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Abstract. Pipe blockage due to gas hydrate formation is a main concern to the oil and gas industry due to the costs of
production impairments or interruptions. Hydrate formation scenarios are usually found in offshore production
pipelines, where oil and gas flow along the pipeline as a mixture that may also contain sand and brine. The high
pressure conditions and the heat transfer with the external medium — the ocean — may create the necessary conditions
for hydrate formation. With this scenario in mind, the present work uses a mechanistic model to understand the effects
of heat transfer and hydrate dispersion formations on the multiphase flow hydrodynamics. The model is based on the
mass, momentum and energy conservation equations considering that the phases flow in the slug flow pattern — which
is, incidentally, the most commonly found flow pattern in the aforementioned scenario. The simulations were carried
out for a methane-water mixture flowing along a 1.5 km-length pipeline at a 10 MPa inlet pressure. Three simulation
cases were run: one for isothermal flow, one with heat transfer and, lastly, one with heat transfer and hydrate
formation. The discussion revolves around on how the slug flow behaves when heat transfer and hydrate formation
occur, focusing on the temperature and pressure distributions, the mixture superficial velocity, the slug flow frequency
and the slug flow unit cell geometry.

Keywords: flow assurance, hydrates, multiphase flow modeling, three-phase solid-liquid-gas slug flows, heat and mass
transfer.

1. NOMENCLATURE

Roman letters K Thermal scooping factor [-]
A Cross sectional area [m?] y7, Viscosity [Pa.s]
c Speciﬁc heat [J/(kg.K)] p Density [kg/m’]
D Diameter [m] Sh ¢ [Pa]
dm/dt Mass variation rate [kg/s] ¢ car stress a
freq  Slug flow frequency [Hz] ¢ Phase (¢=L;G;H)
h Heat transfer coefficient [W/(m*.K)] 4 Slug region (y = B;S)
Ah, Hydrate enthalpy of formation [J/kg]
j Phase superficial velocity [m/s] Indexes
J Mixture superficial velocity [m/s] (?), Hydrate in water dispersion
k Thermal conductivity [W/(m.K)] B Bubble region
K Head loss coefficient [-] eq  Equilibrium
L Length [m] ext  External medium
m  Mass flow rate [kg/s] i Gas-water interface
M Molar mass [kg/kmol] in Pipe inlet
P Pressure [Pa] G Gas
R Phase volumetric fraction [-] H Hydrate
S Wetted perimeter [m] L Liquid
T Temperature K] m Mixture
T:"  Hydrate formation equilibrium temperature [K] n Node index
u Real velocity [m/s] ov.  Overall
z Pipe axial coordinate [m] S Slug region
z Compressibility factor [-] sub  Subcooling

T Unit cell translation
Greek letters U Unitcell

w Wall

4 Pipe inclination [rad]

My Hydration number [-]
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2. INTRODUCTION

Hydrates are crystals formed by the trapping of gas molecules into cages formed of hydrogen-bonded water
molecules (Sloan and Koh, 2008) and high-pressure and low-temperature conditions favor their formation. Pipe
blockage due to hydrate formation is one of the main challenges faced by oil and gas production companies, especially
in offshore production operations in deepwater and/or cold waters (Cardoso et al., 2015). Offshore production is mainly
composed by oil, gas, water (brine) and sand, where the mixture usually flows in the slug flow pattern. Slug flows are
characterized by the intermittent passage of elongated bubbles, flowing over a liquid film; and liquid slug bodies, which
may contain dispersed bubbles in its interior (Shoham, 2006). Together, these structures form the so-called unit cell.

Several approaches have been used to model slug flows, namely: stationary or quasi-stationary mechanistic models
(Bassani et al., 2016b; Cook and Behnia, 2000; Shoham, 2006; Taitel and Barnea, 1990), Eulerian transient drift flux
models (Danielson, 2011; Zerpa et al., 2013), Eulerian transient two-fluid models (Issa and Kempf, 2003; Simdes et al.,
2014), Lagrangian transient slug tracking models (Medina et al., 2015; Nydal and Banerjee, 1996; Taitel and Barnea,
1998) and hybrid models (Kjeldby et al., 2013). Fewer studies considering heat transfer (Bassani et al., 2016b; Medina
et al., 2015; Simdes et al., 2014; Zerpa et al., 2013) exist, but the ones considering mass transfer during hydrate
formation are scarce and recent (Bassani et al., 2016a; Zerpa et al., 2013).

In this sense, the present work uses a quasi-stationary mechanistic model for gas-liquid-hydrate horizontal slug
flows (Bassani et al., 2016a) to provide an explanation for the effects of heat transfer and hydrate dispersion formations
on the multiphase flow hydrodynamics. Simulations for a methane and water mixture flowing along a 1.5 km-length
pipeline with 10 MPa inlet pressure were carried out. Three simulation cases to evidence heat transfer and hydrate
formation effects were run: one for isothermal flow, one with heat transfer and one with hydrate formation. The
discussion revolves around on how the slug flow behaves when heat transfer and hydrate formation occur, focusing on
the temperature and pressure distributions, the mixture superficial velocity, the slug flow frequency and the unit cell
geometry.

3. MATHEMATICAL MODELING

The problem consists on characterizing gas-liquid slug flows with hydrate formation. Slug flows are defined by the
intermittent passage of unit cells (Fig. 1a). A unit cell is composed by two defined regions i, the slug (S) and the

elongated bubble (B). Each region may contain each phase ¢, that is, the gas (G), the liquid (L) — herein, only water is
considered —, and the hydrate (H). Each phase inside each region is called a unit cell structure gy .

The quasi-stationary mechanistic model that will be used herein (Bassani et al., 2016a) is based on an Upwind
Difference Scheme, in a pipeline divided in nodes spaced by Az (Fig. 1b). The phases’ superficial velocities (j,) and

the mixture pressure (P) and temperature (T) are considered known at the pipe inlet. The thermal boundary condition is
an external medium with constant temperature (Tey) and constant heat transfer coefficient (hey) — the ocean. A unit cell
geometry model (Taitel and Barnea, 1990) is used for characterizing the elongated bubble profile and the unit cell
region lengths and phase fractions. The mass balance is based on the volumetric phase fractions and is applied to find
the velocities of the unit cell structures. Those velocities allow finding: (i) the structures’ friction factors that are used to
evaluate the pressure drop in terms of the momentum balance; and (ii) the heat transfer coefficient of each structure,
used to evaluate the temperature drop by means of the energy balance. Pressure and temperature, together with the gas-
water interfacial surface, are used to find the gas/water consumption and the hydrate formation rates based on a kinetic
model (Turner, 2005). Thus, the superficial velocities of the phases can be recalculated node after node. The process is
repeated until the end of the pipeline is reached.

The main assumptions of the model are: (i) one-dimensional, horizontal flow; (ii) incompressible liquid and real gas;
(iii) Newtonian fluids; (iv) quasi-stationary mechanistic approach, (v) uniform velocity profile and constant phase
fractions in each unit cell structure; (vi)constant external medium temperature as the boundary condition;
(vii) negligible gas energy; (viii) negligible kinetic energy; (ix) mass transfer strictly related to hydrate formation,
(x) the hydrate forms on the elongated bubble interface, forming a homogeneous hydrate-in-water dispersion.

The equations of the model are summarized on Tab. 1 and the definitions of their parameters are given in the
nomenclature section. Further information can be found in Bassani et al. (2016a).

The kinetic model of Turner (2005) is used to predict the gas mass consumption rate dmg/dt during hydrate
formation by means of the gas-water interfacial surface, A;, and the subcooling of the system, AT_, , Eq. (1). Hydrates

sub >
may form only when AT, =T5'—T >0. Here, it is assumed that hydrates must reach a critical subcooling level before

the nucleation process starts, fixed at AT, ~3.6K (Matthews et al., 2000). Using the concept of hydration number

sub,crit
n, — that is, an averaged stoichiometry between the gas and the water for forming the hydrate, with 7, =6 for sl

crystalline structures (Sloan and Koh, 2008) — the water consumption rate dm,/dt and the hydrate formation rate dmy/dt,
Egs. (2) and (3), can be estimated.
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Figure 1. a) Unit cell definition and b) problem characterization.
Table 1. Equations of the model.
Description Equations Ref.
Phases’ mass dm K dm M, dmg  dm M,, dm
consumption/formation TR exp[ﬁjAATﬂb dtL =1y Nﬁ dtG dt“ =—(m +1)|\TH dtG 1,2),3)
rate (Turner, 2005) c ¢
Velocities of the unit - i E 1 dm_ dm, _ iy \Res 1 dmg
cell structures U =V, ‘*’(U is ~Ur ) R, AARLL dt ' at Ugs =Ur +(Ugs -Ur) Res poAR, dt (OXE))
~ TL%SLB _TGBSGB _Tisi[ ~1 +Lj+(ﬁL —pG)gSin}/
Film height ODE and dH Ag Asg Ap A
liquid mass dz N - U -U. (U, -U;) s —Us|(Ugs U ) ) dR
conservation on the (AL=ps)geosy _[’OL R *Ps R, dHLB E%
unit cell (Taitel and o e s e
Barnea, 1990) LU(ULSRLS—]L)_L (Reo—Re)
UT B GB 'GS
Plllas'ets" Superﬁ?al ] j Z Foy Tw , 1 dmg Az oo gl dmoaz L dm, Az (©),0)(10)
velocities correction o) = Jo(an) — i = oy T Jue T ke T 2(9),
along the pipeline Z(fH) P(") T(nfl) PeA dt L, AA dE L puh dt Ly
Hydrate and water ~ L =L A
fractions R, =Ry, (I+is /i) Ru, =Ry, (iu/ i)+ /100) (1D,(12)
~ 2
S5 L T.5Ss +TesSes + 7,5 ) L o (Ug-U
Pressure distribution Py=P.- T"SALS L,j +( LBTL8 GAB o *4:5) Lj + KpLB(LBZLUT) z (13)
T, = L [Ti —Bjexp[—ﬂzj n= (ﬁLsgLBLB +h S L ) —m,¢ x+Ah K A exp ks
n n m (1)
(14),(15)
Temperature R ~ ~ = ~ = o . Kk
distribution m=p AR, U; L6 p= |:(hLBSLB Le +hsSLs ) - mzCLK]TW +Ah, kAT exp[ ( 21) ] 88’83
n- s
ﬁLB§ sls HLS§LS Ls 5 R J 5 R J
= L8 |_ - LS S m, = p, RsAU; —U ;) =p R AU; —U
K exp( 5. ARLU L, exp 5.6 R.AU S , = PR ( T LB) PLRs ( T LS)
-1
. Din(D,, /D
Wall temperature Ty =T +|:E"B % + 2"5 f:|D£(TeXt -T) hy = |: 5 Dh (Zk:: ) +~1} (20),21)
LB LS ext ext’ ext (174
Mixtur@ heat transfer h.S ) . . .
coefficient and mass ne m My, = Pg le A+ pLiLA+ Py InA (22),(23)
flow rate mCL

The mass consumption/formation rate
elongated bubble velocities, Egs. (4) and (

s for each phase, Egs. (1) to (3), are used for estimating the film and the
5), when the gas and hydrate-in-water dispersion mass balances is applied to

the control volume of Fig. 2a. The dispersed bubbles’ velocity is considered equal to the one of the slug, U, = ULS , an
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assumption valid for horizontal flows (Harmathy, 1960). Therefore, the slug velocity is equal to the mixture superficial
velocity when considering a constant mixture velocity along the unit cell (Shoham, 2006), that is, ULS ~J.

The unit cell geometry is estimated by using Taitel and Barnea’s (1990) model. A mixed momentum balance
between the gas and the dispersion is applied to the elongated bubble region to find and ODE for the film height H B>

Eq. (6). This ODE is numerically integrated until convergence with the liquid mass balance for the entire unit cell,
Eq. (7), is achieved. The bubble length and the mean gas fraction in the elongated bubble region arise from this

L L 3

. . ¢ f dH . . .

integration process, and are expressed as L, = jdz and Ry, = 1—% I dd—Lde, respectively. The unit cell length is the

z
0 0

ratio between the unit cell translational velocity and the slug flow frequency, L, =U, / freq. The slug length is

straightforwardly estimated as L =L, —L;.

Experimental correlations for the slug flow frequency (Schulkes, 2011), the unit cell translational velocity (Petalas
and Aziz, 1998) and the gas fraction in the slug body (Andreussi et al., 1993) are required so that model closure can be
achieved. These experimental correlations are a function of superficial velocities of the phases. In this sense, Egs. (8) to
(10) present the correction of the superficial velocities of the phases along the pipeline in terms of the mass
consumption/formation rates, Egs. (1) to (3). Pressure and temperature variations are also computed for the gas.
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Figure 2. Control volume definitions for: a) mass, b) momentum and c) energy balances.

Thus far, the three-phase gas-water-hydrate flow was treated as a two-phase flow between the gas and the hydrate-
in-water dispersion, considering that the dispersion has homogeneous properties. However, the actual hydrate and water
phase fractions are required to estimate the mean properties of the dispersion and to predict when the hydrate particles
are about to precipitate (Joshi, 2012). Assuming no slippage between the hydrate and the liquid — that is,

U, =U, ~U, and U, ~U,, ~U, —, then the hydrate and water actual phase fractions become a function of their

superficial velocities ratio (Shoham, 2006; Zerpa et al., 2013), Egs. (11) and (12), respectively.

The pressure distribution is estimated by the momentum balance applied to the control volume of Fig. 2b, Eq. (13).
The momentum variation inside the unit cell is neglected and the momentum fluxes crossing the unit cell borders are
considered equal (Taitel and Barnea, 1990). Thus, the momentum balance turns into a force balance between pressure
drop and friction. The friction is a combination of: (i) the friction between the wall and the unit cell structures (that is,
the slug, the elongated bubble and the film); (ii) the interfacial friction between the gas and the liquid; and (iii) the head
loss due to the recirculation at the bubble rear, in the wake zone (Cook and Behnia, 2000).

The energy balance, when applied to the control volume of Fig. 2¢c, gives rise to an expression for the mixture
temperature distribution along the pipe, Eq. (14). Equations (15) to (17) are defined parameters that take the following
phenomena into account: (i) the convection heat transfer in the slug and in the film, separately; (ii) the heat transfer with
the external medium; (iii) the heat transfer between two consecutive unit cells, also known as thermal scooping
phenomenon (Bassani et al., 2016b) and defined by the terms in Egs. (18) and (19); and (iv) the heat generation due to
hydrate formation. The radial thermal circuit of the system is used to correlate the wall temperature to the external
medium temperature — that is, the given boundary condition —, Egs. (20) and (21).

Finally, the term inside the exponential of the temperature distribution, Eq. (14), can be correlated to the heat
transfer coefficient, Eq. (22), by using the mixture mass flow rate, Eq. (23).
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4. SOLUTION METHOD

The pressure and temperature distributions, Eqs. (13) and (14), are used to estimate the pressure and temperature
variations between two consecutive nodes as:

- 2
P(n+l) _ P(n) | ZsSis Ls " (TLBSLB + 768568 +Tisi) Ly +KpL, (U L8 _UT) Az (24)
AL A L, 2L,
T(n+1) :£+(T(n) —Bj exp(—ﬂAzJ (25)
n n m

where (n) and (n+1) indicate the current and the subsequent node, respectively, and Az is the spacing between nodes.
The evaluation of the RHS terms of Egs. (24) and (25) follow an Upwind Differencing Scheme; therefore, all those
terms are evaluated in node (n) so that the pressure and the temperature in node (n+1) can be found.

Equations (8) to (10) are used to correct the superficial velocities of the phases node by node. With the aid of Eqgs.
(24) and (25), the gas-liquid-solid slug flows with heat transfer and hydrate formation are fully characterized. The
parameters belonging to these equations are evaluated as shown in Tab. 1.

The model was implemented as a procedural code using Fortran90 language. The density of the hydrate-in-water
dispersion was evaluated via an homogeneous model (Shoham, 2006) using the mean volumetric fractions of the
phases, whereas the dispersion viscosity was evaluated according to Krieger and Dougherty (1959). The friction factors
and the heat transfer coefficients of the unit cell structures were evaluated by Blasius and Gnielinski correlations
respectively (apud Incropera et al., 2007). The hydrate temperature equilibrium was evaluated via CSMGem® software.
The hydrate properties used for methane hydrates came from Jung et al. (2010). The gas (methane) is treated as
Setzmann and Wagner (1991). The gas (methane) and liquid (water) properties were evaluated via EES® software.

5. RESULTS AND DISCUSSIONS

The objective of the present work is to evidence the importance of taking into account heat transfer and hydrate
formation when simulating slug flows in long distance pipelines. To accomplish that, a simulation for a methane-water
mixture flowing along a 1.5-km length 26-mm ID pipeline was chosen. The input data for the simulations are specified
in Tab. 2. Three simulation cases were run: (i) an isothermal case, that is, analogous to the majority of the slug flow
models found in the literature; (ii) a heat transfer case, the minority of the slug flow models found on literature; and
(iii) a case with hydrate formation (also with heat transfer), scarcely found in the literature. The isothermal case is run

by setting the inlet temperature equal to the external one, T,, =T, =298K . For the cases where there is no hydrate

formation, the results of Egs. (1) to (3) were set as zero.

Table 2. Input simulation data.

Pipe length / ID / width 1.5km/26 mm/ 1 mm
Pipe inclination Horizontal

Pipe conductivity 30 W/(m'K)

Gas superficial velocity 1 m/s

Liquid superficial velocity 1 m/s

Fluids CH,/H,0O

Pressure at the inlet 10 MPa

Temperature at the inlet 298 K (25°C)

External medium temperature” 277K (4°C)

External medium heat transfer coefficient 100 W/(m>K)
"For the isothermal case, T, =T, = 298K .

Figure 3a presents the mixture temperature distribution along the pipeline. For the isothermal case the temperature
remains constant, as expected. For the heat transfer case, the mixture cools down showing an exponential trend
characteristic of constant external temperature boundary conditions. When hydrate formation is considered, the mixture
temperature crosses the hydrate equilibrium curve (red dashed line) at z =400 m, but the critical subcooling is not
reached until z~= 700 m. At this point, the activation energy to nucleate the first hydrate particles is reached. The
hydrate nucleation generates heat, thus reheating the mixture. At z = 800 m, the mixture converges to a nearly constant
subcooling, relative to the hydrate equilibrium temperature. This subcooling results from the competition between the
external medium cooling rate and the heat generation rate due to hydrate formation. This phenomenon is known as heat
transfer limitation (Davies, 2009; Sloan et al., 2011).
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Figure 3b presents the mixture pressure distribution along the pipeline. Pressure does not presented sensitivity for
the three simulated cases. When heat transfer is considered, the pressure gradient slightly increases due to the mixture
cooling and the consequent liquid viscosification — remembering that the liquid is the predominant in the momentum
balance. Should an oil phase be considered, this mechanism is expected to become more important. When the hydrate
formation is considered, the pressure gradient remained nearly constant. There are three main mechanisms affecting
pressure drop when hydrates form: (i) the dispersion viscosification and a consequent pressure drop increase; (ii) the
mixture slowdown due to gas consumption, with consequent shear stresses and pressure drop reduction (to be discussed
in Fig. 3c); and (iii) the fact that hydrates may deposit at some point, thus reducing the cross sectional area and
increasing pressure drop. The present model does not take (iii) into account, which is probably the dominant mechanism
and may happen for hydrate volumetric fractions above 13% (Joshi, 2012). Thus, for the simulated case, mechanisms (i)
and (ii) cancel out and then pressure drop is not sensitive to hydrate formation.
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Figure 3. Results for: a) temperature, b) pressure, ¢) mixture superficial velocity and d) slug flow frequency.

Figure 3c presents the mixture superficial velocity distribution along the pipeline. For the isothermal case, the
mixture velocity tends to increase along the pipeline, since the gas expands. When heat transfer is considered, the gas
contraction due to the mixture cooling is competitive to the aforementioned mechanism, especially in the first half of
the pipeline, where the temperature gradient between the mixture and the external medium is higher. When hydrate
formation is considered, the mixture undergoes a slowdown due to gas consumption (a phase with high specific
volume) to form the hydrate (a phase with low specific volume). That is, a mixture volume contraction takes place,
herein related to the mixture slowdown since the system is open (there would be a pressure drop related to this volume
decrease if the system were closed).

Figure 3d presents the slug flow frequency distribution along the pipeline. The slug flow frequency slightly
decreases along the pipeline when the flow is isothermal. This is related to the gas expansion and a consequent no-slip
liquid loading decrease, that is, the ratio between the liquid and the mixture superficial velocities j, /J , which is

directly proportional to the slug flow frequency (Gregory and Scott, 1969). When heat transfer is considered, the liquid
viscosification due to temperature drop is reflected into a frequency increase (Schulkes, 2011). When hydrates form, the
slug flow frequency presents a considerable augmentation, related to: (i) the dispersion viscosification and (ii) the no-
slip dispersion loading increase (since gas volume is consumed, while the dispersion volume remains nearly the same
because the hydrate formation and the water consumption rates almost cancel out).
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Figure 4 presents the unit cell geometry in the pipe inlet and outlet. At the pipe inlet (Fig. 4a), all the three
simulation cases are equal — since the input data is the same. At the pipe outlet (Fig. 4a), that is, after 1.5 km, the
differences that arise from considering heat transfer and hydrate formation are remarkable. For the isothermal case, the
unit cell and the elongated bubble lengths increase due to the gas expansion, whereas the slug remains with an
approximately constant length. For the heat transfer case, the unit cell length is slightly smaller due to the gas
contraction. However, the liquid viscosification due to the temperature drop reflects into slender elongated bubbles
(Mazza et al., 2010), thus the bubble length increases slightly whereas the slug length decreases, keeping the mass
conservation inside the unit cell.

When hydrate formation is considered, the elongated bubble is the most slender of all due to the dispersion
viscosification, an effect that is more intense than the liquid viscosification due to the temperature drop. The elongated
bubble and the unit cell reduce drastically in length due to the gas consumed to form the hydrate particles — that is, the
mixture slowdown, Fig. 3c. This reduction can also be regarded as a consequence of the slug flow frequency increase
after the hydrate nucleation, Fig. 3d. Finally, the slug length increases slightly when hydrate forms, due to the
aforementioned increase in the non-slip liquid loading.
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Figure 4. Unit cell geometry at the pipe: a) inlet and b) outlet.
6. CONCLUSIONS

The present work used a mechanistic model for predicting the effects of heat transfer and hydrate formation on the
hydrodynamics of gas-liquid horizontal slug flows. The temperature distribution is dictated by the competition between
the heat generation due to hydrate formation and the external medium cooling rate. The mixture superficial velocity
depends on the competition between the gas expansion due to pressure drop, the gas contraction due to temperature
drop and the gas consumption due to hydrate formation. The slug flow frequency is directly proportional to the liquid
viscosity and to the no-slip liquid loading, and the three increase when hydrates form. The unit cell and the elongated
bubble lengths tend to increase when hydrate formation is not considered, whereas the slug length reduces. The opposite
occurs when hydrates are allowed to form. The liquid viscosification due to temperature drop and due to a dispersion
formation is related to slender elongated bubbles.
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