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Abstract 

This article presents the coupling of a crystallization model of gas hydrate formation to a mechanistic gas-liquid slug flow 

model. Crystallization of gas hydrates occurs within multiphase flow in oil and gas production operations. Mass transfer (gas 

absorption and convection up to the growing surface) and heat transfer (since gas hydrate formation is exothermic, thus com-

petitive to the driving force required to hydrates to keep forming) limit crystallization under flow. The model is used to under-

stand these competitive phenomena. 

 

 

Introduction 

Gas hydrates are crystals formed by the imprisonment of 

gas molecules inside cages made of hydrogen-bonded water 

molecules (Sloan and Koh, 2008). Both multiphase flow 

and gas hydrate formation have been widely studied due to 

their application in oil and gas production operations, and to 

this date relevant advances in modeling and experimenta-

tion have been made. However, only recently studies cou-

pling gas hydrate formation to multiphase flow have ap-

peared in the literature. The interest is to understand how 

gas consumption and heat release due to hydrate formation 

affect mass, momentum and energy balances of the flow 

(Bassani et al., 2018); and how the thermodynamic state of 

the mixture and the flow interfaces influence the mass 

transfer process in crystal growth kinetics. Furthermore, the 

existing flow pattern right before gas hydrate onset affects 

the initial size of the particles, with consequences on the 

slurry stability. Pipe blockage is imminent whenever the 

slurry becomes unstable and settles down, what might cause 

flow stoppage or impairment with consequential revenue 

losses. 

This study couples a new growth model for gas hydrate 

formation considering the interactions between the hydrate 

porous structure and the gas mass transfer process in the 

flow, introducing it into a mechanistic slug flow model 

(Bassani et al., 2018). 

 

Mathematical model 

The liquid is regarded as a water-in-oil emulsion, where 

the gas-liquid assumes the slug flow pattern, as depicted in 

Figure 1(a). The droplet size is herein considered as being 

equal to the experiments, but in the future they can be 

properly estimated by models such as the Hinze-Brauner 

criterion (Brauner, 2001). Crystal nucleation occurs mainly 

on a droplet’s surface, quickly trapping all the available 

water inside the porous structure of the hydrates, since those 

latter are hydrophilic (Hirata and Mori, 1998). 

This porous structure is herein referred to as a ‘sponge’. 

Figure 1(b) shows the path of the gas molecules up to 

reaching the water inside the capillaries in order to crystal-

lize on the capillary walls. Gas solubilizes in the oil, dis-

tributes in the bulk, transfers to the outer surface of the par-

ticles and solubilizes in the water at the capillary entrance. 

At this point, concomitant gas diffusion through the capil-

lary and crystallization on their walls occur. The modeling 

of these competitive phenomena yields the gas consumption 

rate per capillary 
, 1g i cap

dn dt  and the evolution in time 

of the gas concentration in the bulk Cb: 
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Figure 1. (a) Gas-(water-in-oil) slug flow gives rise to 

hydrate particles with size similar to the water droplets. 

(b) Gas mass transfer process up to the capillary walls 

where crystallization occurs. 

 

where rc is the capillary radius; Hw and Ho are the Henry 

constants of gas in water and oil, respectively (given in their 

solubility form, units of mol/(m3Pa); Sander, 2015); Dw is 

the gas diffusivity in water; ki is the constant of proportion-

ality of the crystal integration process using a 1st order law 

in terms of the fugacity difference at the growing surface 

(related to the local concentration coming from the mass 

transfer process) and the three-phase gas-water-hydrate 

equilibrium condition (feq); kg/o is the absorption coefficient 

of gas into oil; Ag/o is the gas-oil interfacial surface; 
o

  is 

the oil volume; Cg/o is the gas concentration at the gas-oil 

interface, considered as saturated (equilibrium at the inter-

faces), 
/g o o g

C H f , where fg is the gas fugacity at the gas-

eous free phase; np is the number of particles in the system 

(herein considered constant); and nc is the number of parti-

cles per particle (which evolves in time as the capillaries fill 

up). Parameter   represents the competition of (i) mass 

transfer between the particle and the bulk against 

(ii) diffusion and crystallization resistances inside the capil-

lary: 
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where 
, /m p b

h  is the mass transfer coefficient between the 

particle and the bulk (given by a Sherwood correlation for 

convection over spheres; Bird et al., 2002); and rp is the 

particle radius (considered equal to the droplet prior to the 

onset of hydrate formation). The number of particles and 

their radius are considered constant over the process. Alt-

hough 100% conversion of water does not influence the 

particle size noticeably (which grows at a ratio of 

1.09
w h

    for methane hydrates), agglomeration can 

drastically change the number of particles and their average 

size as well. Agglomeration is neglected for the sake of 

simplification, but further coupling with proper population 

balance models must be done (Herri et al., 1999; Sampaio et 

al., 2017). The gas mass consumption rate due to hydrate 

formation comes: 
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where Mg is the molar mass of the gas. This consumption 

rate is used to update the superficial velocity of the phases 

along the pipeline: 
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where (n) and (n+1) indicate the nodes of the pipeline, Z is 

the gas compressibility factor, P is the mixture pressure, T is 

the mixture temperature, Mw and Mh are the molar masses 

of water and hydrates, respectively, 6   is the hydration 

number for methane sI hydrates, and 
U

z L  is the ratio 

between the nodal distance and the slug flow’s unit cell 

length. 

The lengths of the slug flow regions and their respective 

phase fractions are estimated through Taitel and Barnea 

(1990) model, coupled with correlations for the slug flow 

frequency (Schulkes, 2011), the unit cell translational ve-

locity (Bendiksen, 1984) and the gas aeration in the slug 

body (Gomez et al., 2000). Pressure and temperature distri-

butions along the pipeline are estimated as (Bassani et al., 

2018, 2017, 2016; Taitel and Barnea, 1990): 
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where L is the length of the slug flow regions; U is the ac-

tual velocity of the phase inside each region, with related 

wetted surface S, shear stress   and heat transfer coeffi-

cient h; TW is the wall temperature; 
hyd

E  is the enthalpy 

of formation of gas hydrates; UT is the unit cell translational 

velocity; and J is the mixture superficial velocity. Indexes 

are ‘B’ for elongated bubble, ‘S’ for slug, ‘U’ for slug flow 

unit cell, ‘G’ for gas phase, ‘L’ for liquid phase (dispersion 

of water-in-oil or hydrate-in-oil) and ‘i’ for gas-liquid inter-

face. The liquid properties take the hydrate fraction after 

hydrate formation onset into account by assuming a homo-

geneous model. The slurry viscosity is the exception, com-

puted through Krieger and Dougherty (1959). 

 

Experiments and model validation 

Validation of the slug flow model against experimental 

data in lab conditions was already published in previous 

articles (Bassani et al., 2018, 2016). The following maxi-

mum percentage deviations were found: (i) ±15% for the 

temperature gradient; (ii) ±20% for the pressure gradient, 

for the gas fraction in the elongated bubble and for the 

lengths of the unit cell and the elongated bubble; (iii) ±35% 

for the mixture heat transfer coefficient; and (iv) ±60% for 

the slug length. 

Table 1. Characteristics of the experiments for methane hydrate 

formation in a flowloop following the method presented in Mel-

chuna et al. (2016). 

Fluids Dissolved Methane / Kerdane / 

Deionized water 

Pipeline internal diameter 10.2 mm 

Flowloop extensions 30 m -4o declined section 

(rolled, curves of 60D) 

10 m upward vertical section 

8 m downward vertical section 

Mixture temperature 278 K 

Mixture pressure 80 bar 

Mixture velocity 0.68 m/s 

Water cut 32.25 % 

Volume of mixture inside 

flowloop 

10 L 

Droplet diameter before 

hydrates onset 

0.8 - 4 mm, average diameter of 

2 mm (High Speed Imaging) 

Crystal integration con-

stant (Al-Otaibi, 2009) 
8

2

mol
8 10  

m sPa
i

k    

Absorption coefficient 

(Herri et al., 1999; 

Melchuna, 2016) 

/ / 2 11 10
g b g b

b

k A
s  


 

Kerdane properties (Total, 

2015) 
4

3
2.7 10

o

mol
H

m Pa

   (80 bar, 

5oC) 
3815 kg m

o
   

32 10 Pa.s
o

    (Newtonian 

behavior, measured in rheome-

ter at 4oC, 1 bar) 

Methane hydrate proper-

ties (Jung et al., 2010; 

Sloan and Koh, 2008) 

3

kg
917

m
h

   

353 10  J/mol
hyd

E     

3 kg
17.7 10

mol
h

M   ; 6   

Initial porosity and capil-

lary radius (Klapp et al., 

2010) 

sup,
15%

in
   ; 350

c
r nm  

Birth-to-death ratio of 

capillaries (curve fitted) 

61 8 10
c
     

Overall efficiency of the 

model (curve fitted) 

32.65 10
p

    

 

The kinetic model needs curve fitting of two parameters: 

the birth-to-death ratio of capillaries ( c
 ) and an overall 

efficiency of the kinetic model (
p

 , which multiplies the 

RHS of Eq. (4)). The latter is interpreted as the amount of 

particles that actually interact with the system on consum-

ing gas for crystallization. Furthermore, 
p

  ‘corrects’ any 

inconsistency in the order of magnitude of the closure pa-

rameters chosen from literature, since exact values of some 

of the micro-scale closure parameters are not available in 

literature. As an example, the constant of proportionality of 

the crystal integration process presents a range of 5 orders 

of magnitude in literature for methane hy-

drates  12 7 25.5 10 to 1.8 10  mol/(m s Pa)
i

k       ; 

Al-Otaibi, 2009; Englezos et al., 1987; Sharma, 1996). Fur-

thermore, parameters such as the initial surface porosity and 

the capillary radius were found only for permafrost hydrates 

(Klapp et al., 2010). 

 



Table 1 presents the parameters used to fit the model 

curve against experimental data measured with the flowloop 

described in Melchuna et al. (2016). The main modification 

in the flowloop was the introduction of a sapphire window 

to estimate the droplet size before the onset of hydrate for-

mation with High Speed Imaging. 

Figure 2 presents the comparison of the molar amount of 

gas consumed in time predicted by the model with the ex-

perimental data. The model is capable of predicting the 

asymptote of gas consumption due to the evolution of the 

porosity in time, commonly called mass transfer limitation 

process. 

Figure 3 presents photographs of the water-in-oil dis-

persion flow before hydrate formation and 10 s after that. 

The hypothesis that all droplets convert almost instantly to 

hydrates is valid. However, the model needs to be extended 

to consider agglomeration, since much larger particles then 

the prior droplets appear. Furthermore, the water-in-oil dis-

persion flow is dense, thus the bulk existence hypothesis of 

the model is probably not valid for the whole mixture vol-

ume. We are currently working on the experimental data 

and further curve fitting of the kinetic model shall be pre-

sented in literature in a near future. 
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Figure 2: Model trend validation against experimental re-

sults for the molar amount of gas consumed over time. 

 

 
Figure 3. High Speed Imaging photos of: (a) the water-oil 

emulsion flow before the onset of hydrate formation and 

(b) 10 s after hydrates onset. 

 

Results and discussions 

The model for gas hydrate formation inside slug flow is 

used to understand heat and mass transfer limitations on 

hydrate growth kinetics.  

Table 2 presents the input parameters for the model 

evaluation. The overall efficiency (small in the validation 

case, but probably higher once a free gaseous phase is in-

troduced), was varied in order to capture different orders of 

magnitude of mass transfer limitation. Since the kinetic 

model is not yet fully validated, only trends are analyzed. 

 

Table 2. Input parameters for model evaluation. 

Pipeline length / ID / width 2 km / 26 mm / 1 mm 

Pipeline inclination Horizontal 

Pipeline conductivity 30 W/(m.K) 

Gas superficial velocity 1 m/s 

Liquid superficial velocity 1 m/s 

Water cut 30% 

Fluids CH4 / H2O / Kerdane 

Pressure at the inlet 100 bar 

Temperature at the inlet 288 K 

External medium temperature 277 K 

External medium heat transfer 

coefficient 

100 W/(m2K) 

 

Figure 4 presents the sensitivity of the model to different 

overall efficiencies of the kinetic model. The dimensionless 

supersaturation at the capillary entrance is defined as the 

driving force divided by the equilibrium condition, 

 , ,out w out w w eq w eq
C C H f H f   (Figure 4(b)). Also, since an 

open system was simulated (differently from the closed 

flowloop system used to validate the kinetic model), we 

adhere to the analysis of the water conversion instead of the 

amount of gas consumed (Figure 4(d)). The trends of Figure 

4 can be split into: 

 

(I) Heat transfer limited case (magenta line with stars): in 

this case, the external medium cannot absorb all the heat 

released due to gas hydrate formation and therefore the 

mixture reheats towards the equilibrium temperature, 

achieving a nearly constant subcooling (Figure 4(a)). This 

reheating causes the supersaturation in the capillaries to 

decrease (Figure 4(b)) due to: (i) increase in the three-phase 

hydrate-water-gas equilibrium fugacity related to the system 

temperature increase; and (ii) decrease in the solubility of 

gas inside water at higher temperatures (that is, lower solu-

bilization in oil-water interface). With a shorter gas supply, 

the capillary filling-up rate decreases and the porosity 

shows a slower decrease (Figure 4(c)), and therefore the 

growth process lasts longer. The hydrate formation rate is 

nearly constant in the heat transfer limited system, and 

therefore the water conversion rate grows linearly (Figure 

4(d)). 
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Figure 4. Evaluation for different overall efficiency of the 

kinetic model showing heat and mass transfer limitations. 

Distributions along the pipeline of: (a) mixture temperature, 

(b) surface porosity of the particles, (c) dimensionless su-

persaturation at capillary entrance, and (d) water conver-

sion. 

(II) Mass transfer limited cases (red line with crosses and 

orange line with squares): the heat exchange between the 

mixture and the outer medium is enough to dissipate all the 

heat released due to hydrate formation and to continue to 

cool the mixture down further still (Figure 4(a)). Since the 

driving force is kept high, a considerable supersaturation is 

supplied in the capillaries (Figure 4(b)) and the porous 

structure fills up faster (Figure 4(c)). As the porosity drops 

down, the gas consumption rate decreases and the water 

conversion presents an asymptote (zoom within Figure 

4(d)). 

 

(III) Competitive heat and mass transfer limitations (green 

line with diamonds and blue line with triangles): the heat 

exchange from the mixture to the outer medium dissipates 

part of the heat released due to hydrate formation, but can-

not keep cooling the mixture down (Figure 4(a)). The more 

the mixture reheats, the lower the driving force and the 

lower the supersaturation in the capillary (Figure 4(b)), in-

curring in a lower decrease in porosity (Figure 4(c)). When 

the porous structure starts to fill up, the amount of hydrate 

formation decreases, with a consequent decrease in heat 

release. Therefore, the mixture starts to cool down again 

(Figure 4(a)), thus increasing supersaturation in the capil-

laries (Figure 4(b)). As a rule-of-thumb, one can say that 

heat transfer would mostly limit the growth process in the 

beginning of gas hydrate formation, where heat release is 

higher due to the presence of higher hydrate porosities. 

With time, the porous structure fills up and the process 

starts to be mass transfer-limited. This can be seen in the 

water conversion (Figure 4(d)), which presents a linear 

trend (heat transfer-limited, from 0.5 to ~ 1 km) that chang-

es to a curved trend (mass transfer-limited, from ~1 to 2 

km). 

 

Conclusions 

A new kinetic model for gas hydrate formation in wa-

ter-in-oil dispersion flows was coupled to a slug flow 

mechanistic model. The kinetic model was compared to 

preliminary experiments of gas hydrate formation over 

water-in-oil dispersion flow with dissolved gas, which 

points to the necessity of further improvements in model-

ing the agglomeration process, in enhancing the knowledge 

of micro-scale parameters of the model (crystal integration 

process and porous structure). By analysis of the model 

trend behavior, competitive heat extraction from the pipe-

line and heat release due to the exothermic nature of gas 

hydrate formation cause a heat transfer limitation process 

in the crystallization. With heat transfer limitation, the hy-

drate structure remains ‘porous’ for a longer time due to 

lower supersaturations at the growing surface. Therefore, 

the water tends to have a higher conversion rate for the heat 

transfer-limited case. 
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