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ABSTRACT 

Gas fields in remote deep-water locations are becoming increasingly common and present 

significant challenges to production technologists. The use of long tiebacks with complex 

seabed topographies, combined with low pipeline temperatures and high pressures, enhance 

the risk of hydrate formation. Hydrate deposition at the pipe walls can cause unsteady flow, 

pressure surges, finally, complete pipeline blockage. These events should be completely 

avoided due to the significant financial loss associated with disrupted production, the cost of 

hydrate plug remediation and the risk of catastrophic events of serious impact to health, safety 

and the environment.  

Currently the preferred method to suppress hydrates in deep water hydrocarbon 

production systems is based on the use of Thermodynamic Hydrate Inhibitors (anti-freeze 

compounds). These chemicals must be delivered in large volumes and require expensive 

injection facilities and regeneration plants to recycle the inhibitor. In order to reduce the costs 

and inefficiencies associated with chemical injection, new hydrate management strategies, 

where hydrates are allowed to form under controlled conditions, are now being considered as 

a valid alternative to complete hydrate suppression. This new approach has, however, been 

hindered by the lack of fundamental and practical knowledge on the mechanisms of hydrate 

plug formation in gas pipelines.  

This study aims to fill this knowledge gap by obtaining hydrate formation and deposition 

data for gas-dominated conditions using a pilot scale flow loop and investigating the effect of 

the thermodynamic hydrate inhibitor MEG (mono-ethylene glycol) and the gas velocity on the 

plugging tendency of these systems. Quantitative results on hydrate film growth at the pipe 

wall were obtained from the experimental data by using a preliminary numerical model 

developed as part of this investigation to calculate hydrate formation and deposition in gas 

pipelines operating in the annular flow regime.  

This dissertation presents the results from this work in three main parts. First, the 

experimental flow loop facility is introduced. This single-pass gas-dominant flow loop (“Hytra 

flow loop”) is one of the very few active experimental rigs worldwide that can be used to 

investigate hydrates in gas pipelines. The effect of the subcooling from hydrate equilibrium 

was studied under fixed hydrodynamic conditions (annular regime and low liquid holdup) in a 

simple, uninhibited water-natural gas system forming structure II hydrates. The time-

dependent pressure drop across the flow loop under constant flow of gas and water exhibited 

a very distinctive behaviour with the subcooling. A constant profile was obtained when no 

subcooling was applied (i.e. no hydrate formation), in quantitative agreement with the 
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prediction of the Beggs and Brill model for multiphase gas-liquid horizontal pipelines. At low 

subcooling (less than 5.5 K) the pressure drop gradually increased over time according to the 

predictions of a stenosis-type film growth model. At higher subcoolings the pressure drop 

dynamics were characterised by large frequent oscillations due to pipeline jamming and 

release of partial blockages. Visual observations of hydrate slugs being released at the flow 

loop outlet window, correlated with the peaks in the pressure drop signal, confirmed this 

hypothesis. 

In the second part of this work a comprehensive investigation of the effect of MEG on 

hydrate formation and pressure drop was undertaken, by performing twenty flow loop 

experiments using the same system, flow conditions and procedures as before. A linear 

reduction in the hydrate formation rate was obtained in two series of tests performed at fixed 

temperatures of 10 °C and 12 °C when the MEG weight concentration was increased from 0 

to 30% (complete thermodynamic inhibition). The reduced hydrate growth was attributed to a 

decrease in the subcooling as hydrate equilibrium conditions shift to lower temperatures when 

MEG dosage was increased. The same qualitative pressure drop behaviour previously 

described was observed in the presence of MEG where the system transitioned from full 

inhibition (constant pressure drop) to hydrate film growth, at subcoolings of less than 5.5 K 

(smooth pressure drop increase over time), to a flow regime characterised by high hydrate 

conversion, accumulation and slug flow at higher subcoolings. Quantitative estimates of 

hydrate film growth were presented for the first time in a gas dominant flow loop in the 

presence of MEG at subcoolings where stenosis was prevalent. While formation rates 

increased by 50% when the subcooling was raised from 3 to 6 K, the film growth rates were 

limited to 3.8 to 4.6 mm/hr from which it was estimated that only 30 to 50% of the hydrate 

formed at these conditions deposited at the pipe wall. At the high gas superficial velocities of 

these tests (8.7 m/s) the gas stream was able to entrain a significant volume of small droplets 

in which hydrates can form quickly due to the high interfacial area and reduced heat and mass 

transfer limitations. 

To assess the impact of the gas velocity on hydrate formation and deposition , a series of 

test were performed in the absence of MEG and at a gas flow rate reduced by approximately 

50% to decrease the liquid entrainment. This preliminary study highlighted the sensitivity of 

the hydrate formation rate to the pipeline hydrodynamic conditions, as it was found that a 

reduction by 50% in the gas superficial velocity depressed hydrate formation rates by a factor 

of six at a constant subcooling of 6 K.  At the same time, hydrate deposition rates were reduced 

by approximately 50% suggesting that the risk of hydrate blockages could be significantly 

mitigated in the absence of liquid entrainment.  



 

 

v 

 

Finally, a numerical algorithm to predict hydrate formation and deposition in gas-

dominated pipelines was presented. The model is based on an extension of the Beggs and 

Brill method for multiphase flow and pressure-gradient prediction where the hydraulic diameter 

of the pipe was allowed to change with time due to stenosis and sloughing. The model results 

were compared with the flow loop data obtained at subcoolings less than 8.8 K. Two empirical 

parameters were introduced: a scaling factor (Fk) to correct the kinetic constant in the hydrate 

growth model, and a particle deposition constant (Fd) which represents the fraction of hydrate 

particles hitting the pipe wall or hydrate layer that adhere to it. The tuned model was able to 

predict the measured hydrate formation rates within ± 40% deviation from the measured data, 

while the time-averaged relative deviation of the pressure drop from the experimental flowloop 

results varied between 9 and 40% at high gas velocity, increasing to 51% at intermediate gas 

velocity. 

A new preliminary description of hydrate sloughing in gas-dominant pipelines has been 

proposed and implemented in the model, based on the concept of a critical wall shear stress 

for hydrate film fracture. In its current simplified form, by introducing two additional parameters 

(the stable film growth constant and the critical shear rate), the model could reproduce 

reasonably well the amplitude of the pressure drop sloughing peaks. This preliminary 

sloughing model enabled the first estimation of the effective shear strength of the hydrate 

deposit, which is essential to develop future computational tools capable to predict hydrate 

blockages in gas pipelines. While this model has been developed to extract useful information 

from the flow loop tests, it could be extended to industrial size pipelines by incorporating new 

multiphase flow correlations with an extended range of applicability. The model results could 

then be used to develop more comprehensive hydrodynamic simulation tools that can support 

hydrate management approaches to gas developments by allowing an improved risk 

assessment of pipeline plugging under different production scenarios. 
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1 INTRODUCTION 

1.1 Natural Gas Hydrate Fundamentals 

1.1.1 Crystal Structures 

Natural gas hydrates are crystalline compounds formed by water and low molar mass 

hydrocarbons (CH4, C2H6, C3H8, C4H10) and other small molecules (N2, CO2, H2S) present in 

natural gas reservoirs. The water molecules arrange in a hydrogen bonded lattice structure 

stabilized by the presence of enclosed gas molecules. No chemical bond exists between the 

guest species and the water, only weak van der Waals interactions.  

There are three known natural gas hydrate structures, referred in the literature as: structure 

1 sI, structure 2 (sII) and structure H(sH). These are represented in Figure 1.1  

 

Figure 1. Hydrate cages and composition of different hydrate structures1 

SIandsII hydrates have cubic symmetry with two cavities of different size, small (S) and 

large (L) and are far more common than sH hydrates. Structure H has hexagonal symmetry 

and two small and one large cavity. While not all the cavities of sIandsII need to be occupied 

by a guest molecule, it seems that sHrequires double occupation for stability, with the large 

cavity enclosing a large molecule typical of an oil or condensate phase. If full-occupancy by 
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the guest molecule (G) is assumed, the stoichiometric formula for sIwould be: 8 G * 46 H2O 

and for sII hydrates: 24 G * 136 H2O, therefore the minimum ratio of water per gas molecule, 

or “hydration number”, () is 5.75 for sI and 5.67 for sII Higher values of the hydration number 

are expected for hydrates of pure ethane, propane and isobutane, sincethese gas molecules 

cannot fit into the small cages. An exhaustive description of the hydrate molecular structures 

can be found in the Monograph by E.D. Sloan2. 

1.1.2 Hydrate phase equilibria and composition 

Phase equilibria and the composition of hydrate forming systems can be determined using 

different approaches based on the equality of the chemical potentials3 or the fugacities4  of the 

system components in the different phases, or on the minimization of the Gibbs energy.5 

These schemes invariably rely on the statistical theory of solid solutions developed by van der 

Waals and Platteeuw6 to determine the chemical potential of water in the hydrate phase. 

Phase equilibria calculations are complex and are usually performed numerically using 

thermodynamic software that can deal with the most common hydrocarbon and aqueous 

species, including water soluble compounds that can inhibit hydrate formation. A comparison 

among five commercial and non-commercial programs2 has established that for un-inhibited 

systems the prediction accuracy for the incipient hydrate temperature and pressure is within 

0.65 C and 10% of overall pressure, respectively. In the presence of inhibitors, these 

uncertainty intervals can be expected to increase up to 2 C for the temperature and 20% for 

the overall pressure.  

In Figure 2 a typical P-T phase diagram for a natural gas-water system is presented. The 

line in blue colour corresponds to the temperature-pressure points where the hydrate phase 

is in equilibrium with the gas and water. Below the curve, in the grey area, hydrates cannot 

form. In the same graph the subsurface water temperature in the Indian Ocean is presented 

at different depths7 (ocean thermocline). These data indicate that at water depths higher than 

800 m hydrates are stable and likely to form.  

It has been estimated that there are 3×1025 m3 of gas in hydrates in the ocean.2 These 

vast reserves of gas, mostly methane, from in-situ hydrates has prompted an intense effort 

find economic recovery schemes. In 2013 The Japanese national oil and gas company 

conducted the first marine one-week production test in the Nankai trough8 off-shore Japan 

during which 119,500 m3 of gas were produced by the depressurization method. 
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Figure 2. Phase diagram for a natural gas system and Indian Ocean thermocline. 

Hydrate composition calculations show that typically the molar fraction of gas is around 15 

to 18%; such high gas concentration is comparable to that of a highly compressed gas such 

as methane at 16 MPa and 0 ºC.9 As the concentration of natural gas species in the hydrate 

phase is many orders of magnitude larger than in the liquid water phase, gas hydrates find 

important technological applications for the oil and gas industry in areas such as gas 

extraction, separation, storage and transportation.10 

1.2 Hydrates in Flow Assurance 

Oil and gas pipelines are often operated at thermodynamic conditions where hydrates can 

form in the presence of gas, liquid hydrocarbons and water. In 1934 Hammerschmidt11 

determined that hydrates were the cause of gas pipeline blockages. Since then, the prevention 

of hydrate formation in hydrocarbon production, transport and processing systems has 

become a major concern for oil and gas operators. With the increase of production from 

offshore fields, where long subsea pipelines experience higher pressures and lower 

temperatures, hydrates are considered as the number one flow assurance problem in 

petroleum production.12  There is substantial anecdotal information about hydrate blockages 

causing weeks to months of lost production, including field abandonment, as we ll as reported 

cases of hydrate related incidents sometimes accompanied by loss of life.13 

Classical methods applied by the oil and gas industry to avoid hydrate formation are: water 

removal, temperature and pressure management to operate in the hydrate -free region, and 

the injection of thermodynamic inhibitors.12 In subsea gas developments water separation is 

very difficult to implement, pressure management imposes limitations that are too restrictive 

upon production and temperature management based on insulation or pipeline heating is 
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either not effective or too expensive. Therefore injecting a thermodynamic inhibitor, such as 

methanol or mono-ethylene glycol (MEG), is more often the method of choice to avoid hydrate 

formation in gas subsea flowlines.14 

1.3 Thermodynamic Hydrate Inhibitors 

Thermodynamic Hydrate Inhibitors (THIs) are substances that are highly soluble in the 

aqueous phase, such as salts, alcohols and glycols. Their action can be explained by basic 

thermodynamic principles. Hydrate formation can be described in simple terms as the 

“precipitation reaction” of a non-stoichiometric hydrate unit made of a gas molecule (G) and 

water molecules ( is the hydration number): 

G +  H2O ↔  G ∙  H2O (1) 

At equilibrium the chemical potential of the hydrate unit in the two phases, liquid (hL) and 

hydrate (hH), are equal and both phases coexist. The difference between these two chemical 

potentials, , can be expressed as: 

∆μ = μ
hL

 - μ
hH

 = μ
gL 

+ nw μwL
 - μ

hH
 (2) 

Here gL and wL are the chemical potentials of the gas and the water in the liquid phase. 

If >0 the reaction is shifted to the right and the solid phase prevails. While gL and hH 

depend on the pressure and temperature, wL can be easily controlled by changing the water 

concentration, according to eq. (3) 

μ
wL

 = μ
wL
0 + R T ln(

wL
 xwL) (3) 

Here wL and xwL are the activity coefficient and the molar fraction of water in the liquid 

phase,  μ
wL
0  is a reference chemical potential and R the universal gas constant. 

Besides the dilution effect, a reduction of the water activity by the presence of THIs further 

decreases the driving force for hydrate formation in eqs. (2) and (3). This effect is mainly due 

to the formation of hydrogen bonds with the water for alcohols and glycols, or to Coulombic 

interactions for salts.  

Among the most common thermodynamic inhibitors, methanol and MEG are the preferred 

options in the oil industry, but ethanol and TEG (tri-ethylene glycol) have also been applied in 

the field. In the world largest gas developments MEG is considered as the preferred 

thermodynamic inhibitor14. Methanol, despite being more effective as an inhibitor, has a much 
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higher vapour pressure, which produces significant losses to the gas phase and poses health 

and safety risks.  

In typical applications, the weight concentrations of THIs in the aqueous phase are in the 

range of 15 to 50%. The concept of hydrate inhibition using MEG is illustrated in Figure 3 using 

a graphic representation due originally to Philip Notz.15 In this graph, which is adapted from 

the original reference, the S-shaped black line represents the pressure-temperature profile 

along a fictitious deep water gas pipeline from the manifold (0 km) to shore (80 km). Five 

different hydrate equilibrium curves for this gas are superimposed with increasing 

concentrations of MEG from right (0%, uninhibited system) to left (40%). The effect of the 

inhibitor is to shift the hydrate equilibrium curves to the left, which allows longer sections of 

the pipeline to be maintained free from hydrates. In this fictitious case, if the water production 

reaches 5,000 bwpd (barrels of water per day), which is not uncommon in the late life of typical 

gas development, about 200 m3 of MEG per day would be required for complete inhibition, 

which is a huge volume of chemicals to be handled in offshore facilities on a daily basis.  

 
Figure 3. Hydrate inhibition using MEG in a fictitious 80 Km long subsea pipeline. 
(MEG concentrations indicated as wt%) 

Based on a price for MEG of 800 USD/Mt, the cost of the inhibitor would be at least 180,000 

USD/day, without considering inhibitor losses to the hydrocarbon phase. Therefore, because 

the cost of injecting fresh inhibitor on a continuous basis would be uneconomical, particularly 

over the late life of the gas field, MEG is usually recovered from the produced liquids, 

separated from unwanted contaminants, reconcentrated using large MEG regeneration 

plants16 and reinjected. Nevertheless the capital expenditure associated with construction of 

facilities for the regeneration and reinjection of MEG can be estimated to be around several 

hundred million dollars.17  
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2 THESIS MOTIVATION AND OUTLINE 

Until recently the standard industry approach to dealing with hydrates in flow assurance 

was based on the concept of complete avoidance: no pipeline would be operating at conditions 

where hydrate formation cannot be prevented. Today’s necessity of producing under more 

challenging conditions and at lower costs has prompted a change of paradigm where 

operations in the hydrate stability region are allowed if the risk of hydrate blockage is 

acceptably low.18 Oil and gas companies are starting to adopt new design and operational 

procedures for hydrate management19 by assessing the plugging risk through an improved 

understanding of hydrate formation and transportability.  

However, most of the research conducted so far to this end has been focused on the effect 

of hydrates in oil-dominated pipelines, whereas water and gas-dominated systems have 

received much less attention. There are significant differences in the mechanisms that lead to 

pipeline plugging in these different systems.20   Developing models and experimental facilities 

dedicated to hydrate studies in gas-dominated systems are key to enabling hydrate 

management design for gas fields. Usually in offshore developments, such as those in the 

Australian North West Shelf,21, 22 gas and condensates are transported from wells or platforms 

to mainland facilities through long tiebacks using MEG-based hydrate inhibition. Problems with 

hydrate formation in chemically inhibited pipelines are not uncommon and often these have 

been attributed to operational problems, such as the failure or unavailability of injection 

systems and/or the occurrence of leaks.23-25 Any accidental circumstances leading to 

insufficient dosage, or larger amounts of produced water than expected, may be conducive to 

hydrate formation due to under-inhibition. Even though current methods to predict the 

distribution of fluids in the pipeline have become more reliable through the use of multiphase 

flow simulators, the estimation of the liquid content in long and complex flow lines is af fected 

by uncertainties difficult to quantify.26 The methods and procedures for the delivery of 

chemicals may also fail to provide a homogeneous distribution of chemicals over the whole 

pipeline section.  For instance, ensuring top-of-the-line protection against hydrates using 

chemicals is a well-known challenge for large-diameter pipes.27 

The Hytra flow loop, built originally by the CSIRO, is one of the few experimental facilities 

capable of conducting natural gas hydrate research in gas-dominated pipelines.28  A large part 

of this dissertation is dedicated to the detailed description of the flow loop, the experimental 

method, and present the results of tests with uninhibited and under -inhibited systems. The 

experimental results are interpreted in the framework of a conceptual model for hydrate 

blockages in gas-dominated conditions. A numerical analysis of the flow loop tests is 
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performed using a simplified approach to simulate the thermo-hydraulic behaviour of a gas 

pipeline operating at steady-state flow and low water loading at hydrate forming conditions.  

The experimental data and theoretical analysis developed in this thesis will contribute to 

the development of a comprehensive mechanistic model to predict the risk of hydrate 

blockages in gas producing pipelines where thermodynamic hydrate inhibition may be 

implemented. Such a model could be used to extend the applicability of numerical multiphase 

flow simulators for hydrates, which currently are restricted to liquid dominated systems.29, 30 It 

is expected that findings from this thesis work can generate useful guidelines that will help 

field operators to manage hydrates at moderate subcoolings, potentially in the presence of 

relatively low concentrations of thermodynamic inhibitors. Relevant questions of practical 

interest in industrial applications are: 

1. Can a gas pipeline be operated in the hydrate formation region if is not fully inhibited? 

2. What is the highest subcooling that may be allowed, in terms of the inhibitor 

concentration, while still maintaining reliable, blockage free, operation?  

3. How long can the pipeline be operated in an under-inhibited condition before a plug 

develops? 
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3 HYDRATES IN GAS PIPELINES 

In order to obtain quantitative estimates of hydrate formation in pipelines under flow, two 

main aspects need to be considered: the intrinsic kinetics of hydrate crystallization, mainly 

governed by thermodynamic conditions, and the pipeline hydrodynamics which determines 

the distribution of fluids and eventual heat and mass transfer limitations to hydrate growth.  

3.1 Hydrate formation kinetics 

Following the classical description of crystallization from solution, hydrate formation can 

be described through a sequence of steps: mainly gas dissolution, hydrate nucleation and 

kinetic growth. First the reactants, gas and water, are brought in contact and mixed. 

Hydrocarbon molecules are sparingly - soluble in water, but solubility increases with higher 

pressures and lower temperatures. Eventually, as the pressure (P) and temperature (T) 

conditions move towards the hydrate stability region and the hydrate equilibrium curve is 

crossed, the concentration of hydrate former species in solution, c(T,  P), exceeds the 

concentration value at equilibrium ce(Te, Pe) and the system becomes super-saturated.  Here 

Te and Pe are the temperature and pressure at the gas-water-hydrate equilibrium. The super-

saturation is related to the driving force for hydrate formation according to eq. (4):31 

∆μ =KBT ln(
c

ce

) (4) 

This can be approximated in terms of more easily measurable quantities, such as temperature 

or pressure respectively as in eq. (5) and eq. (6), respectively:31 

∆μ  ≅ 
∆H

Te

 ∆T  
(5) 

∆μ  ≅ KBT ln(
P

Pe

) (6) 

In eq. (5) H is the enthalpy of hydrate dissociation (per hydrate unit) and T=Te(P)-T is the 

subcooling. Eq. 5 and eq. (6) are fairly accurate if the subcooling is less than 10 K and the 

overpressure, P-Pe, is less than 1 MPa, respectively.32  

Under a positive driving force, the building units of crystal nuclei start to form and dissolve. 

According to the classical theory of nucleation, only when these structures reach a certain size 

(typically few nanometres) and the first stable hydrate nuclei appear, hydrate formation is 

triggered.32 The nucleation rate depends mainly on the driving force and the interfacial energy 

between the solid and the liquid phases. If nucleation is heterogeneous, the concentration of 

active sites for nucleation is also a relevant parameter.32 The time interval between the 

moment the hydrate equilibrium curve is crossed and the instant when hydrate nucleation 
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starts is known as “induction time”. Its duration has a stochastic quality particularly at very low 

values of the driving force and is affected by different factors such as the presence of 

impurities, agitation and previous history of the system. From these critical nuclei, macroscopic 

crystals evolve by incorporating other building units (kinetic growth process) or by 

agglomeration with other nuclei. From this point the hydrate crystals can be detected by 

macroscopic techniques.  

During hydrate formation heat is released and gas is strongly absorbed (water can 

incorporate two orders of magnitude more gas as a hydrate solid phase than in the liquid 

state).  Therefore, due to heat and mass transfer limitations, complete conversion of the 

reactants may require a very long time or never occur in practice. Beyond the thermodynamic 

conditions, physical dynamic processes such as molecular diffusion, convection, particle 

agglomeration, settling and suspension can play a significant role on the crystallization 

process.   

Other models, such as the “local structuring model”33 or the “cage adsorption model”34 

have been proposed for the incipient hydrate formation stages, but a unified picture has not 

emerged yet, due to the difficulty of testing the model predictions against experiments capable 

of probing small time and space scales at high pressures and low temperatures. To avoid a 

detailed description of the incipient steps, in engineering applications the hydrate formation 

process is usually simplified by assuming that crystallization does not occur below a threshold 

value of the driving force. Beyond that threshold, which usually established by experimental 

observations, nucleation takes place instantaneously and the kinetics is dominated by crystal 

growth.  

Vysniauskas et al.35, 36 and Englezos et al.37, 38 performed the first systematic studies of 

methane and ethane hydrate kinetic growth using a high pressure stirred reactor. The first 

authors fitted the data using a five parameter correlation for the rate of hydrate formation, Rh: 

Rh = A∙ Agl exp(-
∆Ea

RT
) exp(-

a

∆T
b)  P

γ
 (7) 

In eq. (7), Agl is the area of the gas-liquid contact surface, the first exponential represents 

the reaction constant with an activation energy Ea and the following terms describe the 

temperature and pressure dependence of the distribution of nuclei (T is the subcooling and 

 the order of the reaction). The pre-exponential factor A, and the constants a and b are other 

fitting parameters 

Englezos et al.37 modelled the crystal growth measured in their autoclave experiments as 

a two-step process: diffusion of the gas molecules from the water to the crystal surface and 
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subsequent adsorption, using the difference of the gas fugacity in the solution, f, and that at 

the gas-water-hydrate equilibrium condition, fe, as the driving force. According with this 

description the gas consumption rate per particle is given by: 

(
dn

dt
)
p

 = k
*
 Ap ( f - fe  ) (8) 

The overall reaction rate constant k* must include contributions from both diffusional and 

adsorption processes: (k*)-1 = (kd)-1 + (ka)-1, but in a well stirred reactor, the diffusional 

resistance can be neglected and k* ≈ ka.  

The total gas consumption is calculated by adding the contributions from all the particles. 

In this approach the initial particle size evolution is governed by crystal nucleation and growth 

(other mechanisms such as particle agglomeration and breakage are not considered).  

Skovborg and Rasmussen39 adopted a much simpler approach to model gas consumption 

measured by Englezos et al..37 They argued that is not the intrinsic kinetics the controlling 

process in these experiments, but the rate of gas transfer from gaseous to the liquid phase. 

Therefore the gas consumption can be calculated, using a simple film theory, by: 

dn

dt
 =  kL  Agl  cw0  (xint - xb) (9) 

where kL is the liquid-side mass transfer coefficient, cw0 is the initial concentration of water 

molecules and xint and xb are the mole fractions of gas in the water phase at the experimental 

conditions and at the gas-liquid-hydrate equilibrium conditions, respectively. In eq. (9) it is 

assumed that the product kLAg-l is much smaller than the product khAh, where kh is the reaction 

constant k* in eq. (7) and Ah is the surface area of the hydrate particles (mass-transfer limited 

growth condition). 

Herri et al.40 extended Englezos’ two-step description and included the mass transfer 

across the gas-liquid interface. A wide range of phenomena, such as nucleation, growth, 

particle aggregation and attrition were considered within their population balance scheme to 

obtain the distribution of crystal sizes in autoclave experiments. 

Lee et al.41 applied a pressure dependent kinetic model to fit their data on hydrate growth 

from condensed water using a tangential annular flow apparatus (concentric cylinder reactor). 

In this work the driving force was expressed in terms of the over-pressure and the gas uptake 

is calculated as: 

dn

dt
 = k ∙ (P-Pe) 

(10) 
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Kashchiev and Firoozabadi42, using classical crystallization theory, developed an 

expression for the intrinsic kinetic of hydrate formation from single component gases with two 

parameters: 

α(t) = 1 - exp(-k tn) (11) 

In eq. (11), also known as the Kolmogorov-Johnson-Mehl-Avrami formula,  is the volume 

fraction of hydrate, k is a kinetic factor that depends on the driving force through the nucleation 

and growth rates, and the exponent n is determined by the growth mechanism. For example, 

for diffusion controlled growth occurring in three dimensions the exponent n = 5/2. 

A simplified correlation for the rate of gas consumption due to hydrate formation (eq. (12)) 

has been implemented in computational algorithms used to predict hydrate blockages in oil-

dominated pipelines29, 43. Here, the subcooling is the driving force and a threshold value for 

the onset of hydrate formation of 2.8 K (6.5 F) is assumed.44  

dmgas

dt
= - u C1 ∙ e

- 
C2
T ∙ Agl ∙ ∆T (12) 

In eq. (12) mgas is the mass of the gas absorbed by hydrates, C1 is a kinetic parameter, C2 is 

temperature associated with the activation energy for the reaction,  and u<1 is a fitting 

parameter that takes into account mass-transfer resistances. The values of the kinetic 

parameter and the activation temperature have been obtained by regression of eq. (12) to 

hydrate formation data from autoclave experiments where heat and mass transfer limitations 

were assumed to be absent.37, 38 

In another simulator for pipelines under steady-state flow conditions30 the kinetic model 

assumes a mass transfer mechanism. The equation for the rate of transport from the 

hydrocarbon to the aqueous phase of each of the N gas components is:  

dni
AQ

dt
=  ki ∙ Agl ∙ (fi

HC
- fi

AQ
)       i=1,2,…,N (13) 

where ni
AQ is the number of moles of component i in the water, k i is the mass transfer 

coefficient of component i and fi
AQ

 and fi
HC

 are the fugacities of component i in the aqueous 

and hydrocarbon phases. The mass transfer coefficients are calculated using available 

correlations for steady-state flow in pipelines. The model assumes that hydrates form 

instantaneously from the gas dissolved in the aqueous phase (the threshold value for the 

hydrate onset is zero). 
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3.2 Multiphase Flow in Gas Pipelines 

The most prevalent flow patterns in horizontal and near horizontal low liquid volume 

fraction pipelines are stratified and annular. Figure 4 illustrates the gas-liquid distribution that 

characterizes these flow regimes as the gas velocity increases from left to right. In stratified 

flow conditions, at relatively low gas and liquid flow rates, the heavier liquid phase accumulates 

at the bottom of the pipe and the interface is relatively flat (Figure 4a).  As the gas velocity 

increases, the interface becomes wavier and concave with a larger area of the inner pipe wall 

pipe being wet (Figure 4b). Eventually some droplets are torn from the liquid surface and 

entrained in the gas phase. With further increases in gas flow rate, the liquid film wets the 

whole pipe wall and more droplets are entrained in the gas core. At this point the transition to 

annular flow occurs (Figure 4c). 

 

                (a) (b)              (c) 
   

Figure 4. Most common flow patterns in horizontal gas-dominated pipelines: (a) stratified-flat; (b) 
stratified-curved; (c) annular. 

Various theoretical models with different degrees of complexity have been proposed to 

predict the flow pattern types and the most important parameters associated with each regime. 

For gas dominated pipes these are the liquid holdup, the wetted perimeter, the pressure 

gradient and the droplet entrainment. Not all the models presented in the literature are 

complete or applicable to the entire range of field conditions. Broadly they can be classified 

as empirical or mechanistic models. Empirical methods are more heavily based on 

correlations, as compared to the mechanistic models, and cannot be applied with confidence 

in all conditions, but they are easily implemented in numerical calculations. The mechanistic 

models, being based on fundamental laws, are in principle more robust and have wider 

applicability, but they require a much more demanding computational effort. The Beggs and 

Brill method,45 and its later refinement by Mukherjee and Brill,46 are perhaps the most widely 

used by the oil and gas industry for determining the flow pattern, the liquid holdup and the 

pressure gradient in pipelines for the complete range of inclinations. Among the mechanistic 

models, the Taitel and Duckler method47 has provided the basis for a number of successive 
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refinements capable of improving the prediction accuracy across a larger range of fluid 

properties and conditions.48-50 

3.2.1  The Beggs and Brill model 

This model has been used as the starting point to analyse the multiphase flow data 

obtained in the flow loop experiments, as it provides a straightforward method to estimate the 

flow pattern, liquid holdup, pressure drop and temperature distribution in horizontal steady-

state pipelines, using explicit correlations. In this flow model the gas-liquid mixture is treated 

as a pseudo single-phase and therefore it involves a small number of equations which 

resemble those of the corresponding single phase flow.  

By applying the momentum balance equation to the gas-liquid mixture, the following 

expression for the pressure gradient along the pipeline is derived:    

P

x
=  

1

2
∙ fm ∙ ρ

m
 ∙ 

vm
2

Dh
       (14) 

Here fm, m, vm are the mixture friction factor, density and velocity, respectively, and Dh is 

the hydraulic diameter of the pipe. The acceleration component of the pressure drop in the 

original equation is neglected and the hydrostatic component is absent in a horizontal pipe.  

The friction factor is expressed as a function of the loss coefficient, defined using an 

empirical fourth-order polynomial function of the holdup, H, and the Reynolds number, 

Re=ρ
m
vsm Dh/μm

  which is defined in terms of the mixture density, viscosity and superficial 

velocity, respectively. These quantities may be obtained from the equations: 

ρ
m
=   ∙  ρ

l
 +  (1-) ∙  ρ

g
 


m
=   ∙  

l
 +  (1-) ∙  

g
 

vsm=vsg+vsl 

 

(15) 

(16) 

(17) 

In eqs. (15) and (16),  is the no-slip holdup, calculated from the gas and liquid superficial 

velocities, vsg, vsl, respectively: 

= 
vsl

vsg+vsl
 (18) 

The gas and liquid velocities, vg, vl, are related to the corresponding superficial velocities 

through the liquid holdup:  

vg=
vsg

(1-H)
   

vl=
vsl

H
 

(19) 

(20) 
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In the original reference45 full details of the friction factor correlations are provided, as well 

as those used to determine the flow pattern and the liquid holdup.   

Following the pseudo one-fluid approach, the temperature distribution along the pipeline 

can be obtained by solving numerically eq. (21), derived by Alves et al.51, from the energy 

balance for a control volume of the pipe: 

T

x
 = β

JT
∙ 
P

x
  - 

π ∙ Dh ∙ U ∙ (T-Tc)

ρ
m
 ∙ c

m
 ∙ Qm

 (21) 

Here T/x is the temperature gradient, JT is the Joule-Thomson coefficient, U is the overall 

heat transfer coefficient, Tc is the external pipeline temperature, cm is the heat capacity at 

constant pressure of the fluid mixture cm=  ∙cpl + (1-)∙cpg, Qm is the sum of volumetric flow 

rates of gas and liquid (Qm=Qg+Ql). 

3.2.2 Gas-liquid interfacial area 

Hydrates predominantly form at the gas-liquid interfacial area52 and therefore this is a 

determinant factor in the risk of pipeline plugging, particularly at flowing conditions. This is 

reflected in eqs. (9), (12), (13), where the interfacial area appears as a multiplicative factor in 

the hydrate formation rate. 

Contributions to the interfacial area come from the wetting film and the entrained droplets 

(Figure 4). It is assumed that no gas bubbles are dispersed in the liquid phase at low liquid 

volume fractions, even though the presence of gas bubbles in the liquid film in horizontal 

annular flow has been previously reported.53  

In the stratified-flat configuration, the area per unit length is geometrically determined by 

the circle cord length, which is a function of the pipe diameter and the liquid holdup.47 The 

estimation of the contact area is less straightforward in the stratified curved case, 

nevertheless, at low liquid volume fraction, this can be approximated by the wetted pipe wall 

which can be estimated using available correlations.54-56  A convenient expression for the 

wetted wall fraction  was provided by Hart et al.54 in terms of the liquid holdup H and the 

modified Froude number, Fr = ρ
l
∙ul

2 / [(ρ
l
-ρ

g
)∙Dh] 

 =  0.52∙H
0.374

+ 0.26∙Fr
0.58

 (22) 

In the annular regime, = 1 and the interfacial area again can be estimated from 

geometrical considerations using eq. (23): 
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Afilm = π∙Dh∙L∙√1 - H + 
E ∙ Ql

S ∙ Qg

 
(23) 

In eq. (23) E is the droplet entrainment, to be discussed in the next Section 3.2.3, and L is 

the length of the pipe.  

A second contribution to the interfacial area is provided by the droplets dispersed in the 

gas stream. The specific area of the droplets can be estimated from the volume fraction of the 

entrained liquid and the Sauter mean droplet diameter, d32, according to: 

 Ad=  
6

d32

∙
E∙Ql

S∙Qg

 
(24) 

In eq. (24) the slip factor S, which is the ratio between the drop and the gas velocities, can be 

estimated using the drift-flux theory by Ishii et al.57   

3.2.3  Droplet entrainment 

Droplet entrainment influences significantly the mass and heat transfer phenomena in 

pipelines operating under annular flow conditions. It is measured by the entrainment fraction 

E, which is the ratio of the flow rate of drops transported in the gas phase, Qe, to the total flow 

rate of liquid in the pipeline Ql (E=Qe/Ql). The droplets originate from the shear forces applied 

by the gas on the wavy liquid surface of the annular film.58 These droplets are subsequently 

lifted and transported into the turbulent gas stream. When the rate of droplet atomization and 

deposition become equal, the concentration of droplets in the gas phase core reaches its 

steady-state value. At present, several semi-empirical correlations are available for the 

entrainment fraction, even though very few have been tested in high pressure gas pipelines.  

Hewitt et al.53 presented a correlation for the mass flow rate of droplets in the gas phase in 

terms of a liquid film Reynolds number. In this work, a correlation is also provided for  the 

critical value of this parameter above which entrainment occurs. Lopez de Bertodano et al.59 

refined this model by introducing the Weber number, as an additional correlating group, which 

represents the ratio between the shear force exerted by the gas and the capillary force that 

retains the film. Alipchenkov et al.60 used the Weber number, rather than the Reynolds 

number, to define the entrainment inception condition. Pan et al.61 proposed the simplified 

correlation given in eq. (25) which, unlike most of the studies cited before, was specifically 

formulated for horizontal pipelines.  

E

EM -E
 = A1 ∙Dh∙

√ρ
g
∙ρ

l

σ
∙vg

2 
(25) 
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In eq. (25)  is the interfacial tension and EM is the maximum value of the entrainment 

fraction. This quantity depends mainly on the properties and velocity of the liquid film and it 

can be estimated using a correlation that is discussed in the original reference.61 The original 

value of A1, obtained in that work from an analysis of flow loop data measured at low pressure, 

was 8.8×10-5. More recently, however, Mantilla et al.62 reported liquid entrainment data in high 

pressure gas that were collected using a two-inch flow loop. To better model the experiments 

conducted as part of this thesis, the data of Mantilla et al.62 measured at the highest pressure 

(6.9 MPa) and liquid volume fractions around 5% were used to determine a more 

representative value for the parameter A1. These data and a curve obtained using eq. (25) 

with A1=3.6×10-5 are shown in Figure 5. 

    Several correlations for the Sauter mean droplet diameter  are available in the 

literature.63-65 Al-Sarkhy et al.65 proposed the simplified expression in eq. (26):  

d32 = 0.128 ∙ (
σ

ρ
g

)

0.604

∙ ug
-1.209 ∙ Dh

0.396
 (26) 

This correlation is used in this work together with the entrainment fraction to estimate the 

gas-liquid interfacial area from eq. (24). 

 

Figure 5. Liquid entrainment data from Mantilla et al.29 fitted by adjusting the parameter A1 in eq. (25). 

It is worth noting that all the correlations for the entrainment fraction mentioned above are 

applicable to fully developed annular flow conditions, but entrainment can occur also in the 

wavy stratified-curved flow regime (Figure 4-b), which is more common in large diameter 

pipelines.  
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3.3 Hydrate transportability in gas-dominated pipelines 

Hydrate blockages in industrial gas-condensate pipelines have been studied in two field 

tests at the Tommeliten-Gamma66 and at the Werner Bolley12 gas fields, in 1994 and 1997, 

respectively. In these field trials hydrate plugs were allowed to form under steady-state and 

transient conditions and different hydrate dissociation procedures were tested afterwards. The 

results from the Werner-Bolley field, performed at low subcooling conditions around 3.3 K, 

showed that typically hydrate plugs developed in about 100 hours. During this time the 

pressure drop gradually increased, with several pressure spikes superimposed to a baseline 

with a rising trend. Transient flow restrictions developed along the flowline that were displaced 

downstream during the course of the test until a blockage occurred which severely impaired 

or completely stopped the flow. Matthews et al.44 performed flow loop tests with the Werner-

Bolley fluids at the same pressure and temperature conditions as in the field trials. Plugs 

developed in the flow loop at similar subcoolings, but over shorter times as the flow loop 

diameter (0.05 m) was smaller than those of the industrial pipelines (0.12 m). A second 

significant difference is that the flow loop tests were performed with a much higher water 

holdup (20-25%) compared to the field trials (2%). 

Lingelem et al.67 formulated the first conceptual picture of hydrate blockages based on 

solid deposition at the pipe walls, after experiments performed during the 1984 -1990 period 

on ice and hydrate plug formation in 1” and 2” pipelines. From these ideas the conceptual 

model was subsequently further developed to explain the results from the field trials. The 

conceptual model is based on the mechanisms of coat growth and sloughing, as illustrated in 

Figure 6.12 

 
Liquid film 

and droplets 

Hydrate coat 

build-up 

Coat closure Coat growth Sloughing Jamming and 

plugging 

Figure 6. Conceptual model for hydrate plugging in gas-dominated systems12  

To simplify the description the annular liquid film can be assumed to consist of water only 

(no hydrocarbon condensates are present). Once the pipeline conditions reach the hydrate 
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stability region, hydrates start to crystallize at the gas/water interface or/and at the pipe wall. 

The interfacial region is where gas-water mixing offers the most favourable conditions to 

hydrate formation, while the pipe wall, usually the coldest area in the pipeline, provides the 

highest subcooling as well as nucleation sites for hydrate formation.  The crystals that nucleate 

directly on the metal surface can grow by incorporating gas dissolved in the water film, forming 

a solid coat on the wetted pipe perimeter.68 Hydrate particles formed at the surface of the film 

and droplets in the gas phase can also deposit on the pipe wall, adhering to the bare pipe or 

to a pre-existent hydrate substrate.41 The coat eventually may extend laterally covering the 

whole inner pipe surface and also grow radially causing a restriction to the flow. If the hydrate 

layer adhered at the pipe wall is not mechanically stable, parts of it may fall off into the gas 

stream. This process (“sloughing”) may be induced by resonant vibrations of the pipe or by 

the shear force applied by the flowing fluids.69 Settling of collapsed material from the pipe wall 

can result in severe restriction or complete blockage of the flowline. 

There are very few experimental studies on hydrate formation and transportability in  gas-

dominated multiphase flows, with systems and conditions as those found in industrial oil and 

gas pipelines. In a study on refrigeration systems, Dorstewitz et al.70 examined the effect of 

heat transfer on hydrate formation at the pipe walls using a 15 mm diameter, low pressure 

flow loop with a gaseous hydrate forming refrigerant. The pressure drop behaviour was 

attributed to a decrease of the hydraulic diameter of the pipe and modelled using a simple 

correlation for the turbulent flow of a homogeneous gas-liquid mixture in a pipe. 

Nicholas et al.71 conducted experiments using a small diameter flow loop (9.3 mm) with a 

water-saturated liquid condensate system. From the pressure drop measurements the authors 

inferred that hydrate deposition developed over extended lengths of the flow loop. A model for 

the growth of the hydrate coat at the pipe wall was formulated to describe the experimental 

results.72 It was assumed that, at these experimental conditions, the time-evolution of the coat 

thickness was controlled by the mass transfer of the water molecules from the condensate 

phase to the hydrate on the pipe wall and the removal of latent heat from the hydrate surface. 

Rao et al.73 used a high pressure visual cell containing water-saturated natural gas (wet 

gas) to observe hydrate deposition on the outer surface of a tube within the cell, through which 

a cooling solution was circulated.  Gas flow was maintained over the tube for the duration of 

the experiments. The thickness of the deposited hydrate layer increased over time until the 

outer surface of the hydrate coat reached the hydrate equilibrium temperature. The model 

previously applied by Nicholas et al.72 for deposition on the inner pipe wall was adapted by 

changing the geometry of the film from inward to outward growth to obtain the space and time 

evolution of the hydrate deposit on the outer surface of the tube . Hydrate formation and 
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deposition in experiments conducted with single-phase systems are, however, expected to be 

severely limited by mass transfer effects and cannot be considered to be representative of 

multiphase gas-liquid systems. 

Recently Cassar et al.74 and Sinquin et at.75 performed flow loop tests in gas-dominated 

conditions, which highlighted the influence of the flow regime (stratified vs. annular) and the 

presence of a condensate phase on hydrate formation and pipeline plugging. In these 

experiments rapid hydrate formation, starting at low subcooling (less than 1 K), was observed 

first followed by the growth of a hydrate crust at the pipe wall and the appearance of hydrate 

chunks that produced significant flow instabilities. Higher formation rates were measured 

under annular flow conditions compared to those observed in the stratified flow regime, which 

accordingly led to shorter blockage times.  In a recent study Wang et al.76 formulated a model 

for hydrate formation and deposition in gas-dominated systems with free water, which was 

applied to the study of hydrate blockages in vertical gas wells. This model was later refined77 

to account for the effect of deposition of hydrate particles from droplets entrained the gas 

stream through the introduction of an empirical parameter to better match the flow loop data 

of Di Lorenzo et al. 78 

3.4 Thermodynamic hydrate inhibition with MEG 

3.4.1 Phase equilibria in the presence of MEG 

Only few phase equilibria studies of natural gas-water-MEG systems at hydrate forming 

conditions are available. Robinson et al.79  and more recently Haghighi et al.80 reported data 

on the thermodynamic equilibria of methane hydrates in the presence of MEG in a 

concentration range of 10 to 50% by weight. Hydrate phase equilibria of a binary mixture of 

methane (88.13% mol) and propane (11.87% mol) in the presence of MEG has been 

investigated by two different groups. Song et al.81  reported inhibitor concentrations in the 

range from 5 to 50%, while Hemmingsen et al.82 focused on the high dosage range of 40 to 

60 %. The results for the gas-aqueous solution-hydrate equilibrium temperature from the 

former study are two to three degrees higher than those from the latter. Both groups used an 

isochoric PVT cell in their measurements, but applied continuous vs. step-heating method, 

respectively. Other scattered results for two natural gas systems in the presence of MEG are 

reported by Haghighi et al.80 

The accuracy of thermodynamic models in predicting the hydrate equilibrium conditions in 

the presence of MEG is difficult to assess, due to the lack of reproducible data; but, it is 

considered that, for thermodynamically inhibited systems all together, the accuracy is within 2 

C for temperature and 20% for overall pressure.9  
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In the software package MultiFlash version 4.1 by Infochem83 used in this study, two 

hydrate models are available for calculations with MEG: the RKSA (advanced “Redlich-

Kwong-Soave”) model and the CPA (“cubic-plus-association”) model.  While some specific 

mixing rules have been developed for the RKSA model that can allow inclusion of the effect 

of THIs on the hydrate equilibria calculations, the CPA model is preferred, since it accounts 

explicitly for the effects of hydrogen bonding in solutions.84 In water-MEG systems, hydrogen 

bonding complexes form through the strong interaction between the protons in water 

molecules and the hydroxyl oxygen group in the glycol molecule.  

In Figure 7 the hydrate equilibrium curves for the natural gas system used in this study 

(Perth city gas) are shown, as calculated using MultiFlash according to both models, at 

increasing MEG concentrations. The Perth city gas was supplied by Alinta (Perth, Australia). 

The gas composition (Table 1) was analysed by Amdel Bureau Veritas (Perth, Australia). The 

difference between the model predictions increases with increasing the inhibitor concentration, 

but it is within the uncertainty expected from commercial software. 

Table 1. Composition of the domestic pipeline gas 

Components Composition (mol %) 

CH4 87.30 

C2H6 6.02 

C3H8 1.51 

i-C4H10 0.14 

n-C4H10 0.21 

i-C5H12 0.04 

n-C5H12 0.04 

C6 0.02 

C6+ 0.02 

CO2 2.30 

N2 2.40 
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Figure 7. Hydrate equilibrium curves using MultiFlash83 with the RKSA (black dashed lines) and CPA 
(grey lines) models. 

The solubility of hydrate former gases in the liquid phase determines the driving force for 

hydrate formation, as shown in eq. (9). The RKSA and CPA models are compared against 

experimental data for gas solubility obtained by Wang et al..85 In their work, a mixture of 

methane (90.13% mol) and ethane (9.87% mol) was used and the concentration of each gas 

was determined in an aqueous solution of MEG at a pressure of 5 MPa and temperature of 

20 ºC.  The software predictions, presented in Figure 8 and Figure 9 for each gas, show that 

the RKSA model in particular fails to reproduce the experimental trend in each case. 

 

Figure 8. Methane solubility at P=5 MPa, T=20 ºC using the RKSA and CPA models against 
experimental data of Wang et al..85 
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Figure 9. Ethane solubility at P=5 MPa, T=20 ºC using the RKSA and CPA models against experimental 
data of Wang et al..85 

3.4.2 Hydrate formation kinetics with thermodynamic inhibitors 

Currently available experimental data on the kinetics of hydrate formation in the presence 

of thermodynamic hydrate inhibitors is very limited.  

The results obtained in the field trials at Tommeliten66 suggested that under-inhibition with 

methanol at low concentration could increase the hydrate plugging tendency during restart 

operations in a pipeline. To ascertain the effect of low doses of THIs, Yousif86 conducted 

laboratory measurements of the kinetic of natural gas hydrate formation using an autoclave. 

His results showed that low concentrations of methanol or glycol (1 to 5 wt %) produced higher 

growth rates, increasing with inhibitor concentration. The author also reported that the THIs 

delayed the onset of hydrate formation, but no evidence was provided in his paper. Similar 

findings have been reported by Makogon87 for methanol (2 wt %) and MEG (5 wt %) acting as 

methane hydrate growth promoters.  

Recently Seo et al.88 conducted natural gas hydrate formation experiments at 0, 10% and 

30% weight concentration of MEG using an autoclave at a constant pressure of 10.5 MPa. 

Very little effect was observed at 10 wt %, but a significant delay of the hydrate onset time and 

a reduction in the growth rate were observed at 30 wt % compared to the uninhibited system. 

This was attributed to the decrease of the driving force for hydrate formation due to the 

increase of the inhibitor concentration. The kinetics of natural gas hydrate formation at under-

inhibited conditions, in the presence of a synthetic condensate, was investigated as a part of 

study on the plugging potential in a flow simulator (“rotating wheel”) .89 The results from this 

study agree with the observed behaviour in the autoclave experiments of Seo et al.88: the 
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conversion rates at 0 and at 10 wt % of MEG were similar, but decreased substantially at 20 

wt % and 30 wt %.  

3.4.3 Hydrate transportability in the presence of MEG 

Experimental studies of hydrate behaviour in gas-dominated flows are also very scarce, 

and systematic investigations have not yet been undertaken.  

As part of the experimental campaign conducted in 1994 using a 6 inch subsea pipeline in 

the Tommeliten-Gamma gas field66, steady-state and transient tests were conducted. Under-

inhibited conditions were achieved by stopping the methanol injection and plugs were formed 

in different parts of the pipeline. As mentioned before, it was observed that restart operations 

with low inhibitor concentrations (5 wt %) were more prone to develop hydrate plugs than 

those that were totally uninhibited. 

A comprehensive laboratory study was completed recently89, 90 using a 5 cm diameter flow 

simulator (spinning wheel) to investigate the transportability of hydrate slurries in under-

inhibited conditions.  The systems of interest were mainly gas/condensate/water mixtures 

inhibited with MEG, with a liquid volume fraction of up to 40%; and water-in-condensate 

volume fractions (water cut) between 10 and 50%. When the aqueous phase was dosed with 

an inhibitor concentration between 5 and 20%, a greater plugging tendency was observed 

compared to totally uninhibited and more concentrated solutions.  

These findings are summarized semi-quantitatively in the graph in Figure 10, adapted from 

the original reference89 which refers to water/condensate/natural gas systems at 40% liquid 

volume fraction and 20% water cut. The plugging potential with respect to the uninhibited 

system increased with MEG dosage, reaching a maximum in the concentration range between 

10 and 15 wt % and decreased again towards the fully inhibited condition. The plugging 

potential was related to the hydrate particle dispersion characteristics, which were mainly 

determined by the MEG concentration in three different regions: in the lower range (0 to 10 wt 

%) hydrates formed large, dry aggregates; in the intermediate range (5 to 20 wt %) larger, 

more adhesive lumps were observed mostly deposited at the pipe wall; in the highest range 

(>20 wt %) small hydrate particles formed a gel-like structure in the bulk fluid.     
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Figure 10. Hydrate plugging risk of under-inhibited gas/condensate/water systems with MEG at a 
water cut of 20% (adapted from Hemmingsen et al.89). 
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4 FLOW LOOP EXPERIMENTS 

4.1 The Hytra flow loop 

The Hytra flow loop is a one-pass multiphase flow loop for natural gas-water-oil systems 

with a gas volume fraction higher than 90%. Non-toxic, non-corrosive gases, pure water or 

brines and light oils can be used. Water or oil-soluble chemicals, such as hydrate inhibitors, 

can be added to the liquid phases. Operation temperatures are in the range of -8 °C to +30 

°C and the maximum allowed pressure is 11.7 MPa.  

A simplified diagram of the flow loop and a photograph of the test section are presented in 

Figure 11 and Figure 12.  

 

Figure 11. Simplified diagram of the Hytra flow loop.  

 

Figure 12. Photograph of the test section of the Hytra flow loop.  
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Pressurized gas is supplied to the loop using high pressure cylinders connected to the gas 

feed line through a pressure regulator valve. The gas is continuously circulated by using a 

high pressure 15 HP reciprocating compressor with capacity at 10 MPa in the range of 600 to 

1200 Sm3/h. The gas flow rate can be controlled by changing the plunger speed as indicated 

in Figure 13. The maximum pressure difference between the discharge and suction is limited 

to 1.8 MPa.  The gas can be cooled down before entering the test section through a coil-in-

tank heat exchanger.  

 
Figure 13. Compressor capacity and gas superficial velocity in the flow loop. 

A chiller unit with 25 kW capacity is used to regulate the temperature of the cooling fluid 

(glycol solution) contained in a 700 L coolant tank. From this tank the coolant  is circulated into 

the pipe-in-pipe jacket enclosing the test section and in the heat exchanger tanks. The set 

point in the chiller can be varied from +30 °C down to -10 °C and the temperature of the test 

section pipe wall can be controlled within a range of  1.5 °C. The injection liquids are stored 

in two 500 L tanks: one suitable for aqueous solutions; the other for water-oil mixtures. The 

water tank operates at atmospheric pressure and the oil-water tank can be stirred and slightly 

pressurized up to 0.7 MPa. The liquids in both injection tanks can be cooled down using a coil 

filled with coolant from the chiller. Liquid are injected into the flow loop test section using a 

high pressure multiplex pump at flow rates in the range of 0.5 to 7.5 L/min depending on the 

pump speed (see Figure 14). In these experiments the liquids are cooled down to the test 

temperature beforehand, therefore the liquid temperature at the injection point can be 

considered to be close to the test temperature. 

The fluids and hydrates transported through the test section end up in the gravimetric 

separator where the liquids and hydrates are collected. This vessel has a volume of 525 L and 

is provided with heating jackets which can be used to increase the temperature and dissociate 
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the hydrates accumulated during the test. From the top of the separator the gas phase is 

directed into a smaller 80 L cyclone separator where it is further separated from any liquid 

carried over before entering the compressor suction cylinder.  The liquids from the separators 

can be returned back into the liquid injection tanks or dumped into disposal tanks. The bigger 

separator is used mainly for tests in which larger amounts of liquids are processed (long 

duration experiments) and can be by-passed, if required, allowing 525 L of gas to be saved.  

The loop has a total volume of 900 L of which 15 L are contained in the test section. 

 
Figure 14. Liquid pump flow rate and superficial velocity in the flow loop 

The test section of the Hytra loop is made of 316 stainless steel, 0.8” (2.0 cm) ID pipe. It 

is laid on a horizontal plane with two straight sections 15 meters long joined by a horseshoe 

shaped bend. The total length is 40 m. The liquids are injected at the inlet “T” connection 

where they are mixed with the gas stream. The fluid mixture flows through the entrance section 

where a static mixer is installed, enters the inlet straight section (PT-1 to PT-3), passes through 

the bend and flows back through the return leg to the flow line outlet into the gravimetric 

separator. In the return leg a “U” shaped vertical by-pass deviation, 2 meters long and 0.9 

meter deep, is available to simulate a low point along the flow line. The test section is cooled 

down using a 4” pipe-in-pipe system where the coolant is circulated co-currently with process 

fluids and it is covered with insulation material. Six RTD sensors are installed in the test section 

to measure the temperature along the flow line with an uncertainty of  0.15 °C. Each RTD is 

mounted into thermowells located at successive measuring points along the test section. The 

respective distances from the entrance point PT-0 for each point are: x1=3.1 m (PT-1), x2=9.1 

m (PT-2), x3=16 m (PT-3), x4=22.1 (PT-4), x6=36.5 m (PT-6) (Figure 11). The RTD sensor tip 

is positioned flush with the pipe wall and does not interfere with the flow. On each thermowell 

a pressure transmitter is also mounted to measure the pressure along the test section with an 

uncertainty of  0.03 MPa.  Four viewing windows installed at different positions along the test 
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section (VW 1 to 4 in Figure 11) allow the process fluids and hydrates in the pipeline to be 

visually inspected. Fluid transport through these windows may be captured using high speed 

digital video cameras outfitted with a 10X objective lens.  

A turbine flow meter is used to measure the gas flow rate at the flow loop gas return line 

with a relative uncertainty of  0.3%. The liquid flow rate is measured using a positive 

displacement gear flow meter before the injection point with a relative uncertainty of  1%. 

The pressure, temperature and flow rate readings are transmitted to a data acquisition system 

(DAQ) at one-second intervals and stored for processing. 

The technical specifications of the Hytra flow loop are summarized in Table 2. 

Table 2. Technical specifications of the Hytra flow loop. 

Maximum pressure 12 MPa (1750 psi) 

Maximum pressure drop 1.7 MPa (250 psi) 

Temperature -10 to 35 ºC (14 to 95 ºF) 

Liquid flow rate  0.06 to 0.5 m3/h (0.03 to 2.2 gal/min) 

Liquid superficial velocity 0.05 to 0.44 m/s (0.16 to 1.44 ft/s) 

Gas flow rate  600 to 1000 Sm3/h (353 to 589 Sft3/min) 

Gas superficial velocity 4.6-8.7 m/s (15.1 to 28.5 ft/s) 

Maximum liquid volume fraction  15% 

Inner diameter 0.02 m (0.8 inch) 

Test section length 40 m (131 ft) 

Total volume 900 L (237 gal) 

Test section volume 15 L (3 gal) 

4.2 Materials 

In this research, experiments were performed with de-ionized water, industrial-grade MEG 

(minimum purity 99.1%) and domestic pipeline gas (approximate composition in  Table 1).  

Before each trial, the water and glycol were added and mixed in the liquid injection tank to 

obtain 400 L of aqueous solution with a concentration of 10, 20, 30 or 40 wt % MEG. The final 

aqueous MEG fraction was confirmed by ex-situ density measurements. The density data as 

a function of MEG weight concentration, as determined using a digital densitometer (Mettler-

Toledo, model DE40) with an uncertainty of ± 0.0001 g/cm3, are shown in Figure 15. 

Phase equilibrium calculations for the inhibited and uninhibited systems were carried out 

using Multiflash v4.183 with the cubic plus association hydrate model (Figure 7); this software 

also provides estimates of the relevant physical properties of the phases at the experimental 

conditions. Typical values of these estimated properties are listed in Table 3. 
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Figure 15. Experimental determinations of MEG concentration as a function of density.  

4.3 Flow loop Experimental Procedure 

Before each experimental test, the flow loop is cleaned by deionized water circulation, fully 

purged of any remaining liquids by gas sweeping and pressurized to the desired set point. The 

test section is then cooled to the target temperature, under constant gas flow without any liquid 

injection, until a steady-state gas temperature profile is established along the test section. The 

values of the initial pressure and temperature are recorded with gas circulation halted, to 

temporarily eliminate frictional pressure drop contributions due to fluid flow.  After resuming the 

gas circulation, tests are commenced by initiating the water injection pump (hydrocarbon 

liquids were not used in this study).  

If the test is performed at conditions inside the hydrate stability region, hydrates form in 

the test section. This is confirmed in each experiment by visual observations and through the 

flow loop pressure drop measurements, which typically increase during the test run.  If the 

allowable limit of 1.8 MPa is reached, the experiment must be halted by stopping liquid 

injection and gas circulation. Final readings of the temperature and static pressure are logged 

to estimate the total gas consumption due to hydrate formation.  

At the end of each experiment, the hydrates are fully dissociated by raising the temperature 

in the flow loop and separator. The liquids are flushed from the test section into the gravimetric 

separator and the system is fully emptied by discharging all liquids for disposal or recycling .  
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Table 3. Physical properties of each phase at pressures of 10.2 to 10.8 MPa and a temperature of 9 
C, estimated using Multiflash v4.1.83  

Phase Molar mass 

(g/mole)     

Density    

(kg/m3) 

Viscosity    

(cP) 

Surface 
Tension 

(mN/m) 

Gas* 18.3 (avg.) 103-107 0.015 – 

Aqueous solution 
MEG 0 wt % 

18.04 998 1.17 72.2 

Aqueous solution 
MEG 10 wt % 

19.41 1007 1.47 69.2 

Aqueous solution 
MEG 20 wt % 

20.97 1017 2.07 66.5 

Aqueous solution 
MEG 30 wt % 

22.77 1027 3.13 63.9 

Aqueous solution 
MEG 40 wt % 

24.86 1036 4.09 61.6 

Hydrate 18.6 945-951 – – 

*Gas composition given in Table 1 

4.4 Data Analysis 

The pressure drop across the test section is calculated as the difference of the  pressure 

readings at the measurement points PT-1 and PT-6 under flowing conditions. The first section 

between PT-0 and PT-1 is not included to ensure that the flow is well developed.  

The flow loop temperature, T, is calculated as the space-averaged value of the 

temperature readings from each measuring point PT-1 to PT-6: 

T=
1

2∙(x6-x1)
∙ ∑(Ti+Ti+1)∙(xi+1-xi)

5

1

 
(27) 

The subcooling at each measured location is: Tsubi = Teqi(Pi) - Ti, where Teq is the hydrate 

equilibrium temperature at the local pressure P. The phase equilibrium curves (grey curves in  

Figure 7) have been approximated by the expression:  

Teq =(Aln(C + D∙ P + E∙ P
2)+B)

-1
-273.15  (28) 

which was obtained by interpolation of data calculated using Multiflash83 with the CPA-model. 

The values of the fitting parameters are reported in Table 4. 

The subcooling across the test section was calculated using a space-averaged expression 

analogous to eq. (28). 
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 Table 4. Fitting parameter for hydrate equilibrium curves 

MEG wt % A 

(×105 K-1)     

B 

(×103 K-1)     

C D 

(MPa-1) 

E 

(MPa-2) 

0 -10.0 4.1 -29.550 125.810 -2.991 

10 -9.6 4.1 -29.549 72.960 -1.738 

20 -9.5 4.1 -27.822 52.141 -1.283 

30 -9.2 4.0 -25.424 35.431 -0.878 

40 -7.8 4.0 -24.153 18.000 -0.434 

 

The moles of gas consumed to form hydrates, nh, was estimated from static pressure 

measurements using eq. (29). 

nh=
P0 ∙V0

Z0 ∙R∙T0

-
Pf ∙ (V0 -VL)

Zf ∙R∙Tf

 (29) 

Here P0 and Pf  are the initial and final pressure values at the separator in the absence of 

gas and liquid flow, V0 is the total volume of the flow loop (900 L), VL is the total volume of 

injected liquids, T0 and Tf  are the initial and final temperatures at the separator, Z0 and Zf  are 

the initial and final values of the gas compressibility factor, and R is the gas constant.  

The compressibility factor is calculated from interpolation of data obtained using Multiflash 

as a function of temperature and pressure, using eq. (30): 

Z(P,T)= a∙T
2
+ b∙P

2
+ c∙T∙P + d∙T + e∙P + f (30) 

The values of the fitting parameters are given in Table 5. 

Table 5. Fitting parameters for the gas compressibility 

a 

(ºC-2) 

b 

(MPa-2) 

c 

(ºC-1MPa-1)     

d 

(ºC-1) 

e 

(MPa-1) 

f 

 

-3.04×10-5 7.47E-04 -4.21E-05 4.40E-03 -2.65E-02 9.32E-01 

The overall volumetric hydrate formation rate, Rh (L/min), is estimated using eq. (31):  

Rh=
( ∙Ww + Wg)

ρ
h

∙
nh

texp
 (31) 

where = 6 is the hydration number, Ww and Wg are the molar mass of water and gas 

(averaged), h is the hydrate density and texp is the duration of the experimental run. The value 

of the hydration number (number of water molecules per gas guest molecule) and hydrate 
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density were calculated from the hydrate composition provided by Multiflash83 for the gas used 

in this study at typical experimental conditions. Values estimated using eq. (31) are interpreted 

as an average of the formation rate over the range of subcoolings experienced during a 

particular test. 
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5 EXPERIMENTAL RESULTS 

5.1 Uninhibited systems 

5.1.1 Summary 

The results included in this section have been published in the paper by Di Lorenzo et al.78: 

“Hydrate formation in gas-dominant systems using a single-pass flow loop”. Relative to 

Chapter 4, an abbreviated description of the Hytra flow loop was included in the paper, which 

is not repeated in this Section. In that paper the authors also presented new results on the 

hydrate formation characteristics in pipelines operating at low liquid volume fraction in the 

annular flow regime. These conditions haven’t been investigated before, despite the fact that 

they may be encountered in industrial gas pipelines. Experiments using natural gas (Table 1) 

and water were performed in the temperature range (8.9 to 16.4 ºC) at subcoolings from (3.8 

to 11.2 K), following the procedure described in section 4.3. A qualitative description of the 

phenomena determining hydrate transportability in the flow loop was provided in the paper. 

The experimental pressure drop profiles were interpreted as a combination of hydrate film 

growth initially, followed by an amalgamation of more complex behavior , such as deposit 

sloughing, particle deposition, and hydrodynamic effects. These preliminary results indicated 

that the flow loop experiments were able to capture some of the main mechanisms leading to 

hydrate blockages in gas-dominated systems (Figure 6); nevertheless the authors highlighted 

the necessity of developing new models to scale-up these experimental results from a small 

diameter flow loop to larger industrial pipelines. 

5.1.2 Experimental conditions 

Deionised water and natural gas were used to form sII hydrate in the Hytra flow loop; the 

dry gas composition is reported in Table 1. 

Gas and water were injected into the test section at constant rates of 170 L/min (6 acfm) 

and 2.0 L/min, respectively, corresponding to gas and liquid superficial velocities of 7.9 m/s 

(25.9 ft/s) and 0.09 m/s (0.3 ft/s), respectively. From the flow regime model presented by 

Barnea,91 these superficial phase velocities suggest that the flow loop was operating in the 

annular flow regime (Figure 16). Snapshots taken at the exit window of the flow loop, (window 

4 in Figure 11) are shown in Figure 17. Two images of this window: before (Figure 17-a) and 

during (Figure 17-b) water injection are presented. The image on the right shows the presence 

of a liquid film covering the inner surface of the glass window, suggesting that fully developed  

annular flow conditions are achieved during these experiments.  
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Figure 16. Flow regime map91 for the Hytra flow loop experiments conducted in this work with the 
operating point highlighted.  
 

  

(a) (b) 

Figure 17. Image of the exit window (VW4): (a) no-flow condition; (b) flowing condition (Qg=170 L/min, 
Ql=2 L/min) 

Six experiments were performed, and the conditions are summarized in Table 6. 

Table 6. Summary of uninhibited Hytra flow loop experiments. 

Exp. Pinitial  
(MPa) 

Pfinal  
(MPa) 

Vwater,inj 

(L) 
Vhyd,final 

(L) 
Tfluid,avg  
(°C) 

Tsub,avg  
(°C) 

∆Pmax  
(MPa) 

Run Time 
(min.) 

1 8.8 9.3 88.9 20.5 13.6 5.8 ± 0.9 1.3 46.2 

2 8.8 9.2 87.0 22.3 13.4 5.9 ± 0.9 1.3 45.2 

3 8.4 8.5 47.0 27.8 8.9 10.3 ± 0.9 2.0 22.6 

4 8.8 8.9 71.5 27.2 10.7 8.7 ± 1.3 1.2 39.5 

5 10.5 10.7 45.2 27.4 8.9 11.2 ± 1.3 1.8 30.5 

6 10.6 10.7 42.4 3.9 16.4 3.8 ± 0.7 1.3 20.7 
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 Approximately 6 vol % water injection was maintained throughout each experiment. The 

final flow loop pressure was measured after liquid and gas pumps were halted. The final 

pressure in the loop increased during each experiment, because continuous liquid injection 

decreased the volume available for the gas phase. The total volume of hydrate formed by the 

end of the run Vhy d,final was calculated from a change in the static (non-flowing) pressure at 

known temperature conditions (Pinitial and Pfinal in Table 6), where the flow loop volume (900 L) 

was reduced by the total amount of water injected (Vwater,inj). The hydrate volumes formed are 

listed in Table 6, which also reports, the average fluid temperature (Tfluid,avg, from PT-1 through 

PT-6 in Figure 11), the average subcooling from hydrate equilibrium (T sub,avg = Thyd,avg –Tfluid,avg), 

the maximum pressure drop (ΔPmax) measured in each experiment, and total run time of each 

test. The average hydrate equilibrium temperature, Thyd,avg, was calculated from the average 

flow loop pressure and the gas composition reported in Table 1 using the RKS-advanced 

model set implemented in Multiflash 4.1.83 Based on the initial pressures and temperatures 

provided in, the amount of hydrate formed in each experiment accounts for a static (non-

flowing) pressure decrease of about 0.2-0.4 MPa (30-60 psi). The values of the Tsub,avg listed 

in Table 6 represent averages taken over the course of the experiment and the length of the 

flow loop. During an experiment, the subcooling (and hence the driving force for hydrate 

formation) varied because of two competing effects: (i) pressure increases of 0.05-0.53 MPa 

(8-77 psi) at the injection point over the course of the experiment, which increased the 

subcooling; and (ii) temperature increases throughout the flowline, caused by reduced heat-

transfer to the environment from thermally-insulating hydrate deposits. The net results of these 

competing effects for experiments 1 and 4 are shown in Figure 18 in which the spatially-

averaged subcooling in the flow loop is plotted as a function of time. The subcooling in both 

cases can be seen to be relatively constant varying approximately by only 1.1-2.8 -K (2-5 °F) 

over the course of the experiments. This indicates that considering an average subcooling 

when interpreting the results from a given flow loop experiment is likely to be a reasonable 

first approximation. The use of the time-dependent temperatures and pressures measured at 

multiple locations in the flow loop may be deployed in the future within a more sophisticated 

model for hydrate film growth and deposition, to account for local variations in driving force. 
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Figure 18. Average subcooling in the flow loop as a function of time for experiments 1 and 4; dashed 
curves indicate combined error bounds from temperature and pressure readings. 

5.1.3 Data interpretation 

The flow loop was divided into four sections based on the location of pressure and 

temperature measurements in Figure 11:  Section 1 (PT-1 to PT-2), Section 2 (PT-2 to PT-3), 

Section 3 (PT-3 to PT-4) and Section 4 (PT-4 to PT-6). Accounting for the increased pressure 

drop due to the thermowells and viewing windows,92  the equivalent lengths of each section 

were 6.2, 7.5, 8.4 and 14.8 m respectively. The pressure drops for each section were 

calculated directly from the difference between the absolute pressures measured  at the 

beginning and end of each section. 

At 8.6 MPa (1250 psi) and a temperature of 18.9 °C (66.1 °F), above the hydrate 

equilibrium temperature, the average flow loop pressure drop was 0.17 ± 0.01 MPa, or 24.9 ± 

1.6 psi (at one standard deviation). The pressure drop time series (dark line) plotted in Figure 

19 was obtained from a ten-point running average of the experimental data (symbols), which 

allows better visualization of the pressure drop trends with time by filtering noise in the 

pressure signals at frequencies greater than about 0.1 Hz: the average is ca lculated using the 

five data points preceding and five points following the desired time. Strong vibrations 

produced by the compressor, partially attenuated by the accumulator fitted at the discharge, 

are the main cause for the data scatter.  

The average flow loop pressure drop was compared with predictions made using Beggs 

and Brill45 model; no adjustable parameters were used in this calculation. This model consists 

of two components: a flow regime selection algorithm, and frictional pressure drop models for 

each flow regime. The flow regime algorithm is presented thoroughly in literature 45, and 



 

37 

 

predicts an annular flow for all experiments listed in Table 6, in agreement with visual 

observation and the flow regime model by Barnea.91 The model for pressure drop (ΔP) per 

unit length (ΔL) in annular flow is shown in eq. (14). 

The predicted pressure drop for the experiment shown in Figure 19 was 0.16 MPa (23.3 

psi), whereas the averaged experimental pressure drop, (blue triangle in Figure 19) was 0.13 

MPa (19.3 psi). The deviation between the experimental and predicted values is well below 

the combined uncertainty calculated from the standard deviation and the instrumental 

accuracy as represented by the error bar in Figure 19. 

 

Figure 19. Pressure drop across the entire flow loop at 8.6 MPa and 18.9 °C.  
(above the hydrate equilibrium temperature). The black line represents a ten-point running average of 
experimental data, and the straight red line represents a prediction made using the Beggs and Brill45 
pressure drop model for annular flow. The blue triangular point represents the mean value of the 
pressure drop time series and the error bar the combined uncertainty of the mean.  

Hydrate formation was confirmed visually in each experiment (Figure 20), and occurred 

within a few minutes of initiating the liquid injection pump (when the flow loop temperature was 

at the target subcooling). 

Throughout the experiment, the pressure drop increased across the flow loop with time. 

This increase during flow may be attributed to gas velocity increases and momentum 

dissipation caused by hydrate formation/deposition phenomena (confirmed visually), that 

result in (i) a smaller free cross-sectional area for flow, (ii) decreased gas density due to 

hydrate formation, and (iii) dissipative effects related to, for example, increased effective 

viscosity and/or the movement of solid hydrate plugs through the loop. The overall decrease 

in gas density was estimated using Multiflash 4.1 and the RKS-advanced model set for hydrate 
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formation83 from the flow loop’s measured change in static (non-flowing) pressure and volume 

at known temperature over the course of the experiment. 

 

Figure 20. Experimental images from high-speed camera positioned at VW-1 during experiment 1, 
illustrating the growth of a hydrate film. 

As a first approximation, our model assumes that stenosis-type annular hydrate growth 

dominates the pressure drop signal. Per the discussion above, we have estimated the total 

gas consumed to form hydrate for each experiment in Table 6; the total volume of hydrate was 

calculated by assuming a constant hydration number of 6 calculated from the hydrate 

composition at typical experimental conditions given by Multiflash.83 The frictional pressure 

drop increase attributable to stenosis-type hydrate film growth may be estimated by 

decreasing Dh in eq. (14) by an amount corresponding to the uniform distribution of hydrate 

around the loop.  

Using the total volume of hydrate estimated from the experimental data in Table 6 we 

calculated the time-averaged hydrate growth rate throughout the experiment. The 

assumptions that the calculated growth rate is constant throughout the experiment and the 
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hydrate deposit is radially homogeneous are, of course, first approximations. As pr eviously 

indicated, temporal and spatial deviations from the average subcooling will give rise to non-

uniform growth rates both along the flow loop’s length and over the experiment’s duration. The 

calculations further assume that the deposit is non-porous. Experimental data by Rao et al.73 

suggests that porosity decreases with time (from 80 to 0% over approximately 60 hours), for 

a heat transfer-limited system where hydrate was formed from water-saturated gas. Dynamic 

porosity calculations may be incorporated into future studies, but must be validated for both 

the geometry and liquid volume fraction of the Hytra flow loop.  

To the authors’ knowledge of the published literature, no comprehensive model is available 

to describe the pressure drop caused by hydrate formation in gas-dominant multi-phase 

systems. While the simplifying assumptions made here are significant, the model is useful 

because it provides a framework by which to interpret the observed pressure drop and, for 

example, identify when transitions in the dominant hydrate plugging mechanism have 

occurred. This is likely to assist in the challenging task of developing more sophisticated 

models for hydrate-induced pressure drops in gas-dominant multi-phase flowlines by partially 

de-convolving the multiple effects that contribute to the observed signals. 

5.1.4 Results and discussion 

5.1.4.1 Pressure drop increase with hydrate formation 

Experiments 1 and 2 were performed under near-identical conditions at around 8.7 MPa 

(initial pressure) and a temperature of 13.6 °C (56.4 °F) (subcooling of 5.8 K or 10.4 °F) in part 

to establish the repeatability of the experiments. Figure 21 shows pressure drop as a function 

of time after water injection was initiated for experiment 1. The pressure drop across sections 

1-3 increased monotonically with time, while local maxima were observed through time in 

section 4. As warm fluids enter the flow loop and cool due to contact with the wall, the 

subcooling and kinetic growth rate36 are likely to be the highest in section 4. In experiment 1, 

the time-averaged subcoolings across sections 1-4 were 3.8, 4.6, 5.2 and 6.6 K, respectively; 

equivalent values (± 0.1 °C) were observed in experiments 1 and 2. 

Figure 22 shows the deviation (in MPa) between experimental measurements and the 

stenosis-type growth model (i.e., the pressure drop increase predicted by eq.  (14) for the 

calculated hydrate growth rate); the model had no adjustable parameters, and the average 

growth rate was calculated from the total pressure consumed throughout the experiment. For 

experiment 1, the calculated hydrate growth rate was 0.4 L/min, resulting in average deviations 

between model and experiment of 0.05, 0.11 and 0.11 MPa (6.5, 16.0 and 15.8 psi) for section 

1, section 4 and the overall flow loop, respectively. These deviations correspond to 18.1, 12.1, 
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and 8.3% of the maximum pressure drop values recorded in section 1, section 4 and the total 

flow loop, respectively.  

 

Figure 21. Pressure drop increase after liquid injection begins at 1250 psi and temperature of 56 °F for 
experiment 1. (Solid curves represent 10-point moving averages to guide the eye). 

The largest deviation between model and experiment (approximately 0.41 MPa or 60 psi) 

occurs in Section 4, where the fluid temperature has decreased by approximately 2.8 °C (5 

°F) due to contact with the cold wall. It is likely that in this section of the loop, the hydrate 

growth rate was greater than the average value used for the simple stenosis model because 

of the increased local subcooling. This is consistent with the fact that the deviations of Section 

4 from the model’s predictions shown in Figure 21 are more positive and have a larger slope 

and curvature than Section 1, suggesting that the rate of stenosis in Section 4 was larger. 

However, the deviations for Section 4 also exhibit more structure and sharp transient features, 

particularly in the latter stages of the experiment. As we discuss in later sections, such 

observations suggest that the onset of more complex hydrate phenomena (e.g., particle 

deposition or sloughing) may be associated with higher subcooling values.  

A comparison of experiments 1 and 2 is shown in Figure 23, which demonstrates the 

repeatability under these conditions of the full loop pressure drop signal during hydrate 

formation. The experiments were performed four days apart; the water phase was stored at 

ambient temperature between both experiments, while fresh gas charges were used in each 

experiment.  
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Figure 22. Deviation of experimental pressure drop from the stenosis-type growth model for experiment 
1. (Solid curves represent 10-point moving averages to guide the eye). 

 

Figure 23. Total pressure drop as a function of time after liquid injection in experiments 1 and 2 
(repeated trials at initial pressures of 1270 and 1277 psi, with a subcooling from the hydrate equilibrium 
curve of 5.8 K or 10.5 °F at the pipeline wall). 

To more closely examine the repeatability of the experiments, the overall pressure drop in 

experiment 1 was plotted as a function of the overall pressure drop in experiment 2 for 

equivalent experimental times. Figure 24 shows that the pressure drop signals generally fall 

within 0.14 MPa (20 psi), or 11% of the maximum pressure drop in experiment 2. This 

degree of variance in the total pressure drop between these two repeat experiments is 

comparable to the scatter in the pressure drop signal observed in the absence of hydrates 

(Figure 19), which might be considered unexpected given the additional phenomena involved 

in the formation and transport of gas hydrates. Deviations to the right of the lower boundary 

correspond to pronounced late-term local maxima observed in experiment 2, which were not 
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observed in experiment 1. These can be associated with sloughing events, which occur in 

both experiments but with different severities and at different times: 31 and 38 min. in 

experiment 1, and 33 and 42 min. in experiment 2. Sloughing of hydrate from the wall occurs 

when the hydrate deposit is fractured by the fluid’s shear force. The force required to slough 

a hydrate deposit is qualitatively expected to decrease as the hydrate plug becomes more 

porous.73 To our knowledge of the literature, there are no predictive models available that 

describe either (i) the porosity of hydrate wall deposits with residence time or subcooling, or 

(ii) the frequency or magnitude of hydrate sloughing events. Additional exper iments and 

analyses are needed to systematically probe this behavior.  

 

Figure 24. Pressure drop in exp. 1 (ordinate) as a function of pressure drop in exp. 2 (abscissa) at 
equal time after liquid injection. The solid line represents 1:1, while the dashed lines represent ± 20 
psi boundaries. 

5.1.4.2 Subcooling from hydrate equilibrium 

Four additional experiments were performed to investigate the effect of subcooling on 

pressure drop increase: experiments 3 and 4 at initial pressures of 8.4 MPa (1219 psi) and 

8.8 MPa (1270 psi) with temperatures of 8.9 and 10.7 °C (48.0 and 51.2 °F), respectively; and 

experiments 5 and 6 at initial pressures of 1529 and 1541 psi with temperatures of 8.9 and 

16.4 °C (48.1 and 61.6 °F), respectively. The pressure drop increases across the entire flow 

loop for experiments 2-4 and 5-6 are shown in Figure 25 and Figure 26, respectively; each 

test in the figures is labelled by the average subcooling from hydrate equilibrium as determined 

from measurements of the fluid temperature and pressure throughout the flow loop.  

For all five experiments shown in Figure 25 and Figure 26, the initial pressure drop and 

the initial rate at which it changed, increased with subcooling. In experiments with larger initial 

pressure drops, more transient sloughing events were subsequently observed. However, 
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while subcooling appears to be the most important property in determining the observed 

pressure drop, the data suggest that the absolute pressure or temperature may also have an 

effect, even once the change in subcooling has been considered. The evolution of the flow 

loop pressure drop shown in Figure 26 for Experiment 6 (61.6 °F, 1541 psi, Tsub,avg = 6.9 °F) is 

qualitatively different to that of Experiment 2 (56.2 °F, 1270 psi, Tsub,avg = 10.6 °F), where 

significantly more sloughing events are apparent in the former. 

For experiment 3 (48 °F, 1219 psi), the time-averaged subcoolings of sections 1-4 were 

12.9, 15.5, 18.0, and 21.9 °F, respectively. This corresponds to approximately twice the driving 

force for hydrate formation when compared to the conditions in experiments 1 and 2 (56  °F, 

1270 psi, Tsub,avg = 10.6 °F). The average measured hydrate growth rates calculated from the 

data in Table 6 were 1.2±0.1 and 0.7±0.1 liters/min for experiments 3 and 4, respectively. 

When these growth rates were used in eq. (14), the average relative deviations between the 

pressure drop predicted by the model and observed during experiments 3 and 4 were 55 and 

41%, respectively. 

 

Figure 25. Pressure drops as a function of time for the different average subcoolings around 8.6 MPa 
(1250 psi) (experiments 2 (green), 4 (blue) and 3 (red)). 

 Similarly, the hydrate growth rates for experiments 5 and 6 were 1.2±0.1 and 0.20±0.03 

L/min, respectively, which gave rise to average relative deviations in the total pressure drop 

between model and experiment of 71 and 60%, respectively. This comparison further supports 

the hypothesis that stenosis caused by a hydrate film dominates the pressure drop signal at 

low subcooling (< 5.5 K or 10 °F), but that additional phenomena, such as sloughing, are 

(more) important in determining the pressure drop at higher subcooling (5.5-10 K or 10-18 °F).  
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Figure 26. Pressure drops as a function of time for the different average subcoolings around 10.3 
MPa (1500 psi) initial pressure (experiments 5 (red) and 6 (black)).  

During the initial period (1-2 minutes) after liquid injection began in experiment Figure 25 

( 8.5 MPa), the average pressure drop values for Tsub,avg values of 10.3, 8.7 and 5.9 K (18.6, 

15.6 and 10.6 °F) were 0.43, 0.34 and 0.19 MPa (63, 50 and 28 psi), respectively. However, 

in experiment 3 (8.9 °C, 8.4 MPa, Tsub,av g = 10.3 K) the pressure drop suddenly decreased 25 

minutes after water injection commenced and nearly reached the steady-state level of the 

other two experiments. This observation will be investigated in the future, specifically by 

modifying the amount of liquid injected in the system. In particular, the re lationship between 

deposit porosity and adhesion strength (to the pipeline) wall needs further study.  

In experiment 5, the cold temperature (8.9 °C) and high pressure (10.5 MPa) resulted in 

an average subcooling of 11.2 K (20.2 °F). Across sections 2-4, the time averaged subcooling 

values were 10.6, 11.4, and 11.9 K (19.1, 20.5, and 21.5 °F). This sustained, large driving 

force for hydrate formation in experiment 5 gave rise to a pressure drop profile that was 

qualitatively different to all other experiments. The overall pressure drop signal did not 

increase monotonically with time (Figure 26), but instead showed the movement of a primary 

flow restriction downstream with time.  

Figure 27 shows how the full pressure drop across the flow loop can be attributed to a 

significant flow restriction that migrated downstream through the flow loop at approximately 

0.9 m/s (3 ft/min). This inference is drawn from the pressure drop signals in sections 2-4 as a 

function of time following liquid injection. The overall pressure drop across the loop shows a 

somewhat uniform, periodic variation for the duration of the experiment. However, the 

fluctuations in overall pressure drop correspond with transient pressure drop fluctuations in 

section 2 from 0-12 minutes, after which the section 2 pressure drop declines steadily to a low 
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value. A similar pattern is observed for section 3 (12-23 minutes) and section 4 (23-30 

minutes). The four boundary points identified in Figure 27 yield an average movement rate of 

0.9 m/min (3 ft/min). Hatton and Kruka93 and Nicholas et al.71 both reported similar phenomena 

in the study of a single-pass flowline and flow loop, respectively; the primary hydrate restriction 

was hypothesized to migrate downstream based on the propagation of a transient feature in 

the pressure drop signal along the pipe. These migration events may have also been related 

to hydrate sloughing, where the shear stress exerted by process fluids will increase with 

continued growth of the hydrate deposit, which may fracture the deposit after achieving a 

critical stress. With an estimate of hydrate tensile strength,94 this behavior may be investigated 

indirectly using flow loop data by systematically estimating fluid shear stress at local maxima 

over multiple repeat trials, when the hydrate deposit is formed exclusively from a water -

saturated gas phase. 

 

Figure 27. Overall and section pressure drop as a function of time for experiment 5 (10.5 MPa starting 
pressure at a temperature of 8.9 °C) 

0

0.5

1

F
u

ll
 L

o
o

p
 (

M
P

a
) 

0

0.5

1

S
e

c
ti

o
n

 2
 (

M
P

a
) 

0

0.5

1

S
e

c
ti

o
n

 3
 (

M
P

a
) 

0

0.5

1

0 5 10 15 20 25 30 35

S
e

c
ti

o
n

 4
 (

M
P

a
)

Time (min)



 

46 

 

5.1.4.3 Hydrate growth rates 

Average hydrate growth rates for experiments 1-6 were directly calculated from the 

experimental pressure values in Table 6. Figure 28 shows that the growth rate increases with 

average subcooling from hydrate equilibrium. The average hydrate growth rates range from 

0.2-1.2 L/min (Table 6. Summary of uninhibited Hytra flow loop experiments.), which are 

consistent in magnitude with Rao et al.’s73 laboratory film growth rate measurement of 0.3 

L/min for water-saturated methane exposed to a cold surface with approximately 8.9-12.2 K 

(16-22 °F) subcooling. 

Kinetic growth rate predictions35 for gas consumption rate (in mol/min) are also shown in 

Figure 28 for the purposes of comparison with experimental gas consumption rates averaged 

over the entire experiment. The kinetic model used for this prediction requires an estimate of 

the hydrate surface area. To make this estimate, it was assumed that the first 0.1 liters of 

hydrate was comprised of monodispersed 10-micron particles; this assumption is based on 

laboratory investigations from Vysniauskas and Bishnoi.36 Using this estimate of the surface 

area, the gas consumption rate predictions (60-250 mol/min) from the kinetic model of 

Vysniauskas and Bishnoi36 are 1-2 orders of magnitude larger than the average rate 

determined experimentally (i.e. 1-40 mol/min, which formed 4 to 30 liters of hydrate). 

 

Figure 28. Average hydrate growth for experiments 1-6 as a function of subcooling, compared to the 
kinetic hydrate formation model (long dashes) of Vysniauskas and Bishnoi36 and diffusion-limited 
formation model of Skovborg et al.39 (solid curve).  

A diffusion-limited hydrate growth model from Skovborg et al.,39 describing hydrate 

formation in an aqueous phase, was also evaluated for the purposes of comparison. This 

model assumes that neither the dissolution of gas into water nor the kinetic reaction at the 
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hydrate-water interface is limiting. Skovborg et al.39 proposed the hydrate growth rate is 

linearly dependent on the difference between (i) the concentration of guest molecules in water 

and (ii) the equilibrium concentration of guest molecules in the presence of both water and 

hydrate phases. This model does not require information about the hydrate -water surface 

area, but instead requires knowledge about the surface area between gas and water. The 

calculations, shown in Figure 28, for this diffusion-limited model assume that water is 

distributed along the pipe in perfect annular flow, with an overall surface area of approximately  

2.7 m2 (29 ft2). In contrast with the kinetic model, the diffusion-limited model from Skovborg et 

al.39 predicts an initial growth rate about an order of magnitude lower than the average 

experimental growth rate, except at Tsub,avg values of 8.7 and 10.3 K (15.6 and 18.6 F), where 

there is a rough agreement. 

Both the kinetic and diffusion-limited hydrate growth models contain surface area 

assumptions that cannot be validated for the current experiments. Adjusting the surface area 

estimates of both models may improve agreement with experiment in the subcooling range  

6.6-10 K (12-18 °F). The hydrate kinetic model36 shows an improved agreement with 

experiment when total hydrate volume is reduced to 0.03 liters (or 0.1% of the total hydrate 

formed in each experiment), which is likely surpassed within the first few minutes of operation. 

The diffusion-limited model from Skovborg et al.39 shows improved agreement when the mass 

transfer coefficient is increased by a factor of 2.5; this increase may lack a physical basis, as 

it would require a 2.5-fold increase in water velocity over the length of the flow loop.95 

Comparison of experiment with the order-of-magnitude predictions of the kinetic and diffusion-

limited models suggests that hydrate growth rates from the gas phase is above those predicted 

for a water slurry and below the kinetic growth limit. Additional studies are required to decouple 

the specific effects of film growth (i.e., from water-saturated gas) and hydrate formation in the 

water slurry similar to the 6 vol % water injected for this study. 

The development of a framework to describe frictional pressure drops in such systems 

remains an outstanding objective, with four critical needs: i) the distribution of hydrate between 

wall deposits and a flowing slurry; ii) a viscosity model to describe hydrate particles suspended 

in water; iii) the aggregation state of hydrate particles in the aqueous slurry; and iv) the radial 

distribution of hydrate particles in a slurry, which may lead to bedding-type behavior. The latter 

two criteria may be approximated from the work of Aman et al.96 and Hernandez97,  

respectively, although direct visualization is required to confirm the assumptions for those 

models. The partitioning between hydrate film growth and slurry formation may be further 

investigated by systematic variation of liquid volume fraction in the Hytra, or another flow loop. 
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The validation of an aqueous-slurry viscosity model, however, remains a critical path toward 

the successful prediction of pressure drop in the Hytra flow loop. 

5.1.5 Conclusions 

Structure II gas hydrate was formed in a single-pass flow loop, with approximately 6 vol% 

water in an annular flow regime. The baseline pressure drop (without hydrate) was found to 

agree well with predictions from the Begg and Brill’s45 annular flow model, without the use of 

adjustable parameters. For two repeat trials at around 8.6 MPa (1250 psi) and 13.3 °C (5.5 K 

subcooling), the time-dependent pressure drop was generally consistent to within 0.14 MPa 

(20 psi). During hydrate formation, the measured pressure drop increase was compared to 

the predictions of a stenosis-type film growth model, which agreed within 0.1 MPa (15.8 psi), 

on average, at subcoolings below 5.5 K (10 °F). Pressure-drop deviations between the 

stenosis film growth model and experiment increased to 71% at high subcooling (10 K or 18 

°F), suggesting that additional hydrate phenomena (e.g., particle deposition from the liquid or 

deposit sloughing from the wall) made significant contributions to the pressure drop. At the 

highest subcooling, the migration downstream of a primary hydrate restriction at an 

approximate rate of 0.9 m/s (3 ft/min) was inferred from the transient responses of the pressure 

drops across sections of the flow loop. Hydrate formation rates determined from this study 

were similar to those reported by Rao et al.73 in laboratory studies, and were significantly larger 

than predictions made using an existing hydrate formation model for water -dominant systems. 

These results confirm the need for the development of a new model to describe hydrate 

formation in gas-dominant systems operating in annular flow. 
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5.2 Under-inhibited systems 

5.2.1 Summary 

The results included in this Section have been published in the paper by Di Lorenzo et al.: 

“Underinhibited hydrate formation and transport investigated using a single -pass gas-

dominant flow loop”.98  In the paper, results were reported for a comprehensive investigation 

into the effects of mono-ethylene glycol (MEG) on hydrate formation and flow loop pressure 

drop behaviour using the Hytra flow loop under the same gas phase, procedure and flow 

conditions as in the previous tests. Twenty flow loop experiments were performed over a range 

of temperatures and subcoolings with aqueous monoethylene glycol (MEG) solutions (0-40 wt 

%) at a liquid volume fraction of 5 vol % and a synthetic natural gas at an initial pipeline 

pressure of 10.3 MPa (1500 psia). Measured average formation rates in this gas dominant 

flow were within a factor of two of the kinetic rate and about 250 times faster than that expected 

for oil dominant flows. When the system was under-inhibited with MEG, the pressure drop 

behaviour over time was consistent with a proposed conceptual description for hydrate 

plugging in gas-condensate pipelines based on the mechanisms of stenosis (narrowing of the 

pipeline due to the deposition of a hydrate coat at the pipe wall) and sloughing (shear breaking 

of the hydrate deposits). The results from experiments performed at constant temperature 

showed that increasing the MEG dosage reduced hydrate formation rates and improved 

hydrate transportability. However, at decreasing temperatures, increasing the concentration 

of MEG to maintain a constant subcooling (and formation rate) appeared to promote hydrate 

sloughing. In certain experiments it was possible to estimate the average deposition rate over 

the entire flow loop in addition to the average formation rate. While formation rates were 

correlated with subcooling (rather than MEG concentration), the deposition  rates were 

constant over the subcooling range of 3.1 to 5.5 C (37.6 to 41.9 F) achieved with MEG 

concentrations of 0 to 20 %. 

5.2.2 Experimental conditions 

In these experiments we used de-ionized water, industrial-grade MEG (minimum purity 

99.1%) and domestic pipeline gas (composition in Table 1). Before each trial, the water and 

glycol were mixed in the liquid injection tank to obtain 400 L of aqueous solutions at 10, 20, 

30 or 40 wt % MEG. The final aqueous MEG fraction was confirmed by ex-situ density 

measurements as described in Section 4.2. Phase equilibrium calculations for the inhibited 

and uninhibited systems have been carried out using Multiflash v4.121 with the cubic plus 

association hydrate model (graphs reported in Figure 7); this software also provides estimates 
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of the relevant physical properties of the phases at the experimental conditions.  Typical values 

of these estimated properties are listed in Table 3. 

Twenty flow loop experiments were performed (Table 7), in which the aqueous MEG 

fraction and fluid temperatures were varied to allow for different subcooling conditions and 

levels of under-inhibition. The reported fluid temperatures were calculated as the average of 

the temperature readings across the flow loop test section over the duration of the experiment. 

During a test, the time-averaged temperatures along the flow loop’s length can vary over a 

range of ± 1.0 C (1.8 F). The value of the average coolant temperature is also listed for each 

test. Figure 29 illustrates the average subcooling from hydrate equilibrium for each 

experiment, as a function of MEG fraction in water. Nearly constant subcooling conditions are 

maintained during these tests, with typical (temporal and spatial) variations in the range of ± 

2.0 C (3.5 F).78 Some experiments were intentionally performed at conditions outside the 

predicted hydrate equilibrium boundary, to establish a baseline corresponding to full -inhibition 

for the system. 

 

Figure 29. Hydrate equilibrium diagram at 10.3 MPa (1500 psia) for the under-inhibited experiments. 
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Table 7. Summary of the under-inhibited experiments. 

Expt Figure(s) MEG 
Conc. 
(wt%) 

Average 
Temp.     

(°C) 

Coolant 
Temp.     

(°C) 

Average 
Pressure 

(MPa) 

Average 
Subcooling 

(K) 

Test 
Duration 

(min) 

Gas 
Consumption 

(mol) 

Formation 
Rate 

(L/min) 

Hydrate    
Vol. Fraction  

(%) 

1 4a 0 9.9 4.0 10.4 8.8 22.1 163 0.91 56.9 

2 4a 10 10.3 5.0 10.2 5.9 41.1 245 0.74 46.3 

3 4a, 8, 9 20 8.8 4.0 10.6 4.2 41.4 130 0.39 24.4 

4 4a 30 9.3 6.0 10.3 -0.6 39.4 76 0.05 3.1 

5 4b 0 12.0 8.0 10.4 6.8 32.8 136 0.51 31.9 

6 4b,6a 10 12.8 10.0 10.6 3.4 41.5 126 0.37 23.1 

7 4b,6b,8 20 11.2 8.0 10.6 1.9 41.5 57 0.17 10.6 

8 4b 30 11.0 8.0 10.3 -2.0 37.6 6 0.05 3.3 

9 6a 10 13.1 9.0 10.5 3.1 40.0 9 0.29 18.1 

10 6b, 8 20 9.9 5.0 10.6 3.4 43.7 82 0.23 14.2 

11 6c 30 5.8 2.0 10.6 3.0 37.3 78 0.26 16.2 

12 6c 30 5.8 2.0 10.7 3.1 31.0 64 0.26 16.2 

13 8 20 11.1 8.0 10.8 2.2 30.1 44 0.18 11.3 

14 8 20 8.5 4.0 10.7 4.6 39.4 111 0.35 21.9 

15 8 20 8.5 4.0 10.4 4.5 41.5 111 0.33 20.6 

16 8,10 20 7.5 2.0 10.4 5.5 37.9 121 0.40 25.0 

17 - 10 15.8 14.0 10.2 0.3 28.1 1 0.04 2.4 

18 - 20 14.2 12.0 10.1 -1.3 28.2 1 0.04 2.4 

19 - 40 6.5 2.0 10.2 -2.9 32.4 0 0.00 0.0 

20 - 40 5.8 5.8 10.1 -2.3 36.1 0 0.00 0.0 
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Following the same procedure as in the uninhibited tests, the flow loop was first 

pressurized with Perth city gas to an initial pressure of 10.3 MPa (1500 psia). The gas was 

circulated through the test section, and the pipe wall was cooled down. Once the temperatures 

along the pipe reached a steady value, hydrate formation was observed by initiating the liquid 

pump to deliver the water + MEG solution. Constant gas and liquid flow rates of 169 L/min 

(gas superficial velocity of 8.5 m/s) and 1.6 L/min (liquid superficial velocity of 0.08 m/s), 

respectively, were maintained throughout the hydrate formation period. At these conditions, 

the flow regime model from Beggs and Brill45 predicts that the flow loop was operating in the 

annular flow regime, with a liquid volume fraction close to 5%. A fraction of the liquid wa s 

entrained in the gas stream as small droplets (with a mist-like appearance), which significantly 

increased the gas-liquid interfacial area in the pipeline. Correlations from Pan and Hanratty23 

were used to calculate liquid entrainment in horizontal pipes and the Sauter droplet diameter 

(50-56 m), which enabled estimates for both the interfacial area (9.8-10.7 m2), and the 

volume fraction (15.7-18.8 vol %) of water entrained in the gas phase.  

5.2.3 Data analysis  

Hydrate formation was estimated from the difference in the pressure readings before and 

after the test completion in the absence of fluid circulation, and confirmed visually in each test 

through the flow loop windows. The hydrate formation reaction reduced the total moles of 

hydrocarbon in the gas phase; the moles of gas consumed to form hydrates, nh, was estimated 

from static pressure measurements as explained in Section 4.4, using eq. (29). The relative 

uncertainty of the gas consumption was 18%, as determined by propagation of errors on the 

measured variables: temperature, pressure and liquid volume. The hydrate formation rate, Rh 

(L/min), over the range of subcoolings experienced during a particular test was estimated 

using eq. (31). It is worth noting that the experimental formation rates reported here are, of 

course, specific to the size of the flow loop and in particular the size of an interfacial area 

generated between two phases. 

The ratio between the overall hydrate formation rate and the liquid injection rate, which 

was maintained at a constant value of 1.6 L/min in all the tests, provides an estimate for the 

average hydrate volume fraction in the liquid phase. The calculated values of the average 

hydrate volume fraction in each test are reported in Table 7. 
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5.2.4 Results and discussion 

5.2.4.1 Effect of MEG at constant fluid temperature 

The hydrodynamic pressure drop was calculated by the difference between pressure 

transducers P1 and P6 (Figure 11). The pressure drop profiles obtained in eight experiments 

(expt. 1 to 8) performed at constant fluid temperature, 10 or 12 C (50 or 54 F), and pressure, 

10.3 MPa, (1500 psi) with aqueous MEG fractions of 0, 10, 20 and 30 wt  % are shown in 

Figure 30. As the pipeline was maintained at constant temperature, increasing the aqueous 

MEG fraction from 0 to 30 wt % resulted in a decrease in average subcooling from equilibrium 

(e.g. 8.8 to -0.6 C, [15.9 to 1.1 F] for a fluid temperature of 10 C [50 F]). The negative 

subcooling at 30 wt % MEG corresponds to an average of all pressure and temperature probes 

(1-6 in Figure 11); the coldest portion of the test section (T6) was just inside the hydrate 

stability region during this test. Figure 30 demonstrates that increasing the MEG concentration 

at constant temperature produced a significant decrease in the rate at which the pressure drop 

increased over time, which is due in part to a decrease in the average hydrate formation rate. 

At 10C, for example, the average growth rate decreased from 0.91 to 0.06 L/min as the 

aqueous MEG fraction increased from 0-30 wt %. The flat trace obtained at 30% MEG in both 

data sets is typical of the pressure drop that occurs in a steady-state, gas-liquid multiphase 

flow without hydrate formation. According to the Beggs and Brill model,45 the expected 

pressure drop at the experimental conditions is 0.19 MPa (28 psi), which is slightly lower than 

the observed value of 0.22 MPa (31 psi).  For the experiments in Figure 30 performed at a 

positive subcooling for hydrate formation (expt. 1, 2, 3, 5, 6, and 7), an overall increasing trend 

in the pressure drop profile was expected in each trial. This behaviour was previously 

interpreted to be the result of hydrate film growth and deposition on the cold pipeline wall. 70, 78 

In each of these tests, sudden decreases in the pressure drop are observed; in the 20% 

MEG trial (expt. 5) at 12 C (54 F), these can be identified at approximately 24 and 31 minutes 

into the experiment. This behavior may be attributed to sloughing events, characterized by the 

mechanical failure of hydrate deposits from increasing shear stress applied by the bulk fluid. 

As hydrate is released from the wall into the flow, the sudden increase in cross-sectional area 

will decrease the frictional pressure drop.  
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Figure 30. Pressure drop as a function of time after aqueous phase injection was initiated, at a constant 
pressure of 10.3 MPa (1500 psi) and average temperatures of 10 C or 50 F (a: expt. 1, 2, 3, 4) and 
12 C or 54 F (b: expt. 5, 6, 7, 8). 

To highlight the effect of MEG on hydrate growth rates at constant temperature, for each 

of the experiments shown in Figure 30, formation rates averaged over the experiment’s entire 

duration were calculated using eq. (31) and are plotted in Figure 31 as a function of MEG 

concentration. The results show a monotonic decreasing rate of hydrate growth with 

increasing MEG dosage, which is consistent with the reduced driving force for hydrate 

formation. The impact of MEG concentration on the formation rate determined for all 

experiments is discussed further in Section 5.2.4.3. 
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Figure 31. Hydrate formation rate as a function of MEG concentration at constant temperatures of 10 
C (50 F) and 12 C (54 F). 

The results in Figure 30 and Figure 31  introduce three new insights to under-inhibited 

hydrate plug formation in systems of comparable fluid temperature. First, because it reduces 

the driving force, MEG functions to decrease hydrate formation rate, as shown in Figure 31; 

this observation is supported by both a decrease in the average formation rate and a decrease 

in the average slope of the pressure drop time series data. Second, the pressure drop-time 

data signal a transition from a fast oscillatory regime behavior over an increasing baseline at 

0% MEG, to a smoother pattern with a prevalent increasing trend over time (10 and 20% MEG) 

and finally to a completely flat trace, when the system is fully inhibited (30% MEG).  While this 

suggests that increasing the concentration of MEG at constant temperature and pressure 

improves the transportability of hydrate more studies are required to assess the impact of 

hydrate sloughing and jamming on the risk of pipeline blockage. Third, the length of time 

required to plug the flow loop was significantly extended if any MEG was present in the 

aqueous phase, which may be a combined effect of decreased hydrate growth rate and 

enhanced transportability. 

Tests of the impact of various MEG concentrations at constant fluid temperature (and 

pressure) represent the most realistic condition to be encountered in industrial pipeline 

operation. These results suggest that hydrate formation may be controlled through limited 

injection of MEG. Successful prediction of minimum MEG thresholds requires two component 

models: (1) hydrate formation rate as a function of MEG fraction (or, more generally, 

subcooling); and (2) average hydrate deposition rate as a function of subcooling and MEG 

fraction. The complete development of these models requires further study and validation 

across multiple instruments; however, the first approximation for both components is 

discussed below. 
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5.2.4.2 Effect of MEG at constant subcooling 

To expand upon the results in Figure 30, additional experiments were performed at 

constant subcooling, where the fluid temperature was decreased as MEG was added to the 

aqueous phase. Such an experiment enables further insight into hydrate plug mechanics, by 

maintaining the kinetic driving force for hydrate formation as the MEG concentration was 

varied. The goal of these experiments was to further probe the effect of MEG on hydrate 

transportability.  

Six experiments were performed at nearly constant subcooling in the range of 1.9 to 3.4  K 

(3.4-6.1 F), at three aqueous MEG fractions: 10, 20 and 30 wt % (expt. 6 and 9, expt.7 and 

10, expt. 11 and 12, respectively). At constant subcooling conditions the formation rates and 

the average volume fractions in the liquid phase were not strongly affected by the MEG fraction 

in the aqueous phase. For instance, for tests performed at subcoolings between 3.1 and 3.4 

K, with MEG concentration changing from 10 to 30 wt %, the formation rates and the hydrate 

volume fractions are in the range of 0.23 to 0.29 L/min and 14 to 18%, respectively ( Table 7), 

with a variation slightly higher than the estimated uncertainty of each of these determinations 

(± 0.04 L/min and ± 3%). The resultant pressure drop profiles are shown in  Figure 32, and 

demonstrate excellent repeatability in the rate of pressure drop increase and sloughing 

frequency for each level of MEG concentration.  

Each pressure drop trace shows the characteristic build-up and sloughing behaviour 

discussed above; however, these experiments also illustrate an important effect of under-

inhibition at constant subcooling. In addition to the data for the experiments conducted at 

subcoolings around 3 C, results for an experiment conducted at a subcooling of 1.9 K and 

20% MEG concentration (expt. 7) are also presented in Figure 32b. This is shown to illustrate 

the observation that it is the MEG concentration that most significantly impacts the qualitative 

sloughing behaviour observed, rather than the particular subcooling. When the driving force 

for hydrate formation is maintained, increasing the concentration of MEG generally increases 

the magnitude and frequency of build-up and sloughing events in the system. 

While only one major event is detected in each 10 wt % MEG trial, two and four events are 

detected respectively in 20 and 30 wt % trials. The enhanced sloughing tendency with MEG 

concentration could be attributed to the higher shear stress applied against the hydrate 

deposits as the viscosity of the liquid wetting those deposits increases. As indicated in  Table 

3, the viscosity of the liquid phase doubles as the MEG concentration rises from 10 to 30 wt 

%. Hemmingsen et al.89 reported that softer hydrate accumulations tend to build up at the pipe 
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walls when MEG concentration is increased at constant temperature and in the presence of 

an oil phase. 

 

Figure 32. Pressure drop as a function of time for six experiments performed at varying MEG fractions 
in the aqueous phase (10-30 wt %) and nearly constant, low subcoolings (a: expt. 6 and 9, b:  exp. 7 
and 10, c: exp. 11 and 12). 

The data presented here for a gas-dominant system with no oil phase show a 

complementary result: hydrate deposits tend to slough more readily if MEG concentration is 

increased at constant subcooling. While this may in part be due to the increased shear exerted 

by a more viscous liquid phase, there may also be other factors at play such as a change in 

the mechanical properties of the (wetted) hydrate deposit with decreasing temperature. 

Further studies are required to ascertain the relevant mechanism behind the observed 

increase in sloughing tendency with increasing MEG concentration at low subcooling.  
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5.2.4.3 Hydrate formation rates in under-inhibited conditions 

The measured average hydrate formation rates for all experiments are shown in Figure 33 

as a function of driving force, quantified in one of two ways: (a) subcooling Tsub = Te – T, where 

Te is the hydrate equilibrium temperature and (b) difference in the aqueous phase’s total gas 

concentration of the hydrate-forming components in the absence of any hydrate, C, and when 

in equilibrium with the hydrate, Ce (4). The values of Te, C, and Ce were calculated from the 

system pressure, temperature and MEG concentration using Multiflash v4.1 with the CPA 

model.83 The horizontal and vertical error bars plotted in the Figure 33-a represent the 

uncertainty of the subcooling (± 1 K) and the formation rate determinations based on a relative 

uncertainty in the gas consumption rate of ± 18%, respectively. It is apparent from the plots in 

Figure 33 that, for the measurements made in this work, the observed variation in formation 

rate with MEG concentration can be simply explained in terms of a single mechanism, namely 

the variation in the driving force as measured either by T sub or (C – Ce). At constant pressure, 

Kashchiev and Firoozabadi31 have shown these two measures of driving force to be equivalent 

and proportional to the chemical potential difference between the aqueous solution of gas and 

the hydrate phase. Any apparent trend in formation rate with MEG concentration simply 

reflects a variance in driving force (i.e. with concentration and temperature). For those 

experiments shown in Figure 32 where the subcooling was approximately the same, the 

formation rates are invariant with MEG concentration.  

The formation rates observed in the flow loop can be compared with theoretical estimates 

based on two well-established models that might be expected to provide bounding estimates 

of the growth rate. For clarity, only comparisons with the rates measured at 20% MEG fraction 

in the water phase are shown below as a function of the subcooling, although the same 

analysis can be applied to any of the MEG concentrations. The two formation rate models 

considered were the kinetic model deployed by Turner et al.99 and the mass transport limited 

model proposed by Skovborg and Rasmussen.39 The kinetic model shown in eq. (32) provides 

the rate of gas consumption during hydrate formation, Rh (mole/s), based on two intrinsic 

kinetics constants C1=2.608×1016 kg m-2 C-1 s-1 and C2=13600 K: 

Rh= u 
1

Wg

 C1 ∙ e
- 
C2

T ∙ Agl ∙ ∆T 
(32) 

In this equation Wg is the average gas molar mass (18.3 g/mol), T is the system 

temperature (K), Agl the interfacial area available for hydrate growth, and T sub the subcooling 

(K). The intrinsic kinetic constants C1 and C2 normally used in the kinetic model were 

determined by regression of eq. (32) to hydrate formation data measured using an autoclave 
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where heat and mass transfer limitations were supposed to be absent.38 The hydrate growth 

rate provided by eq. (32) thus represents the best estimate of the intrinsic kinetic rate currently 

achievable using a macroscopic apparatus. The scaling factor u was introduced to include 

heat and mass transfer resistances to the model. For instance, a value of 1/500 was used to 

fit data for the gas consumption during hydrate formation in oil-dominated flow loops.27 

However, for the purposes of comparison between the kinetic model and the data measured 

in this work, the value of u was set to one. 

 

Figure 33. Measured average formation rates for various MEG concentrations plotted as function of two 
measures of driving force: (a) subcooling Tsub, and (b) aqueous phase gas concentration difference       
C – Ceq. 

The mass transfer limited model proposed by Skovborg and Rasmussen,39 previously 

discussed in Section 3.1 (see eq. (9)) assumes that the molar rate of gas consumption is 

governed by the transport of gas molecules through the liquid phase to the hydrate interface 

according to eq. (33): 

dnh

dt
= ∑ ki

i

∙(ci-ci

eq)∙Agl 
(33) 
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In eq. (33), the sum is over all the hydrate forming gas species, and k i, ci and cieq are the 

mass transfer coefficient of the gas molecule in the liquid, the gas concentration in the liquid 

in the absence of hydrates and the gas concentration in equilibrium with the hydrate phase of 

each species, respectively. Formation rates are obtained from eq. (33) by multiplying by the 

molar mass of the gas (Table 3).  

In this work the mass transfer coefficient of each species was calculated according to the 

following correlation:100 

ki  = 0.0889 ∙ vf ∙ Sci
-0.704

 (34) 

where the friction velocity, vf r, and the Schmidt number Sci are given by: 

vfr = vg √
f ∙ ρ

g

2 ∙ ρ
l

 
(35) 

Sc i= 
μ

l

Di ρl

 (36) 

In eq. (36) Di is the diffusion coefficient of the gaseous component in the liquid phase. The 

values of the diffusion coefficients were obtained from Multiflash21 and the friction factor 

(f=0.0248) and gas velocity were calculated using the Beggs and Brill model.22 The values of 

the mass transfer coefficients from eq. (34) are in the range of 1.1-1.6×10-4 m/s for methane 

and carbon dioxide and 1.0-1.4×10-4 m/s for ethane. Skovborg and Rasmussen39 reported 0.3-

0.4×10-4 m/s for methane and 0.5×10-4 m/s for ethane by fitting hydrate formation data 

obtained for these gases in an autoclave. The larger values of the mass transfer coefficients 

estimated for these flow loop experiments may be due to the higher degree of turbulence 

present at the gas-liquid interface in a pipeline operating in annular flow regime as compared 

to that in a high-pressure stirred autoclave. 

The total gas-liquid surface area, Agl, is estimated using eqs. (23) and (24): 

The Sauter mean droplet diameter was estimated using the correlation: 61 

d32=√0.0091
σ∙Dh

ρ
g
∙vg

2
 

(37) 

 

In eq. (23) the film area was approximated by the internal area of the pipe, which assumes 

that pipe is completely wetted by the liquid as the wetting fraction  in eq. (22) is larger than 

1. 
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The experimental data for the average gas consumption rate, calculated as the ratio of the 

total gas consumption to the test duration (see Table 7), are plotted in Figure 34 as a function 

of the subcooling, together with the rates estimated using both the kinetic and mass transport 

hydrate formation models. The continuous black trace corresponds to formation rates 

calculated from the kinetic model in eq. (32) using the total gas-liquid interfacial area, Agl = 

10.9 m2, and the scaling factor u set to 1.  This prediction applies to hydrate growth in the 

entrained droplets and in the liquid film wetting the pipe wall in the absence of any heat and 

mass transfer limitations. The contribution to the gas consumption in the liquid film was also 

calculated from the kinetic model, using eq. (32) with the area of the film Af ilm= 2.5 m2, instead 

of the total area Agl. The results predicted for the film’s contribution are plotted as a black 

dashed line in Figure 34. Also shown are predictions corresponding to a formation rate limited 

by mass-transport through the aqueous film to a hydrate deposit growing on the pipeline wall.  

These predictions were made using eq. (33) with the area of the film Af ilm, instead of the total 

area Agl: mass transport-limited formation within entrained droplets would not contribute to the 

observed formation rate because once a hydrate shell formed (kinetically) around the droplet, 

further growth would be supplied only by gas molecules already dissolved in the droplet. In 

contrast, the hydrate film formed kinetically at the gas-liquid interface near the pipe wall would 

not prevent the mass transfer limited growth of a hydrate deposit on the pipe wall, as the 

turbulent flow would ensure the film was continuously being broken and not acting as a mass 

transfer barrier between the gas and liquid phases.  

 

Figure 34. Experimental gas consumption rate at 20% MEG concentration compared to the mass 
transfer limited and kinetic models. 
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The formation rates predicted with the mass transfer-limited model, using and both the 

experimental39 and calculated (eq. (34)) values of ki, are represented as a grey band in Figure 

34.   

In the comparisons shown, no adjustment of any parameters was made to improve 

agreement with the data measured here. By setting the value of the scaling factor u in eq. (32) 

to about 0.5, the kinetic model can be forced to agree with the results from the gas dominant 

flow loop; this value is about 250 times larger than the scaling factor obtained from oil dominant 

flow loops.  

The predictions from the mass transfer and the kinetic models correspond to limiting cases 

of hydrate growth in gas-water systems, for systems free of heat transfer limitations. Model 

predictions at other THI concentrations would generate similar but different families of model 

curves; therefore the data for 10 and 30% MEG were not included in the graph for clarity. It is 

apparent that the formation rates observed in these flow loop experiments lie between these 

two limiting cases. Importantly, it is apparent that the observed hydrate formation rates are 

significantly larger than those that can be attributed to film growth alone, with a substantial 

contribution to the crystallization occurring in the entrained droplets, where the la rger 

interfacial area is generated and heat and mass transfer effects are less relevant.  Limiting 

effects on the overall formation rate in the droplets, associated with delayed nucleation due to 

small droplet size,101 don’t seem to be relevant, as the droplets generate from the gas/liquid 

interface rich with nuclei seeds and hydrate precursors. 

5.2.4.4 Deposition rates in the absence of sloughing 

In six experiments (expt. 3, 6, 9, 14, 15 and 16), the pressure drop exhibited a smooth 

increasing behaviour over time with negligible sloughing. As mentioned before, this can be 

attributed to the formation of a hydrate film on the pipe wall, which decreases the hydraulic 

diameter. In this case, a simplified “variable-diameter” model (Dh decreasing with time t) was 

found to be able to represent the experimental data reasonably well. This model is based on 

the Beggs and Brill correlation22 for the steady-state pressure drop in horizontal gas-liquid 

pipelines (see eq. (14)): 

P=  
1

2
∙ fm ∙ ρ

m
 ∙ 

vm
2

Dh(t)
∙L (38) 

Dh (t)=   Dp - 2 ∙G ∙t 
 

(39) 
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In eq. (38), P is the pressure drop across the pipe length L between locations PT1 and 

PT6 in Figure 11 (L=33.4 m), fm is the friction factor, and vm and m are the liquid-gas mixture 

velocity and density, respectively. In eq. (39) Dp is the inner diameter of the pipe (0.02 m) and 

G is the hydrate film growth rate (mm/min). Variations in the hydraulic diameter affect the 

mixture velocity and, to a lesser extent, the friction factor; both these effects were accounted 

for in calculation of the pressure drop. The main assumptions of this model are: a) the hydrate 

film growth is by far the slowest-time dependent mechanism governing the fluid motion in the 

pipe; b) the pressure drop is due to viscous losses; c) the hydrate film develops 

homogeneously along the pipe; and d) the film thickness grows at a constant rate G. The first 

two assumptions allow us to extend the steady-state Beggs and Brill correlation and 

incorporate the time-dependent deposition mechanism, whereas the latter two assumptions 

enable application of the linear growth equation for the hydraulic diameter of the pipe.42   

In our previous work78 this model was used to predict the observed pressure drop profiles 

from the measured average formation rate by assuming that all the hydrates formed were 

deposited homogeneously along the pipe walls. Here this simplistic assumption was relaxed 

to investigate the impact of hydrate deposition relative to (total) hydrate formation. Values of 

the film growth rate G were estimated by fitting the time-dependent pressure drop traces in six 

experiments using the variable-diameter model, with G as the only fitting parameter. Two 

examples of the pressure drop-time trace fitted using the variable-diameter model are shown 

in Figure 35 and Figure 36; for the six experiments in which limited sloughing occurred, similar 

quality fits were achieved. The values of G determined from the pressure drop curves of these 

six experiments are reported in Table 8. An additional two values of G are also listed, which 

were obtained by re-analysing expt. 1 and 2 from our previous work78 for which the MEG 

concentration was 0 and the subcooling sufficiently low that there was limited sloughing.  

The volumetric rates of hydrate deposition can be estimated from the values of the rates 

of film growth by assuming that this takes place homogeneously across the pipeline; the 

conversion factor is then simply the pipe’s internal surface area. The calculated deposition 

rates are listed together with the hydrate formation rates in Table 8, and the two are compared 

in Figure 37. These results indicate that only a volume fraction between 30 and 50% of the 

hydrate formed in the flow loop deposits at the pipe wall, with most of the hydrate being 

transported in the gas and liquid phases.  

The values for the deposition rate observed in this investigation are twice as large as the 

ones found by Lee et al.,41 in a study using a concentric cylinder hydrate reactor operated at 

60 rpm. Heat and mass transfer effects are expected to limit hydrate growth in such reactor to 
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a larger extent than in our tests, since the Reynolds numbers in the reactor are likely to be 

much lower than those in the flow loop (Re= 50×104). More importantly, the flow pattern 

generated in the rotating cylinder device may not be able to generate a significant liquid 

entrainment; this process would preclude any depositional contribution from hydrates that 

grow from droplets suspended in the gas stream. 

 

Figure 35. Pressure drop-time trace at a subcooling of 4.2 K and 20% MEG, fitted with a constant growth 
rate of 66 ×10-3 mm/min (exp. 3). 

 

 

Figure 36. Pressure drop-time trace at a subcooling of 5.5 K and 20% MEG, fitted with a constant 
growth rate of 76 ×10-3 mm/min (exp. 16). 
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Table 8. Comparison of hydrate deposition and formation rates determined from measurements of 
pressure drop data and total amount of hydrate formed, respectively. The 0 % MEG measurements 
were taken from reference 87.  

Expt MEG 
concentration 

(wt %) 

Subcooling            
(K) 

Film growth 
rate 

 (mm/min) 

Deposition 
rate 

(L/min) 

Formation 
rate 

(L/min) 

1 0 4.5 0.064 0.13 0.43 

2 0 4.7 0.068 0.14 0.49 

9 10 3.1 0.067 0.14 0.29 

6 10 3.5 0.069 0.15 0.37 

3 20 4.2 0.066 0.14 0.39 

15 20 4.5 0.072 0.15 0.33 

14 20 4.6 0.071 0.15 0.35 

16 20 5.5 0.076 0.16 0.40 

  

Figure 37: Comparison of the deposition and formation rates determined from measurements of 
pressure drop data and total amount of hydrate formed, respectively . (Lines are guide to the eye). 

5.2.5 Conclusions 

Experiments conducted in a single-pass flow loop have enabled quantification of the effect 

of monoethylene glycol (MEG) on two of the leading mechanisms of hydrate blockage in gas 

flowlines: formation and deposition. These two mechanisms have been investigated for the 

first time in a two-phase gas-liquid annular flow, which was designed to simulate industrial gas 

flowlines under continuous production with low liquid volume fraction (gas-dominant flow). The 
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results indicate that hydrates grow at a much higher rate than for comparable liquid-dominant 

systems, because a significant fraction of the liquid phase is dispersed in the form of small 

droplets in the gas stream. Gas hydrate may nucleate and grow on these droplets  without 

significant heat or mass transfer limitations.  

We have shown that both hydrate formation and transportability in a small-scale gas-

dominated flow loop can be effectively controlled through MEG injection beneath the 

thermodynamic inhibition requirement. At a constant fluid temperature of 10.5 C (51.0 F) and 

initial pressure of 10.3 MPa (1500 psia), hydrate formation rates decreased linearly with 

increasing MEG weight concentrations from 0 to 30 wt % (in water) as the subcooling driving 

force was decreased. Over this range of MEG fractions, the plugging tendency decreased as 

the system transitioned from a flow pattern characterized by an oscillating pressure drop 

profile (rapid conversion and deposition) to a smoother increasing pressure drop evolution 

with time (slower deposition rates at the pipe walls); the pressure drop signal did not change 

with time when the system was fully inhibited. When the MEG concentration and/or system 

temperature were manipulated to compare hydrate formation and transportability at constant 

subcooling, sloughing events became more frequent as the liquid phase viscosity increased.  

Quantitative estimates of hydrate deposition rates were presented for the first time in a 

gas dominant flow loop – independent of the formation rate measurements – at low 

subcoolings (3.1 to 5.5 K) and MEG weight concentrations between 0 and 20%. Under these 

conditions, limited sloughing events enabled the measured hydrodynamic pressure drop to be 

analysed using the Beggs-Brill model with a variable hydraulic diameter. Our analysis shows 

that, at these low subcooling conditions, the pipe wall is coated with a hydrate layer that grows 

at an approximate rate of 3.8 to 4.6 mm/hr; this rate did not vary significantly with the inhibitor 

concentration. Furthermore, we have estimated that between 30 and 50 vol% of the total 

hydrate formed at these conditions deposits at the pipe walls.  

This investigation has demonstrated that while subcooling, as determined by system 

temperature and MEG concentration, is the driving force for hydrate formation, hydrodynamic 

conditions play an important role in determining key mechanisms such as droplet entrainment 

and particle settling, which affect both formation and transportability. The significant deposition 

rates obtained in this investigation, at relatively low subcoolings and MEG concentrations, are 

likely to be relevant to the particular hydrodynamic conditions imposed in these flow loop tests. 

Due to the small size of the experimental facility, compared to industrial pipelines, fully 

developed annular flow conditions with significant entrainment are easily achieved, as 

gravitational effects are less dominant. Future experiments will be conducted at reduced gas 
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velocities to shift the hydrodynamic conditions closer to the boundary between the stratified-

wavy and the annular flow regimes, where industrial pipelines are operated during normal 

production. Additional studies can also be performed using this flow loop to study the 

mechanism of sloughing. As suggested in our previous work78 experiments where hydrate 

deposits are formed from a water-saturated gas phase and submitted to consistent shear 

stresses by a controlled gas flow rate could be used to determine the critical stress for 

mechanic failure of the deposits.  

The development of comprehensive models for pipeline blockage in gas-dominated 

conditions, capable of representing the complex mechanisms described in Figure 6, will 

require the integration of fundamental data from multiple techniques, from bench -scale to 

larger pilot-scale facilities.18 Due to the large time and space scales over which the relevant 

phenomena develop, it is likely that full model validation will be only feasible in field trials. 

While detailed models are become available, our results may provide useful rules of thumb for 

estimating how long pipelines could be operated, under equivalent conditions, before the 

pressure drop exceeds manageable values.  
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5.3 Uninhibited systems at lower gas velocity 

5.3.1 Summary 

The results included in this section have been published in the paper by Aman et al.: 

“Hydrate Formation and Deposition in a Gas-Dominant Flow loop: Initial Studies of the Effect 

of Velocity and Subcooling”.102 In this investigation the Hytra flow loop was used to measure 

hydrate growth and particle deposition rate with variable subcooling (1-20 K) with the same 

natural gas/water system and procedure as previously reported. 

A particular focus of this study was the effect of reducing the gas phase velocity to lower 

liquid entrainment and, therefore, hydrate formation rate.  It was found that a reduction of the 

gas velocity from a high value of 8.7 to an intermediate value of 4.6 m/s (28.5 to 15.1 ft/s) at 

a constant subcooling around 6 K (10.8 °F) depressed the total formation rate by a factor of 

six. At these conditions, the sensitivity of hydrate formation rate to velocity was about 40 times 

greater than the sensitivity to subcooling. This decrease in gas velocity also halved the 

estimated rate of hydrate deposition on the pipeline wall.  

Finally, new observations of hydrate wash-out are reported, whereby significant localized 

hydrate deposits were effectively removed by modulating the subcooling of the flow loop wall 

from 6 to 3.5 K (10.8 to 6.3 °F). The results provide new insight to inform the next generation 

of predictive hydrate growth and deposition models for gas-dominant flowlines. 

5.3.2 Experimental conditions and method 

Deionized water and natural gas were used to form structure II hydrate in the Hytra flow 

loop; the dry gas composition is reported in Table 1. Gas and water were injected into the test 

section at constant rates of 85 L/min (3.0 acfm) and 0.8 L/min (0.3 gal/min), respectively, 

corresponding to a gas superficial velocity of 4.5 m/s and liquid superficial velocity of 0.04 m/s. 

From the flow regime model presented by Barnea,91 these superficial phase velocities suggest 

that the flow loop was still operating in the annular flow regime (Figure 38). However, A 

photograph taken at the exit window of the flow loop, shown in Figure 39-a, confirms the 

presence of a liquid film wetting mostly the lower part of the glass window and suggests that 

the annular film is thicker at the bottom of the pipe. In comparison, at higher flow rate 

conditions (Section 5.1), a complete wetting of the same window is observed (Figure 39.b), 

suggesting that a more uniform film wets the pipeline internal surface.  
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Figure 38. Flow regime map91 for the Hytra flow loop experiments conducted in this work with the 
operating points for these (blue point) and previous (red point) experiments.  

  

(a) (b) 

Figure 39. Image of the exit window (VW4): (a) lower flow rate conditions of these tests; (b) higher 
flow rate conditions of previous tests. 

At the experimental conditions of these tests, the liquid holdup predicted by the Beggs and 

Brill’s model is 5%, as in the previous experiments (Section 5.1 and 5.2) and a droplet 

entrained fraction of 5% is estimated using the method described in Section 3.2.3.  

Six experiments were performed following the same procedure described in Section 4.3, 

and the conditions are summarized in  

Table 9. Additionally, one test was conducted above the hydrate formation temperature to 

obtain the pressure drop baseline in the absence of any hydrates.   

The average temperature, T fluid, and subcooling from hydrate equilibrium, Tsub, reported in  
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Table 9, were based on the average temperature and pressure measurements across the 

loop test section over the entire experimental run time. The maximum pressure drop, P, 

corresponds to the maximum value of the difference in pressure between measurement points 

PT-1 and PT-6 and the total gas uptake and hydrate formation rate are estimate according to 

the method described in Section 4.4 (eqs. (29) and (31)). 

Table 9. Summary of flow loop experiments at reduced flow rates 

Exp. Pinitial  

(MPa- 

psi) 

Pfinal  

(MPa-

psi) 

Max P 

(MPa-

psi)
 

Tfluid  

(°C-°F) 

Tsub, 

(K-°F) 

Run 

time 

(min.) 

Gas 

uptake  

(moles) 

Hydrate 

growth rate 

(L/min) 

1 
10.4 -
1504 

11.2 -
1625 

0.47 - 
68 

13.0 -
55.4 

6.0 -
10.8 

89.6 47 0.010 

2 
10.7 -
1559 

11.1 -
1605 

0.70 -
101 

11.4 -
52.5 

7.5 -
13.5 

79.4 48 0.012 

3 
10.7 -
1559 

11.0 -
1594 

0.30 – 
43 

13.1 -
55.6 

5.8 -
10.4 

82.6 53 0.013 

4 
10.6 -
1539 

11.1 -
1612 

0.96 -
140 

14.5 -
58.1 

4.5 -
8.1 

88.8 18 0.004 

5 
10.7 -
1559 

11.2 -
1623 

0.42 – 
61 

12.0 -
53.6 

7.0 -
12.6 

88.5 63 0.014 

6 
10.7-
1549 

11.3-
1637 

0.37-54 
13.8-
56.8 5.2-9.4 94.4 25 0.005 

5.3.3 Results and discussion 

5.3.3.1 Hydrate growth rates 

Hydrate growth rates obtained in these tests with a gas velocity of 4.6 m/s are plotted in 

Figure 40 as a function of the subcooling. For comparison the rates obtained in the previous 

tests, in which the gas velocity was 8.7 m/s 78, are presented in Figure 41. The rates are shown 

as a function of the temperature difference between the experiment and hydrate phase 

boundary (subcooling, Tsub), which represents a simplified driving force for hydrate growth.31 

Both datasets show a positive correlation between growth rate and subcooling, but the growth 

rates measured at 4.6 m/s were approximately six times lower than those measured at 8.7 

m/s over the same range of subcoolings.  

As described in Section 3.1, the gas consumption rates are estimated using two models, 

hereinafter referred to as the “kinetic” (eq. (12) and the “mass-transfer limited” models (eq. (9). 
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Values of the interfacial area available for hydrate formation are determined following the 

method described in Section 3.2.2, in which contributions from the annular wetting film (eq. 

(23)) and the water droplets entrained in the flowing gas phase are considered (eq. (24)).  

From the gas consumption rates, the hydrate growth rates for the present experiments are 

calculated using eq. (31) and compared to the growth rates obtained in previous experiments 

at high velocity (8.7 m/s). The set of parameters used in the calculations at each velocity are 

shown in Table 10. The predictions from the kinetic and mass-transfer model are plotted in 

Figure 40 and Figure 41 (continuous and dashed lines, respectively) for comparison with the 

experimental data. Each model includes a ± 20% uncertainty bound (dotted lines), which was 

estimated from the combination of uncertainty in the subcooling (±1 K) and estimating droplet 

entrainment (10%).  

The horizontal and vertical error bars in the experimental data reported in Figure 40 and 

Figure 41 represent typical uncertainties in the subcooling (±1 K) and the hydrate formation 

rates, respectively. For the gas consumption rate a relative uncertainty of 15% has been 

estimated from propagation of errors affecting the measured variables in eq.  (29): pressure 

(±0.3 bar), temperature (±0.8 ºC) and liquid flow rate (±0.008 L/min). The same relative error 

in the hydrate formation rate was assumed, as the uncertainties on other relevant variables in 

eq. (29), (gas compressibility, hydrate density, hydration number), given by Multiflash, were 

considered to be negligible. 

Figure 40 illustrates that, at low gas velocity, the kinetic model over-predicts the rate of 

hydrate growth rate when compared to the mass-transfer model, which provides a much closer 

agreement with the experimental data. At high gas velocity, the data fall between the two 

model curves, approaching the lower bound of the kinetic model lower at high subcooling 

values. These observations provide support for the hypothesis that hydrate formation in 

annular flow is dominated by the conversion of entrained water droplets in the gas phase, 

which may convert at kinetic rates free of mass or heat transport limitations. 98 

Table 10. Parameters for the hydrate growth rate calculations. 

Gas flow rate 

(m3/s) 

Liquid flow rate 

(m3/s) 

Ug 

(m/s) 

D32 

(m) 

E Adrop 

(m2) 

Afilm 

(m2) 

Total area 

(m2) 

1.4×10-3 1.3×10-5 4.7 54 0.05 1.1 2.0 3.1 

2.7×10-3 3.3×10-5 8.8 20 0.22 9.5 2.0 11.2 
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Figure 40. Hydrate growth rates as a function of the subcooling obtained at low (4.6 m/s) gas superficial 
velocity. The continuous and dashed lines are the model predictions from the kinetic and mass-transfer 
hydrate growth models; dotted lines represent an uncertainty bound of ± 20% in the model predictions.  

 
Figure 41. Hydrate growth rates as a function of the subcooling obtained at high (8.7 m/s) gas superficial 
velocity. The continuous and dashed lines are the model predictions from the kinetic and mass-transfer 
hydrate growth models; dotted lines represent an uncertainty bound of ± 20% in model predictions.  

The data in Figure 40 and Figure 41 illustrate, for the first time, that the rate of hydrate 

growth in gas-dominant systems is approximately 40 times more sensitive to operating velocity 

– due to an increase in the amount of entrained water droplets at high velocity – than to 

subcooling, which has traditionally been considered the most important parameter in 

forecasting hydrate blockage severity. Our results are consistent with those obtained by 

Cassar et al.74 in two experiments at the same pressure and temperature conditions conducted 

in a 2 inch diameter flowloop operated at annular and stratified flow conditions. In those tests, 

the initial hydrate conversion rate decreased by 60% at stratified flow conditions as compared 

to annular flow and the run time before blockage was doubled. The hydrate deposits were 

observed to cover entirely the flowloop viewing window during the test performed at annular 
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flow conditions, whereas, during stratified flow, the deposit only developed on the lower wetted 

area and slightly above it. As the industry moves toward a risk-based hydrate management 

approach, this data provides a new context to reduce blockage risk: managing flow regimes 

and, by extension, interfacial area may be more cost effective than minimizing subcooling. To 

be able to quantitatively predict the impact of a flow regime change represents a considerable 

challenge due to the complexity of the kinetic and multiphase flow phenomena involved in the 

plugging mechanism under different scenarios. At stratified flow conditions the focus must be 

shifted from the gas phase to the liquid at the bottom of the pipe, where hydrate formation and 

transport are mainly determined by different mechanisms such as wave and bubble formation, 

and bedding which have been the subject of recent investigations in liquid -dominated 

systems.20 Current efforts in hydrate research for flow assurance are dedicated to the 

development of a comprehensive model for hydrate formation and transport in flowlines at 

different flow regimes and the effect of hydrates in the gas-liquid multiphase flow patterns.103   

5.3.3.2 Pressure drop 

In the absence of hydrates, the pressure drop across the flow loop maintained an 

approximately constant value over the course of one hour at steady gas and liquid flow rates; 

this pressure drop trace is shown in Figure 42, at a test condition of 2.7 ºC (4.9 ºF) above the 

hydrate phase boundary at 10.3 MPa (1500 psi). The absence of any hydrates in the flow line 

was confirmed by visual observation from the viewing windows during this test.  A value of 1.8 

KPa/m (0.078 psi/ft) was obtained for the pressure drop gradient (P/L) using the Beggs and 

Brill correlation45 eq. (14)  which compared well with the experimental data as shown in Figure 

42. 

 
Figure 42. Pressure drop across the flow loop as a function of time at a pressure and temperature 
outside the hydrate stability region. The solid line is a prediction from the Beggs-Brill correlation45 for 
these hydrodynamic conditions. 
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The pressure drop traces during hydrate formation in experiments 1 and 2 are shown in 

Figure 43, which corresponds to subcooling values of 6 and 7.5 K (10.8 and 13.5 °F), 

respectively. The magnitude of the glycol jacket temperature oscillation was ±1.3 °C during 

these tests, as discussed further below, but this behaviour did not prevent the formation of a 

hydrate blockage at the end of either test. It should be noted that previous experiments at 8.7 

m/s were limited to runtimes of approximately 30 minutes, due to a rapid increase in frictional 

pressure drop. In all tests at 4.6 m/s, the time required to achieve the maximum allowable 

pressure drop increased by a factor of three, with some experiments running up to 90 minutes 

in the hydrate region prior to blockage formation. These blockage times are not directly 

relevant to industrial scenarios due to the difference in pipe diameter, although the data 

acquired provide insight into the mechanisms involved in industrial-scale plug formation.    

 
Figure 43. Pressure drop traces as a function of time after liquid water injection was initiated for 
experiments 1 and 2 at subcoolings of 6 and 7.5 K, respectively. 

In both of the experiments shown in Figure 43, the pressure drop across the test section 

exhibited similar behaviour increasing by a factor of four in the first five minutes of operation 

inside the hydrate region; the pressure drop remained constant at this value for approximately 

30 minutes before increasing again. One possible physical explanation for this intermediate 

pressure drop behaviour is the migration of a primary hydrate restriction downstream, as 

observed previously by Di Lorenzo et al..78 After this period of constant pressure drop in 

experiment 2 (7.5 K subcooling), the pressure drop increased from 0.2 to about 0.7 MPa 

(approaching the compressor’s maximum operating threshold) over 30 minutes; in experiment 

1 (7.5 K subcooling), the pressure drop increase was more moderate, reaching about 0.4 MPa 

after the 90 minute test. Both pressure drop signals exhibited an oscillatory behaviour, which 

is known to correspond with visual observations of hydrate deposit sloughing from the pipe 
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wall;78 such hydrate aggregates were also observed in the exit view window of the flow loop 

during in this work.  

The effect of fluid velocity on hydrate blockage formation is shown in Figure 44, in which 

data from experiment 3 at 4.6 m/s from the present study are compared  with a previous 

experiment at 8.7 m/s from Di Lorenzo et al. (experiment 1 in Ref . 87); the hydrodynamic 

parameters for these two experiments are shown in Table 10. While both experiments were 

performed at the same subcooling condition (5.8 K), the pressure drop signal increased 

approximately 10 times faster for the high-velocity (8.7 m/s) case than in the low-velocity (4.6 

m/s) case. Figure 40 and Figure 41 illustrate that, at a subcooling of 5.8 K, the hydrate growth 

rate was approximately 6 times faster at the higher velocity. However, the rate of pressure 

drop increase is sensitive to the pipe diameter; at constant formation rate the pressure drop 

will increase faster in a smaller diameter line than in a larger one.  

 
Figure 44. Pressure drop across the test section as a function of time after water injection, at a 
subcooling of 5.8 K and two gas superficial velocities: 4.6 m/s (black data corresponding to exp. 3 of 
this work), and 8.7 m/s (grey data corresponding to exp. 1 from Di Lorenzo et al.78). The dashed curves 
represent an estimate of the stenosis effect due to deposition rate using the method detailed in ref. 98 

At high gas velocity, Di Lorenzo et al.78, 98 (Section 5.1 and 5.2) showed that a significant 

fraction of the smooth (average) increase in the frictional pressure drop signal was likely due 

to the reduction in the flowline’s hydraulic diameter caused by the deposition of hydrate 

particles that had been transported in the gas phase. The data presented in this study, where 

the gas velocity was halved, provides further evidence to support the relative importance of 

particle deposition from the gas phase to the reduction in hydraulic diameter, as the rates of 

both hydrate growth and pressure drop increase were reduced by an order of magnitude when 

gas velocity was reduced by a factor of two. If the primary cause of the reduction in hydraulic 

diameter were due to the growth of hydrate within the annular water film and starting at the 
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pipeline wall, then we would expect a similar rate of pressure drop increase at the same 

subcooling. 

The pressure drop data from low-velocity experiments do not exhibit a smooth monotonic 

increase over time, as previously observed at high velocity over the same range of subcooling, 

which increases the uncertainty associated with estimating the hydrate deposit thickness.  To 

compare the estimated deposition rate as a function of gas velocity, the current experiments 

were analysed with the same approach that was described in our previous work.98 In short, 

estimates of the average deposit thickness across the entire flow loop were obtained by fitting 

the pressure drop traces using eq. (7) with respect to the hydraulic diameter, which was 

assumed to decrease over time due to a constant hydrate growth rate; the radial growth rate 

was the only fitting parameter employed in the analysis. This approach represents a first 

approximation in evaluating hydrate deposit thickness. An example of this fitting procedure is 

shown for experiments 1 and 2 in Figure 45 and Figure 46, respectively.  

 
Figure 45. Experimental pressure drop as a function of time after liquid water injection in experiment 1, 
where the solid curve represents the fitted pressure drop model described above.98 

Assuming a uniform thickness of the hydrate layer, the estimated deposition rate (mm/hr) 

can be transformed into a volumetric deposition rate (L/min) when multiplied by the internal 

pipe area. Each experimentally-derived value of the deposition rate, together with the total 

measured hydrate formation rate, is presented in Table 11. 

The results qualitatively suggest that most of the hydrate formed in each low-velocity 

experiment is deposited on the flowline wall. That is, the estimated volumetric deposition rate 

for most experiments was an order of magnitude larger than the total hydrate formation rate 

estimated from measurements of gas consumption. This degree of over -prediction suggests 
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an invalid basis within the deposition rate estimation procedure, in that hydrate is uniformly 

deposited throughout the flow loop; we hypothesize that, at this lower flowrate condition, 

hydrate may build up at localized positions within the flow loop test section. Without sufficient 

shear stress applied by the flowing gas phase, these localized restrictions may readily develop 

into stable hydrate blockages and dominate the measured frictional pressure drop signal.  

 
Figure 46. Experimental pressure drop as a function of time after liquid water injection in experiment 2, 
where the solid curve represents the fitted pressure drop model described above.98 

Table 11. Formation and deposition rates compared. 

Exp. Formation rate  
(L/min) 

Estimated deposition 
rate (mm/hr) 

Estimated volumetric 
deposition rate (L/min) 

1 0.010 2.2 0.078 

2 0.012 3.0 0.105 

3 0.013 3.7 0.078 

4 0.004 1.6 0.055 

5 0.014 2.4 0.004 

5.3.3.3 Observation of Hydrate Washout 

One question of practical importance in the elucidation of hydrate blockage mechanisms 

for gas-dominant flows relates to how easily flowing fluids may remove recently deposited 

hydrate particles if they have not annealed or sintered to the pipeline wall. T o investigate the 

ease with which deposited hydrate could be removed from the wall of the Hytra flow loop, the 

glycol jacket temperature was allowed to vary over a subcooling range of 3.5 to 6.0 K; an 

example of this time-dependent wall temperature and resulting pressure drop signal is shown 

in Figure 47. The liquid water injection remained active throughout this experiment, and visual 
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observations at the flow loop’s final viewing window were also collected. At periods of high 

subcooling (20, 40, and 60 minutes in Figure 47), the presence of a hydrate deposit was 

visually confirmed (Figure 48-A). As the subcooling decreased to a lower bound (3.5 K), the 

hydrate deposit was removed and the view window became dominated by a flow of liquid 

water (Figure 48-C). In the first two of the glycol jacket temperature cycles, the frictional 

pressure drop across the flow loop was returned to just above the original baseline value 

(approximately 1 bar) as the subcooling reached a minimum. Similarly, the local maxima in 

the pressure drop had quite a consistent magnitude of approximately 0.25 MPa each time the 

subcooling value reached a peak of 6.0 K.  

 

Figure 47. Pressure drop and subcooling across the test section as a function of time after l iquid water 
injection commenced during experiment 4. Points A, B and C respectively correspond to the maximum, 
average, and minimum subcooling during a cycle of the glycol jacket temperature.  

   

A: Tsub=5.8 K B: Tsub=4.8 K C: Tsub=3.8 K 

Figure 48. A sequence of pictures taken at the final viewing window during experiment 4, corresponding 
to the maximum, intermediate, and minimum subcooling times within a cycle identified in Figure 47.  
(A) at the maximum subcooling, a hydrate deposit has fully covered the viewing window; (B) at an 
intermediate subcooling, the hydrate deposit has been partially removed by liquid water; and (C) liquid 
water covers a majority of the window, with hydrate visible only on the top, left -hand side.  
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Gas hydrate was a stable phase throughout the experiment shown in Figure 47, yet the 

frictional pressure drop signal appeared to be partially reversible with subcooling. We 

hypothesize that this phenomenon is the result of unconverted liquid water removing deposited 

hydrate particles, herein referred to as “hydrate washout.” That is, as the driving force for 

hydrate growth relaxed, liquid water holdup increased in the flow loop, enhancing the contact 

area between unconverted water and deposited hydrate particles. In the absence of strong 

adhesion to the pipeline wall (as suggested by the measurements of Nicholas et al. 104), the 

sudden increase in the shear stress applied by the flowing water (as opposed to the flowing 

gas) was sufficient to cause the sudden removal of hydrate particles. A comprehensive 

experimental campaign is required to further explore this hypothesis, particularly with tests 

that include shut-in and restart to determine the effect of sintering on hydrate washout. 

Nevertheless, this observation provides a valuable motivation for the study of under-inhibited 

operations, in which thermodynamic hydrate inhibitors (THI) are injected at a mass fraction 

below that which is required to fully suppress hydrate stability. Specifically, future research 

could investigate whether this hydrate washout behaviour may enable the risk of hydrate 

blockage to be effectively managed through the use of varying THI injection rates that control 

the system subcooling in a manner similar to that shown in Figure 47. Such approach, based 

on intermitted injection of methanol, allowed the life time of the Shell SE Tahoe gas field to be 

extended, as described by E.D. Sloan.18 

5.3.4 Conclusions 

The Hytra flow loop was used to study the effect of gas velocity on hydrate formation and 

deposition rate. Six tests were performed at 4.6 m/s with a liquid water entrainment fraction of 

5%, and compared to previous results at 8.7 m/s with 18% entrainment. As the gas velocity 

decreased by a factor of two, hydrate growth rates decreased by a factor of six.  In these low 

velocity cases, the pressure drop signal reached its maximum allowable value in 60 to 90 

minutes, compared with the 20 to 40 minutes required in the high veloci ty cases in the same 

range of subcoolings. The data presented in this study demonstrate three important 

conclusions: 

1) In gas systems, entrainment of liquid water droplets in the gas phase may be the most 

critical parameter in assessing hydrate growth rate and blockage risk.  

2) If liquid water is entrained in the gas phase, hydrate growth rate is about 40 times more 

sensitive to gas velocity than subcooling. 

3) At low velocity, hydrate may not be uniformly distributed throughout the flow loop, but 

instead may generate large frictional pressure drops due to localized build -up. 
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This study also introduces a new observation of hydrate washout, where an existing 

deposit of hydrate particles – generated during a continuous flow test – was removed by 

decreasing the subcooling from 6.0 to 3.5 K. The pressure drop signal was observed to be 

partially reversible through two subcooling cycles (3.5 to 6.0 to 3.5 K), but resulted in a plug 

during the third subcooling cycle. However, the visual observation of hydrate deposit removal 

by liquid water suggests that further research in oscillatory under -inhibition may constitute a 

new hydrate risk management technique for gas-dominant systems. 
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6 MODELLING 

6.1 Summary 

We present a new model for hydrate deposition and sloughing in gas dominated pipelines 

which allows for rapid estimations of the pressure and temperature profiles along a horizontal 

pipeline during normal operation in the hydrate forming region in the presence of 

monoethylene glycol (MEG). In our previous approach the pressure drop traces were fitted 

using a constant film growth rate model which is only applicable in the absence of sloughing. 

The assumption that the hydrate deposit growing at the pipe wall is stable, may lead to an 

overestimation of the pressure drop which would increase continuously over time. In this 

predictive model hydrate growth rates were estimated using a classical hydrate kinetic model 

combined with a simplified two-phase flow model for pipelines in the annular flow regime with 

droplet entrainment. Hydrate growth at the pipe wall, deposition of hydrate particles from the 

gas stream and sloughing due to shear fracture of the deposited film contributed to the 

evolution of the hydrate deposit. The model parameters included a scaling factor to the kinetic 

rate of hydrate growth and a particle deposition efficiency factor. The fraction of deposited 

particles forming a stable hydrate film at the pipe wall through sintering and the shear strength 

of the deposit were introduced as two additional parameters to enable simulation of sloughing 

events. The tuned model predicted hydrate formation within 40% and pressure drop within 

50% of measurements previously obtained in a gas-dominated flow loop in a wide range of 

subcoolings, MEG concentrations and high and intermediate gas velocities. The observed 

decrease of the kinetic factor with decreasing gas velocity indicated larger resistances to 

hydrate growth in the entrained droplets at lower flow rates, while the increase of the 

deposition parameter with MEG concentration was consistent with a particle 

adhesion/cohesion mechanism based on the formation of a capillary bridge. This preliminary 

sloughing model, combined with flowloop testing, has allowed the first in -situ determinations 

of the effective shear strength of the hydrate deposits (in the range of 100 to 200 Pa) which is 

a key property to predict hydrate detachment and accumulation in gas-dominated pipelines.      

6.2 Model assumptions 

The system composition includes natural gas, water and MEG as a hydrate inh ibitor. At 

typical gas and liquid flow rates, the liquid volume fraction in the pipe (holdup) is less than 10 

% and the flow regime is annular. At these conditions, the liquid phase forms a wetting film at 

the pipe wall with small droplets entrained in the gas core. The model further develops the 

conceptual description for hydrate blockages in gas-dominant systems initially proposed by 

Lingelem et al.67 and extended by Sloan,2 mainly based on the mechanisms of stenosis and 
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sloughing, illustrated in Figure 49.  Besides deposition by crystallization, considered in 

previous conceptual pictures, this model incorporates deposition of hydrate particles formed 

in the entrained droplets as a key mechanism of hydrate build-up at the pipe walls.  

One major simplifying assumption of the model is that the pipeline fluids and hydrates are 

distributed uniformly across the pipe section and in particular, the hydrate deposit is assumed 

to form a concentric annulus which grows radially inwards. Compositional changes in the gas 

phase due to hydrate formation are not considered at this stage, whereas the MEG 

concentration is tracked by calculating the water consumption along the flowline.  

 

 

Figure 49. Geometry and phase distribution in a pipe section showing the liquid film and entrained 
droplets in the gas stream and the hydrate deposit at the point of sloughing.  

 

6.3 Model equations 

6.3.1 Conservation laws 

A further simplification is used in the calculation of the pressure drop, where the pipeline 

fluids are treated as a pseudo one-phase fluid, following the well-known method proposed by 

Beggs and Brill.105 From the momentum balance equation, the authors derived the following 

steady-state expression for the pressure gradient in a gas-liquid horizontal pipeline:  

∆P

∆x
=  

1

2
∙ f ∙ ρ

ns
 ∙ 

vm
2

Dh

 (40) 

where P is the pressure drop, x is the length of the pipe section, f is the friction factor, ns 

is the no-slip fluid density (defined in terms of the input flow rates), vm the fluid mixture velocity 

and Dh is the hydraulic diameter of the pipe. Full details of the derivation of this equation are 

provided in the original reference.105 

In our model a quasi-stationary approximation is introduced, whereby the hydraulic 

diameter of the pipeline is allowed to slowly decrease over time due to the formation and 

growth of a solid deposit at the pipe wall. Other hydrate-related effects on the fluid viscosity, 

density and friction factors are neglected at this stage.  
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By applying energy balance to a control volume in the pipeline, following Alves et al.,51 the 

following expression for the temperature gradient can be derived:  

T

x
 = β

JT
∙ 
P

x
  - 

π ∙ Dh ∙ U ∙ (T-Tc)

ρ
m
 ∙ c

m
 ∙ Qm

+ 
1

∆x
∙
V

h

t
∙

∆H

cm∙ Qm 
 (41) 

where JT is the Joule-Thomson coefficient, U is the overall heat transfer coefficient to the 

environment, cm is the heat capacity at constant pressure of the fluid mixture, Qm is the sum 

of volumetric flow rates of gas and liquid (Qm=Qg+Ql), Vh/t is the hydrate volumetric growth 

rate and H is the heat of hydrate formation. In eq. (41) contributions from expansion cooling, 

heat transfer and heat of hydrate formation are accounted for in the first, second and third 

term respectively. The overall heat transfer coefficient is calculated in (42) as a series of 

internal and external convective resistances, and the conductive resistances through the pipe 

and the hydrate deposit:  

U = [ 
1

hi

 + 
Dh

2γ
h

 ln(
Din

Dh

)  + 
Dh

2γ
p

 ln(
Do

Dh

)  + 
Dh

Do∙ho

]

-1

 (42) 

Here h and p are the thermal conductivities of the hydrate and the pipe wall, respectively; 

Din and Do are the inner and outer diameters of the pipe, respectively; and h i, and ho are the 

inner and outer heat transfer coefficients, respectively. These heat transfer coefficients are 

determined from eq. (43), using the thermal conductivity of the pipeline and external fluids, m 

and c, and the Nusselt number, Nu, which is given by the Dittus-Boelter correlation106  in eq. 

(44): 

hin,o = Nuin,o ∙ 
γ
m,c

Dh

 
(43) 

Nuin,o = 0.023 ∙ Rein,o
0.88

 ∙ Prin,o
0.3

 (44) 

In eqs. (45) and (46), Rein,o and Prin,o are the Reynolds and Prandtl numbers for the fluids 

inside and external to the pipeline, respectively: 

Re in,o= 
ρ
m,c

 ∙ vm,c ∙ Dh

μ
m,c

 
(45) 

Prin,o = 
cm,c ∙ μm,c

γ
m,c

 
(46) 

where m,c indicates the dynamic viscosity of the pipeline and external fluids.  
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6.3.2 Hydrate formation model 

The volumetric rate of hydrate formation is calculated using eq.  (47), originally derived 

from a correlation for the rate of gas consumption by hydrates growing in the absence of heat 

and mass transfer limitations.99      

dVh
kin

dt
=  Fk∙ exp (C1

) ∙ exp(-
C2

T
) ∙ 

1

Mg∙ρg
h 
∙ ∆Tsub∙ Agl 

(47) 

In eq. (47), exp(C1) = 37.8, where C1 is the kinetic constant; C2 = 13,600 K is the activation 

temperature for hydrate formation; Tsub is the subcooling; Mg and gh are, respectively, the 

average molar mass of the gaseous hydrate formers and their molar density in the hydrate 

phase; and Agl is the gas-liquid interfacial area. The empirical coefficient F k<1, has been 

introduced to account for eventual mass and heat transfer limitations to hydrate growth. 99   

The expression in eq. (47) assumes that the subcooling (Tsub= Teq –T) is the driving force 

for the kinetic growth of hydrate crystals. The hydrate equilibrium temperature T eq, which 

depends on the gas composition, inhibitor concentration and pipeline pressure, can be 

calculated with good accuracy using commercial programs for multiphase equilibria in the 

presence of hydrates. Alternatively, to avoid extensive calculations, for  the particular gas 

composition, a correlation for the hydrate equilibrium temperature as a function of the system 

pressure was developed in the absence of inhibitors. Then a correction to this curve was 

introduced to account for the presence of the inhibitor. The shift in the equilibrium temperature 

due to the presence of MEG, TMEG, was estimated using the Nielsen-Bucklin equation:2 

∆TMEG = -72 ln[aw (1 - xMEG
)] (48) 

where aw is the water activity and xMEG the molar concentration of MEG in the aqueous phase. 

The water activity in the MEG solution was calculated using a two-suffix Margules 

expression:107 

ln(aw) = -1.84825 xMEG
2  + 4.26904 xMEG

3  (49) 

For a typical natural gas (Table 1) at 10 MPa, and MEG weight concentrations up to 40%, 

the maximum deviation in the temperature shift predicted by the Nielsen-Bucklin equation from 

that calculated using a multiphase equilibria software with the CPA hydrate model108 is 0.2 °C.   

As hydrates form mainly at the water/gas interface (eq. (47)), an accurate estimation of 

the interfacial area, under the appropriate flow conditions, is critical. In the annular flow regime, 

the gas-liquid interfacial area includes contributions from the entrained droplets and the 
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wetting film. The total area of the droplets, Ad, and the area of the film, Af ilm, in each pipe 

section are given by:   

Ad  =
3π

2
∙
E∙Ql

S∙ Qg

∙
Dh

2
∙∆x

d32

 
(50) 

Afi lm = π∙Dh∙∆x∙√1 - H + 
E ∙ Ql

S ∙ Qg

 

(51) 

where E is the droplet entrainment, Q l and Qg are the volumetric flow rates of gas and liquid, 

S is the ratio between the drop and the gas velocity (slip factor), d 32 is the Sauter mean 

diameter of the droplets and H is the liquid holdup. In annular flow conditions the slip factor is 

usually close to one and can be determined using eq. (52).57  

S=
1

1- [4gσ (ρ
l
-ρ

g
)∙ρ

g
-2]

  0.25
 (52) 

Here l and g are the liquid and gas densities,  is the interfacial tension and g is the 

acceleration due to gravity. The droplet average diameter and the droplet entrainment, E, were 

obtained from the following correlations for horizontal pipelines:61, 65 

d32 = 0.128 ∙ (
σ

ρ
g

)

0.604

∙ vg
-1.209 ∙ Dh

0.396
 

(53) 

 

E

EM - E
 = A1 ∙ Dh ∙ 

√ρ
g
 ∙ ρ

l

σ
 ∙ vg

2 

(54) 

In these expressions, vg is the gas velocity and EM is the maximum value of the 

entrainment, which was calculated following the method discussed by Pan et al.. 61 The 

constant A1=3.6∙10-5 has been adjusted to entrainment data obtained by Mantilla et al.62 using 

a high pressure gas-liquid flowloop, as described by Di Lorenzo et al..98  

6.3.3 Hydrate deposition model 

In this model it is assumed that, within each control volume corresponding to a segment 

of the pipe, hydrates deposits are uniformly distributed around the pipe wall perimeter. The 

rate at which the deposit accumulates, Vh/t, results from the combined contribution of 

hydrates growing at the pipe wall and the hydrate particles depositing from the gas stream 

onto the wall, Vdep/t.     

Vh

t
 = 

Vf

t
+
Vdep

t
 

(55) 
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The first term in eq. (55) was calculated using eq. (47) with Agl=Af ilm (eq. (51)). The second 

contribution was estimated as: 

Vdep

t
=   

Fd

 S 
∙
Vd

t
 

(56) 

where Fd is an empirical coefficient less than 1, which represents the probability that a particle 

sticks at the wall or hydrate layer and Vd/t is the rate of hydrate formation in the droplets, 

calculated using eq. (47) with Agl=Ad (eq. (50)). A derivation of this simplified expression, valid 

for particle deposition in the diffusional regime, is presented in Appendix A. 

Even though the deposit is partially made of hydrate particles, for the purpose of 

calculating its grow rate, it is assumed that it is non-porous. Furthermore, the contribution to 

the particle volume of unconverted water or MEG solution, eventually occluded in the particle 

core, is neglected. Both assumptions could lead to an underestimation of the effective volume 

of the deposit when using eq. 10 to calculate the deposit growth rate . 

Finally, the change in the hydraulic diameter of the pipe was obtained from the growth rate 

of the hydrate deposit (eq. (55)), by integration of eq. (57):  

Vh

t
 = - 

π

4
∙ 
Dh

2

t
∙ ∆x  

(57) 

6.3.4 Model for hydrate sloughing from the pipe wall 

The sloughing model assumes that the deposited film fractures under the increasing shear 

stress applied by the pipeline fluids as the effective hydraulic diameter decreases, and that 

fragments of the solid deposit break off and are released into the gas st ream. A sloughing 

event causes the pressure drop signal to suddenly decrease due to the immediate 

enlargement of the hydraulic diameter of the pipe. The signal observed for such sloughing 

events typically dropped to a value well above that corresponding to the bare pipe wall, which 

indicated that the hydrate deposit was not completely stripped off the pipe wall.  

To implement this conceptual model, two main components need to be considered: the 

mechanical properties of the hydrate deposit and the hydrodynamic loading applied to the film. 

The model assumes that the hydrate deposit has a heterogeneous structure because it is 

composed of a low porosity crystalline film growing outwards from the pipe’s inner wall, and a 

higher porosity layer due to hydrate particles deposited from entrained droplets. As the deposit 

ages, the high porosity layer may undergo a sintering process, leading to an increased 

adhesion strength between the deposited particles and the crystalline substrate. By assuming 

the deposit consists of two-layers (a compact substrate adhered at the pipe wall with an 
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overlaying porous material), a weak zone, along which a fracture may develop, can be located 

at the moving boundary between the two layers. The hydrodynamic loading applied to this 

weak zone, due to the shear stress applied by the bulk fluids, is approximated as:  

σw = -
Dh

4
∙
∆P

∆x
  

(58) 

where w is the wall shear stress and P/x is the pressure gradient along the pipeline, 

calculated from eq. (40).  

The model tracks the growth of the complete hydrate deposit and that of the stable film 

underneath (Vh/t and Vf  /t respectively) and the evolution of the respective hydraulic 

diameters, using eq. (57). An empirical multiplicative factor to the kinetic growth rate of the 

stable film, Ff   >1, is introduced to increase the effective growth rate of the hard substrate 

above the kinetic rate, due to sintering of the deposited porous layer. At each point in spa ce 

and time, the wall shear stress is calculated using eq. (58) and compared with the hydrate film 

shear strength, h (critical shear stress for film rupture). The sloughing instant, tsl, and 

sloughing point, xsl, are determined, respectively, by the conditions:  

w(x,t) = h 

Dh(x,tsl) = Df ilm(x,tsl) 

 

(59) 

Df ilm is the hydraulic diameter corresponding to the stable film. Then the values of the hydraulic 

diameter downstream the sloughing point are updated as follows:  

Dh(x,tsl) = Df (x, tsl) if xsl < x < x(tsl) 

Dh(x,tsl) = Df ilm(x,t) if x >= x(tsl) 

(60) 

The sloughing conditions given by eqs. (59) and (60) are illustrated in Figure 50.  

 

Figure 50. Conceptual picture of sloughing of the hydrate film at the pipe wall. (Dark grey: harder 
deposit, grey: softer deposit, white line: fracture). 

Df ilm                            Dh                            Sloughed 
off deposit                            

Critical shear stress                         
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The height and depth of the sloughing peaks produced by the model can be matched to 

those of the experimental traces by tuning the deposition parameter F d, the stable film growth 

parameter Ff ilm and the value of the hydrate film shear strength, h. 

6.4 Numerical scheme 

A flow diagram of the algorithm used to solve iteratively the model equations is represented 

in Figure 51. The numerical solution is obtained by discretizing the pipeline in a number of 

sections of the same length. For manageable computation times, the number of sections was 

limited to a few hundred. For flow loop calculations, with 170 sections, each 0.2 m long, typical 

run times were of 300 seconds on a personal computer equipped with a 2.9 GHz processor.  

Using 17 sections, the computation times decreased to 30 seconds and the relative deviations 

of the hydrate formation and deposition rates increased by 8% compared to the higher 

resolution run. The time step used was set by the ratio of the length of the pipe segment and 

the fluid mixture superficial velocity. This temporal resolution should be sufficient to describe 

hydrate growth and deposition given that they are slow processes compared wi th the 

residence time of the fluids in the pipe section. 

Input data for this numerical algorithm are: the inner and outer pipe diameters, the total 

length of the pipeline and the length of pipe section; the ambient temperature, the inlet 

pressure and temperature; flow rates of gas and liquid; gas composition and MEG weight 

concentration in the liquid phase. The number of moles of each chemical component in the 

pipeline was calculated first, based on the gas and liquid composition, pressure, temperature 

and the initial liquid holdup. The required physical properties of the gaseous, liquid and solid 

phases, such as density, fluid viscosity, heat capacity, thermal conductivity and heat of hydrate 

formation were obtained from a thermodynamic package.83 To account for the effect of 

composition, temperature and pressure on the fluid and hydrate properties, the requisite data 

were generated using Multiflash®83 and polynomial interpolations were obtained in the range 

of the experimental conditions relevant to these tests. 
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Figure 51. Flow diagram of the numerical model. 

In this model it was assumed that hydrates start to form as soon as the subcooling is larger 

than 0 K (pipeline temperature lower than hydrate equilibrium temperature). Higher minimum 

required subcooling values for the onset of hydrate formation have been reported in the 

literature, ranging from of 1 to 2 K (1.8 to 3.6 ⁰F) in gas-condensate pipelines,66 up to 3.5 K 

(6.3 ⁰F) in oil-dominated systems.44 If the subcooling condition is satisfied, the total volume of 

hydrate formed and deposited at the pipe wall are calculated in each section (eqs. (47) and 

(55)) and the local value of hydraulic diameter of the pipe section is deduced from eq . (57). In 

experimental tests where sloughing was observed, the sloughing conditions (eqs. (59) and 

(60)) are applied and the hydraulic diameter is updated accordingly. At each pipe section the 

pressure and temperature are calculated from eqs. (40) and (41) using a forward difference 

scheme and the MEG concentration is updated according to the water consumption due to 

hydrate formation. Then the computational loop is iterated over the next time  step until the 

experimental run-time expires. The model was coded using Visual Basic for Applications 

(VBA) within Microsoft Excel®. 

6.5 Model validation 

The model predictions were compared with results from previous experiments conducted 

in a one-pass, gas-dominant flowloop.78, 98, 102 The pipeline fluids included natural gas, water 

and MEG. The composition of the gas used in these experiments is given in Table 1. The 
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values or functional dependences of the fluid and hydrate phase properties are summarized 

in Table 12. The flowloop outer and inner diameter and length were Do=0.025m, Di=0.020m 

and L=33.4 m, respectively. The thermal conductivity of the pipe was p=16 Wˑm-1ˑK-1 

(stainless steel) and the external heat transfer coefficient ho=0.6 Wˑm-2ˑK-1 was estimated 

using eq. (43). 

Table 12. Fluid and hydrate properties.  

Gas phase property 

Average molar mass (kgˑmol-1) Mg = 0.018  

Density (kgˑm-3) g = -1.27×10-7 PˑT + 0.49 T + 4.79×10-5 P +                 
-156.6  

Compressibility Z= -3.04×10-5 T2 + 7.47×10-16 P2 – 4.21×10-11 PT+ 
+2.1×10-2 T – 1.5×10-8 P – 2.54 

Viscosity (Paˑs) g = 6.45×10-9 T + 7.36×10-13 P + 5.555×10-6  

Thermal conductivity (Wˑm-1ˑK-1) kg = 2.06×10-9 P + 0.02025  

Heat capacity at constant pressure    
(Jˑkg-1ˑK-1) 

Cpg = 0.258 T2 – 1.68×10-11 P2 – 2.39×10-6 PˑT +   

-1.41×102 T + 1.16×10-3  P + 1.93×104  

Joule-Thompson coefficient (KˑPa-1)  JT = 3.626×10-6    

Liquid phase property as a function of MEG wt % concentration 

Mol. Weight of water and MEG (kgˑmol-1) Mwater= 0.018, Mmeg = 0.062  

Density (kgˑm-3)  l = 0.919 Cmeg + 998.36  

Viscosity (Paˑs) l = 1.06×10-6 Cmeg
2 + 1.88×10-5 Cmeg + 1.23×10-3  

Thermal conductivity (Wˑm-1ˑK-1) kl = -4.01×10-4 Cmeg
2 + 0.0201 Cmeg + 0.626  

Constant pressure heat capacity        
(Jˑkg-1ˑK-1) 

Cpl = -13.0 Cmeg + 4323.8  

Interfacial tension with gas phase (Nˑm-1)  = 2.14 × 10-6 Cmeg
2 – 3.36×10-4 Cmeg + 0.072  

Hydrate property 

Hydrate density (kg/m3) h = 950  

Gas molar density in hydrate (moleˑm-3) 7540 

Thermal conductivity (Wˑm-1ˑK-1) h = 0.6  

Heat capacity (Jˑkg-1ˑK-1) Cph = -10.9 T + 2257  

Enthalpy of formation (Jˑkg-1) H = 6.4×105  

Sixteen flowloop experiments were simulated in this work as shown in  Table 13. 

Experiments 1 to 12 had a high gas superficial velocity of 8.7 m/s (28.5 ft/s), both in the 

absence of MEG (Experiments 1 to 7: uninhibited, high velocity tests), and at increasing MEG 

concentrations (Experiments 8 to 12: under-inhibited, high velocity tests). Experiments 13 to 

16 were conducted at an intermediate gas velocity of 4.7 m/s (15.4 ft/s) in the absence of MEG 
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(uninhibited, intermediate velocity tests). In all experiments the liquid holdup was between 5% 

and 6% and the flow regime was annular. Experiments 1, 3, 8, 9 and 12 were affected by 

sloughing. Further experimental details can be found in the original references.78, 98, 102 

Table 13. Summary of the flow loop simulations. 

Exp. 

MEG 

conc. Fk Fd Ffilm 

Max./Crit. 

Shear 

stress 

Tsub           

Exp.  

Model 

Formation Rate 

Exp.          Model 

Deposition        

Rate 

P rel. 

deviation 

 (w t %)    (Pa) (°C) (L/min) (L/min) % 

  1* 0 0.5 0.35 0.44 152 2.5 1.9 0.49 0.80 0.34 13.8 

  2 0 0.5 0.05 1.00 155 4.3 4.0 0.56 0.73 0.12 13.3 

  3* 0 0.5 0.06 0.80 124 4.4 4.0 0.48 0.78 0.14 13.9 

  4 0 0.5 0.06 1.00 130 7.1 6.9 1.02 0.72 0.14 25.9 

  5 0 0.5 0.05 1.00 106 6.8 6.8 0.55 0.76 0.14 27.2 

  6 0 0.5 0.25 1.00 144 8.0 7.9 1.12 0.65 0.24 27.6 

  7 0 0.5 0.19 1.00 124 8.8 8.4 0.91 0.66 0.22 39.7 

  8* 10 0.5 0.24 0.40 117 3.1 3.0 0.29 0.46 0.16 9.1 

  9* 20 0.5 0.84 0.45 186 1.8 1.8 0.20 0.22 0.20 9.6 

10* 20 0.5 0.33 0.90 124 4.6 4.4 0.35 0.35 0.15 15.6 

11 20 0.5 0.28 1.00 124 5.5 5.6 0.40 0.35 0.13 14.3 

12* 30 1.0 0.76 0.40 131 3.0 2.5 0.26 0.28 0.23 12.9 

13 0 0.2 0.25 1.00 22 4.5 4.1 0.03 0.05 0.04 21.6 

14 0 0.2 0.50 1.00 35 6.0 6.1 0.07 0.07 0.06 43.5 

15 0 0.2 0.78 1.00 50 7.0 6.9 0.10 0.07 0.07 51.5 

16 0 0.2 0.62 1.00 68 7.5 7.5 0.08 0.09 0.07 40.3 

*Experiments affected by sloughing 

The values of the model parameters used in the simulations are shown in Table 13. Two 

values of the parameter Fk were chosen to obtain closer estimates of the experimental average 

hydrate formation rate depending on the gas velocity, F k=0.5 for the high gas velocity 

experiments (except in exp. 12) and Fk=0.2 at intermediate gas velocity. The deposition and 

sloughing parameters were fitted to the experimental pressure drop traces. The shear stress 

values reported in Table 13 correspond to the critical shear stress at which the deposit 

ruptures in the experiments were sloughing was observed, whereas, in the absence of 

sloughing, the maximum value shear stress is shown for comparison.  

The average hydrate formation rates obtained in the simulation runs are plotted against 

the experimental data in Figure 52. The numerical values of the hydrate formation rate and 

subcooling are also reported in Table 13, together with the corresponding experimental 

determinations. The error bars in  Figure 52 correspond to a relative uncertainty of ±15%.in 
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hydrate formation rates.98  As shown in Figure 52 in most cases the deviation of model 

predictions from the experimental data was less than ±40%. The model accuracy in 

reproducing the experimental pressure drop data is expressed as the mean absolute relative 

deviation between experimental and calculated time series of the pressure drop across the 

flowloop. These results are presented in the last column of Table 13. 

 

Figure 52. Model predictions for hydrate formation rates in the flowloop compared with experimental 
results. Dashed lines indicate the ±40% deviation bounds.  (Data point labels refer to experiment 
number in Table 13). 

6.5.1 Simulation of the pressure drop  

The pressure drop evolution and the average temperatures as a function of the distance 

from the location of the first thermometer calculated for experiment 2 are presented in Figure 

53 and Figure 54 together with the corresponding experimental data.  In this test, conducted 

at a relatively low subcooling of 4.3 K in the absence of MEG, the experimental pressure drop 

increases smoothly with time. A close match between the experimental data and the model 

results was obtained using a value of 0.05 for the deposition parameter. Similar values of the 

deposition parameter, in the range of 0.04 to 0.06, were used by Wang et al. 77 in their model 

to fit baseline pressure drop data obtained in these flowloop tests.. By setting the hydrate 

deposit shear strength value above 155 Pa no sloughing events were produced throughout 

the experimental run.     
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Figure 53. Pressure drop compared with the model prediction during experiment 2 in Table 13 in the 
absence of MEG at average subcooling of 4.3 K. 

Figure 54 shows the time-averaged simulated and measured values of the temperature at 

the flowloop measuring points. The pipeline fluid temperatures decreased with the distance 

downstream the injection point as heat was exchanged with the coolant fluid maintained at a 

lower temperature of 12 °C (53.6 °F).   The model predictions agreed with the measured data 

within the uncertainty of these determinations, which is in the range of ± 1.0 °C (1.8 °F). 98  

 

 
Figure 54. Temperature profile along the flowloop compared with the model prediction during 
experiment 2 in Table 13 in the absence of MEG (dotted line is a guide to the eye).  

In Figure 55 the calculated and experimental pressure drops obtained for experiment 11 

are compared. This test was performed in the presence of MEG at 20 wt  % concentration at 

an average subcooling of 5.5 K.  The experimental trace was smooth throughout whole run 
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and in this case the model reproduced its behavior accurately with the deposition empirical 

parameter increased to a value of 0.28.  

 

Figure 55. Pressure drop evolution compared with the model prediction for during experiment 11 in 
Table 13 conducted at a subcooling of 5.5 K and 20% MEG wt concentration. 

Experiments 13 and 15 were conducted in the absence of MEG and at a gas velocity of 

4.7 m/s (15.4 ft/s), 47% lower than in the previous experiments, but still with the system in the 

annular flow regime. The average subcoolings were 6 and 7.5 K, respectively. The simulated 

pressure drop traces obtained in these tests, presented in Figure 56 and Figure 57, were 

obtained reducing the hydrate formation parameter to 0.2 and an increasing the deposition 

parameter to 0.5 and 0.62 respectively.   

  

Figure 56. Pressure drop during experiment 14 in Table 13 at gas velocity of 4.7 m/s (15.4 ft/s) and 
subcooling of 6 K compared with the model prediction. 
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Figure 57. Pressure drop during experiment 16 in Table 13 at gas velocity of 4.7 m/s (15.4 ft/s) and a 
subcooling of 7.5 K, compared with the model prediction. 

The results presented in Figure 56 and Figure 57 and higher values of the mean relative 

deviations of the pressure drop reported in Table 13 indicate that, at lower gas velocity, the 

model becomes less accurate in reproducing qualitatively and quantitatively the pressure drop 

behavior compared with the uninhibited tests at high gas velocity. During the initial transient 

period the experimental pressure drop was consistently higher than predicted by the model. 

Furthermore significant pressure drop signal fluctuations were observed throughout the 

experimental run, which the model cannot capture, as the deposition mechanisms at reduced 

gas velocities may result in inhomogeneous phase distribution across the pipeline section. 

Despite these limitations, the model could reproduce quantitatively the impact of the gas 

velocity on the plugging tendency of these systems by predicting an order of magnitude 

decrease in the hydrate formation rate and a three-fold reduction in the deposition rate under 

similar subcooling conditions. This remarkable drop in the formation rate was mostly due to 

the decrease in the liquid entrainment at lower gas velocities, which resulted in a three to four 

fold decrease in the gas-liquid interfacial area.33 

6.5.2 Effect of sloughing 

In five high gas velocity experiments (1, 3, 8, 9, 12 in Table 13) performed at relatively low 

subcooling conditions one or several peaks were observed in each pressure drop trace, which 

were attributed to sloughing events. In an effort to reproduce this complex behavior, the 

empirical parameters describing deposition, Fd, crystalline film growth, F f ilm, and the effective 

shear strength of the deposit, h, were adjusted to fit the first peak and evolution of the baseline 

of the pressure drop signal. As previously described in the sloughing model, the shear strength 

of the hydrate deposit corresponds to the shear stress applied by the fluids at the point of  



 

 

96 

 

rupture and its value determines the height of the pressure drop peak. The crystalline film 

growth parameter represents the volume fraction of the deposited particles that undergoes 

sintering, contributing to the formation of the stable part of the hydrate deposit. Typical results 

obtained from this fitting procedure are presented in Figure 58 for experiment 1 (uninhibited 

system) and Figure 59 for experiment 12 (under-inhibited system). The kinetic parameter Fk 

was set at 0.5, as in the previous simulations, nevertheless, in the simulation of exper iment 

12, the deposition rate was too low to reproduce the first peaks (see Figure 59, dashed line), 

even if the deposition parameter was set at its maximum value of 1. In a second run, using Fk 

=1.0, the predicted and measured formation rates agreed, and the model could be fitted to the 

first pressure drop peak.  

  

Figure 58. Model prediction against experimental data for the pressure drop in experiment 1 in Table 
13. 

 

  

Figure 59. Model prediction against experimental data for the pressure drop in experiment 12 in Table 
13 using two values the kinetic parameter: Fk=0.5 (dashed line) and Fk=1.0 (continuous line). 
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The results show that the integrated model can provide a more accurate estimate of the 

pressure drop evolution at low subcooling than previous approaches based on continuous 

hydrate film growth,77, 98 as it is capable of reproducing the observed sequence of sloughing 

events reasonably well, particularly considering its underlying simple assumptions. The 

hypothesis of a uniform two-film growth on the pipe wall represents only a first approximation 

to the structure and evolution of the hydrate deposit, which is governed by the combination of 

complex phenomena such kinetic growth at the pipe wall, particle deposition and sintering. On 

the other hand, the model’s approximation of the hydrodynamic loading as an average value 

of the wall shear stress (eq. (58)), does not consider the natural fluctuations arising from the 

pipeline turbulent flow and the wake shedding from the deposit roughness. A probabilistic 

approach based on the statistical theory of material strength could possibly be used to model 

explicitly the hydrate deposit failure under fluctuating loadings and provide a more realistic 

representation of the sloughing process.  

6.5.3 Model parameters 

The model relies on a set of physical parameters that currently are not well understood. 

More fundamental studies are required to elucidate the effects of heat and mass tran sfer 

resistances on hydrate growth on entrained droplets. Here it is implicitly assumed that these 

effects are relatively small and hydrate growth is governed by an intrinsic kinetic mechanism 

driven by the subcooling. The relatively high values of the kinetic model parameter Fk (0.2 to 

1) suggest that this may be an acceptable approximation. Nevertheless the decrease of the 

kinetic parameter obtained with at lower gas velocity suggest that a mass transfer limited 

model for hydrate growth39 may be more appropriate when transitioning towards the stratified 

wavy regime. The implementation of mass transfer limited models to simulate hydrate 

formation in pipelines30 though may be computational demanding as it is based on 

compositional tracking. 

The probability of particle adhesion, expressed by the particle deposition parameter, 

depends on the balance of the adhesion forces between the depositing particles and the 

substrate and the hydrodynamic forces close to the hydrate deposit surface. The adhesion 

forces are mainly determined by the particle size and particle-substrate interactions, such 

capillary forces, which are strongly influenced by the subcooling96 and the presence of MEG. 

In a study on the plugging tendencies of under-inhibited systems with MEG using a flow 

simulator89 it was found that the hydrate dispersion characteristics were mainly determined by 

the MEG concentration in three different regions: in the lower range (0 to 10 wt  %) hydrates 

formed large, dry aggregates; in the intermediate range (5 to 20 wt %) larger, more adhesive 
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lumps were observed mostly deposited at the pipe wall; in the highest range (>20 wt  %) small 

hydrate particles formed a gel-like structure in the bulk fluid. These observations suggest that 

the adhesive/cohesive forces in under-inhibited systems tend to increase with MEG 

concentration, which is consistent with the behavior of the model deposition factor obtained in 

our simulations.  As shown in Figure 60, the value of Fd used in simulations of tests at closely 

matched subcooling conditions (Tsub=3.9 ± 0.8 K) increases significantly with the MEG 

concentration in the range from 0 to 30 wt %, which reflects a higher deposition tendency of 

hydrate particles wetted with a MEG solution, due to the formation of capillary bridges on the 

hydrate substrate or the pipe wall.   

 

Figure 60. Deposition parameter from simulation of experiments 2, 3, 8, 10, 12 in Table 13 conducted 
at subcooling conditions in the interval 3.9 ± 0.8 K and increasing MEG concentration. 

 The determination of the shear strength of the hydrate deposit from our fitting procedure 

of the low subcooling pressure drop traces affected by sloughing is one of the most relevant 

results obtained from this model. The values of the shear strength parameter, reported for the 

first time in this study, are in the range of 100-200 Pa, which are in the same order of 

magnitude of those obtained from direct measurements on dry, coherent snow, reported by 

Mellor,109 at a low density of 0.15 g/cm3. As shown by the author, the shear strength could 

increase up to three orders of magnitude in more dense snow, nevertheless the presence of 

water is likely have a weakening effect in these systems.110  

6.6 Conclusions 

A computational algorithm was developed for hydrate deposition and sloughing in gas-

dominated pipelines in the annular flow regime using a semi-empirical, one-dimensional 

model. In this model, the Beggs and Brill method for multiphase flow and pressure-gradient 

prediction was extended by allowing the hydraulic diameter of the pipe to vary due to hydrate 
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deposition at the pipe wall and sloughing. Two main empirical parameters were introduced: a 

scaling factor to the intrinsic hydrate formation rate, F k, and deposition factor Fd, which 

accounts for the probability of particle adhesion.  The tuned model was capable of predicting 

the rates of hydrate formation previously obtained in flow loop experiments under annular flow 

conditions in the presence of MEG (0 to 30 wt %) within ±40% of the measured rates. The 

time-averaged relative deviation of the simulated pressure drop from the experimental 

flowloop data varied between 9 and 40% at high gas velocity, increasing to 51% at 

intermediate gas velocity. The effect of the gas velocity in these experiments was correctly 

simulated by the model, where a 50% reduction in the gas flow rate resulted in an order of 

magnitude decrease in the hydrate formation rate and a three-fold reduction in the deposition 

rate under similar subcooling conditions.  

The preliminary model for shear-induced sloughing in gas-dominated systems, introduced 

for the first time in this study, was capable of capturing the sequence of  sloughing events 

observed in the flowloop pressure drop traces and allowed to obtain a more accurate 

estimation of the pressure drop behavior in low subcooling conditions when sloughing was 

prevalent compared to previous models based on continuous deposit  growth. An important 

outcome from this analysis was the estimation of the effective shear strength of the hydrate 

deposit, introduced as an additional model parameter to fit the pressure drop peaks associated 

with sloughing events. This mechanical property of hydrate deposits is essential to develop 

future computational tools capable to predict when and where sloughing events will occur, 

their severity and potential to plug gas pipelines.  
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7 CONCLUSIONS AND RECOMMENDATIONS  

7.1 Conclusions 

In this dissertation the Hytra flow loop was introduced as a tool to investigate natural gas 

hydrate formation and deposition in gas-dominated pipelines operating in the annular flow 

regime. A particular focus of this investigation was the effect of MEG at concentrations below 

those required for complete thermodynamic inhibition. Experimental procedures were 

developed to ensure that reproducible results could be obtained within the measurement 

uncertainty (Section 4.3, Figure 24). The two main quantities measured in these experiments 

were the overall hydrate formation rate, deduced from the total gas uptake throughout each 

test, and the pressure drop evolution across the flow loop test section (Section 4.4). By 

introducing a model for the pressure gradient in a horizontal pipe with a time -dependent 

hydraulic diameter, an average value of the hydrate deposition rate was extracted from each 

pressure drop trace in the absence of sloughing (Section 5.2.4.4). Qualitative aspects of the 

pressure drop behaviour were also discussed and related to the main mechanisms that govern 

hydrate transportability in gas pipelines, in the context of the conceptual model currently 

accepted (Figure 6). In Chapter 6 a numerical model was developed which allows to predict 

hydrate deposition and sloughing in gas-dominated pipelines in the annular flow regime. The 

model parameters were tuned to the hydrate formation and pressure drop measured in the 

flowloop experiments. 

The main conclusions from this investigation can be summarised as follows. 

1. The subcooling from hydrate equilibrium affected significantly the hydrate formation and 

deposition rates which were deduced from independent determinations of the gas 

consumption during the test and the pressure drop across the flow loop. In experiments 

conducted at a high gas superficial velocity of 8.7 m/s and low liquid holdup of 5%, when 

the subcooling was maintained between 3.0 and 5.5 K, the pressure drop signal followed 

a smooth increasing trend, consistent with the prediction of a stenosis-type film growth 

model. At higher subcoolings the pressure drop traces presented relatively large and rapid 

oscillations which were associated with the formation and release of transient hydrate 

accumulations in the pipeline.     

2. At constant pipeline temperature, the subcooling and hydrate formation rates could be 

effectively controlled by the MEG dosage as predicted by thermodynamic equilibrium 

calculations. A linear reduction in the hydrate formation and deposition rates was obtained 

in two series of tests performed at fixed temperatures of 10 °C and 12 °C when the MEG 

weight concentration was increased from 0 to 30% (complete thermodynamic inhibition). 
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Over this range of MEG fractions, the plugging tendency of the under -inhibited systems 

decreased as the pressure drop traces transitioned from a fast oscillating pattern (rapid 

conversion and deposition), to a smoothly increasing behaviour (slower film growth), until 

a flat signal was obtained at fully inhibited conditions. 

3. At fixed low subcooling conditions ( 3 K) obtained by adjusting the pipeline temperature 

and MEG concentration, sloughing events became increasingly more frequent with higher 

inhibitor dosage. This could be attributed to faster deposition (higher adhesive force) and 

higher liquid phase viscosity, but further studies are required to ascertain the increased 

sloughing tendency observed here.   

4. Quantitative estimates of hydrate film growth were presented for the first time in a gas 

dominant flow loop in the presence of MEG at subcoolings between 3 ºC and 6 ºC (Figure 

37). While formation rates increased by 50% with the subcooling, the film growth rates 

were limited to 3.8 to 4.6 mm/hr from which it was estimated that only 30 to 50% of the 

hydrate formed at these conditions deposited at the pipe wall. At the high gas superf icial 

velocities (8.7 m/s), liquid entrainment was predicted to be larger than 18% and a 

significant fraction of the liquid phase was dispersed and transported in the gas stream 

where hydrates could form quickly due to the high interfacial area and reduced heat and 

mass transfer limitations. 

5. The dependence of the hydrate formation rates with the subcooling that were obtained at 

high gas velocities in the annular flow regime, followed the predictions of the kinetic model 

with a scaling factor close to 0.5. This value is 250 times larger than the scaling factor 

obtained in oil dominant flow loop tests which suggests that a large fraction of the hydrates 

was formed in the liquid droplets entrained in the gas phase where heat and mass transfer 

limitations were largely reduced. 

6. To assess the effect of the gas velocity on hydrate formation and deposition rates , a set 

of preliminary tests were conducted at a lower gas superficial velocities of 4.5 m/s. As the 

gas velocity was reduced almost by a factor of two, hydrate formation rates decreased by 

a factor of six. Concurrently the plugging tendency was significantly reduced as the 

pressure drop across the flow loop reached its maximum allowable value in 60 to 90 

minutes, compared with the 20 to 40 minutes required in the higher gas velocity 

experiments in the same subcooling range. 

7. The analysis of the pressure drop traces obtained at lower gas velocity , using the film 

growth model, suggests that the distribution of hydrate throughout the flow loop may be 

localized rather than uniformly distributed. 
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8. In repeated continuous flow tests conducted at lower gas velocity, where cyclic variations 

of the subcooling were applied, it was observed that hydrate accumulations produced at 

higher subcooling could be partially removed by the higher flow of unconverted water 

during the periods of lower subcooling. These observations of hydrate washout suggest 

that oscillatory under-inhibition may constitute a new gas hydrate management technique 

in gas pipelines. 

9. A first principles algorithm was developed and implemented in a numerical code to 

simulate the hydraulic and thermal behaviour in the flow loop experiments. The model 

extended the Beggs and Brill method for multiphase flow and pressure-gradient prediction 

allowing the hydraulic diameter of the pipe to change with time due to stenosis and 

sloughing. Two fitting parameters were introduced: the “kinetic parameter” (Fk), or scaling 

factor for the hydrate formation kinetic constant, and the “deposition parameter” (Fd) which 

represented the fraction of deposited hydrate particles which adhere at the wall or 

preformed hydrate deposit. 

10. The model performance was checked against the pressure drop data obtained in the flow 

loop experiments where relatively smooth pressure drop signals were obtained (stenosis-

type behaviour). By tuning the formation and deposition parameters the model was 

capable of: 

a. predicting the rates of hydrate formation previously obtained in flow loop experiments 

under annular flow conditions in the presence of MEG (0 to 30 wt %) within ±40% of 

the measured rates; 

b. reproducing the pressure drop evolution with a time-averaged relative deviation from 

the experimental flowloop data varied between 9 and 40% at high gas velocity, 

increasing to 51% at intermediate gas velocity; 

c. simulating correctly the effect of the gas velocity in these experiments, where a 50% 

reduction in the gas flow rate resulted in an order of magnitude decrease in the 

hydrate formation rate and a three-fold reduction in the deposition rate under similar 

subcooling conditions. 

11. Within the same model sloughing was simulated by introducing the concept of a critical 

wall shear stress. This was defined as the value of the wall shear stress at which the 

hydrate film deposited at the wall fractures, leaving a thinner stable film of uniform 

thickness attached at the pipe wall (effective shear strength of the deposit). Two additional 

fitting parameters were introduced for this purpose: a stable film growth parameter (Ff) and 

the effective shear strength of the deposit (h).  
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12. The model was capable of capturing the sequence of sloughing events observed in the 

flowloop pressure drop traces and allowed to obtain a more accurate estimation of the 

pressure drop behaviour in low subcooling conditions when sloughing was prevalent 

compared to previous models based on continuous deposit growth.  

13. The values of the effective shear strength parameter varied between 100 and 200 Pa, 

which represent the first in-situ estimation of this important mechanical property of the 

hydrate deposit. 

7.2 Recommendations 

The results obtained in this investigation have highlighted the Hytra flow loop’s potential 

to investigate hydrate formation and deposition in gas dominated pipelines. Experiments 

based on simple pressure and temperature measurements were able to capture the main 

mechanisms leading to pipeline blockages according to the proposed conceptual model.  

Nevertheless, the quantitative determinations of hydrate formation and deposition relied 

heavily on model assumptions and direct measurements of the hydrate phase in the pipeline 

and film growth at the pipe wall are required to establish the research hypothesis and 

outcomes on a firmer basis. It is recommended to explore the applicability of tools such as 

gamma ray densitometry and compositional analysis techniques111 to track hydrate formation 

during the tests and newer methods based gamma-ray and electrical tomography to determine 

hydrate distribution at selected locations in the pipeline.112 Other new techniques such as 

distributed fibre optic sensing for temperature, pressure  and strain113  could be used to detect 

the formation of localized hydrate deposits along the flow loop test section. 

Future studies following this work should focus on the following topics: 

1. Determination of the hydrate formation kinetics in the presence of MEG in natural gas 

systems forming structure 1 and structure 2 hydrates. The currently available correlation 

used in this work was based in early work with methane and ethane, which form structure 

1 hydrates.38 Previous investigations on hydrate formation kinetics (Section 3.4.2) and the 

results from this work indicate higher than expected growth rates for under-inhibited 

conditions, but a comprehensive kinetic model validated by experimental data, is still 

missing. 

2. To assess the effect of hydrodynamic flow regime on the risk of pipeline blockage, future 

experiments will be conducted at reduced gas velocities to shift  the pipeline operating 

conditions closer to the boundary between the stratified-wavy and the annular flow 

regimes, where industrial pipelines are operated during normal production. This study has 

shown that a 50% reduction in the gas superficial velocity had a significant effect in 
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decreasing hydrate formation and deposition in the annular flow regime, due to reduced 

entrainment. It is expected that this trend will continue as the system transitions into the 

stratified-wavy region due to (i) decreases in the interfacial area, (ii) less turbulent 

conditions, and (iii) increasing heat and mass transfer resistances.      

3. Experiments should be performed in the presence of an oil-condensate phase, which 

would constitute a more realistic system with increased complexity. The effect of a liquid 

hydrocarbon phase may have a strong effect on the liquid distribution in the pipeline 

(wetting film and entrained droplets) with significant consequences for hydrate formation, 

deposition and transportability.  

4. Additional studies can also be performed using this flow loop to study the mechanism of 

sloughing. As suggested in Chapter 4 (ref. 78) experiments where hydrate deposits are 

formed from a water-saturated gas phase and submitted to consistent shear stresses by 

a controlled gas flow rate could be used to determine the values of critical stress for 

mechanic failure of the dry deposits. These could be compared with the preliminary results 

obtained in this work were the bulk fluids included a liquid phase.  

5. An upgrade of this first version of the numerical model could include the following topics: 

a. Pipeline upscaling and transition to the stratified-wavy flow regime.  

b. Implementation of compositional tracking for longer pipelines. 

c. Implementation of a more accurate two-fluid model which could be required to handle 

systems with higher liquid holdup and transition into the stratified flow regime.  

d. Implementation of slow time-dependent changes in the input initial conditions (flow 

rates) with allowance for hydrate dissociation (simulation of hydrate washout through 

inhibitor injection). 

So far the problem of predicting hydrate blockages in pipelines has been analyzed 

according to the pipeline prevalent fluid phase composition: gas, water, oil dominant. Large 

differences in hydrate formation and transportability among these systems have been 

observed. These have been attributed to several factors such as: i) the availability of hydrate 

formers and physical properties of the fluid phases, which govern the mass and heat transfer 

processes relevant to hydrate formation; ii) the phase velocities, which determine phase 

dispersion/separation as well as the rates of formation (interfacial area) and iii) the mechanical 

properties such as adhesion/cohesion of particles and shear strength of aggregates and 

deposits which are relevant to hydrate accumulation, sloughing and pipeline jamming.   

Long oil and gas pipelines deployed in the field are very complex systems where local 

changes in temperature, pressure and geometry can lead to variations in the phase 

composition of the transported fluids and hence different hydrate formation scenarios within 
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the same system. For instance, a typical subsea gas pipeline could be operating in annular 

flow regime along the first few kilometers from the well and transition to stratified flow further 

downstream due to liquid condensation and pressure drop. Moreover, slug flow could develop 

due to changes in pipeline inclination in sections of the pipe laying on steep scarp slopes or 

in the riser. The preliminary results of the collective research effort conducted so far by the 

flow assurance community clearly indicate that the changes in flow regime have a remarkable 

effect on hydrate formation and transportability and vice versa. Our data suggests that the 

hydrate plugging risk at annular flow conditions is much higher than in stratified flow due to 

faster rates of hydrate formation and sloughing produced by the shear applied by pipeline 

fluids transported at high velocities. It could be expected though, that, if under stratified flow 

regime, the fluid velocities are further reduced, particle bedding phenomena may induce local 

hydrate accumulations that would not be transported by the liquid phase and could end up 

blocking the pipeline. Conditions where excessive liquid accumulates in the pipeline can lead 

to the appearance of slugging and under these conditions the risk of hydrate blockages could 

rise again significantly as hydrate formation is enhanced by bubbling and turbulent, unstable 

flow. Interestingly recent studies103 have shown that hydrate formation would promote an 

earlier transition from stratified to slug flow regime and it could aggravate the effect of slugging 

by increasing slug lengths in comparison with normal gas-liquid systems. The challenge for 

hydrate researchers in the years to come is to integrate all the old, recent and future data into  

a unified model for multiphase flow in the presence of hydrates that would enable flow 

assurance engineers to predict the formation of pipeline blockages in a range of field 

conditions and pipeline architectures. 
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8 APPENDIX 

The deposition rate is calculated in eq. 1-A as the product of the volumetric flux of hydrate 

particles depositing at the wall, the surface area of the pipe section and the empirical 

deposition factor, Fd. 

Vdep

t
=  (v

dep
 c

h

g
) ∙ (π  Dh ∆x) ∙ F

d
  

(1-A) 

Here the particle flux is expressed as the product of the particle deposition velocity, v dep 

and the volume fraction of hydrate particles in the gas phase, chg.  

The volume of hydrates in the gas is estimated as the product of the hydrate formation 

rate in the droplets Vd/t and the droplet life time, td, which, in the diffusional deposition 

regime, can be approximated as:114  

td=
Dh

4  S  vdep

 
(2-A) 

Therefore, the concentration of hydrates in the gas phase is given by:  
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∆Vd

∆t
∙

1

π Dh  ∆x  S  vdep

 
(3-A) 

By substituting in eq. 1-A, the following simplified expression for the deposition rate is 

obtained: 

∆Vdep

∆t
=
∆Vd

∆t
∙
Fd

 S 
 

(4-A) 
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