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Abstract: Gas hydrates account for a huge flow assurance encounter in the passage of natural gas through pipelines. Its
undesirability stems from the fact that these solids reduce pipe diameter open to gas flow, and challenge pipeline integrity,
therefore leading to bursting pipes and increasing costs. Hydrates undergo four phases of development: entrainment, growth,
agglomeration and plugging — and do not usually constitute a flow assurance challenge until agglomeration. These challenges are
even more pronounced in the presence of condensate in the pipeline. This study was therefore designed by developing a
predictive model of the hydrate growth initiation point along the pipeline where hydrates start to form in the presence of gas,
condensate, and water. The developed predictive analytical model at which quasi liquid layer starts to form on the hydrate seed
relates the quasi-liquid layer temperature to the gas hydrate mass, pipeline length, induction time, hydrate percentage in the fluid
composition, hydrate density, change in enthalpy and the flowing hydrate velocity in the pipe system. The developed predictive
model will assist in identifying when heating of pipelines can be done to control hydrate formation by keeping the temperature
above the quasi-liquid layer temperature. This predictive model was in concordance with field observation.
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constitutes a major flow assurance problem, such as safety
hazards, in the transportation, transmission, and production of
natural gas systems [4]. Besides the economic impact,
operational safety may be compromised in handling transport
facilities [5].

1. Introduction

Natural gas hydrates are non-stoichiometric, crystalline
solid substances of a low amount of gas molecules encased in
a mesh-like cage system made up of water molecules [1].
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up to 10 to 15% of the production cost. Hydrate formation Figure 1. Hydrate Structures (Source: Steed and Atwood [3]).
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1.1. Stages of Hydrate Formation

Natural gas hydrates form at the gas-liquid interfaces along
the pipeline length at a static position. At this static position,
small volumes of hydrate that cannot block the flow conduit
are created with time. The gas hydrate formed does not
become a threat to flow conduits until beyond the stage of

Entrainment

Hydrate Growth

agglomeration where hydrate masses formed at the interface
start bridging [6]. The bridging of these small accumulations
of hydrates adheres to the walls of the pipeline, causing partial
or complete pipeline blockage and hence reducing gas flow
(Figure 2). This bridging can eventually shut down the entire
pipeline until the hydrates have been removed.

Agglomeration Plugging

Figure 2. Image showing Hydrate growth processes (Source: Sum et al. [7]).

Predicting the point at which hydrates start to grow has been a
challenge in the industry [8, 9]. This leads to the application of
inhibitors at points in the flow where hydrate is yet to form;
leading to wastage and increased costs; or the application of
inhibitors at points where agglomeration rate is faster than
inhibitor reaction rate thus affecting pipeline integrity and, also,
increasing costs. When gas condensate is present in the pipeline,
the prediction of the hydrate growth point is more complex and in
some cases, leads to inhibitor pathway design errors.

In this paper, we put forward a model that predicts the point in
the pipeline where hydrates start to form in the presence of
condensate. This is done by predicting the temperature at which
quasi liquid layer starts to form on the hydrate seed. Quasi liquid
layer refers to a film of pure water that forms around the hydrate
seeds at a particular temperature drop within the system [10, 11,
12]. When two seeds with this layer cluster together, they do so
through “capillary bridging” — and the resulting crystal is bigger
than the component seeds, thus leading to hydrate growth which
eventually leads to the complete plugging of the pipeline with its
consequential effects.

1.2. Causes of Hydrate Growth

The driving force for hydrate growth is the ‘joining’ together
of smaller-sized hydrate nuclei. Once the nuclei keep coming
together, the gas hydrate size keeps growing leading to
agglomeration and plugging (Figure 2). If nuclei do not come
together, the hydrate formed would be dispersed over the length
of the pipeline and no agglomeration would occur [13]. So,
what causes nuclei agglomeration? As temperature increases, a
slim film of pure water forms around the hydrate. This film is
known as Quasi-Liquid Layer or Pre-melting layer.

1.3. Pre-Melting Layer

When two blocks of gas hydrate cubes are brought together
below the thermodynamic equilibrium dissociation
temperature of the gas hydrate, the almost pure water film on
either surface of the gas hydrate will merge and fill the gap
between the two blocks [14]. The presence of a pre-melting

layer will increase the cohesive force between gas hydrate
particles due to capillary bridging. As temperature decreases,
gas hydrate dissociates spontaneously becoming water and
guest gas that has been trapped in the clathrate structure. The
guest gas will then become misty from the surrounding bulk
gas medium, and the end result will be just a water film on the
surface of the gas hydrate [14]. This pure water formed at the
surface of the hydrates allows for stronger bonding [15].
According to Sloan [8], if two hydrate crystals with
pre-melting layers touch, the two become one big mass with
the layers of water moving through the capillary pores of the
hydrate structure and forming a stronger bond. This means
that the pre-melting layer encourages hydrate agglomeration.

2. Model Development

The thought process followed in the formulation of the

model is given below:

1) Understanding microscopically, the processes that lead
to hydrate formation and growth.

2) Understanding the crystal formation of hydrates, the
energies involved in hydrate formation, and how to
harness these energies to ensure that hydrate growth does
not reach the point of agglomeration.

3) Understanding the pre-melting layer (or quasi-liquid
layer) of hydrate crystals, temperature and pressure
interactions that lead to quasi-liquid layer formation, and
how best to keep these layers ‘repulsive’ so as not to
encourage hydrate growth.

4) Accurately predicting hydrate behavior in the presence
of condensate.

2.1. Microscopic Modelling of Hydrate Crystal Development

The hydrate formation process is synonymous with the
crystallization process [16, 17]. As in crystallization, the hydrate
formation process can be subdivided into a nucleation and
growth process [16]. Hydrate nucleation is the process of forming
critically-sized, stable hydrate nuclei, and hydrate growth is the
process of development of these stable nuclei. Like all crystals,
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hydrate structure obeys the law that crystals have as their atoms
are arranged in a Bravais lattice. Bravais lattice refers to an
infinite array of discrete points in a three-dimensional space [15,
18] and it can be described mathematically as:

R = nyay +npyay +nzaz t.. (N

Where n; is any integer and a; are vectors that lie in different
directions and span the lattice.

Predictive Analytical Model for Hydrate Growth Initiation Point in Multiphase Pipeline System

Because of this, nucleation occurs relatively slowly because
initial crystal components must impinge on each other in correct
orientation and placement. Thereafter, growth is much faster
because crystals are added in a prearranged system. However, in
the presence of a foreign object such as sand particles, nucleation
is much faster because crystals fill up the void present in the
foreign structure and then continue to grow (Figure 3) in a
recognized pattern. This is heterogeneous nucleation.
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Figure 3. Hydrate growth processes in relation to time (Source: Kashchiev and Firoozabadi [19].

Where n represents the number of moles of dissolved gas
and t represents dissolution time.

2.1.1. For Homogeneous Nucleation
I P DU )
AGhom —;ﬂr G,—-4mnr o )

where

AGy,,, 1s the change of Gibbs free energy of the system upon
dissolution of the particles if no impurities are present,

G, is the energy release due to the formation of solid per
unit volume,

r is the radius of hydrate nuclei and

o is the energy gain for the formation of a new surface per
unit surface (interfacial energy).

2.1.2. For Heterogeneous Nucleation
However, heterogeneous nucleation is what is common in
the field. The mathematical representation of this is

AGhe = f(a.b,¢)AGhom 3)

Where f(a, b, ¢) is a correction factor, which depends on the
contact angles a, b, ¢ between the tangential line to the nuclei
surface and the interphase which can only be gotten from
experiments. The critical hydrate size, beyond which it can no
longer be said to be in the nucleation stage is given by
equation 4.
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Before critical hydrate size is reached, there is a force that
seeks to prevent nucleation, this force is called the ‘free
energy barrier’ represented by equation 5

1607
3G,

AG* %)

The driving force for phase transformation is actually
temperature change, AT = T,, — T, where T,, is melting
temperature and T is the current temperature of the mixture. In
terms of temperature change, critical hydrate size and free
energy barrier are given in equations 6 and 7, respectively.

20T, 1
A, AT (©)

Teritical =

The free energy barrier [20] can also be written as

16T} 1

AG* _—
36(H, > AT?

(7

If AG* > AGyom, We can expect that there will be no hydrate
formed. This is usually not the case because the energy barrier is
strongly dependent on temperature as can be seen from equation
7. Also, temperature varies over the length of the pipeline.
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2.2. Thermodynamic Modeling of Quasi-Liquid/ question, at what temperature change would the pre-melting
Pre-Melting Layer layer occur? To answer this question, the first thing done was

) ) . to model the thermodynamics of the system.
It is known that the internal energy, U, that arises from the

bonding between atoms/molecules favors crystalline  2.2.2. Mass Balance Equation
structures while the entropy favors disorder [21]. From Gibbs

free energy (G) the entropy (S) contribution to this is TS and Miotal = Mgas T Mcondensate ™ water (10)
the influence of the entropy term on G increases with
temperature, T. Thus there is a temperature above which Where:

melting becomes favorable. The free energy at the surface and

the thickness of the pre-melting layer are dependent on the = GCR Mcondensate
A

m
temperature, the free energy at the surface of the hydrate, and &a Peondensate (an
the energy of dissociation that occurs when the temperature
falls to T,,. This relationship as expressed by Nobuo [14], is Mypgier = WC (qco ndensate T dw ) Pw (12)
given in equation (8).
AT Meondensate = Mtotal ~ (mgas + mwater)
AG(h’ AT) = T_phAHdissosiation +AGsurface ®)
" Moo - Myotal (13)
condensate —
Where: |+ GCR Pg + wcCp,,
AT Pcondensate (1 _Wc)pcondensate
AG gissociati on = ——H gissosiati on = DTAS gissociati 9
dissociati on T, dissosiati on dissociati on ( ) 223 Energy Balance Equation
The differential form of the energy equation in terms of
2.2.1. Quasi-Liquid Layer Formation Temperature time and space is:
Seeing how important temperature variation is to the
formation of the pre-melting layer (and hence hydrate
agglomeration), in this study, we attempt to answer the
d i dl D, Dc
E(akpkcka)+a(akpkcpk”kT)z_ak(dlﬁijpfl;"'akka Dl;k ~ Ty, + Ok (14)
Expanding the left hand side of equation 11 using product rule gives:
0 oT 0
5( iy, T)= laucy, )g* Tg(akpkcpk) (15)
= )= 1ol )
a ak,okcpkukT =\OkPrcp, Uk E-I-Ta Q1 PkCp, Uk (16)
Given that:
laconcy, Jro-| ) e
T\ —\arprc, |+—\arprc, upl|=\aroT 17
(at kPkCp, |+ 5 \TkPkCp, Uk (@ oxT) Di A7)
Substituting Equations 15, 16 and 17 into equation 14, simplifies the energy equation to:
(a,o )6T+(a'p )GT_ a dlnp) Dp . ‘0 8
cp, |— cp Up |—=- — =T, U
S T VTTY A (18)

where Cp is the specific heat capacity, T is the temperature, Q is the heat transfer term, Ty is the shear stress acting on the wall
of the pipe.
Since, hydrate formation does not constitute a threat to flow conduit integrity until the agglomeration stage, the following
assumptions were made to further simplify the energy equation 18.

1) Heat transfer out of the system as a result of hydrate nuclei formation is negligible.

2) Shear stress acting on the walls of the pipe is negligible.

Hence, equation 18 becomes:
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(akpkcpk )a—T + (akpkcpk Uk )a—T = ‘ak(

dlnp| Dp
ot Ox

dInT » Dt (19)

2.3. Temperature Change at Which Pre-Melting Layer Forms
The temperature at which pre-melting layer is formed is a function of both distance travelled and time. Solving the left hand
side of the equation (19)
orT orT
(akpkcpk)?+(akpkcpkuk)g:B+R (20)

Where B +R represents the solution to the equation i.e.

(akpkcpk )%—Z; =B and (akpkcpkuk)Z—i:R

Rearranging and integrating both equations:

T, P

(akpkcpk )IdT = BJ‘dt

T, 1
21
(Ukpkcpk)(TZ‘Tl):B(fz‘fl) (0
(akpkcpk )AT = BAt¢t
T, X2
(akpkcpkuk)IdT:RIdx
T, X ”
(akpkcpk”kXTZ_Tl):R(XZ_xl) 22
(akpkcpkuk)AT = RAx
Hence the energy equation 16 becomes
(akpkcpk )(1+uk )AT:BAt+RAx (23)

Where ‘B’ and ‘R’ are empirical correlation constant.

Since, hydrate nuclei is already present in the flowline, but has not reached critical mass, i.e. has not reached growth stage.
Therefore, the mass flowrate of the hydrate formed can be gotten as the difference of the total mass flowrate at the time of
interest and total of the mass flowrate at the start of flow as shown in equations 24, 25 and 26.

Myotal at the startof flow = Mgas ¥ Mcondensate T Mwater (24)

Miotal at the time of interest = Mgas ¥ Mcondensate T Mwater T Mhydrate (25)

Substitute equation (24) into equation (25), gives:

M hydrate = Mtotal at the time of int erest ~ Miotal at the start of flow (26)

From thermodynamics

AH

C drate = .— 27
P by ™M hydrate 27
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Writing Equation (23) in terms of the hydrate phase gives:
(ahydrate Phydrate € p 4,0 )(1 + U hydrate )AT = BAt + RAx (28)
Substituting equation (27) into equation (28) gives:

AH
a hydrate P hydrate W (1 * U pydrate )AT = BAt + RAx (29)
yarate

Hence, Pre-Melting Layer Temperature AT, is given as:

_ mhydmte (BAt + RAx)
ATH = + \ z \ 30
Q (0’ hydrate P hydrate ) (1 tu hydrate )A H G0

In the absence of experimental data, Leach’s [22]

approximation of the empirical constants ‘B’ and ‘R’ were Table 1. Fluid and System Properties for XY Field,

used in this study. The author approximates that the cation heats Properties Value
on the formation of XH, groups (of which methane is a part) are Gas — Condensate Ratio (scf/stb) 250
656KJ for each mol. Going from dimensional analysis and ~ Water Cut , \ 023
based on the energy estimations the constants B and R were goncli)ensaFt(: [()lfn/snzy)(kg/m) ?Z?'é
gotten as 0.721KJ/Kg/m2/s and 0.73 KJ/Kg/m3 , respectively. véier gl:;s};ty fk;ms) 10135
Mass rate total ((kg/s) 29.23
3. Results and Discussion Gas Specific Gravity 0.75
Oil Specific Gravity 0.88
The input data used in this study after Vinatovskaja [23]is  Specific heat capacity of water (kJ/kg K) 4.186
. . . . Specific heat capacity of gas (kJ/kg K) 222
as shown in Table 1, while Table 2 is the input parameters for L T 275
equation (30). Observation from this field shows that Initial Temperature (°C) 26.93
hydrates are formed at about 1000m of flow.
The result in Table 3 revealed that once the change in Table 2. Parameters for Quasi Liquid Layer Temperature.
temperature of the pre-melting layer (ATq) is higher than the ~pirameter Value
temperature drop (ATp) of the whole pipeline, it is expected that Thyes (kg/s) 28.34
hydrates should start clumping together — that is growing. Ata  Tyaeer (kg/s) 0.20
distance of 1000ft, it was observed that the temperature drop of Meondensace (KEs) et
: : : Xnyarate (%) 0.78
the pipeline is less than the temperature change needed to form phyz e (kg/m’) 910
the pre-melting layer, and hence hydrate begins to grow as Unyarare (/5) 0.67

expected. Once the pipeline temperature drop is less than the
temperature drop needed for the quasi-liquid layer to form
hydrate particles come together, and hydrate growth occurs.

Table 3. Changes in Pipeline that quasi liquid layer will form.

Length of Pipeline (ft) Temperature (°K) Time (t) (Seconds) ATp (°K) ATq (°K) Remarks
0 26.93 - - -

200 15.84 300 11.09 5.14 ATo> AT,
400 9.50 600 17.43 10.28 ’ e

No Formation of

600 5.86 900 21.07 15.43 e sl Mgy
800 3.78 1200 23.15 20.58

1000 2.59 1500 24.34 25.72

1200 1.91 1800 25.02 30.86

1400 1.52 2100 25.41 36.00 ATp< ATQ

1600 1.30 2400 25.63 41.15 Sty B o
1800 1.17 2700 25.76 46.29 P -
2000 1.10 3000 25.83 51.44 Formation

2200 1.06 3300 25.87 56.58

2400 1.03 3600 25.90 61.72

2600 1.02 3900 2591 66.87
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4. Conclusion

In this work, we developed an analytical correlation to
predict the temperature at which a quasi-liquid (also known as
a pre-melting layer) would be formed. The model extensively
dealt with the energies involved in hydrate formation, Gibb’s
free energy to the mass transfer that occurs during hydrate
growth, and microscopic energy balance and mass balance of
crystal formation to predict the temperature at which a
quasi-liquid or pre-melting layer would be formed. The
pre-melting temperature is a function of the pipeline length,
time for the fluid to flow in the system, hydrate density,
change in enthalpy, flowing hydrate velocity, percentage of
hydrate in fluid composition.

The developed correlation will help to identify when heating
of pipelines can be done to control hydrate formation in a bid
to keep the temperature above the quasi-liquid layer
temperature. Also, since, thermal inhibition of hydrates, just
like chemical inhibition is very expensive and in some cases
not environmentally friendly. This developed model can
identify the point where thermal inhibition should be started
thereby making hydrate formation control more cost-effective.

The empirical constants B and R should be experimentally
determined for future work.
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