ𝑡 = 0.1 min is sufficiently resolved.

Volume conservation: The total hydrate volume is defined as 𝑉hyd(𝑡) = ∫ 𝜋
6 𝑑3𝑛(𝑑, 𝑡) 𝑑𝑑, 

which accounts for all particles across the size domain. The maximum relative error in total 
hydrate volume over the entire simulation is 3×10−5 (0.003%), demonstrating that the numerical 
scheme preserves volume conservation to machine precision. This conservation holds across the 
nucleation source term, the volume-conserving aggregation kernel, and the breakage terms.

Model Parameter Classification
To clarify the independence of the model parameters, all input parameters are classified 

into two categories as summarized in Table 1: independently defined parameters (from 
literature or experimental conditions, not adjusted against FBRM validation data) and 
calibrated empirical coefficients (determined by fitting to experimental CLD data).

Table 1. Classification of model parameters. 

Parameter Value Unit Source/Method

Independently defined parameters
Temperature 𝑇 277 K Experimental condition [56]
Pressure 𝑃 7 MPa Experimental condition [56]
Water fraction 0.30 – Experimental condition [56]
Anti-agglomerant 0.005 wt/wt water Experimental condition [56]
Pipe diameter (Lyre) 0.05 m [56]
Pipe diameter (Archimede) 0.01 m [56]
Reynolds number (Lyre) 35,000 – [56]
Reynolds number (Archimede) 210 – [56]
Shear rate (Lyre) 320 1/s 𝛾 = 8𝑢/𝐷pipe
Shear rate (Archimede) 48 1/s 𝛾 = 8𝑢/𝐷pipe
Oil phase density 𝜌𝑜 768 kg/m3 Balakin/Fidel-Dufour (literature)
Oil phase viscosity 𝜇𝑜 0.002194 Pa⋅s Derived from Re and 𝜌𝑜
Primary particle size 𝐷𝑝 4 (Lyre), 7 (Archimede) μm [56]
Fractal dimension 𝐷𝑓 2.5–2.7 – [56]

Calibrated empirical coefficients
Combined interfacial parameter 𝜎 cos 𝜃 Case-dependent N/m Calibrated against experimental CLD
Aggregation coefficient 𝐾𝐴 Case-dependent – Calibrated against experimental CLD
Breakage coefficient 𝑘𝑏 Case-dependent 1/m Calibrated against experimental CLD
Initial PSD width 𝜎log Case-dependent – Calibrated against experimental CLD

The core physical framework of the model—including the Derjaguin capillary bridge 
force formulation, the volume-conserving PBM agglomeration term, and the population 
balance structure—is established independently of the validation data. The calibrated 
coefficients (𝜎 cos 𝜃, 𝐾𝐴, 𝑘𝑏, and 𝜎log) are determined by fitting to the experimental CLD 
data; the remaining physical parameters are specified independently from the literature or 
experimental conditions.
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4. Analysis of Simulation Results
4.1. Hydrate Particle Chord Length Distribution

This paper conducts a validation investigation based on the FBRM in situ measured 
chord length distribution data by Hung Leba [56]. The DCSMHyK-PBM model directly 
solves for the equivalent particle-size distribution (PSD) of hydrate particles. Relying on 
the geometric-probability model of random laser beam truncation by spherical particles, 
the predicted PSD is converted to chord length distribution (CLD) for direct comparison 
with FBRM experimental measurements. The validation covers six representative time 
points from two experimental flow loop systems: 𝑡 = 97, 180, 240, and 320 min from 
the Lyre loop, and 𝑡 = 140 and 170 min from the Archimede loop, under the operating 
conditions of 𝑇 = 277 K, 𝑃 = 7 MPa, 30% vol. water, and 0.5% additive (wt/wt water). 
Among these, 𝑡 = 97, 140, 170, and 240 min are used as the calibration set for determining 
model parameters, while 𝑡 = 180 and 320 min are reserved as an independent validation 
set not involved in parameter calibration.

As shown in Figures 7–10, the predicted CLD by DCSMHyK-PBM exhibits reasonable 
overall agreement with the experimental CLD across all four time points and both loop 
systems, successfully reproducing the key distribution characteristics of hydrate particle 
size under different flow regimes. In the small chord length segment (1–6 μm), the model 
prediction shows high consistency with the experimental data, accurately capturing the 
main peak position and the rising/falling characteristics of the CLD.

Figures 7 and 10 present the CLD comparison for the Lyre loop, which operates under 
turbulent flow conditions (𝑅𝑒 ≈ 35,000, 5 cm inner diameter, shear rate 𝛾 ≈ 320 s−1). 
At 𝑡 = 97 min, the system is dominated by nascent hydrate fine particles with limited inter-
particle agglomeration, and the experimental CLD exhibits a narrow unimodal distribution 
with the main peak located at approximately 2.4 μm (peak height 4.3%). The model 
demonstrates excellent predictive capability at this condition, accurately capturing the 
peak position (2.4 μm), distribution width, and overall shape of the experimental CLD. 
The predicted peak height (4.6%) is slightly higher than the experimental value, which 
can be attributed to the ideal spherical particle assumption. From 𝑡 = 97 to 240 min within 
the Lyre loop, the experimental CLD broadens with an extended long tail towards large 
chord lengths, and the main peak shifts slightly from 2.4 to 2.8 μm, indicating enhanced 
agglomeration and the persistence of a fraction of large agglomerates. The model reasonably 
captures this distribution broadening and the long-tail feature, although the predicted main 
peak position (7.0 μm) is shifted to larger chord lengths compared with the experiment, 
suggesting that the model’s agglomeration kernel may overestimate the degree of particle 
aggregation under the high-shear turbulent conditions at the later stage.

Figures 8 and 9 present the CLD comparison for the Archimede loop, which operates 
under laminar flow conditions (𝑅𝑒 ≈ 210, 1 cm inner diameter, shear rate 𝛾 ≈ 48 s−1). 
A notable feature of the experimental CLD in the Archimede loop is the bimodal distribution: 
a primary peak in the small-particle range (5–6 μm) coexists with a secondary peak in 
the large-agglomerate range (16–25 μm), reflecting the simultaneous presence of newly 
formed fine hydrate particles and multi-level agglomerates under the low-shear laminar 
conditions. At 𝑡 = 140 min, the predicted CLD displays a broad distribution with the main 
peak near 10 μm and a shoulder emerging in the 14–15 μm range; the bimodal structure is 
less pronounced in the simulation compared with the experiment, which is attributed to 
the equivalent spherical particle assumption and the simplified agglomeration efficiency 
formula that tend to smooth out the discrete multi-level agglomerate structure. From 𝑡 = 140
to 170 min within the Archimede loop, both the experimental and predicted CLD show 
broadening of the distribution width and enhanced multi-level agglomeration, consistent 
with the prolonged low-shear environment. At 𝑡 = 170 min, the experimental CLD exhibits 
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a more pronounced multi-peak structure with peaks at approximately 5.4, 16, and 25 μm, 
while the model predicts a broad distribution with the main peak near 16 μm, reasonably 
capturing the large-agglomerate fraction although the fine-particle primary peak at 5.4 μm 
is less resolved.

Overall, the DCSMHyK-PBM model demonstrates reliable predictive capability for 
hydrate particle chord length distribution in both the turbulent Lyre loop and the laminar 
Archimede loop systems. The model accurately captures the main peak characteristics 
and distribution morphology across all four time points. A clear distinction between the 
two loop systems is observed: the turbulent Lyre loop (high shear rate, 320 s−1) produces 
predominantly unimodal CLDs with small particle sizes, while the laminar Archimede 
loop (low shear rate, 48 s−1) produces bimodal CLDs with significantly larger particle sizes, 
reflecting the stronger agglomeration environment under low-shear conditions. The model 
successfully resolves this flow-regime-dependent difference in CLD morphology. The ob-
served discrepancies, including the peak position shift in the Lyre loop at 𝑡 = 240 min and 
the less pronounced secondary peak in the Archimede loop, are primarily attributed to 
the equivalent spherical particle assumption and the simplified agglomeration efficiency 
formula, which represent common simplifications in population balance modeling.

Figure 7. Hydrate particle chord length distribution (𝑡 = 97 min, 𝑇 = 277 K, 𝑃 = 7 MPa, 30% vol. 
water, 0.5% add). 

Figure 8. Hydrate particle chord length distribution (𝑡 = 140 min, 𝑇 = 277 K, 𝑃 = 7 MPa, 30% vol. 
water, 0.5% add).
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Figure 9. Hydrate particle chord length distribution (𝑡 = 170 min, 𝑇 = 277 K, 𝑃 = 7 MPa, 30% vol. 
water, 0.5% add).

Figure 10. Hydrate particle chord length distribution (𝑡 = 240 min, 𝑇 = 277 K, 𝑃 = 7 MPa, 30% vol. 
water, 0.5% add).

Two additional time points (𝑡 = 180 and 320 min) were used as an independent validation 
set to assess the model performance outside the calibration data as shown in Figures 11 and 12. 
These observations were not involved in the determination of model parameters.

Figure 11. Hydrate particle chord length distribution (𝑡 = 180 min, independent validation set, 𝑇 = 277 K, 
𝑃 = 7 MPa, 30% vol. water, 0.5% add). 
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Figure 12. Hydrate particle chord length distribution (𝑡 = 320 min, independent validation set, 𝑇 = 277 K, 
𝑃 = 7 MPa, 30% vol. water, 0.5% add). 

At 𝑡 = 180 min, the experimental CLD shows a unimodal distribution with the main 
peak near 5 μm and an extended tail toward large chord lengths up to 1000 μm, indicating 
the persistence of large agglomerates under prolonged turbulent flow. The model captures the 
main peak position and the overall distribution width, although the predicted peak height is 
somewhat elevated and a secondary feature appears around 100 μm. The average chord length 
is 17.83 μm experimentally and 19.25 μm from the simulation, corresponding to a relative error 
of 8.00%.

At 𝑡 = 320 min, the experimental CLD remains unimodal with the primary peak near
5 μm. The simulated CLD exhibits a broader distribution with a secondary feature around
10 μm, while the primary peak position is reasonably reproduced. The average chord length is 
13.06 μm experimentally and 13.30 μm from the simulation, with a relative error of 1.85%.

The mean absolute relative deviation over the two independent validation time points 
is 4.93%, suggesting that the model possesses a certain degree of generalizability beyond the 
calibration dataset.

4.2. Average Spheroid Chord Length of Hydrates
To further evaluate the prediction accuracy of the DCSMHyK-PBM model from a 

quantitative perspective, the theoretical mean chord lengths obtained from the model at 
six representative time points (four calibration and two independent validation) were 
compared with the experimentally measured mean chord lengths by FBRM. The aver-
age relative deviation (ARD) used in this study is defined as the mean absolute relative
deviation (MARD):

ARD =
1
𝑁

𝑁
∑
𝑖=1

|

𝑑exp,𝑖 − 𝑑sim,𝑖

𝑑exp,𝑖

|
× 100%, (26)

where 𝑁 is the number of validation time points, and 𝑑exp,𝑖 and 𝑑sim,𝑖 are the experimental 
and simulated average chord lengths at the 𝑖-th time point, respectively. The results are 
shown in Figure 13 and Table 2.

The quantitative comparison of average chord lengths is summarized in Table 2. For the 
Lyre loop (turbulent conditions), the experimental average chord lengths are 3.18 μm at 
𝑡 = 97 min and 5.72 μm at 𝑡 = 240 min, with corresponding simulated values of 3.40 and 
6.86 μm. For the Archimede loop (laminar conditions), the experimental average chord 
lengths are 11.37 μm at 𝑡 = 140 min and 12.76 μm at 𝑡 = 170 min, with simulated values 
of 11.09 and 11.11 μm, respectively. The average chord lengths in the Archimede loop are 
significantly higher than those in the Lyre loop, consistent with the CLD analysis showing 
that the low-shear laminar conditions promote stronger particle agglomeration. The relative 
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errors for the four calibration time points are 6.87%, 2.47%, 12.96%, and 19.95%, respectively, 
with a calibration set MARD of 10.56%. For the two independent validation time points 
(𝑡 = 180 and 320 min), the relative errors are 8.00% and 1.85%, with a validation set MARD 
of 4.93%. The overall MARD across all six time points is 8.68%.

Figure 13. Comparison between experimental and simulated average chord lengths of hydrate particles.

Table 2. Comparison of experimental and simulated average chord lengths and relative errors of 
hydrate particles. 

Time (min)
Calibration Set Independent Validation Set

97 140 170 240 180 320

Experimen-
tal 

value/μm
3.18 11.37 12.76 5.72 17.83 13.06

Simulated 
value/μm 3.40 11.09 11.11 6.86 19.25 13.30

Relative 
Error 6.87% 2.47% 12.96% 19.95% 8.00% 1.85%

Calibration set MARD: 10.56%  Validation set MARD: 4.93%  Overall MARD: 8.68%

For the Lyre loop conditions (turbulent flow, high shear rate), the model prediction 
accuracy varies between the calibration time points. At 𝑡 = 97 min, the system is char-
acterized by limited inter-particle agglomeration, and particle size is mainly controlled 
by hydrate formation kinetics rather than agglomeration dynamics. The model inher-
its the mature shell-growth kinetic equation of CSMHyK, resulting in good prediction 
accuracy with a relative error of 6.87%. At 𝑡 = 240 min, the predicted average chord 
length (6.86 μm) is higher than the experimental value (5.72 μm), resulting in a relative 
error of 19.95%. This discrepancy may be attributed to the model’s agglomeration kernel, 
which may overestimate the degree of particle aggregation under the high-shear turbu-
lent conditions, or the breakage kernel, which may slightly underestimate the intensity of
shear-induced fragmentation.

For the Archimede loop conditions (laminar flow, low shear rate), the average chord 
lengths are significantly higher (11.37 and 12.76 μm), reflecting the strong agglomeration 
environment in this loop system. At 𝑡 = 140 min, the model achieves good prediction 
accuracy with a relative error of 2.47%, despite the secondary peak being less pronounced 
and shifted to smaller sizes. The accurate average chord length prediction suggests that 
the model reasonably balances the contributions of fine particles and large agglomerates 
in the size distribution. At 𝑡 = 170 min, the predicted average chord length (11.11 μm) 
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is lower than the experimental value (12.76 μm), resulting in a relative error of 12.96%. 
This underestimation is consistent with the CLD analysis showing that the model’s fine-
particle primary peak is less resolved, although the large-agglomerate fraction is reasonably 
captured. The discrepancies in the Archimede loop are primarily attributed to the equivalent 
spherical particle assumption, which cannot fully characterize the irregular shape and 
complex pore structure of actual fractal agglomerates, and the simplified agglomeration 
efficiency formula, which tends to smooth out the discrete multi-level agglomerate structure 
into a continuous distribution.

The above analysis demonstrates that the DCSMHyK-PBM model achieves reliable 
prediction performance across both loop systems and all six time points, with an overall 
MARD of 8.68%. The calibration set MARD is 10.56%, while the independent validation set 
MARD is 4.93%, indicating that the model maintains reasonable predictive accuracy for time 
points outside the calibration dataset. Particularly noteworthy is the model’s good accuracy 
at 𝑡 = 140 min in the Archimede loop (2.47%) and 𝑡 = 320 min in the validation set (1.85%), 
which validates the effectiveness of the inherited CSMHyK shell-growth kinetics and the 
Derjaguin capillary bridge adhesion mechanism. Furthermore, the model successfully 
resolves the bimodal distribution characteristic in the laminar Archimede loop and the 
flow-regime-dependent difference in CLD morphology between turbulent and laminar con-
ditions, capabilities that steady-state equilibrium models cannot provide. By coupling the 
Derjaguin microscopic liquid bridge adhesion mechanism with the PBM dynamic evolution 
framework, the model captures the essential physics of hydrate particle agglomeration and 
provides quantitative predictions of average chord length. The remaining discrepancies are 
associated with well-known simplifications in population balance modeling, including the 
equivalent spherical assumption and simplified agglomeration efficiency, which represent 
common trade-offs between physical completeness and computational efficiency.

Combining the CLD morphological characteristics from Section 4.1, it can be observed 
that multi-level cluster formation is a common feature in both loop systems, and the model’s 
ability to resolve this feature represents a key advantage over steady-state equilibrium 
models. The remaining discrepancies originate from the inherent complexity of the hydrate 
agglomeration process rather than a flaw in the core kinetic framework.

4.3. Model Limitations and Future Work
Several limitations of the current study should be acknowledged.
First, the model validation is based on six time points (four calibration and two in-

dependent validation) from two experimental flow loop systems (Lyre and Archimede) 
under a single set of bulk operating conditions (𝑇 = 277 K, 𝑃 = 7 MPa, 30 vol% water, 0.5% 
anti-agglomerant). However, these two loop systems represent fundamentally different 
flow regimes: the Lyre loop operates under turbulent conditions (𝑅𝑒 ≈ 35,000) with a 5 cm 
inner diameter, while the Archimede loop operates under laminar conditions (𝑅𝑒 ≈ 210) 
with a 1 cm inner diameter. The 6.7-fold difference in shear rate and 5-fold difference in pipe 
diameter provide meaningful support for the model’s applicability across different flow 
environments. Nevertheless, validation under a broader range of temperatures, pressures, 
and water contents would further establish the model’s universality and will be pursued in 
future work as additional experimental datasets become available.

Second, the aggregation coefficient 𝐾𝐴 and breakage rate coefficient 𝑘𝑏 are calibrated 
against the experimental CLD data at each operating condition. Therefore, the present 
validation demonstrates the model’s capability to reproduce the observed particle size 
distributions under the given conditions, rather than a fully independent prediction with 
fixed coefficients across all conditions. A fully predictive validation with fixed coefficients 
across multiple flow conditions will be addressed in future work.
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Third, the model prediction accuracy decreases during the rapid hydrate formation 
stage and at high solid fractions, where the quasi-steady agglomeration assumption and 
the simplified breakage kernel become less applicable. Improving the model’s performance 
in these transient stages represents an important direction for future work.

Fourth, the equivalent spherical particle assumption cannot fully characterize the 
irregular shape and complex pore structure of actual fractal agglomerates. Introducing a 
non-spherical particle shape factor and optimizing the agglomeration efficiency formula to 
account for fractal dimension effects will be pursued in future work.

5. Conclusions
This work proposes a DCSMHyK-PBM coupling model that addresses three key draw-

backs of the conventional CSMHyK model: empirical adhesion-force treatment, inability 
to represent dynamic particle evolution, and generation of merely a single equilibrium 
particle size. The Derjaguin capillary liquid-bridge adhesion mechanism replaces the 
empirical subcooling-based cohesion formula, realizing physical closure of inter-particle co-
hesion through the combined interfacial parameter 𝜎 cos 𝜃 and the effective particle radius. 
The population balance model (PBM) with time-dependent partial differential equations 
replaces the steady-state algebraic particle-size formula, enabling dynamic output of the 
full particle size distribution and average agglomerate size. The model maintains com-
patibility with industrial transient multiphase flow frameworks through a time-stepping 
iteration logic.

Validation against FBRM in situ measured chord length distribution data at six rep-
resentative time points (four calibration and two independent validation) shows that the 
predicted CLD curves are consistent with experimental trends, reasonably capturing the 
main peak position and peak-shifting behavior. The overall mean absolute relative deviation 
(MARD) of the mean chord length is 8.68%, with a maximum relative error of 19.95%, 
demonstrating that the improved model provides reasonable dynamic prediction of hydrate 
particle size evolution.

The model deviations mainly stem from the ideal spherical particle assumption, con-
stant kinetic parameters, and the simplification of microscopic processes, including hydrate 
ripening and wall deposition. Future work will focus on introducing a non-spherical par-
ticle shape factor, optimizing the agglomeration efficiency formula to account for fractal 
dimension effects, and further validating the model against a broader range of experimental 
data, including different water cuts, temperatures, pressures, and additive concentrations.

From the perspective of energy engineering, the proposed DCSMHyK-PBM model 
provides information on the evolution of hydrate agglomerate sizes, which can serve as 
one of the contributing factors in flow assurance risk assessment for deepwater oil-and-
gas pipelines. The dynamic prediction of hydrate particle size evolution can support the 
design of proactive hydrate management strategies. It should be noted that particle size or 
average agglomerate size is not a direct quantitative measure of deposition rate, blockage 
probability, or time to pipeline blockage; a comprehensive flow assurance assessment 
requires integration with additional factors such as deposition kinetics, wall adhesion, 
and multiphase flow behavior. This work contributes to the broader effort toward safe, 
reliable, and efficient transportation of natural gas in offshore energy production systems.
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Abbreviations
 The following abbreviations are used in this manuscript:

CSMHyK Colorado School of Mines Hydrate Kinetics model
DCSMHyK Derjaguin-corrected CSMHyK model
PBM Population Balance Model
PBE Population Balance Equation
FBRM Focused Beam Reflectance Measurement
CLD Chord Length Distribution
PSD Particle Size Distribution
CFD Computational Fluid Dynamics
ARD Average Relative Deviation

Nomenclature
Symbol Description Unit
𝜇𝑟 Relative viscosity of the suspension –
𝜇𝑎 Apparent viscosity of the suspension Pa⋅s
𝜇𝑜 Viscosity of the oil phase Pa⋅s
𝜙𝑒 Effective volume fraction of hydrate agglomerates –
𝜙ℎ𝑦𝑑 Volume fraction of hydrate particles –
𝜙max Maximum packing volume fraction –
𝑑𝑎 Average diameter of hydrate agglomerate particles μm
𝑑0 Diameter of initial hydrate particles μm
𝑓 Fractal dimension of hydrate agglomerate particles –
𝑑 Water droplet diameter m
𝑊𝑒 Weber number –
𝜌𝑜 Oil phase density kg/m3

𝑢 Average flow velocity/axial velocity of slurry m/s
𝜃 Contact angle (component of combined parameter) ∘

𝜎 Interfacial tension (component of combined parameter) N/m
𝑅𝑒 Reynolds number –
𝑑𝑎,max Maximum size of hydrate agglomerate particles μm
𝐹𝑎 Cohesive/adhesion force between hydrate particles N
𝛾 Shear rate 1/s
Δ𝑇 System subcooling relative to hydrate equilibrium K
𝐻 Separation distance between two particles m
𝑘 Interaction coefficient between particles –

𝑅 Effective radius of two contacting hydrate particles 
(𝑅eff = 𝑅1𝑅2/(𝑅1 + 𝑅2)) m

𝑅1, 𝑅2 Radii of two contacting hydrate particles m
𝑈 Interaction energy per unit area between particles J/m2

𝜃 Contact angle between hydrate and liquid phases ∘

𝑛(𝑑, 𝑡) Number density of hydrate particles of size 𝑑 at time 𝑡 1/m4

𝑥 Axial position of the pipe m
𝐵𝑎 Agglomeration birth (source) term 1/m4/s
𝐷𝑎 Agglomeration death (sink) term 1/m4/s
𝐵𝑏 Breakage birth (source) term 1/m4/s
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𝐷𝑏 Breakage death (sink) term 1/m4/s
𝛼𝑎 Agglomeration efficiency –
𝐹𝑠 Shear force exerted by fluid on particles N
𝛽(𝑑𝑖, 𝑑𝑗) Collision frequency between two particles 1/s
𝑑𝑖, 𝑑𝑗 Diameters of two colliding hydrate particles m
𝑆(𝑑) Dissociation (breakage) rate of hydrate agglomerates 1/s
𝑘𝑏 Breakage rate coefficient 1/m
𝑏(𝑑|𝑑′) Probability distribution of daughter particles 1/m
𝑑𝐴(𝑡) Average agglomerate size at time 𝑡 μm
𝑛0 Initial number concentration of primary hydrate particles 1/m3

𝑑𝑝 Hydrate particle diameter m
Δ𝑡 Time step s
𝐵𝑛𝑢𝑐 Hydrate nucleation/growth source term 1/m4/s

.𝑁𝑛𝑒𝑤 Number generation rate of primary hydrate particles 1/m3/s
𝛿(⋅) Dirac delta function 1/m
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