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Abstract. This article presents the coupling of a crystallization model of gas hydrate to a mechanistic gas-liquid slug
flow model in order to understand: (i) heat transfer limitation processes due to reheating of mixture and consequent
decrease of crystallization driving force; and (ii) mass transfer limitation due to porosity evolution of the crystalline
structure. Application is in flow assurance of gas and oil production operations.
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1. INTRODUCTION

Gas hydrates are crystals formed by the trapping of gas molecules inside cages made of hydrogen-bonded water
molecules (Sum et al., 2009). 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 experimentation
have been made. However, only recently studies coupling gas hydrate formation to multiphase flow have appeared in
the literature (Bassani et al., 2018; Gong et al., 2010; Shi et al., 2018; Zerpa et al., 2013). The objective is to understand:
(i) how gas consumption and heat release due to hydrate formation affect mass, momentum and energy balances of the
flow; and (ii) how the thermodynamic state of the mixture and the flow interfaces influence the mass transfer process
for the crystal growth kinetics. Furthermore, the existing flow pattern right before the gas hydrate onset affects the
initial size of the particles (which are considered to encompass the water droplets; Melchuna et al., 2016), with
consequences on the slurry stability. Pipe blockage is imminent whenever the slurry becomes unstable and settles down
(Roco and Shook, 1985), what might cause flow stoppage or impairment as well as equipment malfunction, with
consequential revenue losses. This is called pipeline plugging, regarded as severe and critical problem when it comes to
assuring continuous flow of gas and oil production operations (Cardoso et al., 2015).

This study couples a new growth model of gas hydrates considering the interactions between the porous structure to
the gas mass transfer process in the flow, inserting it into a mechanistic slug flow model (Bassani et al., 2018).

2. MATHEMATICAL MODEL

The liquid is regarded as a water-in-oil emulsion and the gas-liquid assumes the slug flow pattern, as depicted in
Figure 1(a). Crystal nucleation occurs mainly at the surface of the droplets (Melchuna et al., 2016), quickly trapping all
the available water inside the porous structure of the hydrates (hydrophilic nature; Hirata and Mori, 1998). Figure 1(b)
shows the path of the gas molecules up to reaching the water inside the capillaries. Gas solubilizes in the oil, distributes
throughout its bulk, transfers to the outer surface of the particles and solubilizes in the water at the capillary entrance. At
this point, simultaneous gas diffusion through the capillary and crystallization on their walls occur, Figure 1(c). The

modeling of these competitive phenomena yields the gas consumption rate per capillary —d”g,i/dthp’ according to

Eq. (1); and the evolution in time of the gas concentration in the bulk C, , as per Eq. (2):
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where r¢ is the average capillary radius; Hy and H, are the Henry’s constant of gas in water and oil, respectively, given
in their solubility form [mol/(m3Pa)] (Sander, 2015); Dy is the gas diffusivity in water; ki is the constant of
proportionality of the crystal integration process using a 1% order crystallization 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 (fe;), dn, /dt|m =kA(f—1f,); kyo is the absorption coefficient of gas into

oil; Agp is the gas-oil interfacial surface; V_ is the oil (bulk) volume; Cgso is the gas concentration at the gas-oil
interface, considered as saturated (equilibrium at the interfaces), C,,, = H, f;, where fy is the gas fugacity at the gaseous

o g’
free phase; n, is the number of particles in the system (herein considered constant, that is, agglomeration is neglected);
and n¢ is the number of capillaries per particle (which evolves in time as the capillaries fill up). Parameter @ represents
the competition of mass transfer between the particle and the bulk against diffusion and crystallization resistances inside
the capillary, where h__, is the mass transfer coefficient between the particle and the bulk; and ry is the particle radius

(considered equal to the droplet prior to the onset of hydrate formation).
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Figure 1. Multiscale problem characterization. (a) Gas-(water-in-oil) slug flow. (b) Mass transfer resistances associated
to crystallization. (c) Simultaneous diffusion of gas through the capillaries and crystallization on their walls.

As crystallization takes place on the capillary walls, the capillaries fill up, squeezing some water. This squeezing
might as well crack the porous structure thus forming new capillaries. Therefore, the number of open capillaries (or

related surface porosity of the particle &, =n.r? / (4r7) ) evolves in time, Eq. (3); leading to an expression for the total

gas consumption rate (molar basis) due to hydrate formation dn, /dt|hyd , Eq. (4):
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where 4 is the birth-to-death ratio of capillaries, 7 is the hydration number, C, is the gas concentration at the entrance
of the capillaries (coming from the mass transfer system), and «, is the number of particles submitted to
crystallization, also called overall efficiency of the crystallization model. This « -parameter appears due to the

assumption of a dilute flow, where mass transfer between particle and bulk occurs through the entire spherical surface
of the particle and where the bulk exists (that is, a space in the continuous phase where concentration is homogeneous).
Yet not all particles interact with this ‘considered bulk’ in dense flows (that is, bulk does not exist in dense flows),
givingriseto 0 <, <1, where «, =1 meaning that all the particles are crystallizing equally (dilute flow) and «, — 0

indicating that almost no particle is crystallizing (dense flow; only particles close to gas-oil interface are crystallizing).
Future modeling of gas distribution inside the oil continuous phase (that is, gas mixing inside the continuous phase)
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could be done to avoid the use of « ; herein, however, this term comes from experiments, as explained later in this

article.
The number of particles and their radii are considered constant over the process. Although 100% conversion of
water does not influence the particle size noticeably (which grows at a ratio of p, /p, ~1.09 for methane hydrates),

agglomeration can drastically change the number and average size of particles. Agglomeration is neglected for the sake
of simplification (cold flow assumption; Straume et al., 2019), but coupling with proper population balance models
(Balakin et al., 2010; Herri et al., 1999; Sampaio et al., 2017) will be done in a near future.

The driving force for crystallization depends: (i) on the heat transfer from the multiphase flow to the outer medium
(coming from the mixture energy balance); and (ii) on the pressure of the system (originating from the mixture
momentum balance). By its turn, gas hydrate formation implies in: (iii) gas consumption along the pipeline, thus
decelerating the mixture; (iv) heat release due to the exothermic nature of this crystallization process; and (v) mixture
viscosification due to the formation of a slurry. Mathematical description of phenomena (i) to (v) is given in Bassani et
al. (2018) and was a topic in prior ABCM events (Bassani et al., 2017, 2016).

3. EXPERIMENTS AND MODEL VALIDATION

Validation of the slug flow model against experimental data in lab conditions (small diameter, water-air flow) had
already been published in Bassani et al. (2018), where pressure and temperature gradients behave with a maximum
deviation of 20%. For the kinetic model, the Archiméde flowloop available at Mines Saint-Etienne/France was used.
Schematics of this flowloop is presented in Figure 2. It is composed of a 10.2-mm ID, 30-m length downward (-4°)
rolled section, a 10-m long riser and an 8-m long downward section. More detailed description of the flowloop is given
by Melchuna et al. (2016). Table 1 presents the case-test used to validate the model. Fluids are deionized water and
Kerdane (light oil with composition from C11 to C14; Total, 2015). Methane is solubilized into the liquid phase (i.e.,
there is no free gas in the circuit). The fluids are recirculated through a Moineau pump (Progressive Cavity Pump).

Basic instrumentation (temperature, pressure, pressure drop) is marked in Figure 2. The circuit is maintained at a
constant pressure due to a gas injection system (called compensation system): as the gas is depleted to form hydrates
causing pressure to decrease in the circuit, a PID controller opens the gas valve, allowing gas into the circuit (by the
upper part of the flowloop). The gas flowrate entering the system is measured and its integrated signal gives the amount
of gas consumed due to hydrate formation (which is the value used to validate the model; Figure 3). Complementary
instrumentation to estimate particle size is given by Particle Video Measurement (PVVM; an online microscope that takes
grayscale photos of the flow in the size of 800 x 1000 um; Melchuna, 2016; Pham, 2018) and Focus Beam Reflectance
Measurement (FBRM; laser that counts the chord length of the particles in the range of 1 to 1000 um; Le Ba, 2009). A
novelty in this study is the introduction of a sapphire window that allows High Speed Imaging (lenses with focal
distance of 60 mm, which allows visualization of structure of 0.2 mm or more; window size is 12 x 52 mm). The size
range of droplets and particles in the case-test is in 0.4 to 2 mm, therefore the High Speed Imaging technique was used
to retrieve the flowing structure sizes, manually retrieved by using a Web Plot Digitizer (Rohatgi, 2010).

Figure 3 presents the comparison (model vs experiment) for the molar amount of gas consumed in time. 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. Curve fitting is needed for the birth-to-death ratio of capillaries (1— 1 =0.019) and the

overall efficiency of the kinetic model (e, =0.03) . Further than implying any non-considered dense flow hypothesis
(as discussed in the last section), «, also ‘corrects’ inconsistencies in the order of magnitude of the closure parameters

chosen from literature, since exact values of some micro-scale parameters are not available. As an example, the constant
of proportionality of the crystal integration process presents a range of six (6) orders of magnitude in the literature for

methane hydrates (ki ~5.5x10™" to 1.8x107 mol/(m? -s~Pa)); Al-Otaibi, 2009; Englezos et al., 1987; Sharma, 1996).

Herein, we adopted k; =4.1x10" mol/(m’sPa) by considering that particles and droplets have the same size
(r, =T, =1 mm), that methane is saturated in both methane and water during nucleation and by retrieving k; from the

)fl(fg —f, )71 (—dn, /d'[|hyEI .. ))- The fugacities are calculated

by RefProp (Lemmon et al., 2013), which considers real behavior of methane (Setzmann and Wagner, 1991). The gas-
water-hydrate equilibrium pressure for the given system temperature (required to calculate f, ) comes from CSMGem

model (model converges to expression Kk, :(47rnd r2

droplet

(Ballard and Sloan, 2004a, 2004b). Parameters such as the initial surface porosity (&

s,in

=60%) and the capillary radius
(r. =500 nm) were found only for permafrost hydrates (Klapp et al., 2010).
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Figure 2. Schematics of Archimede flowloop at Mines Saint-Etienne/France.

Table 1. Characteristics of the experiments for methane hydrate formation in the Archiméde flowloop.

Fluids Methane / Kerdane (Total, 2015) / Deionized water
Pipeline internal diameter 10.2 mm

Mixture temperature 278 K

Mixture pressure 80 bar

Mixture velocity 0.68 m/s

Water cut 32.25%

Volume of mixture inside flowloop 0L

Droplet radius prior to hydrates onset 0.4 - 2 mm, average radius of 1 mm
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Figure 3. Validation of gas consumption over time due to hydrate formation.

4. RESULTS AND DISCUSSIONS

The model of gas hydrate growth kinetics coupled with multiphase flow is used to simulate a fictitious oil and gas
production pipeline. Table 1 presents the input parameters used. The multiphase flow closure correlations are restricted
to small pipeline diameters (here, a 75-mm ID pipeline was considered). The pipeline thickness and thermal
conductivity alike are fictitious (since much smaller thermal conductivities and much larger thicknesses are used in the
industry), but together they represent a conductivity heat transfer resistance that will compete with the mass transfer
resistances to limit the gas hydrate formation. If a high heat transfer resistance is used, then the mixture takes a much
longer time to cool down and form hydrates; during which the mixture flow reaches way farther distances; thus longer
pipelines are needed. Since the closure relationships of multiphase flow were developed for small pipeline diameters,
the simulation of long pipelines would cause a substantial pressure drop, and the mixture at some point leaves the
formation envelope of gas hydrate. Therefore, there is still a lack of closure correlations suitable to simulating bigger
pipeline diameters (and, consequently, longer pipelines). In any case, a 10-km long pipeline is simulated. The
simulation time ranges from 10 to 15 minutes in an ordinary Pentium i7 desktop (0.5 m of nodal spacing).

All parameters of the kinetic model are maintained constant relatively to the last section. The sole changing
parameter is the overall efficiency of the crystallization model « . Higher values of « are expected in real conditions

where gas flows as a free phase (remember that ¢, =0.03 comes from a large flowloop where gas is dissolved inside
the liquid, thus only particles close to the gas-oil interface are actually crystallizing; «  represents the amount of

particles that crystallize simultaneously). Figure 4 presents the results of temperature (a) and water conversion into
hydrates (b) along the pipeline for different adopted «, ’s. The model is capable of capturing two distinct trends:

(A) Heat transfer limitation (magenta line): «, —1 incurs in low mass transfer resistances (enhanced crystallization

surface due to the existence of a good particle-bulk interaction), thus heat transfer limitation prevails. Heat transfer
limitation is characterized by a reheat of the mixture towards the equilibrium temperature (Figure 4(a)), decreasing
the driving force for crystallization. In this case, the porous filling-up rate is smaller, letting gas to penetrate deeper
still into the capillaries and the porous structure to remain open for longer time. Therefore, higher water
conversions are achieved (Figure 4(b)). Water conversion in heat transfer limited cases is characterized by a linear
trend.

(B) Mass transfer limitation (red line): when «, — 0, the problem becomes mass transfer-limited due to the small

availability of active surface for crystallization. In this case, the hydrate formation rate is smaller, with consequent
smaller heat release rates. Thus, the heat transfer through the wall is capable of dissipating all the heat formed
during crystallization, and therefore the temperature keeps decreasing (Figure 4(a)). High driving forces are
therefore maintained throughout the crystallization process and the porous structure closes relatively fast. This
causes an asymptotic behavior of the water conversion along the pipeline (Figure 4(b)), characteristic of mass
transfer-limited cases.

For cases with 0 <«, <1 (blue and green lines), there is a competition between mass and heat transfer limitations.
Heat transfer initially limits hydrate formation, seen as a straight line for the water conversion (Figure 4(b)); which later



changes to mass transfer-limited as the porous structure closes, decreasing the active surface available for
crystallization, characterized by an asymptotic trend of the water conversion. All trends from Figure 4 (heat, mass, and
heat + mass transfer limitations) are observed in literature of gas hydrate formation (Englezos et al., 1987; Joshi, 2012;
Melchuna, 2016), although the order of magnitude of «_ should be measured in different conditions prior to industrial

application of the model.

The purely limited heat transfer case causes hydrates to stop forming only when a 100% water conversion is
achieved. This is however hardly ever seen in the literature, where asymptotes are usually reached after 2 to 20% (Joshi,
2012; Melchuna, 2016; Pham, 2018). This emphasizes the necessity of using a coupled mass and heat transfer-limited
growth kinetic model.

Table 1. Input parameters for model evaluation.

Pipeline length / 1D / thickness 10km/ 75 mm/2.5 mm
Pipeline inclination Horizontal

Pipeline conductivity 1 W/(m.K)

Gas superficial velocity 1m/s

Liquid superficial velocity 1m/s

Water cut 30%

Fluids CH,4 / H,0 / Kerdane
Pressure at the inlet 100 bar

Temperature at the inlet 288 K

External medium temperature 277K

External medium heat transfer coefficient 100 W/(m?K)
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Figure 4. Sensitivity results of temperature (a) and water conversion (b) along the pipeline to the overall efficiency of
the crystallization model « . Input parameters come from Table 1.

5. CONCLUSIONS

A new kinetic model for gas hydrate formation in water-in-oil dispersion flows was coupled to a slug flow
mechanistic model and is capable of predicting the competitive heat and mass transfer limitations in the growth
process. Heat transfer limitation is characterized by mixture reheating after the onset of crystallization, with a linear
trend of the water conversion along the pipeline. Mass transfer limitation, by its turn, does not reheat the mixture and
presents an asymptotic trend of the water conversion. With heat transfer limitation, the hydrate structure remains
‘porous’ for a longer time due to the lower driving forces present at the growing surface (the capillary walls).
Therefore, higher water conversions are achieved in the heat transfer-limited case.
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